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Preface
Scientists who dedicate their research activity to biomaterials pass through the typical
dichotomy that often characterizes the basic research. On one side is the wish of
exploring new frontiers of chemistry, physics, biology, medicine, pharmaceutics and
all other disciplines to which biomaterials can be applied. The constantly improving
scientific knowledge would feed the freedom of attempting new strategies for
producing materials with always tailored and improved characteristics. On the other
side, one should one have a look to the different ‘official’ definitions given for
biomaterials. It is evident how the restriction imposed by words would limit the
fantasy and effectiveness of fundamental scientific research. Just as an examplebiomaterials are defined as a ’nonviable material used in a medical device, intended to
interact with biological systems‘ (Consensus Conference of the European Society for
Biomaterials, 1986), or as ‘any substance (other than a drug) or combination of
substances, synthetic or natural in origin, which can be used (…) as a whole or as a
part of a system which treats, augments, or replaces any tissue, organ, or function of
the body (NIH), or even ‘a systematically and pharmacologically inert substance
designed for implantation within or incorporation with living systems’ (Clemson
University Advisory Board for Biomaterials). Essentially, the only common property is
that a biomaterial would be different from a biological material, that is produced by a
biological system. Clearly, none of the proposed definitions can succeed to cover the
whole landscape of properties and applications of these peculiar compounds, but they
can only enlighten a particular aspect of their potentials. A similar situation can be
applied for nanomedicine – a research field with which the field of biomaterials
actually often shares technologies and applications – and for which is the gap between
‘official’ definitions and the originality of published researches even larger.
These considerations have been one of the basis of the present editorial task, that will
comprehend three volumes focused on the recent developments and applications of
biomaterials. These books collect review articles, original researches and experimental
reports from eminent experts from all over the word, who have been working in this
scientific area for a long time. The chapters are covering the interdisciplinary arena
which is necessary for an effective development and usage of biomaterials.
Contributors were asked to give their personal and recent experience on biomaterials,
regardless any specific limitation due to fit into one definition or the other. In our
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opinion, this will give readers a wider idea on the new and ongoing potentials of
different synthetic and engineered macromolecular materials.
In the meantime, another editorial guidance was not to force the selection of papers
concerning the market or clinical applications or biomaterial products. The aim of the
book was to gather all results coming from very fundamental studies. Again, this will
allow to gain a more general view of what and how the various biomaterials can do
and work for, along with the methodologies necessary to design, develop and
characterize them, without the restrictions necessarily imposed by industrial or profit
concerns.
The chapters have been arranged to give readers an organized view of this research
field. In particular, this book collects 22 chapters reporting recent researches on new
materials, particularly dealing with their potential and different applications in
biomedicine and clinics: from tissue engineering to polymeric scaffolds, from bone
mimetic products to prostheses, up to the strategies to manage their interaction with
living cells. The book is structured in sections covering different aspects: the first
section on presents some reviews and articles on the production and/or chemical
modification of novel biomaterials, along with their potential applications. The second
section presents six articles exploring the use of engineered biomaterials for the
treatment of bone and cartilage diseases, along with a further chapter on the
mechanobiology of dental implantable devices. The third section contains five
chapters and it is focused on recent studies on tissue engineering by cells and
biomaterials. Finally, two conclusive chapters deal with the application of biomaterials
to hearth and vascular prostheses.
I hope that you will find all these contributions interesting, and that you will be
inspired from their reading to broaden your own research towards the exciting field of
biomaterial development and applications.

Prof. Rosario Pignatello
Department of Pharmaceutical Sciences,
Faculty of Pharmacy,
University of Catania,
Italy
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Biomaterials and Sol-Gel Process:
A Methodology for the Preparation of
Functional Materials
Eduardo J. Nassar et al*

Universidade de Franca, Franca, Sao Paulo,
Brazil
1. Introduction
There are many kinds of materials with different applications. In this context, biomaterials
stand out because of their ability to remain in contact with tissues of the human body.
Biomaterials comprise an exciting field that has been significantly and steadily developed
over the last fifty years and encompasses aspects of medicine, biology, chemistry, and
materials science. Biomaterials have been used for several applications, such as joint
replacements, bone plates, bone cement, artificial ligaments and tendons, dental implants
for tooth fixation, blood vessel prostheses, heart valves, artificial tissue, contact lenses, and
breast implants [1]. In the future, biomaterials are expected to enhance the regeneration of
natural tissues, thereby promoting the restoration of structural, functional, metabolic and
biochemical behaviour as well as biomechanical performance [2]. The design of novel,
inexpensive, biocompatible materials is crucial to the improvement of the living conditions
and welfare of the population in view of the increasing number of people who need
implants [3]. In this sense, it is necessary that the processes employed for biomaterials
production are affordable, fast, and simple to carry out. Several methodologies have been
utilized for the preparation of new bioactive, biocompatible materials with
osteoconductivity, and osteoinductivity [4 - 13]. New biomaterials have been introduced
since 1971. One example is Bioglass 45S5, which is able to bind to the bone through
formation of a hydroxyapatite surface layer [14]. The sol-gel processes are now used to
produce bioactive coatings, powders, and substrates that offer molecular control over the
incorporation and biological behavior of proteins and cells and can be applied as implants
and sensors [15 - 17]. In the literature there are several works on the use of the sol-gel
process for production of biomaterials such as nanobioactive glass [18], porous bioactive
glass 19, and bioactive glass [20 - 22], among others.
Hybrid inorganic-organic nanocomposites first appeared about 20 years ago. The sol-gel
process was the technique whose conditions proved suitable for preparation of these
materials and which provided nanoscale combinations of inorganic and organic composites
* Katia J. Ciuffi, Paulo S. Calefi, Lucas A. Rocha, Emerson H. De Faria, Marcio L. A. e Silva, Priscilla P.
Luz, Lucimara C. Bandeira, Alexandre Cestari, Cristianine N. Fernandes
Universidade de Franca, Franca, Sao Paulo, Brazil
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[23]. Natural bone is an inorganic-organic composite consisting mainly of
nanohydroxyapatite and collagen fibers. Hybrid materials obtained by the sol-gel route
combine the advantages of both organic and inorganic properties. Several kinds of
organofunctional alkoxysilanes precursors have been studied for the production of silica
nanoparticles. The sol-gel offers advantages such as the possibility of obtaining
homogeneous hybrid materials under low temperature, thereby allowing for the
incorporation of a variety of compounds [23 - 29].
The sol-gel process is based on the hydrolysis and condensation of metal or silicon alkoxides
and is used to obtain a variety of high-purity inorganic oxides or hybrid inorganic-organic
materials that are simple to prepare [30]. This process can be employed for the synthesis of
functionalized silica with controlled particle size and shape [31 - 38].
Apart from the several applications mentioned in the first paragraph of this chapter, more
recently, biomaterials have been utilized as drug delivery systems (DDSs). In this sense,
polymers and biodegradable polymers emerge as potential materials, since they promote
temporal and targeted drug release. Indeed, biomaterials have had an enormous impact on
human health care. Applications include medical devices, diagnosis, sensors, tissue
engineering, besides the aforementioned DDSs [39]. In the latter field, an ideal drug
deliverer should be able to lead a biologically active molecule at the desired rate and for the
desired duration to the desired target, so as to maintain the drug level in the body at
optimum therapeutic concentrations with minimum fluctuation [1, 40]. The use of DDSs
overcomes the problems related to conventional administration routes, such as oral and
intravenous administration.
Several biomaterials have been applied as DDSs. This is because they are biocompatible
and/or biodegradable, which allows for consecutive administrations. Hydroxyapatite-based
materials, natural and synthetic polymers, silica, clays and other layered double hydroxides,
and lipids are some examples of biomaterials that have been employed for the delivery of
active molecules through the body. Liposomes, solid lipid nanoparticles, polymeric nano
and microparticles, micelles, dendrimers, metallic nanoparticles, and nanoemulsion are
currently utilized as DDSs.
Special attention has been given to DDSs comprised of biodegradable polymers and silica.
In polymeric DDSs, the drugs are incorporated into a polymer matrix. Since biodegradable
polymers are degraded to non-toxic substances, they do not have to be removed after
implantation. So they have become attractive candidates for DDS applications. The rate of
drug release from polymeric matrices depends on several parameters such as the nature of
the polymer matrix, matrix geometry, drug properties, initial drug loading, and drug–
matrix interaction. Moreover, the drugs can be effectively released by bioerosion of the
matrices. [40]. Thus, both natural, frequently polysaccharides, and synthetic biodegradable
polymers, usually aliphatic polyesters such as PLA, PGA, and their copolymer (PLGA), are
the most extensively investigated biodegradable materials for drug delivery applications [1].
Inorganic materials, like silica, can offer the necessary properties for a nanoparticle to be
applied as DDS, especially nontoxicity, biocompatibility, high stability, and a hydrophilic
and porous structure. The drug release rate from the silica structures could be controlled by
adjusting particle size and porous structure [41 - 45].
The sol-gel technology is also employed in the preparation of inorganic ceramic and glass
materials. This technique was first used in the mid 1800s, when Ebelman and Graham
carried out studies on silica gels [46]. Initially, the sol-gel process was utilized in the
preparation of silicate from tetraethylorthosilicate (TEOS, Si(OC2H5)4), which is mixed with
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water and a mutual solvent, to form a homogeneous solution. Recently, new reagents have
appeared, so novel inorganic oxides and hybrid organic-inorganic materials can be
synthesized using this methodology. Another process known as non-hydrolytic sol-gel has
been developed by Acosta et al [47], who used the condensation reaction between a metallic
or semi-metallic halide (M-X) and a metallic or semi-metallic alkoxide (M’-OR) to obtain an
oxide (M-O-M’). The hydrolytic and non-hydrolytic sol-gel processes as well as their
mechanisms are well discussed in the literature [46, 48, 30]. The sol-gel route is well-known
for its simplicity and high rates. It is the most commonly employed technique for the
synthesis of nanoparticles, and it involves the simultaneous hydrolysis and condensation
reaction of the alkoxide or salt. The obtained materials have several particular features. The
importance and advantages of nanoparticles have been scientifically demonstrated, and
these particles have several industrial applications; e.g., in catalysis, pigments, biomaterials,
phosphors, photonic devices, pharmaceuticals, and among others [36, 49 - 54].
In this chapter, we propose a brief review on materials prepared by the hydrolytic and nonhydrolytic sol-gel methodologies and their possible bioapplications.

2. Results and discussion
In the next topics, 2.1 and 2.2, the results and discussion about all the research developed in
our laboratory using hydrolytic and non-hydrolytic methodologies in the synthesis of
materials for bio applications such as glass ionomers, bioactive materials, coating on
scaffolds obtained by rapid prototyping (RP), and materials for drug delivery are shown.
2.1 Preparation of biomaterials by the hydrolytic sol-gel process
In this topic the materials prepared by the hydrolytic sol-gel methodology and their
characterization are described. We aimed to obtain materials whose properties would enable
their application as biomaterials.
In a first work, materials containing Ca-P-Si were prepared by the sol-gel route by mixing
TEOS, calcium alkoxide, and phosphoric acid [55]. The resulting materials were immersed
in Simulated Body Fluid (SBF) [56], pH = 7.40, for 12 days. The sample was characterized
before and after contact with SBF.
Transmission electron microscopy (TEM) can provide structural information about materials,
such as particle shape, size, and crystallinity. Figures 1a, b, c, and d show TEM images of the
Ca-P-Si matrix obtained by the sol-gel methodology before and after immersion in SBF.
The TEM images in Figure 1a reveal the formation of small particles with an average size of 20
nm. Electron diffraction gives evidence of an amorphous phase. The bright and dark fields in
Figures 1b and c demonstrate that the materials contain crystalline and amorphous phases.
Figure 1d displays the electron diffraction of the crystalline phase. The electron diffraction
pattern shows planar distances of 2.86 Å and 1.88Å, which, according to Bragg´s law, indicates
that these distances correspond to 2 = 31.2º (211) and 48.6º (320). This peak can be ascribed to
hydroxyapatite (JCPDS – 9-0432) [57]. The EDS spectra of the amorphous phase reveal large
quantities of Si and O, indicating the presence of amorphous silicate. The crystalline phase,
whose composition contained Ca and P, has been ascribed to hydroxyapatite crystallization.
In another work, samples with different Ca/P molar ratios were prepared by the sol-gel
methodology, by mixing TEOS, calcium ethoxide, and phosphoric acid. The samples were
analyzed before and after contact with SBF [50].
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a

c

b

d

Fig. 1. TEM images of the Ca-P-Si matrix before (a) and after (b) immersion in SBF, bright (b)
and dark field (c), and electron diffraction (d) of the sample´s crystalline phase after
immersion in SBF.
Figures 2 and 3 depict the X-ray diffraction patterns for the samples prepared with different
Ca/P molar ratios, before and after contact with the SBF solution, respectively.
The three starting powders present crystalline and amorphous phases, with well-defined
diffraction peaks. The crystalline phase displays peaks at 2 = 26.5, 32.5, 33.0, 49.2, and 53.1,
which can be ascribed to hydroxyapatite (HA), whereas the peaks corresponding to calcium
triphosphate (TCP-) appear at 2 = 26.5, 30.2, and 53.1. [58]. Several other peaks due to
other phosphate silicates, such as Ca5(PO4)2SiO4 and (Ca2(SiO4))6(Ca3(PO4)2), can also be
observed.
The high percentages of phosphate ions (40%) in the present samples were crucial to the
precipitation of crystalline phosphate nanoparticles in the silica matrix. However, according
to literature reports, the double P=O bond favors phosphate phase formation in the silica
network, thus increasing the tendency toward crystallization [59]. The peak broadening of
the XRD reflection can be used to estimate crystallite size in a direction perpendicular to the
crystallographic plane, using the Scherrer equation [60]. On the basis of the XRD data, the
average crystallite size was calculated as being approximately 2 nm, which indicates the
formation of calcium phosphate nanoparticles.
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Fig. 2. X-ray diffraction of the samples (a) = HA, (b) HA-, and (c) HA+ before contact with
SBF.
The technology based on RP is a processes employed for assemblage of materials in the
powder, filament, liquid, or slide form, which in turn are stacked in successive thin layers until
a three-dimensional structure is achieved. The process begins by designing a mold for the
scaffold using computer-aided design (CAD) software. The mold can possess a branching
network of shafts that will define the microchannels in the scaffold [61 - 65]. The layer-by-layer
building approach allows for the preparation of highly complex structures that cannot be
obtained by technologies based on material subtraction, which is the most frequently
employed procedure nowadays. RP has several important applications in a number of areas,
including aircrafts, automobiles, telecommunications, and medicine [66 - 68].
In our following works 3D piece prepared by RP on ABS and polyamide (nylon) was used,
and the properties of this piece were modified by the sol-gel methodology. To this end, the
sols were prepared by stirring TEOS and calcium alkoxide in ethanol. Two sols were
synthesized, namely one containing phosphate ions (Si-Ca-P) and another without
phosphate (Si-Ca) [69]. The sols were deposited onto ABS by using the dip-coating, as
described in the literature [70, 71]. This technique consists in immersing a substrate directly
into the prepared sols. The crystallization of phosphates was accomplished by immersing
the samples into SBF for 15 days. The SBF treatment was performed in the static condition.
The samples were then dried at 50ºC and characterized.
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Fig. 3. X-ray diffraction of the samples (a) = HA, (b) HA-, and (c) HA+ after contact with
SBF.
Figure 4 displays the XRD patterns obtained for the ABS substrate and for the AcP and AsP
samples.
XRD analysis of the ABS substrate and of the samples coated by sol-gel revealed the
presence of broad peaks between 10 and 30o, characteristic of amorphous materials. Figures
5 and 6 illustrate the XRD patterns of the samples AcP and AsP before and after contact with
SBF, respectively.
After contact with SBF, the XRD patterns of the samples AcP and AsP clearly displayed
peaks, which is evidence of initial crystallization. Peaks at 2θ = 10.6, 21.6, 31.6, and 45.2 were
detected for the AcP sample after it was placed in SBF for 15 days, whereas the XRD pattern
of the sample AsP displayed two peaks only, namely at 2θ = 31.6 and 44.9. The latter peaks
correspond to a mixture of calcium phosphate silicates (JCPDS 21-0157; 11-0676). This
observation is very important since it shows that the coating interacts with SBF to form a
calcium phosphate, which is the main component of hydroxyapatite. Infrared spectroscopy
of the ABS substrate presented peaks at 1077 and 465 cm-1, ascribed to the Si-O-Si vibration
mode. These peaks were also verified in the spectrum of the sample AcP after contact with
SBF, indicating that the silicate coating is still present on the ABS substrate. New peaks
appeared at 3360 and 1653 cm-1, related to water vibrations, and at 610 and 550 cm-1,
ascribed to the P-O vibration [72], thereby corroborating the observations from the X-ray
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Fig. 4. XRD analysis of the ABS substrate and the ABS-coated samples AcP and AsP.
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Fig. 5. XRD of the sample AcP before and after contact with SBF.
analysis and evidencing formation of the calcium phosphate silicate. The FTIR-ATR
spectrum recorded for the sample AsP after contact with SBF displayed peaks characteristic
of crystalline phosphate at 600 and 560 cm-1, and carbonate hydroxyapatite, at 1451, 1408,
and 874 cm-1 [72]. This suggests that these materials can be used for bioapplications.
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Fig. 6. XRD of the sample AsP before and after contact with SBF.
Changes in the properties of macroporous (pore size = 500µm) samples of the polymers
polyamide 12 (nylon) and ABS, obtained by RP, were investigated herein. Sols containing
silicon and calcium alkoxide, with or without phosphate anions, were deposited onto the
polymers by the dip-coating technique [73]. The goal of this work was to coat the organic
polymer materials with macroporous compounds and verify whether the resulting materials
can be used as biomaterials. If the homogeneous composition of a coating can transform an
organic polymer into a biocompatible material, then the latter can be applied in bone
implant. RP promotes the building of pieces with different and complex forms. Figure 7 is a
representation of the substrates based on the organic polymers polyamide 12 (nylon) and
ABS prepared by RP, with a pore size of 500m.

a

b

Fig. 7. Porous materials prepared by RP: (a) polyamide 12 and (b) ABS.
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The SEM micrographs show that the polymers exhibit different surfaces. Polyamide 12 is
rough, whereas ABS is smooth. Surface features can affect adherence of the coating to the
polymer. Figure 8a, b, c, and d depict the SEM micrographs of polyamide 12 and ABS after
coating with Si-Ca-P and Si-Ca, respectively.

a

b

c

d

Fig. 8. SEM micrographs of the coated polymers: (a) polyamide 12 + Si-Ca-P, (b) polyamide
12 + Si-Ca, (c) ABS + Si-Ca-P, and (d) ABS + Si-Ca.
SEM furnishes information about the homogeneity, shape, size, and adherence of materials,
which aids explanation about the change in the properties of the coated polyamide 12 and
ABS. The polyamide 12 polymer has an initial pore size of 500 m, which is reduced to 300
m after coating and RP. This leads to the conclusion that the coating has a thickness of 200
m. The coating prepared by combination of the sol-gel methodology with the dip-coating
technique produces films with sizes in the nanometer range [74, 75]. In the present case, the
compositions of both the sol and the polymer promote an increase in thickness. The
thickness of the coating in polyamide 12 and ABS polymers influences the decomposition
temperature, and thicker coatings lead to higher decomposition temperatures. This
observation is corroborated by the SEM technique. The same coating was prepared on a 3D
piece, represented in Figure 9.
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Fig. 9. 3D piece of the polyamide structured by RP.
Bioactivity tests in SBF and fibroblast cell cultures were performed. There was growth of
differentiated cells in the fibroblast culture for both functionalized polyamide and ABS.
Figures 10 a, b, c, and d correspond to the results obtained with polyamide 12 without and
with coating and ABS without and with coating after 4 days, respectively. It was possible to
observe that the cells were not affected by the coating, showing that the materials present
potential future applications for use in biomaterials.
Polyamide
functionalized
with acid
tratment

Polyamide 12

Fibroblasts

Fibroblasts
b

a

ABS
functionalized
with acid
tratment

Fibroblasts

ABS

Fibroblasts
c

e

Fig. 10. Polyamide and ABS without and with coating after immersion into fibroblast cell
culture for four days.
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Formation of calcium phosphate on the polyamide substrate obtained by RP can be achieved
by means of the sol-gel process. So a sol containing tetraethylorthosilicate, calcium alkoxide,
phosphoric acid, and alginate was prepared. Figures 11 a and b depict the micrograph of the
resulting substrate.

a

b

Fig. 11. Polyamide substrate functionalized with Si-Ca-P-alginate.
From Figure 11a it can be seen that calcium phosphate was formed on the alginate fibers. In
Figure 11b, the alginate fibers and the red square corresponding to the calcium phosphate
crystals can be observed. The EDS spectrum confirms the presence of the Si-Ca-P elements
in the crystals. This material is a candidate for use in bone implant.
Silica nanospheres were prepared in order to test their use as DDS. In addition, a factorial
design was developed, so that the influence of hydrolytic base-catalyzed sol-gel parameters
and surfactant (Tween 80 or Pluronic F68) concentration over the nanoparticles morphology
could be analyzed.
SEM characterization showed that the two surfactants employed herein provided very

a

b

Fig. 12. SEM images of the particles prepared by the hydrolytic sol-gel using (a) Pluronic F68
and (b) Tween 80 as surfactants.
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different results. In general, the particles prepared using Tween 80 were more spherically
shaped compared to those prepared with Pluronic F68. Figure 12 displays two examples of
particles obtained from the factorial design, prepared under the same conditions, but with
different surfactants.
The spherical and nanometric particles presented in Figure 12b meet the requirements of the
morphology desired for a DDS. This morphology allows for different administration routes,
including the intravenous route.
2.2 Preparation of biomaterials by the non-hydrolytic sol-gel process
The non-hydrolytic sol-gel process is another route for the production of materials for
bioapplications such as dental and osseous substitutes. Here the preparation and
characterization of the glass ionomer by this methodology is described. Calcium
fluoroaluminosilicate glass containing phosphorus and sodium (Ca-FAlSi) consists of an
inorganic polymeric network (mixed oxide) embedded in an aluminum and silicon matrix,
comprising an amorphous structure. This material is currently employed in dentistry as
restorative designated glass ionomer cement [76, 77]. Firstly, the calciumfluoroaluminosilicate glass was prepared in oven-dried glassware and AlCl3, SiCl4, CaF2,
AlF3, NaF, AlPO4, and ethanol were reacted in reflux under argon atmosphere [53]. The 27Al
NMR results revealed the coordination of aluminum. Figure 13 shows the NMR spectrum of
the calcium-fluoroaluminosilicate glass dried at 50°C and submitted to heat treatment at
1000°C.
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Fig. 13. 27Al NMR spectrum of the sample dried at 50°C and treated at 1000oC.
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The central transition (CT) frequency of the spectrum of a quadrupolar nucleus of half
intereger spin, such as 27Al (I = 5/2), depends on the orientation of each crystallite in the
static magnetic field to the second order in the perturbation theory. The quadrupolar
interaction between the nuclear electric quadrupole moment (eQ) and the electric field
gradient of the nucleus (eq), arising from any lack of symmetry in the local electron
distribution, is described by the quadrupolar coupling constant Cq (e2qQ/h) and the
symmetry parameter . It should be noted that disordered materials such as glasses have
a wide range of interatomic distances and, consequently, CT line broadening occurs due
to the distribution of iso and quadrupolar interactions [78]. After the material was heattreated at 1000°C, a single peak corresponding to Al(VI) predominated at 0.0 ppm,
indicating the structural change in the coordination state of aluminum. When Al atoms
are in tetrahedral coordination Al(IV), their chemical shifts vary from 55 to 80 ppm.
Chemical shifts in the range of -10 to 10 ppm correspond to coordinated octahedral Al(VI)
[79, 80, 47]. The spectra of the two samples prepared here presented three peaks at 10.4,
59.4, and 140.1 ppm, which are characteristic of Al(VI), Al(IV), and spinning side bands [81],
respectively. Although some authors have reported the presence of Al(V) atoms with
chemical shifts at 20 ppm [82], this peak was not detected. The dominant species in the
sample heat-treated at 50 oC corresponded to Al(IV). The chemical shifts between 50 and 60
ppm corresponding to Al(IV) depend on the Al/P molar ratio. Al(IV) has been found at 60
ppm in model glasses based on SiO2Al2O3CaOCaF2, and at about 50 ppm in glasses
containing phosphate where the molar Al:P ratio was 2:1 [81]. In this study an Al/P molar
ratio of approximately 10 was achieved, which is higher than that present in commercial
glasses. In our case, this chemical shift was very difficult to observe because of the lower
incidence of Al-O-P bonds. The 29Si NMR results allow for analysis of the chemical
environment around silicon atoms in silicates, where Si is bound to four oxygen atoms.
The structure around Si can be represented by a tetrahedron whose corners link to other
tetrahedra. The Qn notation serves to describe the substitution pattern around a specific
silicon atom, with Q representing a silicon atom surrounded by four oxygen atoms and n
indicating the connectivity [83]. Figure 14 presents the NMR spectrum of the sample dried
at 50°C.
The material displayed a peak at -100 ppm and a shoulder at -110 ppm, and the values in
this range were attributed to Si atoms Q4 and Q4 or Q3, respectively. Figure 15 illustrates the
Q3 and Q4 structure.
As mentioned above, the chemical shift indicates the environment around the Si atoms in
the glass. The commercial calcium-fluoroaluminosilicate glass presents a broad peak
between -90 and -99 ppm [82]. On the basis of the results obtained here, our material
exhibits a vitreous lattice. The number of nearest neighbor aluminum atoms is given in
parentheses. Q4 (3/4 Al) and Q4(1/2) [78] are the structures represented in Figure 16.
The chemical shift ranges overlap, so the resonances in Fuji II cement (commercial glass) at 87, -92, -99, and -109 ppm may be due to Q4 (3/4 Al), Q4 (3 Al), Q4 (1/2 Al), and Q4 (0 Al),
respectively [78]. In our case, the chemical shifts at -110 and 100 ppm may be due to the Si
atoms Q4 (1/2 Al) and Q4 (0 Al), because of the molar ratio Al/Si < 1. Figure 17 illustrates
the 29Si NMR of the sample heat-treated at 1000°C for 4 hours.
In the present case, only one peak at -88 ppm was detected, which can be attributed to the
presence of a Q4 (3/4 Al) site in Si atoms due to the structural rearrangement of the
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Fig. 14. 29Si NMR spectrum of the sample dried at 50°C.
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Fig. 17. 29Si NMR spectrum of the sample treated at 1000°C.
aluminosilicate crystalline structures. This is consistent with our X-ray data. The
nonhydrolytic sol-gel method has proved efficient for the preparation of materials with
glass properties, as shown in this work. This process enables reaction control and the use of
stoichiometric amounts of Al and Si reagents at low temperatures, near 110oC, thereby
reducing production costs.
The preparation of aluminosilicate-based matrices by the nonhydrolytic sol-gel method,
using varying concentrations of the glass components, especially the element phosphorus,
has been accomplished by our group [84]. Figure 18 depicts the X-ray diffractograms for the
samples A2, A3.3, and A4, all dried at 50ºC.
An amorphous structure predominates in sample A2. The A3.3 material displays an
amorphous structure with crystalline phases attributed to fluorapatite (Ca5(PO4)3OH) and
mullite (3Al2O32SiO2), according to Gorman et al. Sample A4 also presents an amorphous
phase and a crystalline phase, which is ascribed to mullite [85]. The X-ray diffraction
analysis revealed the influence of the phosphorus concentration on the structural formation
of the materials. The material prepared with the Wilson formulation has an amorphous
structure, while the one prepared according to Hill displays an amorphous structure with a
crystalline phase attributed to mullite. An increase in phosphorus in the Hill formulation
allows the formation of an amorphous material with crystalline phases attributed to mullite
and fluorapatite. The increase in phosphorus concentration affects the formation of the
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Fig. 18. X-ray diffractograms of samples A2, A3.3, and A4.
material’s structure, since this increase leads to the formation of fluorapatite. The
difference between the Wilson and Hill formulations [86, 87] also account for the
formation of different materials: sample A2 material presents a structure devoid of
crystallinity, while the structure of glass A4 contains a crystalline phase attributed to
mullite. These are attractive factors in dental restorations. Calcium fluoroaluminosilicate
glasses containing sodium and phosphorus are materials that can be employed in
dentistry, as components of glass ionomer cement, and in medicine, as replacements for
bone implants.
In this work, the preparation and characterization of matrices based on aluminossilicates
obtained by the non-hydrolytic and hydrolytic sol-gel routes were investigated. Three
different routes, namely the non-hydrolytic sol-gel route and the hydrolytic sol-gel route
using either basic or acid catalysis, were employed in the preparation of three materials,
namely IC1, IC2, and IC3. The obtained materials were characterized by different physical
methods and antimicrobial activity tests. For evaluation of the antimicrobial activity, the
materials were examined against the microorganisms E. faecalis, S. salivarius, S. sobrinus, S.
sanguinis, S. mutans, S. mitis, and L. casie, using the double layer diffusion technique.
Scanning electron microscopy analysis coupled with energy dispersive spectroscopy
(MEV/EDS) of the material IC1 (Figure 19) mapped the elemental distribution and showed
that the silicon atoms are located in the same regions as the aluminum and oxygen atoms
distributed throughout the particle surface. This indicates the possible formation of
aluminosilicate, confirming the IR data. The presence of chlorine is evidence that this
material contains a large amount of residual groups from the reagent AlCl3. The calcium
atoms are distributed over the IC1 matrix, but they appear as some clusters that coincide
with the fluoride clusters, thereby indicating the presence of CaF2 crystals, as shown by
XRD.
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Fig. 19. Elemental distribution mapping of the material IC1 treated at 110 oC.
For the material IC2, the MEV/EDS analysis (Figure 20) revealed that the silicon atoms are
located in the same regions as the aluminum and oxygen atoms, pointing to the possible
formation of aluminosilicate. The smaller amount of chlorine in relation to IC1 indicates that
this material has fewer residues, probably originated from the catalyst (HCl). Also, it is
important to bear in mind that in this case the precursor AlCl3 was replaced with aluminum
isopropoxide, which may be contributing to the lower amount of residual Cl groups. The
phosphorus and calcium atoms are distributed over the matrix. This material contained no
calcium and fluoride clusters, corroborating the XRD findings, which had not indicated the
presence of CaF2.

Fig. 20. Elemental distribution mapping of the material IC2 treated at 110 oC.
In the case of the material IC3, the MEV/EDS (Figure 21) demonstrated that the silicon
atoms are present in the same regions as the aluminum and oxygen atoms. The smaller
amount of chlorine in relation to IC2 indicates that this material has few residual Cl. The
calcium atoms are distributed in the matrix and appear as clusters in the same regions as the
fluoride atoms, indicating the presence of CaF2, as previously detected by XRD.
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Fig. 21. Elemental distribution mapping of the material IC3.
The Ca-FAlSi used as a basis for glass ionomer almost always presents amorphous phase
separation. For instance, materials obtained by the usual methods are composed by distinct
regions with high Al and Si content as well as other regions containing Ca, P, and F. This
fact undermines the homogeneity of the Ca-FAlSi material and impairs the setting reaction
of the cement, because regions rich in Ca, P, and F are less reactive, which in turn promotes
formation of inhomogeneous cement. This ruins the integrity of the restorative material and
affects its physical and chemical resistance. In our case, there was no clear evidence of phase
separation for the materials synthesized by the sol-gel methods, and the elements were well
distributed on the surface of materials. The material IC2 presented high homogeneity
compared to the other materials, since the elements were well distributed across the surface
of the particles.
For evaluation of the antimicrobial activity of the materials prepared here, the dual layer
diffusion technique was employed, using the microorganisms listed in Table 1.
The materials IC1 and IC2 presented antimicrobial activity similar to that of the commercial
glass ionomer Ca-FAlSi, so they can be applied in the oral environment and avoid damage
by microorganisms. In conclusion, the material IC2 can be used as a basis for glass ionomer
cement and the fact that it is synthesized at lower temperature and leads to greater
homogeneity compared with the Ca-FAlSi produced by industrial methods makes it
advantageous over the commercially available materials.
The glass ionomer prepared in reference [84] was tested with respect to its biocompatible
properties and compared to the materials obtained by the industrial methodology.
Experimental and conventional GIC were analyzed in terms of morphology and of the
morphometric reaction induced by the cement in the subcutaneous tissue of rats.
The methodology described in [88] was used for the biocompatible test. Table 2 lists the
tested materials.
The experimental and conventional GIC powders were used to prepare the glass ionomer
cement. The surface of the obtained materials was examined by scanning electron
microscopy (Figures 22 a and b, respectively).
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microorganism/ Substance ( ) Extract ( ) Product (x)
ATCC
IC 1
E. faecalis ATCC IC 22x d
4082
IC 3
Gass ionomer (S.S. White Artigos Dentários LTDA)
Periorgard mouthwash (positive control)
IC 1
S. salivarius
IC 22x d
ATCC 25975
IC 3
Gass ionomer (S.S. White Artigos Dentários LTDA)
Periorgard mouthwash (positive control)
IC 1
S. sobrinuns
IC 22x d
ATCC 33478
IC 3
Gass ionomer (S.S. White Artigos Dentários LTDA)
Periorgard mouthwash (positive control)
IC 1
S. sanguinis
IC 22x d
ATCC 10556
IC 3
Gass ionomer (S.S. White Artigos Dentários LTDA)
Periorgard mouthwash (positive control)
IC 1
S. mutans ATCC IC 22x d
25175
IC 3
Gass ionomer (S.S. White Artigos Dentários LTDA)
Periorgard mouthwash (positive control)
IC 1
S. mitis
IC 22x d
ATCC 49456
IC 3
Gass ionomer (S.S. White Artigos Dentários LTDA)
Periorgard mouthwash (positive control)
IC 1
L. casei
IC 22x d
ATCC 11578
IC 3
Gass ionomer (S.S. White Artigos Dentários LTDA)
Periorgard mouthwash (positive control)

Mean (mm) ± SD
20.0
15.5 ± 2.1
0.0
22.0 ± 0.0
13.0 ± 0.0
18.0
12.0 ± 1.4
0.0
25.5 ± 0.7
19.0 ± 0.0
19.0
14.0 ± 1.4
0.0
9.5 ± 0.7
21.0 ± 0.0
14.0
12.0 ± 2.8
0.0
10.5 ± 0.7
18.0 ± 0.0
20.0
10.0 ± 2.8
0.0
10.0 ± 0.0
21.5 ± 0.7
20.0
13.0 ± 2.8
0.0
14.0 ± 0.0
18.5 ± 0.0
19.0
16.0 ± 1.4
0.0
20.5 ± 0.7
23.5 ± 0.7

Table 1. Antimicrobial activity tests for the materials prepared in this work.
GIC
Experimental

Conventional
(Vidrion R)

Composition
Powder: Calcium fluoraluminiosilicates
containing phosphorus and sodium
Liquid: Tartaric acid, polyacrilic acid, distilled
water
Powder: Sodium fluorosilicates, calcium
aluminium, barium sulphate, pigments.
Liquid: Tartaric acid, polyacrilic acid,
destilled water

Table 2. Tested materials.

Source
Sol-Gel Methodology

SS White - Prima Dental
Group, Gloucester, UK
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a

b

Fig. 22. SEM micrographs recorded for the glass ionomer cements. (a) experimental and (b)
conventional
The micrographs revealed that the surface the conventional cement presents lower
homogeneity, compared to the experimental cement. The better homogeneity of the
experimental cement is due to the homogeneity of particle size, which promotes the same
physical-chemistry properties all over the cement surface.
The biocompatible test was carried out on the basis of the response obtained with the tissue
stimulated by the experimental cement and compared to that achieved with the
conventional cement. These responses were analyzed by means of morphological and
morphometric analyses of the reaction caused by these cements in the subcutaneous tissue
of rats. Polyethylene tubes were obtained according to the methodology used by CamposPinto et al. [89]. To this end, an urethral catheter with an internal diameter of 0.8 mm was
sectioned sequentially at 10 mm intervals. After sectioning, one of the tube ends was sealed
with cyanoacrylate ester gel (Super Bonder, Aachen, Germany), to avoid extravasation of the
material to be tested. The obtained tubes were placed in a metal box and autoclaved at
120°C for 20 min. [90].
The data obtained for all the histopathological events assessed in each period of study are
presented in Table 3.
Histopathological
Events
Polymorphonuclear
Mononuclear
Fibroblasts
Blood vessels
Macrophage
Giant inflammatory
cells

7 days
GGI
+++
+++
+++
+++
++
++

GGII
+++
++++
+++
++++
+++
++

21 days
CCG
++
++
++
+++
++
++

GGI
++
++
++
+++
---

GGII
++
++
++
++
++
--

42 days
CCG
++
++
++
++
---

GGI
--++
++
---

GGII
--++
++
---

CCG
--++
----

Score: (-) absent; (+) slight; (++) moderate; (+++) intense.
CG – control group; GI – experimental cement; GII – conventional cement.

Table 3. Summary of the data obtained for the histopathological events observed in each
group at the different periods of study.
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Figures 23, 24, and 25 show the biocompatible tests after 7, 21, and 42 days, respectively.

A

B

C

Fig. 23. Biocampatible tests after 7 days. Control group (A), conventional GIC (B), and
experimental GIC (C) (100X. H.E.).
In the case of the control group (CG), connective tissue with delicate fibers, highly
cellularized with fibroblasts and several blood vessels adjacent to all the analyzed faces was
observed after 7 days (Figure 23A). A mild chronic inflammatory reaction was also detected.
As for the experimental cement group (GI) (Experimental GIC), a layer of cellularized
connective tissue with moderate chronic inflammatory reaction, predominantly formed by
lymphocytes and blood vessels, was observed after 7 days. Small areas of necrosis were also
noted (Fig. 23B). Few macrophages or foreign body multinucleated giant cells were seen.
Concerning the conventional cement (GII) (Conventional GIC), an intense chronic
inflammatory reaction, associated with hyperemic blood vessels and macrophages (Figure
23C) was detected after 7 days. Necrosis area was observed close to the dispersed material.

A

B

C

Fig. 24. Biocampatible tests after 21 days. Control group (A), conventional GIC (B), and
experimental GIC (C) (100X. H.E.).
After 21 days, the CG group presented a mild chronic inflammatory reaction in this period
(Figure 24A). As for GI (Experimental GIC), there was a mild chronic inflammatory reaction,
with few lymphocytes and several fibroblasts, in the connective tissue adjacent to the open
end of the tube. Foreign body multinucleated giant cells and macrophages were not
observed (Figure 24B). In the case of GII (Conventional GIC), the connective tissue exhibited
a moderate chronic inflammatory reaction. Phagocytic activity and rare necrosis areas were
also observed (Figure 24C).
After 42 days, the CG presented no chronic inflammatory reaction (Figure 25A). Concerning
the GI group (Experimental GIC), connective tissue with mild to absent chronic
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B

C

Fig. 25. Biocampatible tests after 42 days. Control group (A), conventional GIC (B), and
experimental GIC (C) (100X. H.E.).
inflammatory reaction and residual dispersed cement was detected (Figure 25B), while
necrosis areas and other changes were absent. As for GII (Conventional GIC), there was a
mild to absent chronic inflammatory reaction, without foreign body giant cells or
macrophages. Some dispersed material was observed, but no necrosis areas or degenerative
changes were seen (Figure 25C).
In summary, both tested cements caused a mild to absent inflammatory response after 42
days, which is also acceptable from a biological standpoint.

3. Conclusion
Bioapplications that could provide better quality of life for humanity are desirable. It has
been demonstrated here that a series of materials prepared by sol-gel methodology
(hydrolytic and non-hydrolytic routes) present useful properties for application in biological
medium. Indeed, it was possible to obtain multifunctional materials by this methodology.
The combination of the different elements at molecular and atomic level affords potential
candidates for a variety of applications. The very interesting results obtained by us in the
present work indicate that this methodology can be applied for production of biomaterials
with potential application in several fields such as medicine, dentistry, veterinary,
engineering, chemistry, physics, and biology. Materials for use in the areas of bone implant,
restorative tooth coating, diagnosis, membrane permeability, biosensor, scaffolding, and
drug delivery can be prepared and transformed into biocompatible, bioactive, bioinducer
materials with different properties and composition, since this methodology allows for
production of materials with controlled stoichiometry and particle size.

4. Acknowledgment
The authors gratefully acknowledge the financial support of the Brazilian research funding
agencies FAPESP, CNPq, and CAPES. Profa. Dra. Isabel Salvado from Departamento de
Engenharia Cerâmica e do Vidro - CICECO – Universidade de Aveiro/Pt, Dr. Jorge V. L. Silva
do Centro da Tecnologia da Informação Renato Archer (CTI), – Campinas – SP – Brazil, Profa.
Dra. Shirley Nakagaki, Departamento de Química da Universidade Federal do Paraná – PR –
Brazil, Profa. Dra. Fernanda de C. P. Pires de Souza, Departamento de Materiais Dentários da
Universidade de São Paulo – Ribeirão Preto – SP – Brazil, and Prof. Dr. Carlos Henrique
Martins da Universidade de Franca – Franca – SP – Brazil are also acknowledged.

Biomaterials and Sol-Gel Process: A Methodology for the Preparation of Functional Materials

25

5. References
1 Nair, L. S., Laurencin, C. T. (2006). Polymers as Biomaterials for Tissue Engineering and
Controlled Drug Delivery, Adv Biochem Engin/Biotechnol, Vol. 102, pp. 47–90.
2 Hench, L. L. (1998), .Biomaterials: a forecast for the future.. Biomaterials, Vol. 19, No 16,
pp. 1419-1423.
3 Leeuwenburgh, S. C. G., Malda, J., Rouwkema, J., Kirkpatrick, C. J. (2008). Trends in
biomaterials research: An analysis of the scientific programme of the World
Biomaterials Congress 2008. Biomaterials, Vol. 29,pp. 3047-3052.
4 Bonzani, I. C. , Adhikari, R., Houshyar, S., Mayadunne, R., Gunatillake, P., Stevens, M.
M. (2007). Synthesis of two-component injectable polyurethanes for bone tissue
engineering. Biomaterials, Vol. 28, No 3, pp. 423-433.
5 Balani, K., Anderson, R., Laha, T., Andara, M., Tercero, J., Crumpler, E., Agarwal, A.
(2007). Plasma-sprayed carbon nanotube reinforced hydroxyapatite coatings and
their interaction with human osteoblasts in vitro. Biomaterials, Vol. 28, No 3, pp.
618-624.
6 Chu, T. M. G., Warden, S. J., Turner, C. H., Stewart, R. L. (2007). Segmental bone
regeneration using a load-bearing biodegradable carrier of bone morphogenetic
protein-2. Biomaterials, Vol. 28, No. 3, pp. 459-467.
7 Eglin, D., Maalheem, S., Livage, J., Coradin, T. (2006). In vitro apatite forming ability of
type I collagen hydrogels containinrg bioactive glass and silica sol-gel particles. J.
Mat Scie. Mat In Medicine, Vol. 17, No. 2, pp. 161-167.
8 Skelton, K. L., Glenn, J. V., Clarke, S. A., Georgiou, G., Valappil, S. P., Knowles, J. C.,
Nazhat, S. N., Jordan, G. R. (2007). Effect of ternary phosphate-based glass
compositions on osteoblast and osteoblast-like proliferation, differentiation and
death in vitro. Acta Biomaterialia, Vol. 3, No. 4, pp. 563-572.
9 Misra, S. K., Mohn, D., Brunner, T. J., Stark, W. J., Philip, S. E., Roy, I., Salih, V., Knowles,
J. C., Boccaccini, A. R. (2008). Comparison of nanoscale and microscale bioactive
glass on the properties of P(3HB)/Bioglass® composites. Biomaterials, Vol. 29, No.
12, pp. 1750-1761.
10 Lee, H. J., Choi, H. W., Kim, K. J., Lee, S. C. (2006). Modification of Hydroxyapatite
Nanosurfaces for Enhanced Colloidal Stability and Improved Interfacial Adhesion
in Nanocomposites, Chem. Mater., Vol. 18, pp. 5111-5118.
11 Rámila, A., Padilla, S., Muñoz, B., Regí, M. V. (2002). A New Hydroxyapatite/Glass
Biphasic Material: In Vitro Bioactivity. Chem. Mater., Vol. 14, pp. 2439-2443.
12 Doğan, O., Öner, M. (2006). Biomimetic Mineralization of Hydroxyapatite Crystals on
the Copolymers of Vinylphosphonic Acid and 4-Vinilyimidazole. Langmuir, Vol. 22,
pp. 9671-9675.
13 Iwatsubo, T., Sumaru, K., Kanamori, T., Shinbo, T., Yamaguchi, T. (2006). Construction
of a New Artificial Biomineralization System. Biomacromolecules, Vol. 7, pp. 95-100.
[14 Clupper, D. C., Hench, L. L. (2003). Crystallization kinetics of tape cast bioactive glass
45S5. J. Non-Cryst. Solids, Vol. 318,No. 1-2, pp. 43-48.
15 Hench, L. L. (1997). Sol-gel materials for bioceramic applications. Current Opinion in
Solid State & Material Science, Vol. 2, No 5, pp. 604-610.

26

Biomaterials Science and Engineering

16 Pickup, D. M., Speight, R. J., Knowles, J. C., Smith, M. E., Newport, R. J. (2008). Sol–gel
synthesis and structural characterisation of binary TiO2-P2O5 glasses. Mater.
Research Bulletin, Vol. 43, No. 2, pp. 333-342.
17 Carla, D., Pickup, D. M., Knowles, J. C., Ahmed, I., Smith, M. E., Newport, R. J. (2007). A
structural study of sol–gel and melt-quenched phosphate-based glasses. J. NonCryst. Solids, Vol. 353, No. 18-21, pp. 1759-1765.
18 Saravanakumar, B., Rajkumar, M., Rajendran, V. (2011). Synthesis and characterisation
of nanobioactive glass for biomedical applications, Materials Letters, Vol. 65, pp. 31–
34.
19 Lei, B., Chen, X., Wang, Y., Zhao, N., Miao, G., Li, Z., Lin, C. (2010). Fabrication of
porous bioactive glass particles by one step sintering, Materials Letters, Vol. 64, pp.
2293–2295.
20 Chen, Q.-Z., Li, Y., Jin, L.-Y., Quinn, J. M. W., Komesaroff, P. A. (2010). A new sol–gel
process for producing Na2O-containing bioactive glass ceramics, Acta Biomaterialia,
Vol. 6, pp. 4143–4153.
21 Kokubo, T., Kim, H.-M., Kawashita, M. (2003). Novel bioactive materials with different
mechanical properties, Biomaterials, Vol. 24, pp. 2161–2175.
22 Olmo, N., Martín, A. I., Salinas, A. J., Turnay, J., Vallet-Regí, M., Lizarbe, M. A. (2003).
Bioactive sol–gel glasses with and without a hydroxycarbonate apatite layer as
substrates for osteoblast cell adhesion and proliferation, Biomaterials, Vol. 24, pp.
3383–3393.
23 Vrancken, K. C., Possemiers, K., Voort, P. V. D., Vansant, E. F. (1995). Surface
modification of silica gels with aminoorganosilanes Colloids Surf. A: Physicochem.
Eng. Aspects, Vol. 98, No. 3, pp. 235-241.
24 Mark, J. E., Lee, C. Y. C., Bianconi, P. A., Hybrid Organic-Inorganic Composites. ISBN
9780841231481 (ACS Symp. Ser. 586, American Chemical Society Washington, DC,
1995).
25 Cerveau, G., Corriu, R. J. P., Lepeytre, C., Mutin, P. H. (1998). Influence of the nature of
the organic precursor on the textural and chemical properties of silsesquioxane
materials J. Mater. Chem., Vol. 12, No. 8, pp. 2707-2714.
26 Corriu, R. (1998). A new trend in metal-alkoxide chemistry: the elaboration of
monophasic organic-inorganic hybrid materials. Polyhedron, Vol. 17, No. 5-6, pp.
925-934 .
27 Corriu, R. J. P., Leclerq, D. (1996) Recent Developments of Molecular Chemistry for solgel Processes. Angew Chem Int Engl., Vol. 35 No. 13-14, pp. 1420-1436.
28 Shea, K. J., Loy, D. A., Webster, O. (1992). Arylsilsesquioxane gels and related materials.
New hybrids of organic and inorganic networks. J Am Chem Soc., Vol. 114, No. 17,
pp. 6700-6710.
29 Jackson, C. L., Bauer, B. J., Nakatami, A. I., Barnes, J. (1996). Synthesis of Hybrid
Organic−Inorganic Materials from Interpenetrating Polymer Network Chemistry.
Chem. Mater., Vol. 8, No. 3, pp. 727-733.
30 Brinker, C. J.; Scherer, G. W. Sol-Gel Science, The Phys Chem. Sol-Gel Processing, ISBN
0121349705,Academic Press, San Diego, 1990.
31 Nassar, E. J., Ciuffi, K. J., Ribeiro, S. J. L., Messaddeq, Y. (2003). Europium incorporated
in the silica matrix obtained by sol-gel methodoly: Luminescent materials Mater
Research, Vol. 6, No 4, pp. 557-562.

Biomaterials and Sol-Gel Process: A Methodology for the Preparation of Functional Materials

27

32 Beari, F., Brand, M., Jenkner, P., Lehnert, R., Metternich, H. J., Monkiewicz, J., Siesler, H.
W. (2001), Organofunctional alkoxysilanes in dilute aqueous solution: new
accounts on the dynamic structural mutability. J. Organo Chem., Vol. 625, No. 2, pp.
208-216.
33] Nassar, E. J., Neri, C. R., Calefi, P. S., Serra, O. A. (1999). Functionalized silica
synthesized by sol–gel process. J Non-Cryst Solids, Vol. 247, No 1-3, pp. 124-128.
34 Stöber, W., Fink, A., Bohn, E. (1968). Controlled growth of monodisperse silica spheres
in the micron size range. J. Coll. Inter. Scie., Vol. 26, No. 1, pp. 62-69.
35 Papacídero, A. T., Rocha, L. A., Caetano, B. L., Molina, E. F., Sacco, H. C., Nassar, E. J.,
Martinelli, Y., Mello, C., Nakagaki, S., Ciuffi, K. J. (2006). Preparation and
characterization of spherical silica–porphyrin catalysts obtained by the sol–gel
methodology. Coll and Surfaces, Vol. 275, No. 1-3, pp. 27-35.
36 Nassar, E. J., Nassor, E. C. O., Ávila, L. R., Pereira, P. F. S., Cestari, A., Luz, L. M., Ciuffi,
K. J., Calefi, P. S. (2007). Spherical hybrid silica particles modified by methacrylate
groups. J. Sol-Gel Scie. Techn., Vol. 43, No. 1, pp. 21-26.
37 Ricci; G. P., Rocha; Z. N., Nakagaki; S., Castro; K. A. D. F., Crotti; A. E. M., Calefi; P. S.,
Nassar; E. J., Ciuffi, K. J. (2011). Iron-Alumina Materials Prepared by the NonHydrolytic Sol-Gel Route: Synthesis, Characterization and Application in
Hydrocarbons Oxidation Using Hydrogen Peroxide as Oxidant, Applied Catalysis A:
General, Vol. 389, No 1-2, pp. 147-154.
38 Matos, M. G., Pereira, P. F. S., Calefi, P. S., Ciuffi, K. J., Nassar, E. J. (2009). Preparation
of a GdCaAl3O7 Matrix by the non-hydrolytic sol-gel route. Journal of Luminescence,
Vol. 129, pp. 1120-1124.
[39] Langer, R. (2000). Biomaterials in Drug Delivery and Tissue Engineering: One
Laboratory's Experience. Acc. Chem. Res., Vol. 33, No. 2, pp. 94-101
[40] Kumar, D. S., Banji, D., Madhavi, B., Bodanapu, V., Dondapati, S., Sri, A. P., (2009).
Nanostructured porous silicon – a novel biomaterials for drug delivery.
International Journal of Pharmacy and Pharmaceutical Sciences, Vol. 1, No 2, pp. 8-16
[41] Arruebo, M., Galán, M., Navascués, N., Téllez, C., Marquina, C., Ibarra, M. R., and
Santamaria, J. (2006). Development of Magnetic Nanostructured Silica-Based
Materials as Potential Vectors for Drug-Delivery Applications. Chem. Mater., Vol.
18, No. 7, pp. 1911-1919
[42] Borak, B., Arkowski, J., Skrzypiec, M., Ziółkowski, P., Krajewska, B., Wawrzynska, M.,
Grotthus, B., Gliniak, H., Szelag, A., Mazurek, W., Biały, D., Maruszewsk, K.,
(2007). Behavior of silica particles introduced into an isolated rat heart as potential
drug carriers. Biomed. Mater., Vol. 2, No. 4, pp. 220-223.
[43] Vallet-Regí, M., Balas, F., Arcos, D. (2007). Mesoporous Materials for Drug Delivery
Angew. Chem. Int. Ed., Vol. 46, pp. 7548-7558.
[44] Yagüe,C., Moros, M., Grazú, V., Arruebo, M., Santamaría, J. (2008). Synthesis and
stealthing study of bare and PEGylated silica micro- and nanoparticles as potential
drug-delivery vectors., Chemical Engineering Journal, Vol. 137, No. 1, pp. 45-53.
[45] Yang, J., Lee, J., Kang, J., Lee, K., Suh, J-S., Yoon, H-G., Huh, Y-M., Haam, S. (2008).
Hollow Silica Nanocontainers as Drug Delivery Vehicles. Langmuir., Vol. 24, No. 7,
pp. 3417-3421.
46 Hench, L. L., West, J. K.(1990). The sol-gel process. Chemical Reviews, Vol. 90, No 1, pp.
33-72.

28

Biomaterials Science and Engineering

47 Acosta, S., Corriu, R. J. P., Leclerq, D., Lefervre, P., Mutin, P. H., Vioux, A. (1994).
Preparation of alumina gels by a non-hydrolytic sol-gel processing method J. NonCryst. Solids, Vol. 170, No.3 , 234-242.
[48] Wright, J. D., Sommerdijk, N. A. J. (2003). M. Sol-Gel Materials: Chemistry and
Applications; ISBN 90-5699-326-7; Taylor & Francis: London, Vol. 4.
[49] Nassar, E. J., Ciuffi, K. J., Calefi, P. S. (2010). Europium III: different emission spectra in
different matrices the same element, ISBN 978-1-61728-306-2. Chemistry Research
and Applications, Editors: Harry K. Wright and Grace V. Edwards, Nova Science
Publishers, Inc, New York, United State of America.
50 Bandeira, L. C., Ciuffi, K. J., Calefi, P. S., Nassar, E. J. (2010). Silica matrix doped with
calcium and phosphate by sol-gel. Advances Bioscience and Biotechnology, Vol. 1, No.
3, pp. 200-207.
51 de Campos, B. M., Bandeira, L. C., Calefi, P. S., Ciuffi, K. J., Nassar, E. J., Silva, J. V. L.,
Oliveira, M., Maia, I. A. (2010). Protective coating materials on rapid prototyping
by sol-gel, Virtual and Physical Prototyping, DOI: 10.1080/17452759.2010.491938. in
press.
52 Pereira, P. F. S., Matos, M. G., Ávila, L. R., Nassor, E. C. O., Cestari, A., Ciuffi, K. J.,
Calefi, P. S., Nassar, E. J. (2010). Red, Green and Blue (RGD) Emission doped
Y3Al5O12 (YAG) phosphors prepared by non-hydrolytic sol-gel route. Journal of
Luminescence, Vol. 130, pp. 488-493.
53 Cestari, A., Avila, L. R., Nassor, E. C. O., Pereira, P. F. S., Calefi, P. S., Ciuffi, K. J.,
Nakagaki, S., Gomes, A. C. P., Nassar, E. J. (2009). Characterization Of Glass
Ionomer Dental Cements Prepared By A Non-Hydrolytic Sol-Gel Route. Materials
Research, Vol 12, no 2, pp. 139-143.
54 Nassar, E. J., Pereira, P. F. S., Ciuffi, K. J., Calefi, P. S. (2008). Photoluminescence
Research Progress Chapter 10: Recent Development of Luminescent Materials
Prepared by the Sol-Gel Process, 978-1-60456-538-6 Editors: Harry K. Wright and
Grace V. Edwards, pp 265-285, Nova Science Publishers, Inc. New York, United
State of America.
55 Bandeira, L. C., Calefi, P. S., Ciuffi, K. J., Nassar, E. J., Salvado, I. M. M., Fernandes, M.
H. F. V. (2011) Low Temperature Synthesis of Bioactive Materials, Cerâmica, in press.
56 Kokubo, T. (1991). Bioactive glass ceramics: properties and applications, Biomaterials,
Vol. 12, No 1, pp. 55-63.,
57 Villacampa A.I., Ruiz J.M.G. (2000). Synthesis of a new hydroxyapatite-silica composite
material. Journal of Crystal Growth, Vol. 11, pp. 111-115.
58 Park, E., Condrate, R. A., Lee, D., Kociba, J., Gallagher, P. K. (2002). Characterization of
hydroxyapatite: Before and after plasma spraying. J. Mater. Sci.: Materials in
Medicine, Vol. 13, No. 2, 211-218.
59 Petil, O., Zanotto, E. D., Hench, L. L. (2001). Highly bioactive P2O5-Na2O-CaO-SiO2
glass-ceramics. J. Non-Cryst. Solids, Vol. 292, No. 1-3, pp. 115-126.
60 Li, J., Chem, Y., Yin, Y., Yao, F., Yao, K. (2007). Modulation of nano-hydroxyapatite size
via formation on chitosan–gelatin network film in situ. Biomaterials, Vol. 28, No. 5,
pp. 781-790.
61 Sachlos, E., Wahl, D. A., Triffitt, J. T., Czernuszka, J. T. (2008). The impact of critical
point drying with liquid carbon dioxide on collagen–hydroxyapatite composite
scaffolds, Acta Biomaterialia, Vol. 4, No. 5, pp. 1322-1331.

Biomaterials and Sol-Gel Process: A Methodology for the Preparation of Functional Materials

29

62 Liulan, L., Qingxi, H., Xianxu, H., Gaochun, H. (2007). Magnetic Properties and
Intergranular Action in Bonded Hybrid Magnets, J. Rare Earths, Vol. 25, No. 3, pp.
336-340.
63 Sachlos, E., Reis, N., Ainsley, C., Derby, B., Czernuszka, J. T. (2003). Novel collagen
scaffolds with predefined internal morphology made by solid freeform fabrication,
Biomaterials, Vol. 24, No. 8, pp. 1487-1497.
64 Li, J., Habibovic, P., Yuan, H., van den Doel, M., Wilson, C. E., de Wijn, J. R., van
Blitterswijk, C. A., de Groot, K. (2007). Biological performance in goats of a porous
titanium alloy–biphasic calcium phosphate composite, Biomaterials, Vol. 28, No. 29,
pp. 4209-4218.
65 Hollander, D. A., von Walter, M., Wirtz, T., Sellei, R., Schmidt-Rohlfing, B., Paar, O.,
Erli, H. (2006). Structural, mechanical and in vitro characterization of individually
structured Ti–6Al–4V produced by direct laser forming, Biomaterials, Vol. 27, No. 7,
pp. 955-963.
66 Lee, B. H., Abdullah, J., Khan, Z. A. (2005). Optimization of rapid prototyping
parameters for production of flexible ABS object, J. Mater. Processing Tehcn., Vol.
169, No. 1, pp. 54-61.
67 Mostafa, N., Syed, H. M., Igor, S., Andrew, G. (2009). Performance Comparison of IPNetworked Storage, Tsinghua Scie. & Techn., Vol. 14, No. 1, pp. 29-40.
68 Galantucci, L. M., Lavecchia, F., Percoco, G. (2008). Study of compression properties of
topologically optimized FDM made structured parts, CIRP Annals – Manufacturing
Techn., Vol. 57, No. 1, pp. 243-246.
69 Bandeira, L. C., Calefi, P. S., Ciuffi, K. J., Nassar, E. J., Salvado, I. M., Fernandes, M. H. F.
V., Silva, J. V. L., Oliveira, M., Maia, I. A. (2011). Calcium Phosphate Coatings By
Sol-Gel On Acrylonitrile-Butadiene-Styrene Substrate. Eclética Química, submitted.
70 Nassar E. J., Ciuffi K. J., Gonçalves R. R., Messaddeq Y., Ribeiro S. J. L. (2003). Filmes
de titânio-silício preparados por “spin” e “dip-coating”, Quim. Nova, Vol. 26,
pp. 674-678.
71 Bandeira L. C., de Campos B. M., de Faria E. H., Ciuffi K. J., Calefi P. S., Nassar E. J.,
Silva J. V. L., Oliveira M. F., Maia I. A. (2009). TG/DTG/DTA/DSC as a tool for
studying deposition by the sol-gel process on materials obtained by rapid
prototyping, J. Thermal Analysis and Calorimetry, Vol. 97, No. 1, pp. 67-70.
72 Peter M., Binudal N. S., Soumya S., Nair S.V., Furuike T., Tamura H., Kumar R. J. (2010).
Nanocomposite scaffolds of bioactive glass ceramic nanoparticles disseminated
chitosan matrix for tissue engineering applications, Carbohydrate Polymers, Vol. 79,
pp. 284-289.
73 Bandeira, L. C., De Campos, B. M., Calefi, P. S., Ciuffi, K. J., Nassar, E. J., Silva, J. V. L.,
Oliveira, M. Maia, I. A. (2011). Coating On Organic Polymer With Macroporous
Structure Prepared By Rapid Prototyping, Journal of Nanostructured Polymers and
Nanocomposites, in press.
74 Rocha, L. A., Molina, E. F., Ciuffi, K. J., Calefi, P. S., Nassar, E. J. (2007). Eu (III) as a
probe in titânia thin films: the effect of temperature, Materials Chemistry and Physics,
Vol. 101, No. 1, pp. 238-241.
75 Rocha, L. A., Ciuffi, K. J., Sacco, H. C., Nassar, E. J. (2004). Influence on deposition speed
and stirring type in the obtantion of titânia films, Materials Chemistry and Physics,
Vol. 85, No. 2-3, pp. 245-250.

30

Biomaterials Science and Engineering

76 Culbertson, B. M. (2001). Glass-ionomer dental restoratives. Progress in Polymer Science,
Vol. 26, No. 4, pp. 577-604.
[77] Nicholson, J. W. (1998). Chemistry of glass-ionomer cements: a review. Biomaterials, Vol.
19, No. 6, pp. 485-494.
78 Pires R., Nunes T. G., Abrahams I., Hawkes G. E., Morais C. M., Fernandez C. (2004).
Stray-Field Imaging and Multinuclear Magnetic Resonance Spectroscopy Studies
on the Setting of a Commercial Glass-Ionomer Cement. J. Mater. Sci.: Mater. in
Medicine, Vol 15, pp. 201-208.
79 Wright J. D., Sommerdijk N. A. M. (2001). Sol-Gel Materials Chemistry and
Applications. ISBN 90-5699-326-7 1a Edição, Gordon and Breach Science Publishers;
Amsterdam, Holanda.
80 Yang Z., Lin Y. S. (2000). Sol-gel synthesis of silicalite/g-alumina granules. Ind. Eng.
Chem. Res., Vol. 39, pp. 944-4948.
81 Stamboulis A., Hill R. G., Law R. V. (2004). Characterization of the structure of calcium
alumino-silicate and calcium fluoro-alumino-silicate glasses by magic angle nuclear
magnetic resonance (MAS-NMR). J. Non-Cryst. Solids, Vol 333, pp. 101-107.
82 Stamboulis A., Law R. V., Hill R. G. (2004). Characterisation of commercial ionomer
glasses using magic angle nuclear magnetic resonance (MAS-NMR). Biomaterials,
Vol. 25, pp. 3907-3913.
83 Pan J., Zhang H., Pan M. (2008). Self-assembly of Nafion molecules onto silica
nanoparticles formed in situ through sol–gel process. Journal of Colloid and Interface
Science, Vol. 326, pp. 55-60.
84 Cestari, A., Bandeira, L. C., Calefi, P. S., Nassar, E. J., Ciuffi, K. J. (2009). Preparation of
calcium fluoroaluminosilicate glasses containing sodium and phosphorus by the
nonhydrolytic sol-gel method Journal of Alloys and Compounds, Vol. 472, pp. 299-306.
85 Gorman, C. M., Hill, R. G. (2003). Heat-pressed ionomer glass-ceramics. Part I: an
investigation of flow and microstructure Dental Materials, Vol. 19, No. 4, pp. 320–326.
86 Griffin, S. G., Hill, R. G. (1999), Influence of glass composition on the properties of glass
polyalkenoate cements. Part I: influence of aluminium to silicon ratio. Biomaterials,
Vol. 20, No. 17, pp. 1579-1586.
87 Phillips, R. W. (1993). Skinner Materiais Dentários, ISBN 85-7404-091-6. Editora
Guanabara Koogan, 9a Edição, Rio de Janeiro, Brasil.
88 Brentegani L. G., Bombonato K. F., Carvalho T. L. (1997). Histological evaluation of the
biocompatibility of a glass-ionomer cement in rat alveolus. Biomaterials, Vol 18, pp.
137-140.
89 Campos-Pinto M. M., de Oliveira D. A., Versiani M. A., Silva-Sousa Y. T., de Sousa-Neto
M. D., da Cruz Perez D.E. (2008). Assessment of the biocompatibility of Epiphany
root canal sealer in rat subcutaneous tissues. Oral Surg Oral Med Oral Pathol Oral
Radiol Endod, Vol 105, pp. 77-81.,
90 Garcia, L. da F. R., de Souza, F. de C. P. P., Teófilo, J. M., Cestari, A., Calefi, P. S., Ciuffi,
K. J., Nassar, E. J. (2010). Synthesis and biocompatibility of na experimental glass
ionomer cement prepared by a non-hydrolytic sol-gel method, Brazilian Dental
Journal, Vol. 21, No. 6, pp. 499-507.

2
Development of DNA Based Active Macro–
Materials for Biology and Medicine: A Review
Frank Xue Jiang1, Bernard Yurke2, Devendra Verma3, Michelle Previtera3,
Rene Schloss3 and Noshir A. Langrana3
1Department

of Chemical and Biological Engineering,
Northwestern University, Evanston, IL
2Departments of Materials Science and Engineering and Electrical and Computer
Engineering, Boise State University, Boise, Idaho
3Departments of Biomedical Engineering and Mechanical and Aerospace Engineering,
Rutgers, The State University of New Jersey, Piscataway, New Jersey
USA

1. Introduction
DNA was first discovered as the carrier of genetic information for the majority of the known
living organisms, encoding the secret of life. Its delicate design based upon double helical
structure and base pairing offers a stable and reliable media for storing hereditary codes,
laying the foundation for the central dogma (Watson et al. 2003). The impact of this
molecule is far reaching into scientific community and our society, as manifested in many
fields, for instance, forensics (Budowle et al. 2003), besides medicine.
To date, a great deal of research effort has been directed towards understanding DNA’s role
in maintenance and expression of genome, and in the application of this understanding to
biology and medicine, which is partly fueled by the market needs (e.g., DNA sequencer
equipment market alone is expected to reach $450 million by 2010 (Saeks 2007)). For reviews
on the development in this area, especially using DNA or RNA per se as therapeutic
reagents in applications such as gene therapies, one is referred to a large number of reports
(Blagbrough & Zara 2009, Cao et al. 2010, Patil et al. 2005, Ritter 2009). While this remains
the center of the attention with the emergence of new subjects of knowledge including
genetics and genomics, recent decades have witnessed increased interest in using DNA as
structural components or guiding tools (LaBean & Li 2007) in developing novel materials
thanks to DNA’s many unique features. Among these features are its molecular recognition
with only four bases (specificity and simplicity), stable structure held by stacking H-bonds
and other weak forces and interactions (stability), and the ease in breaking of base-pairs and
thus separating strands allowing modification different than covalent-bond based structures
(reversibility and flexibility).
These attributes of DNA give rise to many favorable properties of DNA based macromaterials that are having and will have a wide range of applications. In synthesizing and
constructing these DNA based structures, DNA has been used to provide template (e.g.,
(Aldaye et al. 2008, Niemeyer 2000)), serve as building block (e.g., (Ball 2005)), function as
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versatile linkages in the network (e.g., (Lin et al. 2004b, Um et al. 2006b)), and aid in the
fabrication of the nano-, micro-, and macro-materials (e.g., (Alemdaroglu et al. 2008)). This is
also of interest to the community of synthetic chemistry (Alemdaroglu & Herrmann 2007).
The scope of the current and potential applications of DNA based materials ranges from
DNA based electronics (Berashevich & Chakraborty 2008) and computing (Deaton et al.
1998) to novel material design (Dong Liu et al. 2007, Um et al. 2006a). The similar interest in
using other three major types of macromolecules, namely, protein, lipids, carbonhydrates, as
structural component for synthetic materials is also increasing (Ball 2005). For reviews in
this regard particularly those on DNA based nanomaterials, readers are referred to the latest
and comprehensive reviews by Seeman (Seeman 2007), Lu (Lu & Liu 2006, Lu & Liu 2007)
and others (Alemdaroglu et al. 2008, Ball 2005, Condon 2006, Mrksich 2005, Niemeyer 2000).
The focus of this review is the macroscopic materials designed, synthesized, and applied
based on or inspired by DNA and the application of these materials specifically for biology
and medicine.
Changes in the nanoscale structures can trigger macroscopic changes in the materials
(Schneider & Strongin 2009). For these macro-materials, incorporation of DNA into the
structural design confers a number of possibilities that would otherwise not be feasible. For
instance, DNA imparts temperature dependent mechanical properties to structures
crosslinked by them (Lin et al. 2004b), and unique aptamer interactions make possible phase
transition at room temperature (Yang et al. 2008). For these materials, variation at nano-scale
DNA structures can lead to sometimes dramatic changes in the bulk material properties,
exemplifying ‘little trigger’ for ‘big changes’. Among these DNA based macro-materials, of
particular interest are a class of polymeric hydrogel materials, with the ever-increasing
significance and promises along with the rapid development in the area of tissue engineering
and biomaterials (Jiang et al. 2008b, Jiang et al. 2010c, Lin et al. 2006, Lin 2005, Lin et al. 2004b,
Luo 2003, Um et al. 2006b). Additionally, mimicking in vivo tissue remodeling and property
dynamics is of great importance in the reconstruction of the physiological conditions for cell
growth and tissue repair, and DNA based macro-materials help contribute to address the issue
thanks to modifications and alterations of the DNA based structures (Jiang et al. 2010b, Jiang et
al. 2010c). Therefore, the review first sought to identify the key properties that are directly
related to the design and synthesis of DNA based macro-materials and further recognizes the
unique properties that result from incorporation of DNA in the structures of macroscopic
materials. We then classified these DNA based macro-materials based upon the structural
designs (i.e., DNA only, DNA as backbone, and DNA as crosslinker), and surveyed the current
studies and potential application for each category of the materials from the literature. To aid
in the further development of DNA based macro-materials, we summarized the key design
parameters, considerations and major challenges. Lastly, we presented a conjecture on the
potential directions.

2. Properties of DNA and DNA based structures
2.1 Properties of DNA
The properties of DNA can be classified in mainly three different levels: the sequence, the
structure, and the folding pathway (Condon 2006). The composition or the sequence of
DNA based on only four nucleotides, namely adenine (A), thymine (T), guanine (G), and
cytosine (C), lays the basis for the primary structure, which also largely determines the
secondary and tertiary structures of DNA. The complementarity underlying Watson-Crick
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base-pairing of A:T and G:C and the stacking forces leads to the classical double helical
structure as well as other forms of secondary DNA structures (e.g., A and Z form of DNA).
Watson-Crick base-paring is intricately orchestrated by a number of week forces, including
hydrogen bonding, π-stacking, electrostatic forces, and hydrophobic effect (Aldaye et al.
2008). It also offers foundation for molecular recognition of DNA. Double stranded DNA is
capable of self-folding into complex structures, enabling it to locomote and respond to the
environment (Condon 2006). These three levels of structures give rise to some interesting
and useful features or attributes.
2.1.1 Chemical properties
DNA is a water-soluble macromolecule, and synthetic DNA displayed good
biocompatibility (Um et al. 2006b). It is generally stable under physiological conditions, but
can be hydrolyzed by acid and alkali when pH changes. At the same time, DNA is a highly
charged polymer mostly due to the phosphate group in the nucleotides. The flexibility of
single-stranded DNA (ssDNA) and the relatively weak bonding between base pairs of
duplex DNA allows interacting DNA strands to seek thermodynamically favored
configurations, making possible programmed self assembly of complex structures
(SantaLucia & Hicks 2004). G:C base-pair is more stable than A:C one due to the stronger
hydrogen bond present, thus GC content markedly influence DNA properties.
2.1.2 Cleavage
DNA can be cleaved primarily based on three ways: hydrolysis, photochemistry and
oxidative reactions (Biggins et al. 2006). In the natural living systems, hydrolysis is the
primary mechanism. These mechanisms allow for different approaches in degradation of the
DNA based materials or ways of protecting these materials from attacks. For example, in
designing DNA only or DNA crosslinked macro-materials, the sequence of the DNA can be
chosen in a way that it would be protected under physiological conditions while degraded
upon pathological cues (e.g., bio-metal concentration (Jain et al. 1996)) releasing
encapsulated therapeutic agents.
2.1.3 Enzymatic modification
DNA is susceptible to modification including cleavage and chemical deletion or addition by
a large number of enzymes. Nature has created a rather delicate and precise machinery to
manipulate, such as cutting, ligating, unwinding, folding, synthesizing, initiating,
modifying, and deleting, DNA in vivo(Braun & Keren 2004, Watson et al. 2003). Many of the
enzymes involved in the process have been identified, namely, restriction enzymes, ligase,
helicase, gyrase, polymerase, primase, proofreading exonuclease, and a host of other
enzymes.
2.1.4 Physical properties
Double stranded DNA is semi-flexible and can possess high rigidity. Upon based pairing,
and DNA strands can be straightened, which underlying the design of a nano-actuator
(Simmel & Yurke 2001) (Figure 1). Previous studies on DNA mechanics suggest that DNA
strands can be considered as rigid rods with tensile modulus of hundreds of MPa (Smith et
al. 1996) when the force applied is below certain threshold, and this leads to a smaller
possibility of stretching DNA longitudinally.. Meanwhile, the energy to bend a DNA strand
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is inversely correlated to its length (Bustamante et al. 2003). It is emphasized here that as the
earlier work pointed out, the physical properties of DNA are closely tied to its biological
functions (Vologodskii & Cozzarelli 1994).

Fig. 1. Schematic of a DNA- based actuator and application to a DNA crosslinked macromaterial. (A) In the nano-scale structure, at ‘Relaxed’ state, double-stranded (ds-) DNA is
held by a single stranded (ss-) DNA, forming a loop structure. Upon the delivery of fuel
strand (F) which base-pair with the ssDNA portion of the loop straightens the loop. With the
introduction of the complementary of F, or F ,the fuel strand is displaced, resulting in
restoration of the relaxed stated of the loop. Extracted from (Simmel & Yurke 2001), with
publisher’s permission. (B) Incorporation of this nano-structure to the formation of a
polymer gel. (Ba) Initially, both the crosslinks and polymer chains are slack. (Bb) As the fuel
strand hybridizes with the motor domain, the crosslink stiffens and compressive forces are
generated, in turn tensing the polymer chains. (Bc) The removal strand hybridizes with the
fuel strand at the toehold region. (Bd) Once the removal and fuel strands are fully
hybridized, the gel reverts to its initial state. Extracted from (Lin et al. 2006), with
publisher’s permission.
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2.1.5 Denaturing/Re-annealing
Upon being heated above its melting temperature (Tm), duplex DNA will separate into
complimentary strands of ssDNA since the hydrogen bonds between the two strands and
other stabilizing forces in the duplex can not withstand the separating forces. Once this
occurs, DNA is called being degraded, denatured, or melted, and this process can be
reversed if the melted DNA is cooled slowly, for which the term ‘re-association’, ‘renaturation’, or ‘re-annealing’ is used (Bart Haegeman 2008, Dhillon et al. 1980, Li et al.
2001, Smith et al. 1975). Four major factors dictate the rate of re-association: temperature,
salt concentration, DNA concentration, and the length of DNA strand (Li et al. 2001). The
optimal re-association temperature is approximately 20°C below melting temperature,
and the presence of adequate amount of cations is necessary for re-annealing (Li et al.
2001). In this regard, the lack of proper re-associate conditions leads to the non-reversible
change in the materials properties, such as that of EGDE crosslinked DNA gels (Topuz &
Okay 2008).
Besides the aforementioned properties that are most relevant to the derivation of DNA
based materials for biological application, DNA also possesses a multitude of other
properties, including electronic and magnetic ones, that are attractive for applications
including DNA based molecular electronics (Berashevich & Chakraborty 2008).
2.1.6 Self-assembly in DNA hydrogels
The remarkable molecular recognition capabilities of DNA make it a promising candidate
for development of materials with highly complex structures (Chhabra et al. 2010, Um et
al. 2006a). Xing at el. reported synthesis of pure DNA hydrogels, based on self-assembled
DNA building blocks with more than two branches. These DNA hydrogels showed
thermal and enzymatic responsive properties (Xing et al. 2011). DNA can also be
covalently grafted onto synthetic polymers and serve as a cross-linker (Alemdaroglu &
Herrmann 2007). The recognition of complementary DNA strands leads to cross-linking of
polymer chains and causes hydrogel formation. Zhang et al. reported DNA hydrogels
based on N-(fluorenyl-9-methoxycarbonyl)-D-Ala-D-Ala as the cross-linker, which
exhibited gel-sol transition upon binding to its ligand (Zhang et al. 2003). Kang et al.
developed a photo-responsive DNA-cross-linked hydrogel that exhibited sol-gel
transition on exposure to different wavelengths of light. Specifically, photosensitive
azobenzene moieties were incorporated into DNA strands, such that their hybridization to
complementary DNAs responded differently to different wavelengths of light (Kang et al.
2011). They also showed the capability of such photo-responsive gels by controlling
encapsulation and release of multiple drugs. Jiang et al. designed and developed DNApolyacrylamide hydrogels based biomaterials, which exhibited the ability to increase and
decrease its stiffness in-situ, depending on the DNA cross-linker (Jiang et al. 2008a, Jiang
et al. 2010a, Jiang et al. 2010c).
2.2 Properties of DNA based macromaterials
DNA has also proven to be a useful material to give bulk materials added functionality. This
is exemplified in the introduction of DNA nanostructures to the design of DNA based
macromaterials (Figure 1) While we will discuss the classification of the DNA based macromaterial in depth in the next section, here we survey the new and added functionality that
are reported.
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2.2.1 Adhesivity
The adhesive properties or the DNA based macromaterials are of significance when they
are to be used for applications such as tissue repairs or wound healing where most cells in
contact are anchorage-dependent. In a DNA crosslinked hydrogel material, it has been
established that with the varying length of DNA crosslinker and different crosslink
density, the surface ligand density is not noticeably modified (Jiang et al. 2008b).
2.2.2 Swelling
DNA based macromaterials particularly hydrogel, similar to other hydrogels, can swell
in the aqueous conditions, which will be encountered in the in vivo applications. In a
DNA-only gel system, it has been observed that in de-ionized water the gel can swell to
over 6 times by volume (fiber length) (Lee et al. 2008). Up to one fold increase in weight
has been observed for a DNA gel where dsDNA or ssDNA interacts with a cationic
surfactant, CTAB (cetyltrimetrylammonium bromide), after swelling (Moran et al. 2007),
which is in contrast to the case where proteins (e.g., lysozyme) replace CTAB. For a DNA
crosslinked hydrogel, the observed swelling ratio reaches up to 4 times in volume
(unpublished data).
2.2.3 Pore structure
In designing bio-scaffolds for tissue engineering applications, the size and range of the
pores in the hydrogels is one of the most critical issues. Early investigation has primarily
determined the range of pore size from ~20 um to 100 um suitable for cell growth and
functioning (Chevalier et al. 2008), while in the drug delivery applications, pore size
affects the size of the drug the delivery vehicle is capable of carrying and releasing (Lin &
Metters 2006). Um and colleagues devised a hydrogel material based purely on DNA
strands for cell encapsulation and reported survival and growth cell of CHO cells inside
the hydrogel days after the culture. Aiming at the potential drug delivery applications,
Liedl and coworkers examined a DNA crosslinked hydrogel and inferred the pore size
from experimental investigation by using quantum dots (QDs) (Liedl et al. 2007).
Interestingly, although the pore size of this hydrogel was found to be ~100 um,
nanoparticles of 10 nm range can still be trapped. In this hydrogel, the pore structure
depends on the length of the crosslinker, the nature of the polymer and interactions
between the two. It is noted that in addition to the pore size/distribution and porosity
that are generally of concern, pore interconnectivity, shape and uniformity are also of
great significance in certain applications (Li et al. 2003).
2.2.4 Sol-gel transition
For DNA based macromaterials, particularly polymeric hydrogel material, gelation point
exists between the solid and gel phases. For DNA crosslinked hydrogel, it is a function of
crosslinking density, monomer concentration, and crosslinker length (Jiang et al. 2008a, Wei
et al. 2008). At a pre-determined crosslinker length and monomer concentration, raising
crosslinking density results in sol-gel transition, as reflected in high viscosity (Lin et al.
2004b) (Figure 2) also observed in other studies (Li et al. 2005). For DNA gels based on
crosslinked DNA network (e.g., by EGDE) discontinuous phase transition has been reported
(Amiya & Tanaka 1987, Topuz & Okay 2008).
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Fig. 2. Mechanical properties of DNA based macro-materials. (A) Rhelogy of DNA gels
prepared from Y-shaped DNA at pH5.0. Dependence of storage (G’, solid line) and loss (G’’,
dashed line) modulus on the concentration of the Y-shaped DNA unit (A1) at 25°C and on
the temperature at the concentration of 0.60 mM of Y-shaped DNA unit (A2). Extracted from
(Cheng et al. 2009). (B) Changes in viscosity of DNA gels of Design B with respect to the
temperature at various levels of crosslinking (only show 0%, 14%, 27%, 30% and 100% for
clarity) (B1) and changes in mechanical stiffness (modulus, E) with respect to the level of
crosslinking for a DNA-crosslinked hydrogels of two designs (A) and (B) (Jiang et al. 2008b)
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(B2). Open symbols and solid line represent stiffnesses of DNA gels of Design A (20/20/40
for length of SA1/SA2/L2) (extracted from (Lin et al. 2004b)) and solid symbols and dotted
line represent stiffnesses of DNA gels of Design B (10/10/20). Note that at 37°C, the DNA
gels are effectively solid. (C) Rhelogy of DNA solutions or gels with EGDE crosslinking
(▲0%; O 1.0%; ▼2.5%) during heating-cooling cycles. ω= 1 Hz, strain is 0.01. Extracted from
(Topuz & Okay 2008). Both images with publisher’s permission.
2.2.5 Reversibility
As pointed in the previous section, DNA can be thermally degraded, and naturally bulk
material based on DNA could experience property change along with DNA denaturing.
Upon slow cooling and other proper conditions, DNA can re-anneal restoring the macromaterial. For DNA crosslinked hydrogel, it is also possible to realize the reversible property
change by introducing carefully design DNA strand bypassing the need of applying
environmental stimuli such as light, pressure or temperature (Jiang et al. 2010b, Liedl et al.
2007, Lin et al. 2006). The key to this feature is branch migration based strand displacement
(Lin et al. 2006) where a sticky end at the periphery of the DNA strands is necessary.
Typically, the hybridization reaction occurs between two complementary DNA strands, and
is affected by temperature and strand length. The process has a low rate constant several
orders of magnitude less than the hybridization reaction (Reynaldo et al. 2000), and by
designing a toehold, the process can increase dramatically (Yurke & Mills 2003). Yurke and
Mills have determined that for a toehold length of eight bases, the exchange rate increases
by six orders of magnitude (Yurke & Mills 2003). Branch migration takes place when a
single-stranded DNA (ssDNA) competitively hybridizes with one strand of the DNA duplex
starting at the sticky ends (or ‘toehold’), and extends the hybridization until that strand is
displaced entirely from the original DNA duplex (Watson et al. 2003). (Figure 1B)
Essentially, since this strand has more complementary base pairs with the targeted ssDNA
than do the side chains, generation of the doubled-stranded product is energetically
favorable (Yurke & Mills 2003).
Consequently, the absence/presence of sticky ends offers off/on switch for the reversibility
of gelation or possibility of structural modification with crosslinking density change. This
special feature has fueled the interest in its drug delivery application (Liedl et al. 2007, Wei
et al. 2008).
2.2.6 Mechanical properties
Mechanical properties including moduli have been investigated for various DNA based
macromaterials (Figure 2). DNA crosslinked hydrogels display temperature and
crosslinking density dependent viscosity, mechanical property and gelation point (Figure
2B) (Jiang et al. 2008a, Lin et al. 2004a). Chippada and colleagues developed formulation
based on non-spherical inclusions, and made possible the probe of heterogeneity (variation
with respect to. location) and anisotropy (difference with respect to direction) in the
materials commonly seen in biological tissues (Chippada et al. 2009a, Chippada et al. 2009b).
Other investigator used rheology and other techniques in mechanical characterization
(Topuz & Okay 2008).
Increase in crosslinking density, microscopically straightens the single-stranded DNA
side chain, and stiffens the micro-structure. Macroscopically, it is reflected in the increase
in mechanical stiffness. The rigid dsDNA provides resistance also to compression,
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contributing to the creation of artificial tensegrity (Ghosh & Ingber 2007, Ingber 2006, Liu
et al. 2004).
2.3 Approaches in characterization of DNA based macro-materials
Owning to the unique features from DNA, special considerations have to be taken in
characterization of the DNA based macro-materials, which poses challenges and stimulated
novel ways of probing.
2.3.1 DNA incorporation
Incorporation of the delivered DNA can be assessed indirectly by probing the residual DNA
concentration where direct assessment is difficult, if not impossible (Jiang et al. 2010c). In
this approach, a DNA strand with non-specific sequence was also included as a negative
control to show that the only DNA strands with specific sequence can base-pair with the
available DNA side chains on the polymer, and were truly incorporated into the network
rather than pure diffusion. Additionally, in measuring DNA concentration, the differential
in UV absorbance between ds- and ss-DNA can be used for the detection of crosslinking or
de-crosslinking (see, for example, (Cheng et al. 2009, Topuz & Okay 2008)).
2.3.2 Mechanical properties
To investigate mechanical properties of the DNA based materials, a number of methods has
been developed (Chippada et al. 2009a, Lin et al. 2004b, Topuz & Okay 2008). Lin and
colleagues developed an inclusion based formulation to address the issue of limited
availability of samples, sample preparation and intrusiveness associated with conventional
testing apparatus (e.g. Instron, or dynamic mechanical analysis (Um et al. 2006b)) for these
materials (Lin 2005, Lin et al. 2004b). Recently, along this line of work, nanoscale rods were
deployed and new formation has been developed to assess the inhomogeneity and
anisotropy of the hydrogel materials (Chippada et al. 2009a). Mechanical properties
including stiffness can be used to infer the structure of the DNA based macro-structures. For
instance, for a DNA crosslinked polyacrylamide hydrogel, the crosslinking density of DNA
crosslinked hydrogel has been correlated to its mechanical stiffness for a specific crosslinker
design, thus the choice of crosslinking density can be made aiming at specific mechanical
stiffness range (Jiang et al. 2008b, Lin et al. 2004b).. Moreover, drastic change in the viscosity
or rheology has been used as indicator as watershed between sol and gel-states
2.3.3 State of DNA strands
Fluorophore attached DNA strands have been previously deployed to examined the
dynamics of DNA base-pairing. The mechanism behind this approach is that the distance
change between two dyes, or fluorophore/quencher, can be probed by various techniques
including FRET (Fluorescence resonance energy transfer), which indicates the state (e.g.,
bent or straightened) of the DNA strands (Simmel & Yurke 2001). Atomic force microscopy
(AFM) is a powerful tool capable of resolving nano-scale features, and has been used to
probe the DNA based structures (e.g., (Liu et al. 2004)) with limitations in resolution (a few
nm) (Um et al. 2006b). Optical properties can also be used to monitor the state change (e.g.,
DNA binding to cations, DNA packing or denaturation) based on drug-hydrogel
interactions by using circular dichroism (CD) along with other techniques such as polarized
Raman spectroscopy(Lee et al. 2008, Tang et al. 2009).
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3. Current DNA based macro-materials and applications in biology and
medicine
Seeman and colleagues pioneered the work employing DNA as a structural material in
creating nanodevices (Seeman 1981, Seeman 1982), and reported designs of nano-scale
structures such as rings(Mao et al. 1997), cubes(Chen & Seeman 1991), and octahedral
(Zhang & Seeman 1994). More investigators joined the effort stimulating the emergence of
structural DNA nanotechnology (Douglas et al. 2009, Rothemund 2006, Seeman 2007, Yurke
et al. 2000), particularly aptamers, DNAzymes, and molecular beacon (Condon 2006, Lu &
Liu 2006, Wang et al. 2009).
Of particular interest is the fact that a number of the designed structures inspired by DNA
offer a large variety of design parameters (e.g., sequence and DNA-protein interactions) to
the nanotechnology engineers. When they are incorporated as part of the macrostructures
such as a hydrogel network, by changing the design parameters at the nanoscale DNA
structures, dramatic physical and chemical properties changes can be achieved at macrolevel. Some of these properties and functionalities are highly desirable in biology and
medicine. Moreover, due to the unique properties of DNA, in situ modifications of nanolevel structures become possible, which often result in the dynamic properties of macrolevel materials thus supply dynamic cues in biological applications. Furthermore, in
realizing these changes, a great number of physical, chemical and biological stimuli can be
employed together (Lu & Liu 2007), offering augmented flexibility in designs.
Owing to DNA’s water solubility and the resemblance to the physiological environment, DNA
based macro-materials particularly hydrogels is stimulating ever-increasing interest.
Hydrogels are a class of hydrophilic polymers that possess both solid- and liquid-like
properties, and they typically consist of an insoluble network of crosslinked polymer chains
immersed in solvent. They have attracted great interest and have become ever-increasingly
popular for many applications, including biomedical ones. Due to its hydrated nature, a
hydrogel can better mimic the properties of the natural tissues and neural micro-environment
that cells reside in. This has fueled the interest and development of hydrogels-based tissue
engineering scaffolds. In addition, hydrogels generally respond to the environmental factors
such as temperature and pH, and thus are among the candidates for the development of drug
delivery systems. Based on the types of crosslinker, hydrogels can be categorized into two
classes; gels with covalent junctions and gels with physical junctions (weak forces, physical
entanglement or others), or more simply stated, chemical and physical gels. Natural polymers
are synthesized by living organisms mostly through enzymatic processes, while synthetic
polymers generally involve either condensation or addition approaches. Crosslinking yields a
polymer network where polymer chains are inter-connected.
Along this line, a number of DNA based hydrogel materials have been devised and
characterized, among which are those consist solely of DNA strands (Cheng et al. 2009,
Mason et al. 1998, Um et al. 2006b), those with polymer backbone and DNA crosslinkers
(Lin et al. 2004b, Nagahara & Matsuda 1996), and those with DNA as polymer backbone
connected via physical or chemical bonds (Topuz & Okay 2008), where DNA ‘nanoswitch’
impart the hydrogel materials desired functionality and properties (Figure 3).
3.1 DNA based macro-materials
The majority of the DNA based macromaterials fall in the following three categories (Table
1) and examples of these materials are shown in Figure 3.
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Fig. 3. Examples of DNA based macromaterials. (A) A DNA-only hydrogel: the schematic of
the DNA structures (A1) and a prepared DNA gel (A2). Extracted from (Um et al. 2006b).
(B) A EGDE crosslinked DNA gel (DNA as backbone): the schematic of the crosslinked
structure (B1) with short thick black stick indicating EGDE bond and thin black stick
indicating hydrogen bond (extracted from (Topuz & Okay 2008)) and resulting gels with
varying EGDE content (B2) (extracted from (Topuz & Okay 2009)). (C) DNA crosslinked
polyacrylamide hydrogel: the schematic showing the difference between DNA- and biscrosslinked hydrogels (C1) (extracted from (Jiang et al. 2008b)) and a prepared gel (C2) in a
well of a 24-well plate. All images with permission from publishers.
3.1.1 DNA-only network
The aqueous solution of DNA strands (~ 2,000 bps in length) can be viscous at high
concentration before the critical overlap concentration is reached. Beyond this critical
concentration, a weak gel can be formed due to the overlapping and entanglement of the
DNA strands (Mason et al. 1998, Topuz & Okay 2008). Since the gelation point is reached
based upon physical interactions rather than chemical bonds, this hydrogel is termed
‘physical gel’ (Mason et al. 1998, Topuz & Okay 2008). Though this approach has its
advantages in the availability of the natural long double stranded DNA, the lack of
controllability and stability limits their further application. Moreover, based on electrostatic
interactions, by introducing hydrophilic ionic liquids, DNA hydrogel fibers have also been
made (Lee et al. 2008). In this gel system, DNA strands compact into supercoils and bundle
up forming aggregates, and give rise to new material properties such as stability and
resistance to DNase digestion.
Luo group at Cornell University developed a hydrogel based entirely on DNA strand base
pairing (Figure 3A). The synthesis involves two major steps: first, branched three- or fourarmed ‘X’, ‘Y’, and ‘T’-shaped DNA structures were synthesized from single-stranded DNA
with partial complementarity based on DNA self-assembly; the sequence of the DNA
strands were chosen and sticky ends were included such that it is available for enzymatic
action; next, ligase, an enzyme capable of ligating DNA strands were deployed to connect
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the building blocks produced from the first step, thus forming a crosslinked DNA polymer
network. The resulting hydrogel has been shown to have swelling and mechanical
properties that are dependent on the initial concentration and the forms of DNA building
blocks, and biodegradability determined also by the building blocks (Um et al. 2006b). The
potential of applying this hydrogel for drug delivery application has also been
demonstrated. Very recently, this group also reported that by incorporating linear plasmids
into polymer network, this hydrogel is capable of generating natural proteins under cell-free
conditions (Park et al. 2009).
By using the similar Y-shaped DNA building blocks, but a different mechanism to connect
these building blocks, Cheng group also put forth a hydrogel design based entirely on DNA
nanostructures (Cheng et al. 2009). Different than the approach by Luo and colleagues,
enzymes are not needed in the synthesis. Rather, the sequence of DNA strands are designed
that it contains C-rich domain to take advantage of the triple hydrogen bond formation
which results in a crosslinker between two DNA building blocks. Because the formation of
such crosslinkers is pH dependent, the resulting macroscopic hydrogel can be formed only
at suitable pH and hence responsive to pH changes. This feature allows for a new scheme
for drug delivery based on pH, which hold promises in cancer therapies particularly those
associated with local pH changes. It is worthwhile noting that in these studies, relatively
short synthetic single-stranded DNA is required and that the quantity of the samples is still
limited (~20 μL) primarily due to the limited availability and cost in synthesis.
3.1.2 DNA as backbone
While DNA strands can be connected via enzymatic actions or base interactions where no
other chemical entity is involved, they also can be crosslinked by other molecules via either
physical or chemical interactions. In these materials, DNA constitutes the polymer
backbone. As an example, physical DNA gels have been developed based on the
interactions between DNA strands and sulfonium precursor of poly-phenylenevinylene (SPPPV) (Tang et al. 2009). Positively charged SP-PPV resulting from polymerization at alkaline
solution contributes to the hydrogel formation based on DNA/SP-PPV hybrids due to
electrostatic interactions. This gel system has demonstrated interesting stability and
resistance to heat or DNase attack, and the presence of DNA strands in gel network imparts
the material unique biological properties. As a proof of concept, its optical properties have
been shown to assist in monitoring drug delivery as illustrated in the recovery of
fluorescence upon release of drugs (Tang et al. 2009). Further application of this system
awaits the investigation on whether DNA will be shielded from enzymatic digestion under
physiological conditions or diffuse out of gel network (Tang et al. 2009).
Besides physical crosslinking, DNA backbone can also be chemically crosslinked. Topuz and
Okay (Topuz & Okay 2008) used ethylene glycol diglycidyl ether (EGDE) for this purpose
(Figure 3B), since epoxide group of EGDE can react with amino group in the bases of two
DNA strands, although the two bases can also be from the single strand. They discovered
novel thermal properties. At low crosslinking density, dynamic moduli are altered in a nonreversible way when gels are subjected to heating and cooling, and this leads to a hydrogel
with Young’s modulus in the mega-Pascal (MPa) range. The increased physical
entanglement upon heating and hydrogen bond formation at cooling were identified as the
cause, although it is not clear whether controlling the kinetics of the DNA re-annealing
could affect the process. Horkay and Basser examined the effect of ion strength and
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concentration on osmotic and mechanical properties of these DNA gels (Horkay & Basser
2004). DNA gel particles based on interactions between DNA and CTAB, a cationic
surfactant, or lysozyme were developed by Moran and colleagues. In this physical gel, the
electrostatic forces help stabilize the gel network (Moran et al. 2007).
3.1.3 DNA as crosslinker
DNA has long been used to provide bases for assembling microscopic structures into
macroscopic objects by functioning as crosslinkers, and to give bulk materials added
functionality (Lin et al. 2004b, Nagahara & Matsuda 1996, Neher & Gerland 2005). For
instance, Mirkin and colleagues reported a method to organize colloidal gold nanoparticles
and form aggregates (Mirkin et al. 1996) based on DNA crosslinking. The motivation in
using DNA as linking reagents rather than the main building blocks or polymer backbone
lies partly on the fact that in those cases large quantities of synthetic DNA are currently
prohibitively expensive (Jiang et al. 2008a, Lin et al. 2004a, Mangalam et al. 2009), and that it
is challenging to characterize these structures(Storhoff & Mirkin 1999).
By using DNA hybridization instead of covalent bonding to form crosslinks between
polymer strands, hydrogel polymers have been given a temperature-dependent rigidity and
thermal reversibility in crosslinking and gelation(Lin et al. 2004b, Nagahara & Matsuda
1996), and a number of new possibilities including in situ property change (Jiang et al.
2010c). In an early work (Nagahara & Matsuda 1996), poly(N,N-dimethylacrylamide-co-Nacryloxyloxysuccinimide) was reacted with 5’-amino-modified 10-mer oligonucleotides
(oligoA or oligoT) to form polymer chains with short DNA side branches (Figure 4). Two
different crosslinked structures (Figure 4A) were produced: in one of them oligoA branches
from one solution of polymer chains hybridized with oligoT branches from the second
solution, and in the other of them two oligoT branches hybridized with a third 20-mer
OligoA strand. Gelation of the polymers as well as thermo-reversibility of crosslinking at
elevated temperatures was demonstrated.
While the simple sequences used in (Nagahara & Matsuda 1996) preclude the formation of
secondary structures (e.g., the hairpin structure), the possibility of off-alignment binding
between two complementary sequences is high. Although perfect alignment of oligoA and
oligoT strands is energetically favorable, misalignment by only a few bases may occur with
little penalty. Such misalignments may result in mechanically weakened, kinked crosslinks.
The probability of off-alignment binding between complementary DNA strands can be
reduced by designing base sequences. Towards this end, by incorporating AcryditeTM
modified oligonucleotides in PAM gels, Lin and colleagues (Lin et al. 2004b) illustrated and
characterized reversible gelation and achieved a range of stiffness from a few hundred Pa to
10 kPa by varying crosslinker DNA density. They showed that sequence optimization is an
effective method of enhancing the stability of DNA crosslinks (Figure 4B). In these gels,
AcryditeTM modified oligonucleotides co-polymerize with acrylamide monomers to form
polymer long chains with DNA side chains of specific length and sequence designated as
SA1 and SA2. ‘Crosslinker’ oligonucleotides (L2) with a ‘toehold’ assume the functions of a
crosslinker by hybridizing with SA1 and SA2 at the same time. By carefully designing
another single-stranded DNA (ssDNA), also called “removal” DNA that is complementary
to L2, one is able to reverse crosslinking process (Figure 5C). With this gel system, the pore
structure upon reversible crosslinking was explored, giving rise to the potential application
for controlled drug delivery (Liedl et al. 2007).
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Fig. 4. Design of DNA crosslinked hydrogel. (A) The two DNA-crosslinked structures by
Nagahara and Matsuda (Nagahara & Matsuda 1996). Oligonucleotides and their sequences
are represented by the boxes and oligonucleotides-polymer connections by the dots.
Extracted from (Nagahara & Matsuda 1996), with publisher’s permission. (B) The design by
Lin et al. (Lin et al. 2004b). SA1, SA2, and L2 represent DNA side chains and a crosslinker
complementary to both DNA side chains. A toehold can be added for reversibility.
Extracted from (Lin et al. 2006), with publisher’s permission.
Replacing the covalently bound bis-crosslinks with paired DNA strands results in a gel
possessing a number of potentially useful properties, such as thermal reversibility with a
tunable melting temperature, reversibility of gelation without heating and without the need
of initiator-catalyst system for re-gelation(Lin 2005, Lin et al. 2004b). More interestingly, by
modifying the DNA crosslinking (i.e., oligonucleotide length or concentration), the
mechanical properties of the gels can be engineered to take on particular values. Specifically,
via delivery of more crosslinks, the DNA association/dissociation ratio could increase,
resulting in a stiffened gel; in contrast, gels could be softened by lowering the crosslink
density with removal DNA strands (designated as CL2, Figure 5C) that are complementary
to L2. CL2 strands competitively base-pair with L2 strands and remove them from the gel
network. The ease with which the mechanical properties of DNA crosslinked gels can be
changed suggests that they would be useful in tissue engineering applications. This has
generated interests in using DNA as crosslinking agent for various applications
(Alemdaroglu & Herrmann 2007, Liedl et al. 2007, Murakami & Maeda 2005, Roberts et al.
2007, Wei et al. 2008, Yang et al. 2008). In addition, DNA has also been reported to crosslink
organic network such as cellulose (Mangalam et al. 2009).
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Fig. 5. Induce dynamic changes in DNA crosslinked hydrogels. (A) Addition of DNA
crosslinks the hydrogel and upon delivery of adenosine which competitively binds to the
crosslinker DNA, resulting in the reverse of gelation (a) as demonstrated in the transition
from solution (b) to gel (c) and then back to solution (d). Extracted from (Yang et al. 2008)
with publisher’s permission. (B) DNA hydrogel capable of capturing and releasing
thrombin based on thrombin-aptamer interactions. The end structure of DNA side chain A
has high affinity to thrombin to form thrombin-aptamer complex (Ba), which can be capture
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via DNA hybridization (Bb). Upon delivery of the ssDNA complementary to strand A,
thrombin is released. Extracted from (Wei et al. 2008) with publisher’s permission. (C) For a
DNA crosslinked hydrogel (Jiang et al. 2010b), delivery of the ‘removal’ DNA strand
complementary to the crosslinker DNA leads to de-crosslinking.
Dynamic materials can be used to manipulate cell behavior. In studies performed by
Langrana and colleagues, DNA-crosslinked hydrogels (DNA hydrogels) were used as the
underlying substrate to study the effects of dynamic mechanical cues on fibroblast behavior
(Jiang et al. 2010c, Previtera et al. 2011). The DNA hydrogels have the ability to temporally
change stiffness (Jiang et al. 2008a, Jiang et al. 2010c, Lin 2005, Lin et al. 2004a, Lin et al. 2005,
Previtera et al. 2011). Upon a decrease or increase in DNA hydrogel stiffness, expansion or
contraction forces are generated, respectively. The two properties cannot be decoupled (data
unpublished). When grown on these dynamic hydrogels, fibroblast morphology is
noticeably different compared to static hydrogels, which do not change in stiffness and thus
do not generate forces (Jiang et al. 2010c, Previtera et al. 2011). GFP fibroblast became larger
and more circular, compared to static conditions, when grown on DNA hydrogels that
became softer and expanded (Previtera et al. 2011). Therefore, as the underlying substrate
expands and softens, the GFP fibroblasts expand and become rounder morphology. This is
in contrast to GFP fibroblast grown on dynamic hydrogels with increasing stiffness and
contraction forces (Jiang et al. 2010c). These GFP fibroblasts became smaller and/or longer
when compared to static hydrogels. However, these results depended on magnitude of
hydrogel stiffness change (Jiang et al. 2010c).
3.2 Potential application of DNA based macro-materials
Three main areas of application are being explored by using these DNA based
macromaterials (Table 1).
3.2.1 Biosensor| Actuator| Bioelectronics
Hydrogels synthesized from DNA nanostructures hold promises as biosensor (Cheng et al.
2009, Lin et al. 2004b), Simmel and Yurke designed a DNA-based actuator capable of
switching between two physical states, which can potentially be used as motor to drive the
nano-robot (Figure 1) (Simmel & Yurke 2001). This approach, together with others
(Knoblauch & Peters 2004), can be adopted in hydrogel formation, giving rise to novel
materials with changing properties upon ‘fuel strand’ delivery. Besides the potential uses of
DNA based macromaterials in sensors and actuators, DNA’s electronic properties and
molecular recognition, feasibility of DNA manipulation at nano-scale, and the trend of
miniaturization are driving the synergy between DNA and electronics. Braun and Keren
(Braun & Keren 2004) put forth a scheme of constructing DNA based transistors, in which
DNA is metallized and serves as a template for electronic circuit, which exemplifies DNA’s
impressive capability of information storage and molecular recognition mechanism.
Incorporation of grafted oligonucleotides also leads to novel materials with high optical
resolution, and can be potentially used in biosensing (Tierney & Stokke 2009) (Figure 6A).
3.2.2 Drug delivery vehicle
In response to various environmental factors, DNA may alter its secondary and tertiary
structures, resulting in alterations in the bulk materials that are built upon them. Aiming at
drug delivery application for cancer therapy, a great deal of effort has been made in
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Fig. 6. Examples of application of DNA based macromaterials. (A) Schematic of
hemispherical bio-sensitive hydrogel attached to the end of an optical fiber to determine
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changes in the optical length for biosensing applications. Extracted from (Tierney & Stokke
2009). (B) DNA-only hydrogels based on branched Y-shaped DNA unit. Black i motif with
cytosine-rich regions crosslinks adjacent Y units (B1). The DNA gel prepared from this
design exhibited responsiveness to pH, in low pH where gold naoparticle (AuNP) was
trapped in the gel (a) and at high pH gel dissociation leading to AuNP release (b) Extracted
from (Cheng et al. 2009). (C) Neurite outgrowth on a DNA crosslinked hydrogel. Overlay of
higher power images of MAP2 and Tau-1 stain reveals that axons and dendrites could reside
closely in parallel with each other (C1). Red: Tau-1 immunostaining; Green: MAP2
immunostaining; Blue: GFAP immunostaining; Purple: DAPI staining. Scale bar is 50 m.
Comparison of neurite outgrowth, including mean primary dendrite length, primary
dendrite number, and axonal length per neuron, on DNA gels of two designs. Extracted
from (Jiang et al. 2008b). All images with publisher’s permission.
designing responsive DNA gels. Among all the cues is pH due to the fact that certain cancer
types are associated with local acidity (Gerweck & Seetharaman 1996). DNA motifs sensitive
to changes in H+ concentration has been incorporated in the DNA based hydrogel to realize
pH responsiveness. A DNA hydrogel in which gel-‘drug’ interactions are pH dependent
was also proposed (Tang et al. 2009) (Figure 6B) along with others gels (Roberts et al. 2007)
(Table 2). In this design, the electrostatic interactions that retain drugs in the gel network
can be reduced resulting in subsequent drug release (Tang et al. 2009). Besides pH,
temperature may be another environmental trigger for drug release, particularly for those
diseases with local temperature change (e.g., (Hildebrandt-Eriksen et al. 2002, Letchworth &
Carmichael 1984)). Thermal responsiveness of the DNA hydrogel has been designed based
on the temperature-dependent hybridization, sol-gel transition or physical properties (Costa
et al. 2007, Lin et al. 2004b, Topuz & Okay 2008). Ion strength or concentration has also been
explored to initiate drug release using DNA based macromaterials (Costa et al. 2006.,
Horkay & Basser 2004).
These hydrogels responsive to environmental factors hold promises in facilitating targeted
delivery of therapeutic reagents, while their application has inherent limitation. First, their
application is limited to where such environmental alterations exist; and second, their
controllability is limited due to undesired environmental changes that may occur; third,
their applicability is limited when temporal control in delivery is desired. Looking to
expand the scope of application, some investigators attempted to develop dynamic DNA gel
system without the need of environmental factors. DNA strand per se is naturally an ideal
candidate. Lin and colleagues demonstrated possibility of triggering de-gelation by
delivering ssDNA (Lin et al. 2006), and a similar scheme was adopted by Wei et al.. in
designing a DNA gel capable of releasing proteins based on aptamer-thrombin interactions
(Wei et al. 2008). Aiming at the same application relying on DNA aptamer-protein
interactions, a latest study explored a hydrogel system capable of sustained protein release
(Soontornworajit et al.). Diffusion profile and relationship between cargo size and pore size
of this system were studied, and it was found that the nano-scale particles can be trapped
even their size is smaller than the average pore size of the hydrogel network (Liedl et al.
2007). In addition to DNA strands, by using the similar system, adenosine has also been
shown as the trigger for changes based on its interactions with aptamers (Yang et al. 2008).
A recent work reported the enzyme triggered release of DNA in a polymer network with
grafted DNA duplex (Venkatesh et al. 2009). This system is based on the conventional
crosslinking but contains Acrydite modified DNA recognized by specific enzymes.
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Additionally, DNA gels have been shown to be an ideal candidate for cell capsulation (Um
et al. 2006b), potentially, serving as in vivo protein factory for protein synthesis and delivery
(Park et al. 2009). Examples of the studies using DNA-only, DNA-as-backbone, and DNA
crosslinked macromaterials on potential drug or gene delivery applications and the kinetics
of release are in Figure 7.

Fig. 7. Kinetics in the release of therapeutic agent using DNA based macromaterials. (A)
Release of insulin (solid line) and CPT (camptothecin, dotted line) from a DNA-only gel.
From top down, the lines indicate Y-, T-, X-, and T- DNA gels. Extracted from (Um et al.
2006b). (B) Release of gold nanoparticles from an aptamer-crosslinked hydrogel at
interaction with cocaine. Extracted from (Zhu et al. 2010). (C) Release of antihypertensive
nicardipine hydrochloride containing one nitro group from a physical DNA gel based on
DNA and SP-PPV interactions. Extracted from (Tang et al. 2009) with publisher’s permission
(D) Cumulative release of DNA from a EGDE crosslinked DNA (as backbone) gel with
various crosslinking density under sunlight. Extracted from (Costa et al. 2010). All images
with publisher’s permission.
3.2.3 Biomaterials/Tissue engineering
As mentioned in the previous discussion, hydrogel materials has been gaining increasing
popularity due to its hydrated state mimicking natural tissues (Janmey et al. 2009, Nemir &
West 2009, Uibo et al. 2009). Following this direction, one line of interest in applying DNA
based macro-materials is to study cell-ECM interactions, an analog of tissue-biomaterials
interplay. A DNA only gel system has been proved to possess cyto-biocompatibility by

50

Biomaterials Science and Engineering

encapsulating CHO cells (Um et al. 2006b). Replacing the traditional bis-acrylamide
crosslinker in a popular bis-gel system (Wang & Pelham 1998), DNA crosslinker of 20-50 nt
long was used for the study of the effect of substrate stiffness on neurite outgrowth (Jiang et
al. 2008b) (Figure 6C). In this system, difference in rigidity was created by varying length of
the crosslinker, crosslinking density, or monomer concentration, among which crosslinking
density can be modified via DNA strand delivery in situ. The potential of using these DNA
crosslinked gels in tissue engineering application is promising (Chan & Mooney 2008,
Ghosh & Ingber 2007).
The added advantages by using DNA based macromaterials were further demonstrated
recently in subjecting cells to dynamic stiffness of the substrates (Jiang et al. 2010b, Jiang et
al. 2010c). These studies were motivated by the fact that the micro-environment that cells
reside in within natural tissues is dynamic and undergoes constant synthesis and
degradation in both normal and pathological conditions (Lahann & Langer 2005, Mrksich
2005). Moreover, aging, development, external assault, and pathological processes can also
lead to the alternations in the extracellular matrix (ECM) (Georges et al. 2007, Ingber 2002,
Silver et al. 2003). In addition, at the tissue-implant interface, cells can actively modify
surface of the implants, altering the stiffness of microenvironment of their own or other cells
(Marquez et al. 2006). The changing stiffness could potentially make it possible to achieve
optimal growth of a specific cell property (Jiang et al. 2008b) or direct stem cell
differentiation (Engler et al. 2006) at different time points. These facts make it very desirable
for the biomemetic materials to have the capability of undergoing controlled remodeling
with respect to time. Previously, a limited number of attempts have yielded exciting
findings (Chen et al. 2005, Lahann & Langer 2005, Mrksich 2005), in which dynamic changes
were induced largely through application of environmental factors (e.g., temperature, pH,
and electric field). However, the utility of these approaches in clinical setting could be
problematic. With the unique hydrogen bond based crosslinking, DNA based and
crosslinked materials, therefore, demonstrate time-dependent properties as reflected in
swelling and mechanical modulus, and offer a feasible way of dynamically altering the
macro-scale structure mimicking the in vivo conditions (Figure 8). Indeed, the initial results
have indicated that encapsulated cells are viable in a DNA-only hydrogel, and in a DNA
crosslinked hydrogel both mechano-sensitive cell types (e.g., fibroblast) (Figure 9) and
neuron whose mechano-responses are being appreciated just recently respond to the
changing stiffnesses, and the responses are specific to range and rate of changes and cell
type (Jiang et al. 2010a, Jiang et al. 2010c). A summary of DNA based macromaterials with
dynamic and responsive properties is presented in Table 2.

4. Design considerations in DNA based macro-materials
Different than other materials, DNA based macro-materials necessitate some unique
considerations due to involvement of DNA nano-materials.
4.1 Stability
As pointed out in the last section, DNA strand can respond to a variety of environmental
factors such as temperature, pH, and ion concentration and non-environmental factors such
as exogenous DNA or enzyme. While it allows design of smart responsive materials, it also
poses difficulties in maintaining the integrity of structures. Divalent or multi-valent cations
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Fig. 8. Time history studies of DNA based macromaterials. (A) Swelling/Deswelling profile
of a DNA-only hydrogel fiber. Swelling last till 25 min time point when different groovebinding molecules were introduced. Extracted from (Lee et al. 2008). (B) Time history plots
of the elastic modulus and swelling ratio of a DNA crosslinked hydrogel. Both quantities
were first measured throughout the control phase during which no DNA strands were
added, first under the influence of electrophoretic power and then without it. Fuel strands
were migrated into the gel during the stiffening phase and removal strands were introduced
during the de-stiffening phase. Extracted from (Lin et al. 2006). (C) Changes in elastic
modulus G’ and temperature of DNA (as backbone) gel with time at different DNA content.
Extracted from (Orakdogen et al. 2010). All images with publisher’s permission.
such as magnesium have been shown critical in both dsDNA stability and re-annealing.
Thus using ion-containing buffer would be a better choice than deionized water in
maintaining gel structure and integrity. Interestingly, the gel collapse has been observed for
a EDGA crosslinked DNA gel system, where the form of dsDNA or ssDNA, DNA content,
and co-solutes in the medium contribute to the kinetics (Costa et al. 2007). The thermal
stability has been investigated in a number of studies. For a DNA only gel system, gels
based on ssDNA were less stable than those made from dsDNA perhaps due to the
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synergistic effect of multiple strands, possibly due to distinct linear charge density, strand
flexibility and hydrophobicity (Costa et al. 2007). DNA crosslinked polymeric hydrogel
exhibited thermal reversibility and sol-gel transition, which is correlated to the thermal
stability of the DNA base-pairing. As a result, in these gels DNA sequence has to be
designed for desired melting temperature (Tm) by adjusting length of the strand, GC
content, and/or thermal dynamics(Cheng et al. 2009, Lin et al. 2004a). It is noted that the
critical temperature for the DNA based bulk material may be different from that of the
involved DNA strands (Sun et al. 2005, Topuz & Okay 2008).

Fig. 9. Study of cellular behavior using DNA based macromaterials. (A) CHO cells in a
DNA-only gel. Stained CHO cell encapsulated inside the gel (A1) and the majority of the
cells were viable (A2). Extracted from (Um et al. 2006b) with publisher’s permission. (B)
L929 fibroblasts growth on dynamic substrates based on a DNA crosslinked hydrogel.
(Upper panel) Typical morphology of L929 fibroblasts grown on DNA crosslinked
hydrogels at Day 4, two days following DNA delivery. Scale bar is 100 mm. (Lower panel)
Projection area and aspect ratio of L929 fibroblasts on DNA crosslinked hydrogels on Day 4.
Extracted from (Jiang et al. 2010c) with publisher’s permission.
Gels consisting of physically entangled DNA strands display resistance to DNase digestion
(Lee et al. 2008). The hybrid between DNA strands and other polymer (such as SP-PPV
(Tang et al. 2009)) also possess resistance to enzyme or heat. Thus, physical interactions
between DNA strands and composite between DNA and other polymer may provide shield
against enzymatic action.
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4.2 Sequence design
Different to the majority of the materials based on DNA as backbones and some DNA-only
gels where natural DNA (e.g., from salmon) was used, DNA crosslinked materials and DNAonly gels with designed DNA building blocks carry synthetic DNA. The sequence can be
designed allowing added features. As we have discussed in the properties of DNA, the
primary structure, i.e., the sequence or the order of nucleotides, of DNA primarily determines
its secondary and tertiary structures, thus it is of significance to design sequence which gives
the desired bulk material properties. Meanwhile, although two complementary DNA strands
achieve their minimum energy state when they hybridize in the perfectly aligned
configuration, DNA hybridization does not occur without error (Deaton et al. 1998). In
addition, undesired interactions can occur between two strands as well as within a single
strand. Such interactions typically involve the binding of complementary regions comprising
only a small number of base pairs and include the formation of secondary structures such as
the hairpin loop. In designing DNA sequences, it is desirable to decrease the number of
possible mismatched hybridizations in order to maximize the efficiency of hybridization.
Design of a pair of equal-length sequences is essentially an optimization problem with the
minimization of undesirable (e.g., off-alignment) interactions as the objective function. For
instance, in the work by Lin et al. (Lin et al. 2004b), DNA sequence was generated by
incorporating into the algorithm the following considerations: minimization of undesired
interactions among strands and potential secondary structures, thermodynamic stability of the
hybridized sequence pairs (e.g., GC content, terminal sequences, and hairpin structures (Lin et
al. 2004b, SantaLucia & Hicks 2004)), and initiation of branch migration (e.g., length of sticky
ends) (Deaton et al. 1998, Felsenfeld & Miles 2003). C-rich domain can be incorporated where it
is desirable to have pH responsiveness (Cheng et al. 2009). It is noted, however, that due to the
limitation on the current technology, and synthetic single-stranded DNA can have length up
to 100 nt. The biological applications of these DNA crosslinked structures require additional
caution. Examples include the ending sequence of the DNA strands, and the melting
temperature needed to maintain the integrity of the DNA base structures.
4.3 Interaction between DNA and other entities
In the application of DNA based macro-materials for biology and medicine, DNA may
potentially interact with an array of biologic entities such as protein, small molecules, other
biopolymers, and endogenous DNA. The potential immunogenicity is also of concern. For
dynamic DNA based macro-materials, the interactions between stimuli and DNA are also of
interest. As an example, under physiological ion concentration, it was found that exchange
between mono-(e.g., Na+) and bi-(e.g., Ca2+)valent cations affects volume, osmotic, and
mechanical properties of a DNA gel consisting of DNA strands of ~2,000 bp. To avoid the
unwanted biological effect, such as delivery DNA serving as anti-sense DNA, in the design
of crosslinker DNA sequence, candidate sequences were screened by using a basic local
alignment search tool (BLAST) algorithm which checks against the sequence in the genome
of a specific specie and tissue type. To the same gel system, interactions between DNA
aptamer and adenosine was explored as a way to initiate de-gelation (Yang et al. 2008), thus
care needs to be exerted where such interactions are to be minimized in the presence of
natural adenosine. Additionally, DNA strands can react with proteins and lipids (Liu et al.
2007). For example, DNA strands were reported to affect fibril formation of collagen matrix,
and cation lipids (Liu et al. 2007). DNA-antibody interactions is another potential
consideration in the design of DNA based macromaterials (Di Pietro et al. 2003). Of
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particular concern in the drug delivery applications are the drug-DNA interactions (Chaires
& Waring 2001, Lu & Liu 2007).
4.4 Application of stimuli
Introduction of stimuli such as pH, ion concentration, or temperature may appear straightforward, while it is potentially a concern for the delivery of large molecule such as ssDNA
strands as cues. The kinetics and efficiency of delivery may be determined by the pore size
of the structures, biochemical conditions, and interactions between DNA and other entities
(e.g., soluble factors, inorganic compounds,) in the local microenvironment. To this end,
more effective and delivery of ssDNA may be required in the clinical application. The
thermal responses of the certain DNA gels merit attention due to the complexity in the
changes of the material properties observed. For example, the alterations in materials
properties induced by DNA denaturation and physical entanglement of resulting ssDNA
may not be apparent (Topuz & Okay 2008).
4.5 Crosslinker parameters
In DNA as backbone gel system with EGDE as crosslinker, better stability but low dynamic
moduli have been correlated to higher crosslinker content (Topuz & Okay 2008). Common
design parameter for DNA based macro-material using synthetic DNA as crosslinker include
DNA length and concentration and relative ratio of DNA and other components in the
composite. Increased DNA concentration, or crosslinking density, causes materials to reach
sol-gel transition and elevated mechanical stiffness beyond critical crosslinking density (Lin et
al. 2004b). DNA length may be another design parameter, although its effect on bulk material
properties was not noticeable when the length is in the 10 to 20 nt range (Jiang et al. 2008b).
Lastly but not the least, one of the major hurdles of research and development of DNA
based active materials using synthetic DNA is the relative high cost and limited availability
of the synthetic forms of DNA (Jiang et al. 2008b, Lin et al. 2004b, Mangalam et al. 2009).
Thus, this field of research awaits the development from other areas including synthetic
chemistry and molecular biology to address this issue, and the trend has been towards the
positive direction (Carlson 2009).

5. Outlook and potential directions
The progress outlined above has laid a solid foundation for the further development of the
DNA based macro-material and for the further application of these materials in biology and
medicine.
5.1 Inspiration from DNA nano-materials
The rapid development of DNA based nano-materials offers vast pool of ideas and hints,
based on which novel macro-materials can be designed. For instance, from an ionconcentration based DNA-actuator (Fahlman et al. 2003), one could device a macromaterial
based on formation of intermolecular guanine quartets. Another example is that DNA
sliding, if tailored through the choice of base sequence in a periodic manner, may be useful
in imparting unique properties to the resulting materials (Neher & Gerland 2005). Moreover,
new stimuli for DNA nanostructures can be used for macromaterials. For instance, some
DNA strands have been shown to interact with biometals (Goritz & Kramer 2005), thus the
macromaterials constructed based on these DNA strands may have novel properties at the
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presence of physiological conditions. Other stimuli including light (Ogura et al. 2009),
antibodies (Wiegel et al. 1987), proteins (Xie et al. 2007) and micelle (Ding et al. 2007) used in
nanotechonlogy could be explored as the trigger for dynamic DNA based macro-materials.
Along this line, DNA interstrand crosslinking from radical precursor independent of O2
(Greenberg 2005) may be of interest.
5.2 Refinement of the current designs
For DNA only system, multiple designs of the DNA building blocks can be incorporated for
graded (with respect to time or location) control of the material properties. By combining
physical and chemical crosslinking, gels with DNA backbones may achieve properties not
seen in either system. Refinement of the DNA crosslinked hydrogel includes multi-step
control by introducing multiple DNA crosslinker in a single system allowing multiple-step
in increasing or decreasing crosslinking density. It also includes adding responsiveness to
multiple cues by inclusion of DNA crosslinkers that are sensitive to stimuli including pH,
temperature, and exogenous DNA strands. Responsiveness of these materials to different
stimuli may be combined for the benefits of versatility and wider range of applications and
control.
5.3 Force generation
It is possible to induce volume change of DNA based macromaterials as a way of generating
forces in all three categories of DNA gel system (i.e., DNA-only, DNA as backbone, and
DNA as crosslinker) (e.g., (Amiya & Tanaka 1987, Horkay & Basser 2004, Jiang et al. 2010c,
Um et al. 2006b)) if the materials are implanted at injury site (e.g., spinal cord injury). This
has been implicated to be useful in a myriad of applications including ‘towed’ (stretched)
axonal regeneration (Bray 1984) in neural tissue engineering.
5.4 Dynamic porous scaffold
The porosity of the DNA-only gel system may be adjusted with DNA content and design for
specific applications such as drug delivery or tissue engineering. For the DNA crosslinked
macromaterials, the porosity and pore structure can be altered with the choice of
crosslinking density, monomer concentration and monomer nature. For example, in
constructing Acrydite-DNA crosslinked polymers (Jiang et al. 2008b, Lin et al. 2004b), the
reactive end of the Acrydite-modified oligonucleotides contains vinyl group, thus besides
polyacrylamide,
poly-hydroxyethyl
methacrylate
(pHEMA),
poly-hydroxy-propylmethacrylamide(pHPMA), polymethyl methacrylate (pMMA), and copolymers (e.g. pHEMAco-MMA and pHEMA-co-AEMA) are also candidates for DNA crosslinking (Table 3). These
polymers are among the most studied non-biodegradable polymers for tissue engineering
applications, including spinal cord injury research (Duconseille et al. 1998, Flynn et al. 2003,
Lesny et al. 2002, Novikova et al. 2003) owing in part to their inhere biocompatibility (Ratner
& Bryant 2004) and suitable pore size and porosity They have been engineered to carry
neuro-trophic factors and present communicating porous structures (e.g., (Bakshi et al.
2004)), and to facilitate necrosis reduction, vasculature formation and axonal outgrowth
across the graft-tissue interface (Dalton et al. 2002, Lesny et al. 2002, Yu & Shoichet 2005).
5.5 Controlled delivery
Previous work indicates that biomaterials based scaffold can provide enhanced gene
delivery efficiency (De Laporte & Shea 2007). In the DNA crosslinked gel network,
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possibilities exist that by designing DNA sequence specific for an enzymatic action, the gel
work can facilitate controlled release of the therapeutic reagent that is trapped in the gels
(Figure 9). Venkatesh et al. illustrated that such enzymatic mechanism can be used for the
delivery of DNA, though the release is not based on the change in the macro-material, but
rather the by-product of restriction enzyme action (Venkatesh et al. 2009). Pore size and
porosity of the gel network ought to design to facilitate such aim (Liedl et al. 2007).
5.6 DNA base-pairing
Although DNA’s capability of binding complementary strands with high affinity is
remarkable, it is not with limitations, as manifested in the errors in base-pairing and the
hybridization kinetics (Condon 2006). While Nature has come up with elegant and complex
machinery for error checking and correction in organisms, it remains a challenge in the
synthetic DNA and it is much desirable to have such capability as well in the synthesis of
DNA based active materials (Aldaye et al. 2008).
5.7 DNA modifications
It is promising to use DNA based materials as carrier for various protein-based therapeutics.
For instance, biotin-labeled DNA (Kuzuya et al. 2009) can be incorporated in the gel
network to attach streptavidin offering a means for protein separation, purification and
potentially delivery. In this design, the 5’ end of the strands of DNA is biotinylated with a
biotin-triethyleneglycol (TEG) residual. The effect of the environmental conditions and other
factors on the biotin-streptavidin interactions could potentially be implemented as releasing
mechanism. Realization of these promises hinges on the deep understanding of the DNA
structure and properties and the interactions between DNA and others entities.

6. Concluding remark
Using DNA as a structural component has extended its functionality and significance
from its critical biological roles, and has yielded DNA based macromaterials with DNA
only, using DNA as backbone, and crosslinked by DNA. These DNA based
macromaterials have benefited a great deal from the unique properties possessed by this
molecule, and gained added functionalities and features such as thermal reversibility, solgel transition dependent on crosslinking density, and tunable mechanical stiffness.
Currently, the application of these materials to the areas of bio-sensor/actuator,
bioelectronics, drug delivery, and bioscaffold and tissue engineering is under
investigation. There are a number of design considerations and parameters that are
important to the success of applying these materials, which include stability, DNA
sequence design, interactions between DNA and other molecules, and application of the
stimuli in the materials. A wide range of applications await further development of these
materials, particularly in the area of biology and medicine.
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*Note: bp: base-pair for double-stranded DNA; nt: nucleotide for single-stranded DNA

Table 1. Summary of DNA based hydrogel materials.
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Note: AuNP: Gold nano-particle; ssDNA: single-stranded DNA. PAGE: polyacrylamide gel
electrophoresis. SEM: scanning electron microscopy. TBD: To be determined

Table 2. Summary of DNA base materials with dynamic and responsive properties.
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DNA X-linked polymer

Gel preparation

pHEMA,

Crosslink: L2 (replacing EGDMA)

Chemical structure

Notes
Pore size:
10 µm to 20 µm

HEMA (Aldrich, St. Louis, MO)
poly-(hydroxyethyl methacrylate)
(20%-60%)
(Bakshi et al. 2004, Carone &
Hasenwinkel 2006, Flynn et al. 2003)
Initiator-catalyst (APS-TEMED)

pHPMA,

Crosslink: L2 (replacing DMHA)

poly-(hydroxypropylmethacrylamide) (Duconseille et al.
1998, St'astny et al. 2002)

HPMA monomer

Pore size:
10 µm to 50 µm

Initiator (AIBN)

Table 3. DNA crosslinked vinyl polymers such as pHEMA and pHPMA.
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1. Introduction
Nowadays, hydorxyapatite (HA) is widely used as bioceramics in reconstructive surgery, in
dentistry and as drug delivery materials due to the good biocompatibility and
osteoconductivity [Hench, 1998]. One of the limitations for the usage of these materials is
their low mechanical strength. Thus, many researchers focuses on the development of new
biomaterials, that combine the osteoconductive characteristics of bioactive ceramics with
sufficient strength and toughness for load-bearing applications. The combination of high
strength of the metals with osteoconductive properties of bioactive ceramics makes HA
coated metallic implants, which titanium (Ti) or its alloys was mainly used, very attractive
for the loaded-bearing applications in orthopedic and dental surgery[Long & Rack, 1998]. A
plasma spraying method has been conventionally employed for the HA coating. However,
this method has some problems (e.g. a poor coating-substrate adherence, lack of HA
crystallinity) for the long-term performance and lifetime of the implants [Aoki, 1994].
Therefore, new HA coating methods hava attracted great interests in recent years for
replacing the high temperature techniques like plasma spraying.
Hydrothermal hot-pressing (HHP) method is a possible processing route for producing a
ceramic body at relatively low temperatures (under 300˚C) [Yamasaki et al., 1986]. The
compression of samples under hydrothermal conditions accelerates densification of
inorganic materials. It is known that the water of crystallization in calcium hydrogen
phosphate dihydrate (CaHPO4・2H2O; DCPD) is slowly lost below 100˚C [Peelen et al.,
1991]. If the released water can be utilized as a reaction solvent during the HHP treatment, it
is to be expected that the joining HA to metal can be achieved simultaneously under the
hydrothermal condition, in addition to the synthesis and solidification of HA through the
chemical reaction as follows [Hosoi et al., 1996]:
6CaHPO4・2H2O + 4Ca(OH)2 → Ca10(PO4)6(OH)2 + 18H2O

(1)

In our previous reports, we have proposed a HHP method for bonding HA ceramics and
pure Ti, Ti alloys, Magnesium alloy, and Ti based bulk metallic glass by hydrothermal hotpressing techniques [Onoki et al., 2003a, 2003b, 2005, 2006, 2008a, 2008b 2009a, 2009b, 2010a,
2010b, 2010c, 2011].
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Ti-based alloys are beneficial for biomedical applications due to their low density, excellent
biocompatibility, and corrosion resistance. Combining the advantages of both bulk metallic
glass and Ti-based alloy, Ti-based bulk metallic glasses are expected to be applied as a new
type of biomaterial. However, it is well-known that the surface of bulk metallic glasses,
which are bioinert, must be bioactive to use as bone replacing medical/dental materials as
well as Ti and its alloys. Recently, it was reported a concept called “Growing Integrated
Layer” [GIL] that improves adhesion performance without cracking and peeling the ceramic
coatings [6]. In particular, if the metallic glass or alloy contains a very reactive component
like Ti, it can grow on the bulk metallic materials with its “root” in the bulk. This was
named the “Growing Integrated Layer” or “Graded Intermediate Layer [GIL]” and the
“Growing Integration Process [GIP]” for its formation process. Multiple layered, laminated,
integrated, graded, and diffused coatings have been investigated to decrease the stress
accumulation, which however, it is not easy, particularly when the interface is sharp. Even
widely diffused interface(s) of larger micron sizes are preferable for joining and coating bulk
ceramics on metallic materials. Such a GIL of oxide films grown from the “seed,” i.e., the
most reactive component in the bulk metallic materials is interesting as a novel process of
oxide film formations, especially because the oxide film can be fabricated in a solution at
such low temperatures as RT-200˚C when chemical and/or electrochemical potentials are
added. Thermal stress accumulation can be avoided in those low temperature formations of
the ceramic film on the metal.
In this chapter, some hydrothermal technologies as low temperarure process were described
as HA ceramics bonding/coating methods and surface modification of various Ti metallic
materials, especially pure Ti and Ti-based bulk metallic glass.

2. Bonding HA ceramics and pure Ti
2.1 Hyrothermal hot-pressing
In this study, DCPD used as a starting powder was prepared by mixing 1.0M calcium nitrate
solution (99.0%; Ca(NO)3・4H2O, KANTO CHEMICAL CO., INC., Japan) and 1.0M
diammonium hydrogen phosphate solution (98.5%; (NH4)2HPO4; KANTO CHEMICAL CO.,
INC., Japan). The mixing was carried out at a room temperature (approximately 20˚C). In
order to control the pH value of the mixing solution, acetic acid (99.5%; KANTO
CHEMICAL CO., INC., Japan) and ammonia solution (28.0-30.0%; KANTO CHEMICAL
CO., INC., Japan) were added. The value of pH was kept around 8.5 initially, and then
changed to 6.0 using the acetic acid and ammonia solution after the mixing in order to
prevent the formation of impurities and to produce pure DCPD powders. It has been shown
from preliminary tests that when no control of the pH was conducted the synthesized
DCPD contained the impurities such as CaHPO4 (DCPA), and amorphous calcium
phosphate (ACP). The precipitate from the mixture was filtered and washed with deionized
water and acetone. The washed filter cake was oven-dried at 50˚C for 24 hours, and then the
dried cake was ground to a powder. No impurity in the synthesized DCPD used was
detected by powder X-ray diffraction. The synthetic DCPD and calcium hydroxide (95.0%;
Ca(OH)2 ; KANTO CHEMICAL CO., INC., Japan) were mixed in a mortar for 60min with a
Ca/P ratio of 1.67 which was stoichiometric ratio of HA.
A commercially available pure Ti rod (Nilaco, Japan, diameter: 20mm, thickness: 10mm,
purity: 99.5% JIS Grade1), 20mm in diameter, was used in this experiment. The Ti rod was
cut into disks with a thickness of 10mm. The disks were cleaned in deionized water and
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acetone by using an ultrasonic cleaner. The Ti surfaces were finished using 1500# emery
paper. After the surface finish with emery paper, the titanium disks were washed again by
deionized water, and then dried in air. The powder mixture and Ti disks were placed into
the middle of the autoclave simultaneously, as shown in Fig.1.

Fig. 1. Schematic illustration of the autoclave for Hydrothermal Hot-Pressing(HHP).
The autoclave made of steel has a pistons-cylinder structure with an inside diameter of 20
mm. The pistons possess escape space for hydrothermal solution squeezed from the sample,
and this space regulates the appropriate hydrothermal conditions in the sample. A grand
packing of polytetrafluoroethylene (PTFE) is placed between a cast rod and push rod. The
PTFE was used to prevent leakage of the hydrothermal solutions. The stainless steel
(SUS304) autoclave has pistons within a cylindrical structure with an inside diameter of
20 mm. The pistons enable the hydrothermal solution squeezed from the sample to escape,
and this regulates the appropriate hydrothermal conditions in the sample.
Polytetrafluoroethylene (PTFE) is packed between a cast rod and a push rod. The PTFE was
used to prevent leakage of the hydrothermal solutions. Pressure of 40 MPa was initially
applied to the sample through the push rods from the top and bottom at room temperature.
After initial loading the autoclave was heated to 150°C at 10°C/min with a sheath-type
heater, and then the temperature was kept constant for two hours. The axial pressure was
kept at 40 MPa during the hydrothermal hot-pressing treatment. After the HHP treatment,
the autoclave was naturally cooled to room temperature, and the sample was removed from
the autoclave.
2.2 Adhesion properties evaluation
3-point bending tests were conducted to obtain an estimate of the fracture toughness for the
HA/Ti interface as well as for the HA ceramics made by the HHP method. Core-based
specimens were used for the fracture toughness tests following the ISRM suggested
method[Hashida, 1993]. The configuration of the core-based specimen is schematically
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shown in Fig.2. In order to measure the interface toughness, stainless steel-rods were glued
to the HA/Ti body and solidified HA body using epoxy resin in order to prepare standard
core specimens specified in the ISRM suggested method. A pre-crack was introduced in the
HA/Ti interface, as shown in Fig.2. The depth and width of the pre-crack were 5mm and
50m, respectively. In order to determine the fracture toughness of the HA only, HA
specimens were sandwiched and glued with stainless steel rods. In this type specimens, a
pre-crack was introduced in the center of HA ceramics. The specimens were loaded at a
cross-head speed of 1mm/min until a fast fracture took place. The stress intensity factor K
was employed to obtain an estimate of the fracture property of the HA/Ti interface and the
HA ceramics, using the following equation:

K  0.25(S / D)  Yc  (F / D1.5 )

(2)

where D is diameter of the specimen(20mm), S(=3.33D) is supporting span, F is load, Y’c is
the dimensionless stress intensity factor. The value of Y’c can be found in the literature
reference[Hashida, 1993]. Y’c was fixed 7.0 due to the initial crack depth, as shown in Fig.2.
The critical stress intensity Kc was computed from peak load at the onset of fast fracture. It
should be mentioned here that the formula given in Eq.(2) is derived under the assumption
of isotropic and homogeneous materials. The HA/Ti bonded specimen used in this study
consists of 2 or 3 kinds of the materials. While exact anisotropic solution is needed for the
quantitative evaluation of the stress intensity factor, the isotropic solution in Eq.(2) is used to
obtain an estimate of the fracture toughness for the HA and HA/Ti specimens.

Fig. 2. Schematic illustration of 3-point bending test.
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Fig. 3. X-ray diffraction pattern of the HA ceramics.
2.3 HA/Ti Bonding and its adhisive properties
It is seen that the shrinkage started at approximately 90°C. This temperature is close to the
dehydration temperature of DCPD. Thus, it is thought that the shrinkage is initiated by the
dehydration of DCPD. The shrinkage rate became larger with the increasing temperature,
and then the shrinkage rate became smaller. The shrinkage continued during the HHP
treatment. The pressure was held at 40MPa constant for the whole period of HHP treatment.
As given in Fig.3, X-ray diffraction analysis showed that the DCPD and Ca(OH)2 powder
materials were completely transformed into HA by the HHP treatment. As demonstrated in
Fig.4, the HA ceramics could be bonded to the Ti disks at the low temperature of 150°C
using the above-mentioned HHP treatment. The density of the HA ceramics prepared by the
HHP in this study was 1.9 g/cm3. In addition to the DCPD powder, three different types of
powders were used as a starting material: HA and -tri calcium phosphate (-TCP). No
bonding with a Ti disk was observed, when the above starting powders were used and
treated by the HHP under the conditions of 150°C and 40MPa. Thus, DCPD was the only
starting material that produced HA/Ti bonded bodies among the precursors for HA used in
this study.
Fig.5 shows a photograph of the fracture surface in the bonded HA/Ti body after 3-point
bending test. It can be noted that the crack initiated from the pre-crack tip and propagated
not along the HA/Ti interface, but into the HA. This observation suggests that the fracture
toughness of the HA/Ti interface is close to or higher than that of the HA ceramics only. The
critical stress intensity factor Kc was 0.30 MPam1/2 for the HA ceramics, and 0.25 MPam1/2
for the bonded HA/Ti. The toughness data are the average value obtained from at least five
specimens. The Kc value for the bonded HA/Ti body gives a slightly lower value than that
of the HA ceramics only. The difference in Kc data is potentially due to the residual stress

72

Biomaterials Science and Engineering

induced by the thermal expansion mismatch between HA and Ti. The Kc value achieved for
the pure Ti was close to the highest value obtained for the Ti alloys in our research [Onoki et
al. 2003]. The fracture appearance in Fig.5 may suggest that the interface toughness should
be equal or higher than that of the HA ceramics only. While further development is needed
to improve the fracture property of the solidified HA, the HHP treatment may have the
advantage over the plasma-spraying technique in the preparation of thermodynamically
stable HA without decomposition. The above results demonstrate the usefulness of the HHP
method for bonding HA and Ti in order to produce a bioactive layer in biomaterials.

Fig. 4. Photograph of the bonded body of HA ceramics and Ti metal (20mm in diameter).

Pre-crack

Fig. 5. Photograph of the fracture surface in a HA/Ti specimen after 3point bending test.
Note that the crack propagated into HA.
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2.4 Ti surface analysis by X-ray photoelectron spectroscopy (XPS)
Traditionally, Ti and its alloys have been reported to be bioinert. When embedded in the
human body, a fibrous tissue encapsulates the implant isolating it from the surrounding
bone forms. Since conventional metals as biomaterials are usually covered with metal
oxides, surface oxide films on metals play an important role not only against corrosion but
also regarding tissue compatibility. The composition of surface oxide film varies according
to environmental changes, although the film is macroscopically stable. Passive surfaces coexist in close contact with electrolytes, undergoing a continuous process of partial
dissolution and re-precipitation from the microscopic viewpoint [Kelly, 1982]. In this sense,
the surface composition constantly changes according to the environment. The film on
titanium consists of amorphous or low-crystalline and non-stoichiometric TiO2 [Kelly, 1982].
The surface oxide film of titanium just after polishing in water contains not only Ti4+ but
also Ti3+ and Ti2+ [Beck, 1973; Kelly, 1982]. Hydrated phosphate ions are adsorbed by a
hydrated titanium oxide surface during the release of protons [Hanawa, 1992]. Calcium ions
are adsorbed by phosphate ions adsorbing on a titanium surface, and, eventually, calcium
phosphate is formed. The above mentioned phenomena are characteristic in titanium and
titanium alloys [Hanawa, 1992]. In this regard, an anatase-like structure is effective for
apatite nucleation [Wei et al., 2002ab], whereas the naturally formed oxide film on titanium
surface is mainly amorphous. The ability of titanium in order to form calcium phosphate on
itself is one of the reasons for its better hard-tissue compatibility than those of other metals.
This property is applied to the surface modification of titanium and its alloys to improve
hard-tissue compatibility. In the case of alkali-heat-treated titanium, calcium and phosphate
are orderly deposited, and calcium deposition is the pre-requisite for phosphate deposition
[Yang et al., 1999].
It is easily expected that the bonding properties of the HA/Ti interface prepared by the
HHP method can be depended on the Ti surface conditions. As preliminary experimental
results, Ti surface finished in wet environment can be achieved bondong to HA ceramics
through the above mentioned HHP method. However, Ti surfaces before the HHP
processing have not been investigated precisely. The present study aims to investigate Ti
surface properties through X-ray photoelectron spectroscopy (XPS) analysis. Particular
attention was been paid to chemical composition and oxidation states of Ti in surface films
in order to explain the bonding mechanism of Ti and HA ceramics by the HHP.
A commercially available pure Ti rod was used. The Ti surfaces were finished using 1500#
emery paper in air and water conditions. After the emery paper finish, the Ti disks were
cleaned in deionized water and ethanol by using an ultrasonic cleaner, and then dried in air.
XPS was performed with an electron spectrometer (ULVAC-PHI, ESCA1600). All binding
energies given in this paper are relative to the Fermi level, and all spectra were excited with
the monochromatized Al K line (1486.61 eV). The spectrometer was calibrated against Au
4f7/2 (binding energy, 84.07 eV) and Au 4f5/2 (87.74 eV) of pure gold and Cu 2p3/2 (932.53
eV), Cu 2p1/2 (952.35 eV), and Cu Auger L3M4,5M4,5 line (kinetic energy, 918.65 eV) of pure
copper. The energy values were based on published data [Asami & Hashimoto, 1977]. The
reproducibility of the results was confirmed several times under the same conditions.
In order to clarify the surface related chemical characteristics of the Ti, XPS analysis was
performed for the specimens as-polished mechanically in air or water environments. The
XPS spectra of the specimens over a wide binding energy region exhibited peaks of Ti 2p, O
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1s and C 1s. The C1s spectrum showing a peak at around 285.0 eV arose from a contaminant
hydrocarbon layer covering the topmost surface of the specimens. The spectra of the O 1s
electron energy regions about air and water finishing are obtained. In particular, the O 1s
spectrum was composed of at least two overlapping peaks which were so-called OM and
OH oxygen in water finishing Ti specimens. The OM oxygen corresponds to O2- ion in
oxyhydroxide and/or oxide, and the OH oxygen is oxygen linked to protons in the surface
film, being composed of OH- ions and bound water in the surface films. As shown in Fig.6(a)
and (b), The decomvoluted XPS spectra of the O 1s region contained three peaks originating
from oxide (O2-), hydroxide or hydroxyl groups (OH-), and hydrate and/or adsorbed water
(H2O) [Beck,1973; Kelly, 1982]. Calculated fitting curves area of the samples finished in air
and water environment was summarized in table.1. From these results, hydroxide or
hydroxyl groups (OH-) of the water finishing sample increased compared with the air
finishing sample. There is no distinguished difference between air and water finishing
specimens within the Ti 2p spectra.
XPS characterization revealed differences in the Ti surfaces properties between water and
air in finishing circumstances before the HHP treatment, as shown in Fig. 6(a) and (b).
Compared with the air finishing Ti samples, the O 1s region XPS spectra of the water
finishing Ti samples was significantly assigned hydroxide or hydroxyl groups (OH-) and
hydrate and/or adsorbed water (H2O). The HA/Ti bonding via the HHP processing could
be achieved in only water finished Ti samples, as shown in Fig.4. On the other hand, the Ti
samples finishing in air circumstance could not achieved the bonding to the HA ceramics.
From these results, the bonding model between Ti and HA ceramics through the HHP
method is suggested and summarized in below.
Calcium, phosphate and hydorate ions within the HHP autoclave solution are adsorbed on a
titanium surface, and eventually calcium phosphate is formed, and then solidified as
hydroxyapatite ceramics, as shown in Fig. 4. Similar model has been reported by Kokubo et
al during apatite derived from Simulated Body Fluid (SBF) [Kokubo & Takadama, 2006]. It
was guessed that the HA/Ti bonding behavior depended on amount of hydroxide or
hydroxyl groups (OH-) and hydrate and/or adsorbed water (H2O). In order to bond Ti and
HA ceramics through the HHP techniques, it is important factors that hydroxide or
hydroxyl groups (OH-) and hydrate and/or adsorbed water (H2O) are remained on Ti
surfaces. There is a threshold of amount of hydroxide or hydroxyl groups (OH-) between air
and water finished surfaces.

(a) Air
(b) Water

O262.50%
58.20%

OH18.20%
24.60%

H2 O
19.30%
17.20%

Table 1. Calculated fitting curve area portion of O1s XPS spectra shown in Fig.6(a) and (b).
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Fig. 6. O 1s XPS spectra of Ti surfaces finished in air (a) and water (b) environments (after
curve fitting analysis).
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3. Surface modification of metallic materials
3.1 Pure Ti
Recently, it was reported a concept called “Growing Integrated Layer” [GIL] that
improves adhesion performance without cracking and peeling the ceramic coatings.
Formation of a bioactive titanium dioxide (TiO2) hydro-gel layer has been shown to
improve the nucleation of calcium phosphate during chemical deposition. The TiO2 layer
could be prepared by alkaline [Wei et al., 2002ab; Kim et al., 2000; Wen et al., 1998ab],
H2O2 [Ostuki et al., 1997; Kaneko et al., 2001; Rohanizadeh et al., 2004], sol-gel [Oswald et
al., 1999] or heat treatment methods [Rohanizadeh et al., 2004]. It is demonstrated that the
treatment of Ti with a NaOH solution followed by heat treatment at 873 K forms a
crystalline phase of sodium titanate layer on the Ti surface resulting in improved
adhesion of apatite coating prepared by incubation in simulated body fluid (SBF) [Wei et
al., 2002ab; Kim et al., 2000; Takadama et al., 2001]. The authors concluded that release of
the sodium ions from the sodium titanate layer causes formation of Ti-OH groups that
react with the calcium ions from the SBF and form calcium titanate, which then could act
as nucleation sites for apatite crystal formation [Takadama et al., 2001]. Alkali treatment
results in the formation of a TiO2 layer leading to a negatively charged surface, which in
turn attracts cations such as calcium ions [Wen et al., 1998a]. Etching with acid followed
by alkali treatment was also investigated to combine the surface roughness increase due
to acid treatment and formation of a TiO2 bioactive layer [Wei et al., 1998b]. TiO2 could be
also prepared using H2O2 alone or a mixture of acid/H2O2 or metal chlorides/H2O2
solutions [[Ostuki et al., 1997; Kaneko et al., 2001; Rohanizadeh et al., 2004]. Thus, it is
expected that the interface strength of HA/Ti bonded bodies prepared by the HHP
method can be improved, if the above-mentioned bioactive layer can be formed on the Ti
surface. The present study examines the effects of various surface modification of Ti with
5M NaOH solution on the HA/Ti bonding behavior via the HHP method.
A commercially available pure Ti rod (99.5%; Nilaco, Japan), 20mm in diameter, was used.
The Ti rod was cut into disks with a thickness of 10mm. And the disks were cleaned in
deionized water and acetone by using an ultrasonic cleaner. The Ti surfaces were finished
using 1500# emery paper. The Ti surface without a special surface modification is referred to
as “NORMAL” surface. After the emery paper finish, the titanium disks were washed by
deionized water, and then dried in air. In order to form bioactive TiO2 and sodium titanate
layer on the Ti surface, some of the “NORMAL” disks were treated with alkali solution (5M
NaOH) under the same conditions used in the literatures [Wei et al., 2002ab; Kim et al., 2000;
Takadama et al., 2001]. The Ti disks were immersed in the NaOH solution for 24 hours.
Some of the Ti disks were further heat–treated at 873 K for 1 hour after the NaOH
immersion for 24 hours. It has been reported that the reaction layer formed by the NaOH
immersion at 333 K for 24 hours was easily detached by adhesive tape [Kim et al., 1997]. In
order to avoid the detachment of the reaction layer, the Ti needed to be heated up to 873 K
for 1 hour in an air. The Ti disk with the heat treatment at 873 K is labeled as “HEAT”
surface, and without the heat treatment is labeled as “IMMER” surface. In our previous
study [Onoki et al., 2003], the surface modification of Ti alloys (Ti-15Mo-5Zr-3Al and Ti-6Al2Nb-1Ta) with NaOH solution (5M NaOH) at 323 K for 2 hours could significantly improve
the bonding strength of the HA/Ti. Thus, it is expected that the same surface treatment on
the Ti surface may enhance the bonding strength of the HA/Ti. Some of the “NORMAL” Ti
disks were placed into a small vessel with the NaOH solution and heated up to 323 K for 2
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hours. Ti disk treated with the hydrothermal NaOH solution is referred to as “HYDRO”
surface. After the above-mentioned treatments with NaOH solution, the Ti disks were
washed by deionized water, and then dried in air. The surface conditions of Ti disks are
summarized in Table 2.
In order to characterize the Ti surfaces, the surfaces were observed using scanning electron
microscopy (SEM: HITACHI FE-SEM S-4300, Japan) and were examined using FT-Raman
spectroscopy. The microprobe instrument used for the FT-Raman spectroscopy consisted of
a spectrometer (JOBIN YVON-HORIBA SPEX) fitted with a microscope (OLYMPUS-BX30,
Japan) which had spatial resolution on the sample close to 1m. The 632.8nm line of an HeNe laser was used as excitation, focused in a spot of approximately 1m diameter, with an
incident power of 2mW.

NaOH Treatment
Temp.(K) Time(h)
NORMAL
IMMER
333
24
HEAT
333
24
HYDRO
423
2
Type

873K
Heat
1h
-

Table 2. Conditions of the surface modifications of the Ti disks.
In order to characterize the reaction products formed on the Ti surface products,
observation by SEM of the Ti surfaces treated with the NaOH solution were conducted for
the “NORMAL”, “IMMER”, “HEAT” and “HYDRO” specimens, respectively. Furthermore,
analytical results of Raman spectroscopy analysis were obtained of the “NORMAL”,
“IMMER”, “HEAT” and “HYDRO” specimens, respectively.
The surface morphology of the “NORMAL” specimen exhibits finishing lines in the nearly
horizontal direction, which were formed at the stage of surface polishing with the emery
paper. Raman spectra for the “NORMAL” specimen shows no distinct peak. The surface
morphology of the “IMMER” specimen has a very fine network structure (0.1m scale) with
finishing lines in the perpendicular direction. In the Raman spectra of the “IMMER”
specimen, the peaks of TiO2 (both of anatase and rutile phase) and sodium titanate
(Na2Ti5O11) could be detected. The surface morphology of the “HEAT” specimen has a
sponge-like structure and no finishing lines are visible on it. In the Raman spectra of the
“HEAT” specimen, the peaks of TiO2 (only rutile phase) and sodium titanate (Na2Ti5O11)
could be detected. Indeed, it has been reported in the literature [Kim et al., 1997] that in a Ti
specimen treated with NaOH solution dehydration of the reaction layer took place by the
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post heating at 873 K and that the anatase phase as observed in the “IMMER” specimen was
changed into rutile phase entirely.
The surface morphology of the “HYDRO” specimen has a needle like structure, as shown in
Fig.7. In the Raman spectra of the “HYDRO” specimen, the peaks of TiO2 (both of anatase
and rutile phase) and sodium titanate (Na2Ti5O11) could be detected as shown in Fig.7. As
reported in the literature [Kim et al., 1997], we have also observed that the reaction layer of
the “IMMER” specimen was easily peeled off by adhesive tape, and that the post heating at
873 K was necessary in order to prevent the delamination of the reaction layer from the Ti
specimen. However, it was shown that in the “HYDRO” specimen no delamination of the
reaction layer took place in peeling tests with adhesive tape, without post heating process. It
is shown from the Raman spectra that the reaction layers formed on the Ti surface are
essentially composed of the identical chemical compounds both for the “IMMER” and
“HYDRO” specimens.
3.2 HA bonding behavior
For all the Ti surface modifications, the HA ceramics was successfully bonded to the Ti
using the HHP method. The NaOH treatments on Ti surface were useful in obtaining
HA/Ti bonding body regardless of the any NaOH treatment conditions (see Table3). The
fracture toughness for the HA/Ti specimens was obtained from 3-point bending tests. The
fracture toughness data are given in Table 3 along with the reaction products
characterized by the Raman spectra. The fracture toughness data are the average value
obtained from at least five specimens. The facture toughness, Kc for the “IMMER” and
“HEAT” specimens shows a slightly lower value than that of the “NORMAL” specimens.
The fracture toughness data of the “HYDRO” specimens is higher than that of
“NORMAL” specimens. In the literature [Kim et al., 1997], SBF soaking tests were
conducted on “IMMER” Ti specimen and “HEAT” Ti specimen at 310 K. The growth rate
of bone-like apatite on the Ti surface was shown to be lager for the “IMMER” specimen
than that in the “HEAT” specimen. Based on the above observation, it has been concluded
that the formation of anatase in the reaction layer produced by the treatment with 5M
NaOH solution accelerates the growth rate of bone-like apatite in the Ti surface. On the
other hand, it was shown that the reaction layer of “IMMER” specimen had poor adhesion
with Ti substrates in contrast with “HEAT” specimen. The lower fracture toughness in the
“IMMER” specimen may be due to the poor adhesion property, in spite of the formation
of anatase in the reaction layer. The plausible cause for the lower fracture toughness in the
“HEAT” specimen may be attributed to the lack of anatase, even though the adhesion
property was improved significantly through the post heat treatment. As described above,
no delamination of the reaction layer occurred for the “HYDRO” specimen in the tests
conducted using adhesive tape. The higher adhesion property in conjunction with the
formation of anatase may provide the explanation for the larger fracture toughness value
in the “HYDRO” specimen.
It was revealed that the hydrothermal surface modification with the NaOH solution was the
most effective technique among the surface treatment methods used in this study in the
improvement of the bonding strength of the HA/Ti interface produced by the HHP method.
The fracture toughness for the “HYDRO” specimen showed 40% increase with respect to
that of the “NORMAL” specimen.
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Fig. 7. SEM Micrograph and FT-Raman Spectra of the “HYDRO” Ti surface.

Table 3. Characterization of the Ti surface products and the interface fracture toughness.
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3.3 Ti based Bulk metallic glass
Bulk glassy alloys are promising materials for structural and functional uses due to their
superior properties compared to their crystalline counterparts [Greer, 1995; Inoue, 2000;
Ashby & Greer, 2006]. These alloys are known to exhibit high hardness, high tensile
strength, and good fracture toughness. The unique properties of bulk glassy alloys make
them extremely attractive for biomedical applications. The mechanical deformation
behavior of biological materials, which is characterized by a high recovery of strain (above
2%) after deformation, is very different from that of common metallic materials [Li et al.,
2000]. Another problem concerning metallic implants in orthopedic surgery is the mismatch
of Young’s modulus between a human bone and metallic implants. The bone is
insufficiently loaded due to a mismatch called stress-shielding. From the viewpoint of the
requirements toward implant materials for hard tissue replacement, a biomaterial with low
elastic modulus is required. Glassy alloys have lower Young’s modulus and an extremely
high elastic limit of 2%. Since bulk glassy alloys have a unique ability to flex elastically with
the natural bending of bone, they distribute stresses more uniformly. Faster healing rates
will result from reduced stress shielding effects while minimizing stress concentrators.
Ingots of Ti-based bulk metallic glass (Ti40Zr10Cu36Pd14: BMG) were prepared by arc-melting
the pure elements with purities above 99.9% in an argon atmosphere [Zhu et al., 2007].
Cylindrical rods (5mm diameter) were prepared by copper mold casting method. And cut
into disks with a thickness in 2 mm. The BMG surfaces were finished using emery paper.
After the surface finish with the emery paper, the BMG disks were degreased prior to
hydrothermal-electrochemical experiment. After sonicated in acetone and rinsed with
distilled water, disks were dried at ambient temperature. Glassy structure of the BMG was
examined by X-ray diffraction patterns (XRD).
Recently, it was reported a concept called “Growing Integrated Layer” [GIL] that improves
adhesion performance without cracking and peeling the ceramic coatings. In order to
produce GIL on surface of the BMG, hydrothermal-electrochemical treatment was
conducted, as shown in Fig.8 [Yoshimura et al., 2008]. The BMG substrate was used as the
working anode and platinum substrate was used as the cathode. The distance between
electrodes was kept at 4 cm. The active anodic surface area immersed in electrolyte was
0.707 cm2. GIL was fabricated by the hydrothermal-electrochemical treatment at 90 ˚C for
120 minutes in aqueous solutions of 5M NaOH as an electrolyte. A constant electric current
of 0.5 mA/cm2 was applied between electrodes. After hydrothermal-electrochemical
treatments, the specimens were removed from the electrolyte, washed with distilled water
and then dried at 80 ˚C for 2 hours in air. The GIL produced by the hydrothermalElectrochemical method was observed by an scanning electron microscopy (SEM: Hitachi S4500, Japan) in surface morphology and a cross section view. Surface products were
removed from the BMG and observed by a transmission electron microscopy (TEM: Hitachi
H-9000, Japan).
The BMG disks were examined by powder X-ray diffractions patterns. Broadened XRD
patterns denote a glassy nature. For Ti40Zr10Cu36Pd14, a glassy state was confirmed as well as
the literature [Zhu et al., 2007]. Surface morphology and cross section view of the GIL by the
SEM observation were displayed in Fig.9 (a) and (b), respectively. The surfaces after the
hydrothermal-electrochemical treatments had nanometer-scale meshed structure. The mesh
products might be consisted of amorphous nano-rods from the results of SEM observations
as shown in Fig.9. The nano-rods had amorphous structure and no crystalline phases like as
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Fig. 8. Schematic illustration of experimental equipment for hydrothermal-electrochemical
treatment.
titanate nanotubes [Onoki et al., 2009a]. Thin Film mode XRD analysis supported that the
surface products formed on the BMG had the amorphous phase. Depth of the nano-meshed
structure was approximately 1m. It was supposed that the GIL was constructed between
the BMG substrate and the nano-mesh materials.
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Bonding hydroxyapatite ceramics and the BMGs could be achieved through the HHP
treatment, like as shown in Fig.10. Because the BMG is essentially bioinert, the BMG without
surface treatments has no HA bulk ceramics adhesion. It is easily guessed that the HA
adhesive ability of the BMG surfaces is derived from the GIL made by the hydrothermalelectrochemical treatment. The bonding body was shaped in 5mm diameter structure like as
Fig.4 by using grinder. In case of the BMG without the GIL, the bonding sample was easily
separated into the HA ceramics and the BMG. However, the HA/BMG bonding body with
the GIL was keep adhesive during the 5mm grinding process. The interface between the
BMG and HA ceramics might have sufficient mechanical strength.
Since glass transition and crystallization onset temperatures of about Ti40Zr10Cu36Pd14 have
been reported at 396 and 445°C, respectively [Zhu et al., 2007], the uniquely mechanical
properties of the bulk metallic glasses must be lost in case of adding over 400°C heat
treatment. Lower temperature techniques (under 400°C) are required for surface bioactivity
treatments for retaining the uniquely mechanical properties of the bulk metallic glasses. The
operating temperature (maximum 150°C) of the above hydrothermal treatments are low
enough. A series of hydrothermal techniques is expected to be one of the most useful
methods for creating bioactivity to Ti-based bulk metallic glasses surfaces. Moreover,
hydrothermal techniques are appropriate for compositing bulk metallic glassy materials and
ceramics to provide complementary functions with other materials due to the low
temperature of hydrothermal processing. By using other hydrothermal techniques [Onoki et
al., 2006], HA ceramics coating on Ti-based BMG could be achieved.
As shown in Figs. 10(a) and (b), we observed near the interface between the HA and the
BMGs with the hydrothermal-electrochemical treatments for 40 and 120 minutes,
respectively. Amorphous nano-meshed structure on the BMG surface was disappeared
during the hydrothermal hot-pressing (HHP) process for bonding HA ceramics and the
BMGs. If HA precipitates into the nano-meshed structure, the nano structure can be
watched in these SEM micrographs. However, there was no fragmented or remained nanomesh. It is known that the surface amorphous products processed by low temperature
solution are meta-stable phase and easily dehydrated and hydrolyzed [Kim et al., 1997;
Onoki et al., 2008]. Consequently, it is guessed the amorphous products were consumed or
decomposed during the HHP treatments. An intermediate layer between HA ceramics and
the BMG was revealed in the SEM micrographs as shown in Figs. 10(a) and (b). It is
observed that the greater hydrothermal-electrochemical treatment time, the thicker the
intermediate layer became. Compared with Fig.9 and 10, the thickness of the GIL and the
intermediate layer were estimated in almost same value, respectively. It was concluded that
the intermediate layer was the GIL remained on the BMG. The intermediate layer would
play a role of relaxation of thermal expansion misfit and bonding layer between the BMG
and the HA ceramics. The BMG with the hydrothermal-electrochemical treatments for 10
minutes could not achieved the bonding the BMG and HA ceramics through the HHP. The
10minutes treated BMG had insufficient thickness of the intermediate layer. It is speculated
that sufficient thickness of GIL is the most important factor for the bonding BMG and HA
ceramics by the HHP method. From above shown Results and discussion, it is demonstrated
that the hydrothermal techniques (hydrothermal-electrochemical treatment and
hydrothermal hot-pressing) are necessarey and useful for bonding between BMG and HA
ceramics.
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Fig. 9. SEM micrograph of BMG surface through hydrothermal-electrochemical treatment
for 120 minutes (a) and in a cross sectional view(b), respectively.
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Fig. 10. SEM micrograph of the interface between HA ceramics and BMG disk with
hydrothermal-electrochemical treatments for 40 (a) and 120 minutes(b), respectively.

4. HA coating by Double layered capsule hydrothermal hot-pressing
4.1 Introduction and using materials
In previous sections, it has been proposed a HHP method for bonding HA ceramics and
pure Ti, Ti alloys and Ti based BMG by hydrothermal hot-pressing. HA ceramics was
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bonded to the flat surface of a Ti disk using the HHP method at 150˚C and 40MPa. The
thickness of the HA ceramics bonded was about 10mm. It has been shown from three point
bending tests that the fracture strength of the HA/Ti interface was equal to or higher than
that of the HA ceramics. Additionally, X-ray diffraction analyses revealed that the HA
ceramics bonded had high crystallinity without any decomposition and impurity. However,
the HA bonding was achieved only on flat surfaces of Ti because of uniaxial pressing. In
order for the hydrothermal method to be applicable to orthopedic and dental implant
materials, we should develop a method for coating thin HA layer onto curved surface. This
section describes a new methods for coating HA ceramics layer on Ti rod at the low
temperature as low as 135˚C by using the newly developed double layered capsule
hydrothermal hot-pressing (DC-HHP) method, which utilizes isostatic pressing under
hydrothermal conditions.
The synthetic DCPD and calcium hydroxide (95.0%; Ca(OH)2 ; KANTO CHEMICAL CO.,
INC., Japan) were mixed in a mortar for 60min with a Ca/P ratio of 1.67 which was
stoichiometric ratio of HA. A commercially available pure Ti rod (99.5%; Nilaco, Japan),
1.5mm in diameter, was used in this study. The Ti rod was cut into a length of
approximately 20mm. Ti surfaces were finished using #1500 emery paper. The rods were
cleaned in deionized water and acetone by using an ultrasonic cleaner.
Recently, it has been reported that surface modifications for forming bonelike apatite can
induce the high bioactivity of bioinert materials in simulated body fluid (SBF) [Kokubo et
al., 2004]. In our previous research [Onoki et al., 2003], bonding HA ceramics and Ti alloys
(Ti-15Mo-5Zr-3Al and Ti-6Al-2Nb-1Ta) was achieved by the HHP method through the
surface modification of Ti alloys with alkali solution (5M NaOH). It is reported that the
surface treatment of the Ti alloys with the alkali solution was very effective to improve the
fracture strength of the interface between HA and Ti alloys produced by the HHP method.
Based on the above results, the Ti rods used in this study were treated with 5M NaOH
solution after the emery paper finish. The hydrothermal treatment with the NaOH solution
was conducted at 150˚C for 2 hours using a small vessel (volume: 7.5ml). After the surface
treatment, the Ti rods were washed by deionized water, and then dried in air.
4.2 Double layered capsule hydrothermal hot-pressing (DC-HHP) method
A new technique was developed in this study in order to prepare HA coating layers on a
cylindrical rod with the objective of applying the hydrothermal hot-pressing method to a
substrates with more complicated configurations, as shown in Fig.11. The newly developed
method uses a cylindrical capsule having the double layered structure, which is subjected to
isostatic pressing under hydrothermal conditions. A schematic illustration of the capsule in
a cross section view is shown in Fig.12.
Firstly, the Ti rod and the powder mixture of DCPD and Ca(OH)2 were placed into a tube
made of polyfluoroethylene (FEP). The weight of the powder mixture put into was
approximate 0.1g. The initial diameter and thickness of the FEP tube was 1.8mm and 100m.
The FEP shrinks thermally by approximately 25% at around 130˚C. The powder mixture was
loaded into the FEP tube such that the Ti rod was concentrically positioned with respect to
the tube axis. Both the ends of the FEP tube were fastened with paper staples. The sample
assemblage encapsulated using the FEP tube is called “capsule I” in this study. Secondly,
the capsule I was further encapsulated using a poly-vinylidene-chloride (PVC; 11m
thickness, Asahi-KASEI, Japan) film. Between the capsule I and PVC film, alumina powder
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(3.0 m diameter; Buehler Ltd., USA) was placed. The thickness of the alumina powder
layer was approximately 3mm. The capsule prepared using the PVC film is called “capsule
II”. Then, the PVC film was sealed off using a thermo-compression method. As expected,
the sealing of the capsule II was found to be crucially important for the subsequent
hydrothermal treatment. No solidification and bonding of the HA ceramic layer was
observed when there was a pre-existing defect in the thermally bonded PVC film and the
water used for pressure application seeped into the capsule. Thus, the double layered
capsule was vacuumed prior to sealing the capsule II, and left for 1 hour at the laboratory in
order to check the seal tightness. Initially, a semi-permeable membrane for water was used
instead of the FEP tube. However, it was observed that the fastened ends of the FEP tube
could act as a narrow water flow-path. Thus, the thermally shrinkable FEP tube was used
for capsule I in this study. The excessive water released from the reaction of DCPD and
Ca(OH)2 penetrates through the FEP tube ends into the pore space of alumina powder layer,
maintaining the appropriate hydrothermal condition inside the capsule I. Thus, the alumina
layer serves as an escape space for water as well as a medium for pressure application.

Fig. 11. Schematic illustration of the concept of the double layered capsule hydrothermal
hot-pressing (DC-HHP) method.
The capsules prepared were put into a batch type high temperature and pressure vessel
(volume: 300ml, SUS316L, AKICO, Japan) for hydrothermal treatment. A schematic
illustration of the hydrothermal treatment is shown in Fig.13. The deionized water in the
vessel serves as a medium for isostatic pressing (mechanical compaction). The vessel was
heated up to 135˚C at a heating rate of 5˚C/min, and then the temperature was kept
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constant. The maximum allowable temperature of the PVC film used for capsule II is 140˚C,
and the treatment temperature was set to be 135˚C due to the temperature limitation. The
pressure was kept at 40MPa using pressure regulator. After the treatment, the vessel was
naturally cooled down to a room temperature, and the capsules removed from the vessel. In
order to investigate the effects of treatment time on the HA coating properties, the treatment
time was varied within the range of 3-24 hours.

Fig. 12. Schematic illustrations of a double layered capsule in a cross section view.

Fig. 13. Schematic illustration of the hydrothermal method and the capsule used in this study.
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4.3 Adhesion properties evaluation
Pull-out tests were conducted in order to evaluate the adhesion strength of the HA ceramics
coating. A schematic illustration of the pull-out testing method used is drawn in Fig.14. The
HA coated samples were embedded into an epoxy resin (Sumitomo 3M, Japan) placed in a
sample attachment. According to the supplier, the tensile and shear strength of the epoxy
resin used were measured to be approximately 29.4 and 11.8 MPa, respectively. And then
the protruding part of the HA coating was removed with a grinder and a knife. In order to
identify the crystals in the treated specimens, the removed HA coating material was applied
to power X-ray diffraction analysis (XRD; MX21, Mac Science, Japan) with CuK radiation
40kV 40mA at a scanning speed of 3.00˚/min with a scanning range (2) from 10˚ to 40˚. The
microstructure of the coating surface was observed by scanning electron microscopy (SEM;
S4300, Hitachi, Japan).
The specimens were loaded with an Instron-type testing machine at a cross-head speed of
0.5mm/min until the Ti rods were pulled out entirely. The sample attachment was
connected to a universal joint. The upper part of the Ti rod was gripped with a manual
wedge grip and then loaded with the testing machine through a load-cell. The load P and
cross-head displacement  were recorded during the tests. In order to evaluate the adhesion
properties of the HA coating on Ti rod quantitatively, the shear strength and fracture energy
were calculated from the results of the pull-out testing. The shear fracture strength,  is
computed using the following equation:



P

(3)

 dL

where d is the diameter of Ti rods(1.5mm), L is the embedment length of Ti rods, P is the
load. The fracture energy, G is calculated using the following equation:
G
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where  is the cross-head displacement and A is the area under the load versus cross-head
displacement up to the complete pull out displacement, c .
4.4 Results and discussion
As demonstrated in Fig.15, HA ceramic layers could be coated to the all surface of Ti rods at
the low temperature of 135˚C using the above-mentioned DC-HHP method. The thickness
of the HA coating layers could be controlled by the volume of the HA starting powder
placed in capsule I, and the thickness range achieved in this study was 10 m–1 mm. The
experimental results for the thickness of 50 m will be presented below. When the seal
tightness of capsules II was imperfect, the water placed in the vessel was observed to
penetrate into the inner space of the capsules and the HA coating could not be achieved. It
was critically important that the inner space of the capsules was vacuumed prior to the
hydrothermal treatment in order to check and ensure the seal tightness of the capsules.
XRD profiles of the HA coating layers are shown in Fig.16 for the different treatment times.
Only the peaks for HA are observed for the treatment time of 12 and 24 hours, whereas the
HA layer prepared with the treatment time of 3 and 6 hours includes the phases of the
starting materials or the precursors. Thus, it is understood that the treatment time longer
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Fig. 14. Schematic illustration of the pull-out testing method in a cross section view.
than 12 hours was required to convert the starting powders to HA entirely. The crystallinity
of the HA coating is observed to increase with the increasing treatment time, as indicated by
the intensity of the peaks. Furthermore, the XRD analysis shows that the low temperature
hydrothermal method induced no chemical decomposition unlike high temperature
methods such as a plasma spraying method.

Fig. 15. Photograph of the sample of HA ceramic coating on Ti rod.
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Fig. 16. XRD profiles of the HA coatings treated for 3,6,12 and 24hours, respectively.
The load-displacement curves obtained from the pull-out tests are shown for the treatment
time of 24 hours in Fig.17. Fig.18 shows the appearance of the specimen after the pull-out
testing for the treatment time of 24 hours. The right-hand side of the specimen show the
region where the HA coating was completely stripped off from the Ti rod before the pullout test. The white part of the specimen (the left-hand side) was initially embedded in the
epoxy resin and corresponds to the region that was pulled out after the test. It is clearly seen
that the surface of the embedded Ti rod (the left-hand side) is completely covered with the
remaining HA layer. An SEM micrograph of the pull-out part in Fig.18(a) is given in
Fig.18(b). The appearance of the scratched surface indicates that significant abrasion of the
HA layer took place in the pull-out process. It is demonstrated from Fig.18(a) that the crack
propagation took place not along the HA/Ti interface, but in the HA coating layer. Tthe
crack path was always located within the HA coating irrespective of the different treatment
times. This observation suggests that the fracture toughness of the HA/Ti interface is close
to or higher than that of the HA ceramics only. If the interface between the HA and Ti rod
was held just by interfacial friction with no significant chemical bond, no HA ceramics
would remain on the Ti rods after the pull-out testing.
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In all the load-displacement curves, there is observed so-called pop-in behavior where the
load sharply decreases at the load level indicated by arrow and then increases again until
the peak load is reached. The pop-in behavior is considered to correspond to the onset of the
crack propagation. The load ascending part after the pop-in may suggest that the initiated
crack deviated from its original crack orientation and propagated into the HA coating away
from the HA/Ti interface region. The deviation of the crack path from the HA/Ti interface
region may induce an additional frictional resistance to the crack propagation in the pull-out
process. Indeed, significant abrasion of the HA coating layers was observed on the fracture
surface after the pull-out tests, as shown in Fig.18(a).
The post-peak of the load-displacement curves is characterized by the load descending part
due to a stable pull-out process of the Ti rod. It is seen that the critical displacement at which
the applied load become zero is close to the embedded length of the Ti rod (approximately
10 mm).
In order to evaluate quantitatively the bonding characteristics of the HA coatings, the shear
strength and fracture energy were calculated from the load-displacement curves of the pullout tests. Two shear strength parameters were calculated in this study. Hereafter, the shear
strength parameters computed from the pop-in load, and the peak load are designated by i
and max, respectively. The calculated shear strength of each surface modifying conditions in
Table.3 are plotted in Fig.19 as a function of the treatment time. The data of max shown in
Fig.19 are the averaged results obtained from at least 4 specimens.

Fig. 17. Load-Displacement curve of the pull-out testing for the HA coatings treated for 24
hours.
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Fig. 18. Photograph of the specimen after pull-out testing (treated for 24hours) and SEM
micrograph.
It is seen that the i gives an almost constant value (4.1 to 4.6 MPa) irrespective of the treatment
time, even though there is a slight increase in the i for the treatment time of 6 and 12 hours.
The max initially increased and then gradually decreased when the treatment time was longer
than 6 hoursThe “HYDRO” specimens showed the highest strength in the DC-HHP as well as
the HHP processing. It has been shown in our recent experiment that the adhesion of the HA
ceramics bonded on Ti using the conventional HHP method decreased also for longer
treatment times [Onoki et al, 2003b]. It should be remembered that treatment time longer than
12 hours was needed for the complete conversion of the starting materials into pure HA, and
some starting materials remained in the solidified layers for the shorter treatment times. The
above-mentioned experimental results suggest that there may be an optimal hydrothermal
treatment time for the production of pure and stronger HA coatings. The adhesion properties
measurements and XRD analyses indicates that the treatment time of 12 hours is the suitable
condition for the HA coating by DC-HHP method under 135 ˚C and 40 MPa. Our approximate
estimates using the Archimedes’ method have shown that the density of the HA coating
initially increased until the treatment time of 6 hours and then gave a constant value for the
longer treatment time (the measured density was 1.6 g/cm3 for 3hours, and 1.9g/cm3 for the
longer treatment time). Thus, the initial increase in the adhesion properties may be due to the
formation of HA and its densification. The XRD profiles in Fig.16 suggests that the crystal size
of the HA for the treatment time of 12 hours may be larger than that for 24 hours. This
observation may provide a possible explanation for the decreased adhesion properties for the
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longer treatment time. However, more detailed examination is needed in order to discuss the
reason for the presence of such an optimal treatment time. Now investigation of the bonding
mechanism in the HHP process is now in progress.

Fig. 19. Relationship between HA coating adherence and hydrothermal treatment time.

5. Micro structure of HA ceramics by HHP method
SEM photograph of the detached HA layer surface is shown in Fig.20. As exemplified in the
figure, the microstructure of the HA layers prepared in this study is composed of the
number of pores. The maximum dimension of the pores was observed to be approximately
20 m. The microstructure of the HA layers prepared with the different treatment times was
similar to the one shown in Fig.20. The density of the HA layers as determined by the
Archimedes method was approximately 1.9 g/cm3, regardless of the different treatment
times. The relative density was calculated to be approximately 60 %, assuming the
theoretical density of HA (3.16 g/cm3). HA ceramics have been also synthesized using the
conventional hydrothermal hot-pressing (HHP) method in our previous section, where a
uniaxial load was applied to the starting powers using upper and lower loading rods in
order to produce high pressure environments. The density of the HA ceramics prepared by
the conventional HHP method has been measured to be approximately 1.9 g/cm3, when the
treatment temperature and pressure were the same as the conditions used in this study. The
agreement in the density suggests that it may be possible to produce suitable hydrothermal
conditions employing the HHP and the DC-HHP method developed in this study. It is seen
that the density of the HA layers prepared falls in the range of those for human bone (1.6-2.1
g/cm3). Therefore, it may be possible to adjust and tailor the elastic modulus of HA coatings
using the DC-HHP method and to mitigate the stress shielding due to the misfit in the
elastic modulus [Hench, 1998]. The above-mentioned physical properties and the porous
microstructure of the HA ceramic coatings prepared by the DC-HHP method may be
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beneficial to enhance the osteoconductivity and osteointegrativity of orthopedic and dental
implant materials in comparison with dense HA ceramic coatings. It was confirmed that
pigmented ink fully penetrated the HA ceramics made by the HHP, and that the HA
ceramics had open pore structure.

Fig. 20. SEM Photograph of the HA surface produced by the HHP method.

6. Conclusions
In this chapter, Ti surfaces were characterized with X-ray photoelectron spectroscopy (XPS)
in order to explain the mechanism of bonding Ti and hydroxyapatite (HA) ceramics by
hydrothermal hot-pressing (HHP). XPS characterization revealed differences in the Ti
surfaces properties between water and air in finishing circumstances. Compared with the air
finishing Ti samples, the O 1s region XPS spectra of the water finishing Ti samples was
significantly assigned hydroxide or hydroxyl groups (OH-) and hydrate and/or adsorbed
water (H2O). It was clarified that Ti surfaces finished in only water environment could
achieve the bonding to HA ceramics.
Secondly,it was investigated how Ti surface modifications affect the interface fracture
toughness in HA/Ti bodies prepared by the hydrothermal hot-pressing method. It was
revealed that hydrothermal treatment technique, in which the Ti specimen was exposed to
5M NaOH at 423 K for 2hours, was most effective. The hydrothermal method provided the
highest interface fracture toughness (0.35 MPam1/2) among the Ti surface modification
methods used in this study, while the interface fracture toughness for the other two
methods was slightly lower than that obtained for the specimen with no Ti surface
modification (0.25 MPam1/2). The enhancement of the interface fracture toughness for the
hydrothermal surface modification was probably due to the presence of anatase formed on
the Ti surface and the good adhesion in the reaction layer. It was shown that the first
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successful attempt to form direct bonding between the Ti-based bulk metallic glass:
Ti40Zr10Cu36Pd14 and HA bulk ceramics. The bonding could be obtained in only cases of the
BMG with the GIL. It was demonstrated that a series of hydrothermal techniques could be
very useful for bonding bulk ceramics and bulk metallic materials. The surface of the Tibased BMG can be made bioactive by coating bioactive ceramics like as hydroxyapatite
(HA) through the low temperature techniques in the range of RT and 150°C. In order to
form a growing integrated layer (GIL) on the BMG surface for improving adhesive
properties to HA ceramics, the BMG substrates needs to be treated in 5mol/L NaOH
solution at 90°C for 120 minutes by hydrothermal-electrochemical techniques.
Hydrothermal hot-pressing (HHP) treatment (150°C, 40MPa, 2hours) of the BMG and
powder mixture of CaHPO4･2H2O and Ca(OH)2 is appropriate way for bonding the BMG
and HA ceramics because of low operating temperature.
Additionally, it was demonstrated that HA ceramics could be coated to Ti rods at the
temperature as low as 135˚C by using the newly developed double capsule HHP method
(DC-HHP method). Thickness of the HA coating prepared was approximately 50m. No
chemical decomposition and no impurity was observed in the XRD analyses of the HA
coating prepared by DC-HHP method. The HA coating layer was shown to have a porous
microstructure with the density of 1.9 Mgm-3 and the relative density of approximately 60 %,
which is relatively close to those of human bone. In order to evaluate the adhesion
properties of the HA coatings on the Ti rods, pull-out tests were conducted. It was revealed
that the crack propagated not along the HA/Ti interface but within the HA ceramic layer in
the pull-out tests. The fracture property of the HA/Ti interface was suggested to be close to
or higher than that of the HA ceramics. The shear strength obtained from the pull-out tests
was in the range of 4.0-5.5 MPa. Finally, it was demonstrated that various hydrothermal
techniques were very useful and effective to hydroxyapatite ceramics coating on various Ti
metallic materials.
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1. Introduction

Solid freeform fabrication (SFF), also termed as layered manufacturing, produces parts
directly from a computer model without part-specific tooling and human intervention
(Sachlos et al., 2003; Leong et al., 2003; Kim et al., 2009; Dwivedi and Kovacevic, 2004; Cai et
al., 2003; Tian et al., 2002; Guo et al., 2002; Cawley, 1999; Calvert et al., 1998; Alimardani and
Toyserkani, 2008; Alemohammad et al., 2007; Li, 2005; Bryant et al., 2003). It has great
potential to fabricate functionally graded materials (FGMs).
Through selective slurry extrusion (SSE) based technique of SFF, Xu et al. successfully
fabricated multi-material dental crown (Xu et al., 2005) and further proposed a novel
approach (as shown in Figure 1), termed as equal distance offset (EDO), to representing and
process planning for SFF of functionally graded materials so as to meet the requirement of
modelling and fabricating 3D complex shaped FGM objects (Xu and Shaw, 2005).
In EDO (Xu and Shaw, 2005), a neutral arbitrary 3D CAD model is adaptively sliced into a
series of 2D layers. Within each layer, 2D material gradients are designed and represented
via dividing the 2D shape into several sub-regions enclosed by iso-composition contours. If
needed, the material composition gradient within each of the sub-regions can be further
specified by applying the equal distance offset algorithm to each sub-region. Using this
approach, an arbitrary-shaped 3D FGM object with linear or non-linear composition
gradients can be represented and fabricated via suitable SFF machines. The process
planning for SFF of FGM objects is shown in Figure 2.
In recent years, the inkjet colour printing based SFF technology has been of great interests in
tissue engineering (Calvert et al., 2007; Xu et al., 2006; Saunders et al., 2008; Sanchez et al.,
2008; Roth, 2004; Hasenbank et al., 2008; Cui and Boland, 2009), as it can fabricate 3D
complex shaped graded material with smooth gradients (Wang and Shaw, 2006).
Human teeth have some very good properties such as high hardness and wearability, good
heat insulation, high strength, etc. These properties are related to its graded structure.
Figure 3 (Tooth anatomy, (2011). http://www.mydr.com.au/first-aid-self-care/toothanatomy) shows a drawing of a healthy tooth cut in half lengthways, which shows the
layers of the tooth and its internal structure, as well as how the tooth relates to the gum and
surrounding jaw bone.
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Fig. 1. EDO approach to representing functionally graded material objects.

Fig. 2. Process planning for SFF of FGM objects.
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A normal tooth can be divided into three parts: the crown, the neck and the root. The crown
is the part of the tooth that is visible above the gum (gingiva). The neck is the region of the
tooth that is at the gum line, between the root and the crown. The root is the region of the
tooth that is below the gum. Some teeth have only one root, for example, incisors and canine
(eye) teeth, whereas molars and premolars have 4 roots per tooth.
The crown of each tooth has a coating of enamel, which protects the underlying dentine.
Enamel is the hardest substance in the human body, harder even than bone. It gains its
hardness from tightly packed rows of calcium and phosphorus crystals within a protein
matrix structure. Once the enamel has been formed during tooth development, there is
little turnover of its minerals during life. Mature enamel is not considered to be a ‘living’
tissue.
The major component of the inside of the tooth is dentine. This substance is slightly softer
than enamel, with a structure more like bone. It is elastic and compressible in contrast to the
brittle nature of enamel. Dentine is sensitive. It contains tiny tubules throughout its
structure that connect with the central nerve of the tooth within the pulp. Dentine is a ‘live’
tissue.

Fig. 3. Internal structure of a normal tooth.
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Below the gum, the dentine of the root is covered with a thin layer of cementum, rather than
enamel. Cementum is a hard bone-like substance onto which the periodontal membrane
attaches. This membrane bonds the root of the tooth to the bone of the jaw. It contains elastic
fibres to allow some movement of the tooth within its bony socket.
The pulp forms the central chamber of the tooth. The pulp is made of soft tissue and
contains blood vessels to supply nutrients to the tooth, and nerves to enable the tooth to
sense heat and cold. It also contains small lymph vessels which carry white blood cells to the
tooth to help fight bacteria.
The extension of the pulp within the root of the tooth is called the root canal. The root canal
connects with the surrounding tissue via the opening at the tip of the root. This is an
opening in the cementum through which the tooth’s nerve supply and blood supply enter
the pulp from the surrounding tissue.
Unfortunately, dental caries is one of the most important problems in human oral diseases
(Namba et al., 1982). It is known that streptococcus mutans play one of most important roles
in dental caries (Jessica et al., 2007). During metabolizing carbohydrates, streptococcus mutans
produces organic acid, which can induce the demineralization of tooth surface and results in
dental caries (Ooshima et al., 2000).
Some literatures disclosed that the dental plaque pH after a sucrose rinse can decrease to 4.5
or even 4 (Hefferren et al., 1981; Thylstrup et al., 1986). A pH of higher than 6 is considered
to be the safe area, a plaque pH of 6.0~5.5 is the potentially cariogenic area, and pH of 5.5~4
is the cariogenic or dangerous area for cavity formation. Therefore, the maintenance of a
higher pH value in the plaque is very important for the anticaries.
The fluoride has been used for about five decades in caries prevention. However, it is
difficult to control its quantity to a proper level (Nakajo et al., 2008); excessive fluoride is
harmful to human body and insufficient fluoride will not take effect for anticaries action. In
recent years much attention has been paid to developing fluoride-free techniques that can
prevent human teeth from caries(Scherp et al., 1971; Allakera and Ian Douglas, 2009).
Some natural products were reported to be candidates of new anticariogenic substances
(Shouji et al., 2000; Matsumoto et al., 1999). However, there is not scientific evidence about
the effect of natural tourmaline on the streptococcus mutans.
Tourmaline is a kind of electropolar mineral belonging to the trigonal space group of R3m,
whose general chemical formula can be written as XY3Z6Si6O18(BO3)3W4, where X is Na+,
Ca2+, K+, or vacancy; Y is Mg2+, Fe2+, Mn2+, Al3+, Fe3+, Mn3+, Cr3+, Ti4+ or Li+; Z is Al3+, V3+,
Cr3+, or Mg2+; and W is OH-, F-, or O2- (Castañeda et al., 2006). Its Crystal structure of
tourmaline is shown in Figure 4 (Fuchs et al., 1998).
The most important feature among the electric properties of the tourmaline is the possession
of spontaneous and permanent poles, which would produce an electric dipole, especially in
a small powder with a diameter of several microns or less (Jin et al., 2003). Therefore, a
strong electric field exists on the surface of a tourmaline powder (Nakamura et al., 1994; Zhu
et al., 2008). The electric field effect of tourmaline powders can influence the redox potential
of water and regulated the pH value of solution (Xia et al., 2006). The maintenance of pH
value is very important for the growth and metabolism of bacteria (Esgalhado et al., 1995).
Therefore, the graded composite materials were fabricated with nano-tourmaline and
nano-hydroxyapatite powders by direct inkjet colour printing for the study of inhibiting
function on streptococcus mutans. Moreover, the mechanism by which tourmaline inhibits
the growth and acid production of streptococcus mutans was also explained from the view
of pH value.
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Fig. 4. Crystal structures of tourmaline.

2. Printing setup
The printer consists of a printing table and two piezoelectric XJ126 monochromatic print
head (Xaarjet Ltd., Cambridge, UK). There are a total of 134 nozzles viewable on the nozzle
plate. The active nozzles are numbered 1 to 126, with nozzle 1 referenced to the datum
features on the printhead (as shown in Figure 5), linking a ME1+ continuous ink supply
system (Epson, Japan) for the different inks.

Fig. 5. XJ126 printhead (Courtesy of Xaar. See http://www.xaar.com/xaar126.aspx).
A PC104 Programmable Multi-Axis Controller (Delta Tau Ltd. California, USA) for the
sliding table and print head movement, and a XaarJet HPC for print head operation were
incorporated. The control program was XUSB application in windows XP. The XJ126 print
head is a 126 nozzle, piezoelectric drop-on-demand array of print width 17.14 mm and
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nozzle diameter 50 μm. The sliding table moved at 50 mm/s for printing. The gap between
the nozzle plate and the printing surface was maintained at 1 mm by Z displacement. The
graded colour pattern was written using Adobe Photoshop software and converted to
monochrome binary image files, in device-independent bitmap format, for printing pattern
on the substrate. The processing flow of an image is shown in Figure 6.

Fig. 6. Processing flow of an image (Courtesy of XAAR, Guide to Operation).
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3. Materials and methods
Tourmaline powders were from the Inner Mongolia Autonomous Region of China, whose
chemical compositions were analyzed by EDAX Phoenix energy dispersion spectroscope
(EDS) and given in the mass ratio as follows: Al2O3, 34.98%; B2O3, 10.94%; K2O, 0.036%;
Na2O, 0.91%; CaO, 2.534%; MgO, 0.2%; SiO2, 34.6%; Fe2O3, 15.8%. The preparation of nanohydroxyapatite powders was reported in Ref. (Shih et al., 2004). The streptococcus mutans
was purchased from Tianjin Medical University, China. Brain heart infusion (BHI) broth,
mitis salivarius agar (MSA) and phenol red broth were purchased from Hangzhou Tianhe
Microorganism Reagent Co., Ltd., China. Other reagents were analytical.
These tourmaline and hydroxyapatite inks with ethyl alcohol as the carrier and oleic acid as
the dispersant had a solid loading of 15 and 20 wt%, respectively. After mixing the powders
in ethyl alcohol, the suspensions were kept in the ultrasonicator for 1 h. Then, sedimentation
experiments for more than 24 h confirmed that this was indeed the case. To provide the
visual appreciation of the graded materials fabricated, the tourmaline suspension was mixed
with 20 wt% of the commercial XaarJet magenta ink, whereas the hydroxyapatite
suspension was mixed with 20 wt% of the XaarJet cyan ink. The streptococcus mutans can be
cultured on the graded materials.
The compositional profiles were determined using a scanning electron microscope (Philips
XL30, Amsterdam, Holland) equipped with energy dispersive spectrometry (EDS). The Xray diffraction (XRD) analysis was performed on a Philips-X’Pert TMD diffractometer with
Cu Kα radiation (λ= 0.154056 nm). The patterns were scanned over the 2θ angular range
10~60° at a scan rate of 0.03° 2θ s-1.
The growth of streptococcus mutans was examined at 37 ℃ in 0.95 ml of BHI broth containing
1% glucose and various concentrations of tourmaline. These tubes were inoculated with 0.1
ml of an overnight culture grown in the BHI broth, and incubated at 37 ℃ for 1 day. The
optical density (OD) of cells was measured spectrophotometrically at 600 nm.
The filter-sterilized tourmaline was added to 0.95 ml of the phenol red broth containing 1%
glucose, which was then inoculated with 0.05 ml of the seed culture of streptococcus mutans. The
cultures were incubated at 37 ℃ for 1 day, and the pH of the cultures was determined using a
precise pH meter (PHS-3B, Shanghai Precision & Scientific Instrument Co., Ltd., China).
Fifteen grams of tourmaline were added with 100 ml of bacterial suspensions. The initial pH
of the medium was changed between 5.0 and 11.0, whereas the temperature was constant at
37 ℃. The pH of the bacterial suspension at different time was measured with precise pH
meter mentioned above.
Ten replicates were made for each test. Data were analyzed using the statistical package for
social sciences (SPSS). The data were expressed by the mean ± S.D. Differences between
means of the experimental and control groups were evaluated by the Student’s t-test. The
level of significance for statistical analyses was 0.05.

4. Results and discussion
XRD patterns of the tourmaline powder is shown in Figure 7. From Figure 7, we can see that
the main crystal structure of the tourmaline powder does not change apparently and no
other phase of tourmaline can be found before and after printing, indicating that the crystal
structures of tourmaline powders were not changed. Through calculation, the crystal
volume had no change either.
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Fig. 7. XRD pattern of tourmaline powders before and after printing.
Graded materials were printed using 10 overprinted layers at a printer defined resolution of
185 dot-per-inch (dpi). As shown in Figure 8(a), the tourmaline in the two graded materials
of dimensions 10 mm×10 mm increases with a linear gradient from the left to the right. And
in Figure 8(b), the tourmaline in the elliptical two graded object increases with a linear
gradient from the center to the edges. These compositional profiles of graded materials
match that of the design very well.
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Fig. 8. Graded materials with a linear gradient of increasing tourmaline (a) from the left to
the right and (b) from the centre to the edges.
The streptococcus mutans was cultured on the graded materials in Figure 8(a). The
compositional profiles of the graded materials before and after culturing streptococcus mutans
determined by using an energy-dispersive spectrometer are shown in Figure 9.
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Fig. 9. Graded materials with a linear graded distribution (a) before and (b) after culturing
streptococcus mutans.
As shown in Figure 9(a), before culturing streptococcus mutans, the graded compositional
profiles vary in a linear distribution and match the designed composition. After cultured on
the graded materials, the streptococcus mutans shows a reverse distribution to that of
tourmaline (Figure 9(b)). To further investigate the effect of tourmaline on streptococcus
mutans, the bacteria were exposed to 10, 30, 70, 100, 150, and 200 mg/ml of tourmaline
culture. Figure 10 shows the effect of tourmaline on the growth of streptococcus mutans.
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Fig. 10. Effect of tourmaline on the growth of streptococcus mutans. *p<0.05 is statistically
significant as determined by the Student’s t-test for the mean values different from the
control group.
The bacteria were inoculated to BHI broth with each concentration of tourmaline and
anaerobically incubated for 1 day at 37℃. The optical density of A600 was read by a
spectrophotometer. From Figure 10, it can be seen that the tourmaline has an antibacterial
activity against streptococcus mutans in a dose dependent manner, and exhibits significant
inhibition at concentrations higher than 30 mg/ml compared to the control group (p < 0.05).
Streptococcus mutans grow in plaque, and releases various organic acids during metabolizing
carbohydrates. The organic acids demineralise tooth surfaces and initiate the dental caries.
The effect of tourmaline on acid production of streptococcus mutans is shown in Table 1.
Concentration (mg/ml) n
Control
10
30
70
100
150
200

10
10
10
10
10
10
10

pH
5.14 ± 0.023
5.15 ± 0.028
5.90 ± 0.072*
6.87 ± 0.018*
7.97 ± 0.017*
8.50 ± 0.202*
8.52 ± 0.130*

Note: *p<0.05 was statistically significant as determined by the Student’s t-test for the mean values
different from the control group.

Table 1. Effect of tourmaline on acid production of streptococcus mutans.
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The decrease of pH was significantly inhibited in the presence of tourmaline (30–200
mg/ml) compared to the control group. Except antibacterial activity of tourmaline, the
reason may be that the strong electric field of tourmaline would affect the water molecule in
the culture and produce plenty of negative ions, which can neutralize the organic acid in the
culture.
The comparison of Figure 8 and Table 1 clearly shows that the antibacterial performance of
tourmaline has the similar tendency of increasing pH value of the bacterial suspensions.
This result gives the support to the suggestion given by Dashper and Reynolds (Dashper
and Reynolds, 2000) that streptococcus mutans exhibit significantly lower maximum culture
OD at pH 7.1 compared with at pH 6.0 and 6.3.
The pH value is very important for the growth and metabolism of bacteria (Xia et al., 2006;
Matsumoto et al., 1999). In what follows, we will give the mechanism by which tourmaline
acts on the inhibition of streptococcus mutans from the view of pH value.
Figure 11 shows the effect of tourmaline on the different pH values of the bacterial
suspensions.

Fig. 11. Effect of tourmaline on the different pH values of the bacterial suspensions.
In Figure 11, 15 grams of tourmaline were added with 100 ml of bacterial suspensions. The
initial pH of the medium was changed between 5.0 and 11.0, whereas the temperature was
constant at 37℃.
It can be seen that the pH value was shifted toward 8.5 irrespective of whether it was acidic
or alkaline. The increase rate of pH value in acidic solution was than the decrease rate in
basic solution. Surface adsorption and ion exchange adsorption of H+ helped the increase
rate of pH value in acidic solution more than the decrease rate in basic solution.
The electrode characteristics of tourmaline particles influenced the redox potential of water
and regulated the pH value of solution to about 8.5, which was consistent with the results of
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Yoshitake et al. (Yoshitake et al., 1996), Zhan et al. (Zhan et al., 2006) and Xia et al. (Xia et al.,
2006). The mechanism of which is that the streptococcus mutans was remained in the culture
of pH at about 8.5 self-adjustment induced by tourmaline. The maintenance of pH value was
very important for the growth and metabolism of bacteria. This culture inhibits growth and
acid production of streptococcus mutans.

5. Conclusions
In this chapter, the graded biomaterial can be fabricated by inkjet printing. Moreover, to the
best of our knowledge, this study is the first to use self-adjustment pH value property of
tourmaline for inhibiting the growth and acid production of streptococcus mutans. As the
results show, tourmaline can inhibit the growth and acid production of streptococcus mutans,
and exhibits significant inhibition at concentrations 30~200 mg/ml, resulting from pH at
about 8.5 self-adjustment induced by tourmaline. Therefore, this material has an inhibitory
effect on streptococcus mutans, and can be used as a promising biomaterial for preventing
human teeth from caries.

6. Acknowledgements
The authors would like to thank the “211” Project of Hebei University of Technology, and
the Natural Science Foundation of Hebei Province under Grant Numbers: E2004000052 and
E2006000039, and the National Natural Science Foundation of China under Grant Number:
60973079, for the financial support.

7. References
Sachlos, E., Reis, N., Ainsley, C., Derby, B., and Czernuszka, J.T., (2003). Novel Collagen
Scaffolds with Predefined Internal Morphology Made by Solid Freeform
Fabrication, Biomaterials, Vol. 24, No. 8, 1487-1497
Leong, K.F., Cheah, C.M., and Chua, C.K., (2003). Solid Freeform Fabrication of Threedimensional Scaffolds for Engineering Replacement Tissues and Organs.
Biomaterials, Vol. 24, No. 13, 2363-2378
Kim, H.C., Choi, K.H., Doh, Y.H., and Kim, D.S., (2009). Fabrication of Parts and Their
Evaluation Using a Dual Laser in the Solid Freeform Fabrication System. Journal of
Materials Processing Technology, Vol. 209, No. 10, 4857-4866
Dwivedi, R. and Kovacevic, R., (2004). Automated Torch Path Planning Using Polygon
Subdivision for Solid Freeform Fabrication Based on Welding. Journal of
Manufacturing Systems, Vol. 23, No. 4, 278-291
Cai, K., Guo, D., Huang, Y., and Yang, J., (2003). Solid Freeform Fabrication of Alumina
Ceramic Parts through a Lost Mould Method. Journal of the European Ceramic
Society, Vol. 23, No. 6, 921-925
Tian, J., Zhang, Y., Guo, X., and Dong, L., (2002). Preparation and Characterization of
Hydroxyapatite Suspensions for Solid Freeform Fabrication. Ceramics
International, Vol. 28, No. 3, 299-302
Guo, D., Cai, K., Nan, C., Li, L.T., and Gui, Z.L., (2002). Gelcasting based solid freeform
fabrication of piezoelectric ceramic objects. Scripta Materialia, Vol. 47, No. 6, 383387

112

Biomaterials Science and Engineering

Cawley, J.D., (1999). Solid Freeform Fabrication of Ceramics. Current Opinion in Solid State
and Materials Science, Vol. 4, No. 5, 483-489
Calvert, P., O'Kelly, J., and Souvignier, C., (1998). Solid Freeform Fabrication of Organicinorganic Hybrid Materials. Materials Science and Engineering: C, Vol. 6, No. 2-3,
167-174
Alimardani M. and Toyserkani, E., (2008). Prediction of Laser Solid Freeform Fabrication
Using Neuro-fuzzy Method. Applied Soft Computing, Vol. 8, No. 1, 316-323
Alemohammad, H., Toyserkani, E., and Paul, C.P., (2007). Fabrication of Smart Cutting
Tools with Embedded Optical Fiber Sensors Using Combined Laser Solid Freeform
Fabrication and Moulding Techniques. Optics and Lasers in Engineering, Vol. 45,
No. 10, 1010-1017
Li, X.X., Wang, J.W., Shaw, L.L., and Cameron, T.B., (2005). Laser Densification of Extruded
Dental Porcelain Bodies in Multi-material Laser Densification Process," Rapid
Prototyping Journal, Vol. 11, No. 1, 52-58
Bryant, Frances D., Sui, G., Leu, Ming C., (2003). A Study on Effects of Process Parameters in
Rapid Freeze Prototyping, Rapid Prototyping Journal, Vol. 9, No. 1, 19-23
Xu, A.P., Qu, Y.X., Wang, J.W., and Shaw, L.L., (2005). Design for Solid Freeform Fabrication
of Dental Restoration. Proceedings of the International Conference on Mechanical
Engineering and Mechanics in Nanjing, China, October 26-28, 1216
Xu, A.P. and Shaw, L.L., (2005). Equal Distance Offset Approach to Representing and
Process Planning for Solid Freeform Fabrication of Functionally Graded Materials.
Computer- Aided Design, Vol. 37, No. 12, 1308-1318
Calvert, P., (2007). Inkjet Printing Technology Offers a Way to Create Three-dimensional
Biological Structures for Studying Cell Interactions and Artificial Organs. Science,
Vol. 318, 208-209
Xu, T., Gregory, C.A., Molnar, P., Cui, X.F., Jalota, S., Bhaduri, S.B., and Boland, T., (2006).
Viability and Electrophysiology of Neural Cell Structures Generated by the Inkjet
Printing Method. Biomaterials, Vol. 27, No. 19, 3580-3588
Saunders, R.E., Gough, J.E., and Derby, B., (2008). Delivery of Human Fibroblast Cells by
Piezoelectric Drop-on-demand Inkjet Printing. Biomaterials, Vol. 29, No. 2, 193-203
Sanchez, V., Madec, M.B., and Yeates, S.G., (2008). Inkjet Printing of 3D Metal-insulatormetal Crossovers. Reactive and Functional Polymers, Vol. 68, No. 6, 1052-1058
Roth, E.A., Xu, T., Das, M., Gregory, C., Hickman, J.J., and Boland, T., (2004). Inkjet Printing
for High-throughput Cell Patterning. Biomaterials, Vol. 25, No. 17, 3707-3715
Hasenbank, M.S., Edwards, T., Fu, E., Garzon, R., Kosar, T.F., Look, M., Mashadi-Hossein,
A., and Yager, P., (2008). Demonstration of Multi-analyte Patterning Using
Piezoelectric Inkjet Printing of Multiple Layers. Analytica Chimica Acta, Vol. 611,
No.1, 80-88
Cui X. and Boland T., (2009). Human Microvasculature Fabrication Using Thermal Inkjet
Printing Technology. Biomaterials, Vol. 30, No. 31, 6221-6227
Wang, J. and Shaw, L.L., (2006). Fabrication of Functionally Graded Materials via Inkjet
Color Printing. Journal of the American Ceramic Society, Vol. 89, No. 10, 3285-3289
Tooth anatomy, http://www.mydr.com.au/first-aid-self-care/tooth-anatomy, being valid
as of April 2011.

Fabrication and Antibacterial Performance of Graded Nano–Composite Biomaterials

113

Namba, T., Tsunezuka, M., and Hattori, M., (1982). Dental Caries Prevention by Traditional
Chinese Medicines. Part II. Potent Antibacterial Action of Magnoliae Cortex
Extracts against Streptococcus Mutans. Planta Medica, Vol. 44, No. 2, 100-106
Jessica Welin-Neilands and Gunnel Svensäter, (2007). Acid Tolerance of Biofilm Cells of
Streptococcus Mutans. Applied and Environmental Microbiology, Vol. 73, No. 17,
5633-5638
Ooshima, T., Osaka, Y., Sasaki, H., Osawa, K., Yasuda, H., Matsumura, M., Sobue, S., and
Matsumoto, M., (2000). Caries Inhibitory Activity of Cacao Bean Husk Extract in Invitro and Animal Experiments. Archives of Oral Biology, Vol. 45, No. 8, 639-645
Hefferren, J.J., Koehler, H.M., Foods, Nutrition and Dental Health. Park Forest South, IL:
Pathotox Publishers; 1981, p.138.
Thylstrup, A., Fejerskov, O., Textbook of Cariology. Denmark, Munksgaard: Copenhagen;
1986. 145-146.
Nakajo K., Imazato S., Takahashi Y., Kiba W., (2009). Fluoride Released from Glass-ionomer
Cement is Responsible to Inhibit the Acid Production of Caries-related Oral
Streptococci. Dent. Mater., Vol. 25, No. 6, 703-708
Scherp, H.W., (1971). Dental Caries: Prospects for Prevention. Science, Vol. 173, No. 4003,
1199-1205
Allaker, R.P., Douglas, C.W.I., (2009). Novel Anti-microbial Therapies for Dental Plaquerelated Diseases. International Journal of Antimicrobial Agents, Vol. 33, 8-13
Shouji, N., Takada, K., Fukushima, K., and Hirasawa, M., (2000). Anticaries Effect of a
Component from Shiitake. Caries Res., Vol.34, No.1, 94-98
Matsumoto, M., Minami, T., Sasaki, H., Sobue, S., Hamada, S., and Ooshima, T., (1999).
Inhibitory Effects of Oolong Tea Extract on Caries–Inducing Properties of Mutans
Streptococci. Caries Res., Vol. 33, No. 6, 441-445
Castañeda, C., Eeckhout, S.G., Costa, G.M., Botelho, N.F., Grave, E.D., (2006). Effect of Heat
Treatment on Tourmaline from Brazil. Phys. Chem. Miner.,Vol. 33, No. 3, 207-216
Fuchs, Y., Lagache, M., Linares, J., (1998). Fe-tourmaline Synthesis under Different T and ƒo2
Conditions. American Mineralogist, Vol. 83, 525-534
Jin, Z.Z., Ji, Z.J., Liang, J.S., Wang, J., Sui, T.B., (2003). Observation of Spontaneous
Polarization of Tourmaline. Chinese Physics, Vol. 12, No. 2, 222-225
Nakamura, Terutaro, Fujishiro, Koji, Kubo, Tetujiro, Iida, Masamori, (1994). Tourmaline and
lithium niobate reaction with water. Ferroelectrics, Vol. 155, No. 1-4, 207-212
Zhu, D.B., Liang, J., Ding, Y., Xue, G., Liu, L., (2008). Effect of Heat Treatment on Far
Infrared Emission Properties of Tourmaline Powders Modified with a Rare Earth.
Journal of the American Ceramic Society, Vol. 91, No. 8, 2588-2592
Xia, M.S., Hu, C.H., Zhang, H.M., (2006). Effects of Tourmaline Addition on the
Dehydrogenase Activity of Rhodopseudomonas Palustris. Process Biochemistry,
Vol. 41, No. 1, 221-225
Esgalhado, M.E., Roseiro, J.C., Collaco, M.T.A., (1995). Interactive Effects of pH and
Temperature on Cell Growth and Polymer Production by Xanthomonas
Campestris. Process Biochemistry, Vol. 30, No. 7, 667-671
XAAR, (2006). Guide to Operation of XJ126 High Performance Ink Jet Printhead. Cambridge,
United Kingdom
Xaar 126 Product datasheet, http://www.xaar.com/xaar126.aspx, being valid as of April
2011.

114

Biomaterials Science and Engineering

Shih, W.J., Chen, Y.F., Wang, M.C., Hon, M.H., (2004). Crystal Growth and Morphology of
the Nano-sized Hydroxyapatite Powders Synthesized from CaHPO4·2H2O and
CaCO3 by Hydrolysis Method. Journal of Crystal Growth, Vol. 270, No. 1-2, 211218
Dashper, S.G., and Reynolds, E.C., (2000). Effects of Organic Acid Anions on Growth,
Glycolysis, and Intracellular pH of Oral Streptococci. J. Dent. Res., Vol. 79, No. 1,
90-96
Yoshitake, N., Ayumu, Y., Kazuya, O., (1996). pH Self-Controlling Induced by Tourmaline.
Journal of Intelligent Material Systems and Structures, Vol. 7, No. 3, 260-263
Zhan, J., Ge, B., Wang, P., Wang, Z., Zheng, C., Huang, B., and Jiang, M., (2009). Study on
the Microstructure of Natural Tourmaline and Mechanism of Its Influence on pH
Value of Water. Functional Materials, Vol. 40, No. 4, 556-559

5
Self–Assembled Peptide Nanostructures
for Biomedical Applications:
Advantages and Challenges
Jaime Castillo-León, Karsten B. Andersen and Winnie E. Svendsen

DTU Nanotech, Technical University of Denmark,
Denmark

1. Introduction
Over the last 20 years, self-assembled nanostructures based on peptides have been
investigated and presented as biomaterials with an impressive potential to be used in
different bionanotechnological applications such as sensors, drug delivery systems,
bioelectronics, tissue reparation, among others. Several advantages (mild synthesis
conditions, relatively simple functionalization, low-cost and fast synthesis) confirm the
promise of these biological nanostructures as excellent candidates for such uses.
Through self-assembly, peptides can give rise to a range of well-defined nanostructures
such as nanotubes, nanofibers, nanoparticles, nanotapes, gels and nanorods. However,
there are several challenges that have yet to be extensively approached and solved. Issues
like controlling the size during synthesis, the stability in liquid environments and
manipulation have to be confronted when trying to integrate these nanostructures in the
development of sensing devices or drug-delivery systems. The fact that these issues
present difficulties is reflected in the low number of devices or systems using this material
in real applications.
The present chapter discusses these challenges and presents possible solutions. A review of
the state-of-the-art work concerning the use of peptide self-assembled structures in
biomedical applications is given. Additionally, our findings regarding the on-chip synthesis
of peptide self-assembled nanotubes and nanoparticles, their controlled manipulation, as
well as electrical and structural characterizations are introduced. Our latest results showing
the interaction of peptide self-assembled structures with cells for the development of a
combined sensing/cell culture platform and the use of these material in clean-room
processes together with the stability of the biological structures in liquid are also presented.

2. Peptide nanostructures formed by self-assembly
The field of biological self-assembly is very diverse and the structures formed can vary
tremendously in both shape and size. For this reason, a full description of all possible selfassembled structures and the monomers forming them is beyond the scope of this chapter.
Rather, the focus will be on the applications and challenges that one needs to be aware of
when working with such structures. For this, it is important to have a certain understanding
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of the process behind the formation and this section therefore provides a brief introduction
to the concepts behind self-assembly along with a short description of the most important
structures that can be formed though self-assembly. Reviews have been written about each
of the different structures and we therefore by no means claim to provide an exhaustive
account of these configurations.
The structures formed by hydrophobic dipeptides and those formed by diphenylalanine
will be given special attention since they are able to give rise to nanotubes, nanofibers and
nanoparticles depending on the formation conditions. Furthermore, these structures will
serve as model materials throughout the chapter to illustrate the challenges faced when
working with the self-assembly of structures. Table 1 gives an overview of some selfassembly structures. We recommend that the interested reader consult the references in the
table for further information.
Structure

Example of Monomer

Relevant references

Nanotubes

Hydrophobic dipeptides, cyclic
peptide, linear peptides

(Bong et al., 2001, Gorbitz, 2001,
Nelson et al., 1997)

Nanofibers

Hydrophobic peptides, beta sheets

(Kim et al., 2010, Scanlon & Aggeli,
2008, Wiltzius et al., 2009)

Nanoparticles

Boc – Diphenylalanine

(Adler-Abramovich & Gazit, 2008,
Bohr et al., 1997, Krebs et al., 2007,
Nigen et al., 2010, Slotta et al., 2008)

Nanotapes

P11-II

(Fairman & Akerfeldt, 2005,
Fishwick et al., 2003)

Gels

K24

(Aggeli et al., 1997, Fairman &
Akerfeldt, 2005)

Table 1. Overview of several structures that can be formed through self-assembly. For each
category, examples of monomers capable of forming the particular structure are given.
Further information regarding the different structures can be found in the articles
mentioned in the last column.
Even though the specific configuration of the different monomers, as well as the structures
formed from them, vary a lot both in shape and size, the overall driving force behind the
formation procedure is the same: entropy. Self-assembly of the monomers occurs when it is
thermodynamically favorable for them to be incorporated in the particular self-assembled
structures rather than be exposed to the solvent from all sides. The structures listed in Table
1 are described in more detail below.
2.1 Nanofibers
Self-assembling nanofibers have long been a focal point for researches all around the world
and for good reason. These structures have received much attention as potential building
blocks for the next generation of biosensors. They have been considered both as a fabrication
material and as important components in the final device (as electrode modification or as
the central part of a biological field effect transistor (BioFET)).
Many different structures have been shown to self-assembly into nanofiber-like
conformations. The most well-known of these are undoubtedly the amyloid fibrils. These
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beta sheets of aminoacids stack together in aggregates to form long insoluble fibrils. The
insolubility of the structures can be harmful in the body and, for instance, Alzheimer’s
disease is caused by such an aggregation of the amyloid beta 42 protein fragments.
However, in biosensor applications the insolubility of the self-assembled nanofibers is
highly desirable since it will insure the long-term stability of the sensor.
2.2 Nanotubes
Overall, the shape of nanotubes is very similar to that of the nanofibers discussed above; the
difference being that the nanotubes are hollow. Nanotubes can therefore be used in much of
the same applications as nanofibers and can furthermore be employed in implementations
where the cavity inside the structures is loaded with drugs or for reducing metal ions to
form nanowires of metal covered with a peptide shell for easy functionalization purposes
(Reches & Gazit, 2003).
Nanotubes can be obtained from a large variety of monomers such as cyclic peptides, as
demonstrated in (Ghadiri et al., 1993) and (Tarek et al., 2003), linear peptide fragments such
as phenylene ethynylene oligomers (Kim et al., 2010, Slotta et al., 2008) and disc-shaped
motifs. Another structure that shares the tubular configuration is that of the rosette
nanotubes formed from a heteroaromatic bicyclic base (Fenniri et al., 2002). Figure 1 offers
illustrations of these different formation processes.

Fig. 1. Examples of self-assembly processes that can give nanotube structures: coiled peptide
fragment similar to the alpha helices in proteins, supramolecular assembly of tubular
structures to form larger tubes, stacking of cyclic peptide motifs, and an arrangement of
disc-shaped motifs in larger nanotubes. Reprinted from (Bong et al., 2001).
2.3 Nanoparticles
The field of nanoparticles is somewhat diverse and covers the small well-defined structures
formed by different monomers. Such structures range from nanospheres with a hollow core
to various solid structures. The hollow particles have received much attention as possible
drug delivery candidates and their non-hollow counterparts as biological variants of
nanobeads.
2.4 Nanotapes
Peptide nanotapes are formed from the stacking of peptide beta sheets as described in
(Fishwick et al., 2003). The formed tape structure often interacts to form double layers with

118

Biomaterials Science and Engineering

similar nanotape structures. When the concentration of these nanotapes exceeds a certain
threshold, they tend to form hydrogels as described below (Aggeli et al., 1997).
2.5 Hydrogels
Hydrogels based on peptide structures constitute interesting “smart” materials in which the
properties of the gel change depending on various parameters such as pH, ionic strength,
temperature and salinity (Aggeli et al., 2003). These hydrogels can be formed by a number of
different self-assembled structures such as for instance the nanotapes mentioned above
(Fairman & Akerfeldt, 2005).
2.6 Hydrophobic dipeptides
Several structures formed through a self-assembly process have been described very briefly
above. To provide the reader with an idea of the structure of such self-assembled materials,
a more thorough description of the conformations formed by the hydrophobic dipeptide
diphenylalanine is presented below.
Hydrophobic dipeptides, and in particular diphenylalanine, are rather unique monomers
since – depending on the formation condition – they can self-assemble into nanotubes or
nanofibers. Moreover, with addition of a protective group at the amino group of the
peptide, they can also form spherical nanoparticles. The structures formed from this
material will be used to illustrate the various topics covered in the present chapter and are
therefore described in more detail.
The diphenylalanine monomer has named a full class of self-assembling molecules known
as the FF class in which the monomers have in common that they are hydrophobic
dipeptides with somewhat bulky side-chains. Some of the monomers in this structure class
are illustrated in Figure 2. This section offers only a brief description of the assembled
structure, whereas a more detailed one of the self-organizing process from hydrophobic
dipeptides can be found in (Aggeli et al., 2003, Gorbitz, 2007, 2001, 2006).

Fig. 2. Structures of different hydrophobic dipeptides that form nanotubes according to the
diphenylalanine peptide shown in the lower right corner. Reprinted with permission from
(Aggeli et al., 2003, Gorbitz, 2007, 2001).
Figure 2a) illustrates different examples of hydrophobic dipeptides, ranging from the bulky
diphenylalenine to the somewhat smaller dileucine. All of the structures shown in the figure
have in common that the side-chains of both the involved amino acids are somewhat
hydrophobic - hence the name and the fact that they as any peptides have a hydrophilic
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backbone along with free amino- and carboxylic groups in either end of the molecule. The
most favorable configuration of the peptide is with two side-chains sticking out on opposite
sides. However, when both side-chains possess hydrophobic properties, it is
thermodynamically favorable to have them both on the same side of the peptide backbone,
thereby facilitating the shielding of these hydrophobic regions. Figure 2b provides the
structure of the nanotube formed by this monomer and Figure 2c compares the position of
the monomers in the nanotubes and nanofibers.
The nanotubes are formed in solution by the addition of the peptide monomers to water,
whereas the nanofibers are grown from an amorphous peptide film on a substrate in an
aniline vapor. To form nanoparticles with this particular monomer, a tertbutoxycarbonyl
group is attached to the amino group of the dipeptide (Adler-Abramovich & Gazit, 2008).
When these modified dipeptides are emerged into a mixture of ethanol and water the
nanoparticles are formed within minutes.

Fig. 3. SEM images of the three different structures that can be obtained from dipeptide
diphenylalanine. Right) The nanotubes are formed in aqueous solution. Top) The peptide
nanofibers that are grown from an amorphous film in an aniline vapor. Left) Nanoparticles
formed from a modified version of the peptide monomer where the amino group is
protected by a Boc group. The scale bar in the images corresponds to 1 µm.
Figure 3 illustrates the structure of the nanotubes formed by the diphenylalanine dipeptides.
On the left one can see an image of how these smaller nanotubes assemble into larger
microcrystals with radii up to a couple of micrometers. Both scale bars correspond to 1 µm
and hence the single nanotube formed from diphenylalanine has a diameter around 200 nm.
The top image presents a SEM image of the peptide fibers grown from a substrate. Here, it
can be seen that the nanofibers are somewhat similar in width and length (both depend on
the condition during formation). Finally, the right image shows the nanoparticles formed
from the Boc modified diphenylalanine. The size of these spherical nanoparticles ranges
from 50 nm to hundreds of nanometers.
All of the organization processes mentioned above are driven by entropy through
hydrophobic - hydrophilic interactions and are further stabilized by hydrogen bonding
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between the individual peptide fragments of which the structures consists. This
fundamental knowledge will prove very important when the stability of the structures is
assessed later in this chapter. The next section is devoted to different approaches for
characterizing such structures. In order to understand the results, a general idea behind the
formation process is necessary.

3. Characterization of self-assembled peptide nanostructures
Before one starts working with new materials it is important to characterize the materials in
question to determine in which application the structures can be used. If for instance the
structure turns out to have isolating properties, it may prove challenging to employ it in
biological field effect transistors and one should either modify the materials or find another
application. This section presents different means of characterizing the self-organizing
structures with respect to their electrical, physical and chemical properties. Of course, these
characteristics can be determined in a multitude of ways and the optimal approach would
be to verify the results using several techniques investigating the same properties. A few
examples on how such characterizations can be conducted are described below. The
structures formed by diphenylalanine monomers presented in the previous section will be
used as an illustrative case.
3.1 Atomic Force Microscopy (AFM)
An atomic force microscope (AFM) can be used in many different modes for the
characterization of a number of parameters ranging from the configuration of the formed
structures over the conductivity of these to the determination of the Young modulus. This
section describes a few of these characterization techniques. The simplest task involves
investigating the geometry of the formed structures directly through any of the standard
AFM imagining techniques. When the outer geometry of the formed structures has been
determined this information can be used later in the investigation. One can for instance
employ AFM as an electrical force microscope (EFM) where a potential difference is applied
between the tip and the sample. This would determine whether or not the structure is
hollow. In such an approach the structure itself is first imaged using standard AFM
techniques, after which the tip is raised some nanometers above the surface and kept at this
distance using the data from the AFM measurement. The cantilever is then vibrated and the
phase shift of the cantilever, which is strongly dependent on the material between the AFM
tip and the substrate, is monitored. As a result, the appearance of the signal will differ
depending on whether the sample is hollow or solid. A more detailed description of this
technique can be found in (Clausen et al., 2011, Clausen et al., 2008).
AFM can also be utilized to determine the conductance of the formed structures using the
AFM tip and gold electrodes placed on the substrate in a standard two-point electrical
measurement. For this type of investigation, the structures need to be placed in a way where
one end of them is on top of a metal electrode on the substrate and the other end extends over
the isolating material. The AFM tip can then be positioned on top of the part of the structure
that extends outside the metal surface. This way, the distance over which the I-V curve is
measured can be varied and, by following the evolution of the signal, the contact resistance
can be isolated from the resistance of the structure itself. If the contact resistance dominates the
measurement, the resistance of the structure should not change with the distance. However, if
the contact resistance can be neglected, the resistance should drop with the distance.
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When the geometrical shape of the structures is known, AFM can be used in combination
with a modeling approach to determine the Young modulus of the structure in question.
The AFM tip is positioned on top of the structure and pressed into it. From the force
distance curves, the Young modulus can be derived directly by a theoretical model as
described in (Niu et al., 2007) or by a comparison to a simulation as presented in (Kol et al.,
2005). One of the main criteria for a successful characterization is knowledge of the overall
structure of the material. Since the models that the data are compared to are strongly
dependent on the employed structure, the results would vary greatly for different
assumptions. If for instance a structure is assumed hollow in the model when it is in fact
solid, the interpretation of the force distance curves would lead to a much larger Young
modulus than the real value.
The last example involves the direct observation of the thermal stability of the structures
under dry conditions as described in (Sedman et al., 2006). In this approach, the AFM tip is
placed on top of the structure to be investigated and the position of the tip is monitored as
its temperature is increased. The structure thereby degenerates, which causes the tip to
move downward as an indication that the temperature limit for this particular structure has
been reached.
3.2 Electron microscopy and related techniques
Another widely used characterization tool is the electron microscope, including techniques
ranging from scanning electron microscopy (SEM) to transmission electron microscopy
(TEM) and related approaches such as Focused Ion Beam (FIB) milling. This section gives a
few examples on how such methods can be used to characterize self-organizing structures.
As for the AFM analysis, the simplest starting point for any investigation is to determine the
geometry of the structure directly. Again, the surface shape of the formed structures can be
readily visualized. However, more information can be gained from a thorough SEM analysis
when combined with other methods.
By using TEM, it can be easily verified whether the formed structures contain cavities or not.
In TEM, high-energy electrons are sent through the material so that the intensity of each
point in the image corresponds to the number of electrons passing through that specific
point in the sample. In such images – if the structure is indeed hollow – its central part will
appear lighter than its walls (Clausen et al., 2011).
In combination with a simple hotplate, the thermal stability of the structures can be
investigated as described in (Adler-Abramovich et al., 2006). In this approach, the formed
structures are heated to a specific temperature and then investigated with SEM to determine
whether they seem unharmed or not. This kind of investigation takes advantage of the good
resolution of SEM combined with the fast imaging possibilities.
Finally, the strength of the structure can be investigated using SEM with a built-in FIB
source. The structure to be analyzed is simply placed inside a FIB SEM and one measures
the amount of time it takes to mill through the sample. By comparing the time to values
known for other materials, it is possible to get an idea of the stability of the structure. If a FIB
SEM is not available, similar experiments can be conducted in a reactive ion etching (RIE)
machine as described in (Larsen et al., 2011).
3.3 Other characterization techniques
Not every parameter of the structures can be determined using these two classes of
instruments and many other techniques are available for the characterization of the
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parameters mentioned above with others. This section presents a few of these tools and
focuses on the characterization of parameters that have not been brought up above.
Even though many structures are very stable under dry conditions, the results may be quite
different when the same structures are submerged in a liquid. To test the stability of the
formed configurations when wet, one needs to find a way of monitoring them when
submerged. When this is not possible or when clearer results are demanded, the solution in
which the structures are submerged can be monitored for the concentration of the
monomers. For this purpose, a sample containing the structures is placed in a fresh solution
with no structures or monomers present. Samples are then taken from the solution at
different times so that the concentration of the monomers in the formerly fresh solution can
be monitored as a function of time. (The concentration of the monomers can be measured
using for instance HPLC). If the concentration of the monomers increases continuously over
time until equilibrium is reached, this is an indication of the structures being dissolved in
that solution. However, if the concentration of the monomers remains constant throughout
the experiment then either the structures do not dissolve or dissolve very quickly. The
process is described in more detail in (Andersen et al., 2011).
This section has focused on how standard lab tools and traditional imaging equipment can
be used in the characterization of various parameters for self-assembled structures. Other
standard characterization techniques such as Fourier Transformed Infrared spectroscopy
(FTIR), x-ray diffraction (XRD), Differential scanning calorimetry (DSC), Thermogravimetric
analysis (TGA) etc. can be employed on self-assembled structures as well as on traditional
materials (Ryu & Park, 2008).

4. Advantages of self-assembled peptide nanostructures for biomedical
purposes
There are many applications in the biomedical field where self-assembled peptide
nanostructures could play an important role as part of biosensing platforms, as efficient
drug-delivery systems, as contrast image agents or as a hydrogels for tissue reparation. This
section presents the advantages that make this biomaterial such a promising candidate for
such applications.
4.1 Synthesis
One of the more interesting properties of self-assembled peptide nanostructures is the fact
that their synthesis takes place under non-harsh conditions. These types of biological
supramolecular structures are normally fabricated at room temperature, aqueous
environments and without using specialized equipment. These parameters mark a huge
difference between these biological nanomaterials and nanomaterials traditionally used in
nanotechnology such as carbon nanotubes or silicon nanowires of which fabrication implies
high temperatures, specialized equipment and in some cases clean-room facilities increasing
their production cost.
Additionally, the synthesis of these self-assembled peptide nanostructures varies from a few
seconds to several days of incubation. Depending of the building block used, different
shapes can be obtained. A special case is the short aromatic dipeptide, diphenylalanine. By
varying the synthesis conditions, nanotubes, nanofibers or nanoparticles can be generated
(Reches & Gazit, 2006). All these mild fabrication conditions are reflected in the low cost of
the fabrication process.
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Recently, our group reported on the on-chip fabrication of self-assembled peptide nanotubes
and nanoparticles (Castillo-León et al., 2011). These on-chip fabricated structures displayed
a more uniform size and shape as compared to counterparts prepared according to the
traditional method. Figure 4 shows the microfluidic chip used for the synthesis of selfassembled peptide nanotubes and nanoparticles. In less than a minute, hundreds of these
on-chip fabricated self-assembled structures were obtained.

Fig. 4. An illustration of the designed microfluidic chip. The inset shows a simulation of the
mixing of different solutions inside the merging channel, where the nanostructures are
expected to be formed. SEM image of the on-chip formed self-assembled nanoparticles.
Reprinted from (Castillo-León et al., 2011) Copyright (2011), with permission from Elsevier.
As mentioned before, the fabrication of self-assembled peptide nanostructures can, in almost
all the cases, be done at room temperature under aqueous conditions. However, two
interesting approaches that involve the use of temperatures between 100 and 220 °C were
presented by Ryu and Park for the fabrication of vertically well-aligned peptide nanofibers
and Adler-Abramovich et al. for the formation of peptide nanotube arrays by chemical
vapor deposition (Adler-Abramovich et al., 2009, Ryu & Park, 2008). In both cases the
synthesis was performed under non-aqueous conditions, giving nicely organized
nanostructure arrays.
As presented in Table 1, there is a long list of peptide monomers that can be used to
synthesize self-assembled nanostructures. The final shape and size of the obtained
nanostructure will depend on the choice of peptide monomers as well as on synthesis
parameters such as pH, solvent polarity, temperature, etc.
4.2 Functionalization
In order to use these biological nanostructures as contrast imaging agents or as part of a
biosensing platform they need to be decorated with appropriate functional molecules
providing them with specific properties. Functional compounds such as antibodies,
magnetic or metallic particles, enzymes, quantum dots or fluorescent compounds have been
incorporated into the structure of self-assembled peptide nanostructures (Reches & Gazit,
2007). Ryu and co-workers developed photoluminescent peptide nanotubes by the in-situ
incorporation of luminescent complexes composed of photosensitizers such as salicylic acid,
cf. Figure 5 (Ryu et al., 2009). Based on this idea, the same group later developed an optical
biosensor for the detection of neurotoxins and compounds such as glucose and hydrogen
peroxide (Kim et al., 2011, Kim et al., 2011).
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Fig. 5. Optical image of fluorescent self-assembled peptide nanostructures. The nanotubes
were functionalized with salicylic acid in order to enhance its fluorescence following the
method developed by (Ryu et al., 2009).
An interesting approach for the functionalization of biological self-assembled
nanostructures was developed by Kasotakis et al. It involved using a self-organized peptide
building block as a scaffold for the systematic introduction of metal-binding residues at
specific locations within the structure. By employing an octapeptide from the fiber protein
of adenovirus, three new cysteine-containing octapeptides were designed. These
synthesized fibrils were able to efficiently bind silver, gold, and platinum nanoparticles
(Kasotakis et al., 2009). The metallic-decorated fibers are considered being used in
photothermal therapy and in the development of surface-enhanced Raman scattering (SERS)
biosensors for detecting DNA by taking advantage of the Raman signal enhancement due to
the presence of silver and gold particles. Figure 6 displays transmission electron microscopy
(TEM) images of metallic decorated nanofibrils.

Fig. 6. TEM images of peptide fibrils after incubating with a platinum solution. (A) Fibrils
formed from NSGAITIG peptide, scale bar = 100 nm. (B) the NCGAITIG peptide, scale bar =
100 nm. (C) the CNGAITIG peptide, scale bar = 500 nm. (D) CSGAITIG peptide, scale bar =
0.2 µm. Reprinted with permission from (Kasotakis et al., 2009) Wiley 2009.
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Another example of the advantages of functionalization of self-assembled peptide
nanostructures was presented by Jayawarna and colleagues; they introduced chemical
functionality into Fmoc-peptide hydrogels by adding Fmoc-protected amino acids with
varying side groups. In this way, an improved 3D in-vitro cell culture system was
developed. The functionalized gel showed an enhanced compatibility with the cell culture.
Additionally, the properties of the gel could be tuned depending of the type of cell used in
order to obtain even better results in terms of compatibility (Jayawarna et al., 2009).
4.3 Biocompatibility
Despite the high levels of attention given to this type of biomaterial, an advanced study to
evaluate the biocompatibility and immunogenicity of these nanostructures is still lacking.
Such an investigation will bring important information that will define the possibility to use
this biomaterial in applications such as drug-delivery systems or tissue reparation in
humans. The available studies are limited to growth cells and tissues in the presence of selfassembled peptide nanofibers or hydrogels and assessed whether the exposed cell or tissue
growth was affected by the presence of the biomaterial. Next, a couple of examples will be
presented and more studies involving the interaction between self-assembled
nanostructures and cells or tissues will be listed in Table 2.
Mahler et al. fabricated a self-assembled hydrogel using the Fmoc-diphenylalanine peptide.
This hydrogel was used as a cellular support to grow Chinese hamster ovary (CHO) cells.
The cellular viability was analyzed using a 3-(4,5-dimethylthiazolyl-2)-2,5diphenyltetrazolium bromide (MTT) assay. The obtained results demonstrated that cells
grown on the hydrogel scaffold showed a viability of more than 90%(Mahler et al., 2006).
In another study, Jayawarna and co-workers investigated the use of Fmoc-dipeptides with
different aminoacids as three-dimensional cell culture platforms. Their work confirmed the
use of this peptide building block as a good option for cell culture. The investigation
involved growing chondrocyte, human dermal fibroblasts and 3T3 fibroblast cells in two
and three dimensions (Jayawarna et al., 2006, Jayawarna et al., 2008, Jayawarna et al., 2009,
Jayawarna et al., 2007).
Liebmann and collaborators synthesized self-assembling peptide hydrogels to generate
patterned 3D cell cultures within patterned silicon microstructures (Liebmann et al., 2007).
In their study, astrocyte, MDCK and COS7 cells were used. The results proved how the
peptide-derivative hydrogel simplifies both handling and loading of the gel to the
microstructures and how the composition and matrix density of the gel could be fully
controlled by chemical tailoring processes.
Our group utilized a nanoforrest of self-assembled peptide nanofibers previously used for
electrochemical detection of dopamine as a cellular support for the growth of HeLa and
PC12 cells (Sasso et al., 2011). As shown in Figure 7, the cells grew and divided without
difficulty, proving that the presence of peptide nanofibers did not hinder cell growth. The
next step in this study will be to combine the sensing properties of the functionalized
nanofibers with the cell culture characteristics in order to develop a combined
biosensing/cell culture platform where the cells releasing dopamine will be in intimate
contact with the biorecognition element.
A more detailed and complete biocompatibility and immunogenicity assessment will clarify
the risks of biomedical use of these materials in humans. More examples of employing selfassembled peptide hydrogels in applications involving interaction with cells or tissues are
presented at the end of the chapter in Table 2.
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Fig. 7. SEM image of the growth of A) PC12 and B) HeLA cells on a self-assembled peptide
nanofiber forest.

5. Challenges when using self-assembled peptide nanostructures for
biomedical purposes
Despite the many advantages making self-assembled peptide nanostructures a great
candidate for various biomedical applications, challenges regarding size control during
synthesis, manipulation and immobilization as well as stability in liquid environments need
to be overcome. In certain applications such as the development of drug delivering systems,
the size of the nanostructures as well as their stability in different solutions (buffers, acid or
basic solutions) is of vital relevance in order to obtain a correct behaviour. If the
nanostructure selected for drug-cargo is bigger than the target cell, the delivery process will
be difficult and will most probably fail. The same will occur if the biological nanostructure is
unstable in liquid solutions causing its structure to disappear after a few seconds in contact
with the solution (MaHam et al., 2009). This example highlights the importance of
controlling some of these parameters during the synthesis and application of self-assembled
structures for biomedical purposes.
This section discusses challenges regarding size control during synthesis, stability in liquid
environments, manipulation and conductivity. Moreover, some alternatives to overcome
them are presented.
5.1 Size control
As previously mentioned, the control of the size of self-assembled peptide nanostructures is
very important in applications such as biosensors or drug-delivery systems. The presence of
nanostructures of equivalent dimensions will be reflected in the fabrication of biosensing
platforms with similar and reproducible characteristics.
Due to the nature of the self-assembled process, the control of their size during the synthesis
is extremely difficult to obtain. However, changes in the fabrication parameters or the use of
templates could help to obtain self-assembled nanostructures of similar dimensions.
With polycarbonate membranes as templates, Porrata and co-workers were able to
synthesize peptide nanotubes with controlled diameters. The diameters of the peptide
nanotubes were as small as 50 nm Porrata (Porrata et al., 2002). A different approach was
later applied by Han et al. in order to fabricate self-assembled peptide nanostructures with
defined structures and sizes by changing the polarity of the solvents used during the
fabrication process (Han et al., 2008). Their results demonstrated that by altering the polarity
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of the solvent used during the synthesis, diverse morphologies ranging from nanotubes to
nanoribbons and nanofibers could be achieved. Despite the importance of their work with
regard to understanding natural self-assembly into complicated architectures, their
approach allows only a structural control and not one of the sizes of the obtained structures.
An elegant study to obtain size-tuneable assemblies of peptide nanofibers was presented by
Park et al. One-dimensional self-assembled peptide nanofibers with tuneable sizes were
obtained by changing the initial concentration of the monomer used to fabricate them and
by controlling the pH environment. Peptide nanofibers with diameters from 110 to 600 nm
and lengths from 1.95 to 18 nm were obtained following this method (Park et al., 2009).
5.2 Stability in liquid environments
The use of self-assembled peptide nanostructures in biomedical applications were
supramolecular structures will be in direct contact with liquid solutions, e.g., their use as
drug delivery systems, imaging contrast agents or as biosensors, requires a good stability in
the solution in question. In order to illustrate the importance of this point, we will take as an
example the self-assembled nanostructures based on the aromatic dipeptide
diphenylalanine. They have been presented as versatile materials with potential uses in
different fields like biosensing, microelectronics, drug-delivery, and tissue reparation among
others (Scanlon & Aggeli, 2008). However, it has been noted that the nanotubes formed by
the diphenylalanine peptide were not very stable once they were in contact with liquid
solutions such as water or phosphate buffers, i.e., liquids that are commonly use in
biomedical studies (Andersen et al., 2011, Ryu & Park, 2008).
A detailed study was done to evaluate the behavior of these structures under liquid
conditions using solvents of common use for biomedical purposes. The investigation made
it clear that the structures were completely unstable when dissolved in water, phosphate
buffer or methanol, cf. Figure 8. These results will certainly limit their use in many
applications. Surprisingly, the stability of nanofibers fabricated using the same dipeptide
showed completely different results; they were stable in the presence of these liquids
(Andersen et al., 2011).

Fig. 8. Microscopy images of the peptide nanotubes dissolved in distilled water and PBS (pH
7,4). From these images, the nanotubes were found to lose their structure in some of the
solutions in which it has been claimed that they were stable. All scale bars in the images
correspond to 20 µm. Reprinted from (Andersen et al., 2011)- Reproduced by permission of
The Royal Society of Chemistry.
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As in the case of the size control, the focus of this study was to change the parameters
during the synthesis in order to obtain more stable nanotube structures. When changing the
pH value of the solution used for the self-assembly of the peptide nanotubes, more stable
structures were obtained. The nanotubes fabricated using a buffer of pH 3 instead one of pH
7 displayed a better stability in water and phosphate buffer. This is just a first step towards
the fabrication of stable diphenylalanine nanotubes. More studies are required in order to
evaluate the implications of the pH change on the properties of this biological
nanostructure.
It is also worth mentioning that the discovery of the instability of the diphenylalanine
nanotubes in water gave rise to the idea to use these structures as an etching mask material
for the rapid fabrication of silicon wires (Larsen et al., 2011). This application is beyond the
scope of the present chapter but we mention it to encourage the reader to see the positive
side of the results that could initially appear as negative.
5.3 Manipulation
The development of biosensing platforms using self-assembled peptide nanostructures
requires the connection between these structures and the appropriate transducers
(electrodes). Due to their dimensions, the manipulation of micro and nano-scale
biomaterials is a critical issue. Linking of our macroscopic world to the nanoscopic one of
nanotubes, nanofibers and nanoparticles is a technological challenge. Fortunately, thanks to
advances in micro- and nano-fabrication, several techniques and instruments have emerged
to help scientists overcome the obstacles of size when interacting with tiny biological entities
(Castillo et al., 2009, Castillo et al., 2011).
Apart from being able to find, grasp, push or move these biological objects to a desired
location it is important to avoid any damage to the nanostructure as a result of the
interaction between the manipulation instrument and the object to be moved. Altering or
changing the structure of the self-assembled nanostructure during the manipulation
process could affect the behavior of these structures used in a specific biomedical
application.
The manipulation of self-assembled peptide nanostructures could involve the direct contact
of the instrument as well as the biological structure, like when using atomic force
microscopy (AFM) tips. Another option is to perform the manipulation through non-contact
methods as in the case of dielectrophoresis (DEP) or optical tweezers. Next, examples of
available manipulation methods are presented.
The thermomechanical manipulation of aromatic peptide nanotubes was demonstrated by
Sedman et al. at the University of Notthingham (UK). Using an atomic force microscope as a
thermomechanical lithographic tool, Sedman and co-workers were able to manipulate selfassembled nanotubes formed by two aromatic peptides; diphenylalanine and
dinapthylalanine. Indents and trenches were thermally etched into the nanostructures,
suggesting their possible use as nano-barcodes (Sedman et al., 2009).
Magnetic alignment is a versatile contact-free manipulation method that is effective over the
whole sample. With this technique, the manipulation is achieved by magnetic beads that are
attached or engulfed by the biological entity to be manipulated. Reches and Gazit aligned
nanotubes assembled from diphenylalanine monomers using a external magnetic field as
shown in figure 9 (Reches & Gazit, 2006).
However, a principal drawback of magnetic manipulation is the fact that the aligning forces
are very small. Consequently, the alignment will occur only when the molecules present in
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the sample are very large and contain moieties with high susceptibility as in the case of
aromatic units.

Fig. 9. The self-assembly of the diphenylalanine-based peptide nanotubes in the presence of
a ferrofluid and their exposure to an external magnetic field resulting in the control over
their horizontal alignment. (a) Schematic representation of the dipeptide monomers selfassembled in the presence of a ferrofluid solution containing magnetite nanoparticles
approx. 5 nm in diameter. (b) TEM image of a self-assembled peptide tube coated with
magnetic particles. (c) Low-magnification SEM micrograph of the self-assembled magnetic
tubes. (d) Horizontal arrangement of the self-assembled magnetic tubes after their exposure
to a magnetic field, observed by low-magnification SEM. (e) Schematic representation of the
self-assembled magnetic tubes. (f,g) Schematic representations of the magnetic tubes
randomly oriented before exposure to the magnetic field (f) and horizontally aligned upon
exposure to the magnetic field (g). Reprinted by permission from Macmillan Publishers Ltd:
Nature Nanotechnology, (Reches & Gazit, 2006), copyright (2006).
Another contact-free method used for the manipulation of self-assembled nanostructures is
dielectrophoresis. Dielectrophoresis occurs when a polarizable object is exposed to an
inhomogeneous electric field, so that the Coulomb forces induced on the charges on each
half of the dipole differ, causing a net force on the object. The manipulation of selfassembled peptide nanotubes was reported by our group in 2008. Using micro-patterned
gold electrodes, peptide nanotubes were manipulated by adjusting the amplitude and
frequency of the applied voltage, cf. Figure 10. The electrical characterization of the
immobilized peptide nanotubes was studied, both for single peptide nanotubes and bundles
of them (Castillo et al., 2008).
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Fig. 10. (A) AFM image of the SAPNT bundles immobilized on Au electrodes using DEP. (B)
SEM image of two amyloid peptide nanotubes immobilized on top of gold microelectrodes.
Reprinted with permission from (Castillo et al., 2008) Wiley 2008.
At the same time, de la Rica and co-workers used DEP for the incorporation of antibody
functionalized peptide nanotubes on top of gold electrodes for the development of a labelfree pathogen detection chip. The peptide nanotubes were modified with antibodies against
the herpes simplex virus type 2 (HSV-2), and thus the binding of the virus to its antibody
was monitored by a capacitance change between the electrodes (de la Rica et al., 2008).
Zhao and Matsui developed a method for the accurate immobilization of antibodyfunctionalized peptide nanotubes on protein-patterned arrays by optimizing their ligandreceptor interactions (Zhao & Matsui, 2007). Peptide nanotubes self-assembled from
bolaamphiphile peptide monomers and bis(N-α-amido-glycylglycine)-1,7-heptane
dicarboxylate were coated with antibodies anchored on the amide groups of the
nanostructure surface via hydrogen bonding. The antibody-modified nanotubes where then
attached to complementary antigen-patterned surfaces as a function of antigen
concentration.
Finally, Kumara et al. demonstrated the use of laser tweezers for the trapping and
manipulation of self-assembled flagella protein nanotubes. Nanotubes with diameters below
50 nm were optically trapped using a biologically infrared wavelength (1064 nm) laser
tweezer without affecting the nanostructure (Kumara et al., 2006).
In summary, manipulation of self-assembled peptide nanostructure was possible without
altering the properties or the structure of these biological entities. Contact and contact-free
techniques are available for the precise positioning of these samples on desired locations for
their integration into more complicated structures such as biosensing platforms.
5.4 Conductivity
The low conductivity of self-assembled peptide nanostructures limits their use in the
development of sensing or diagnosis platforms without involving a functionalization step
that introduces compounds to help increase their conductivity. Self-assembled peptide
nanotubes and nanofibers synthesized from various sources displayed low conductivity
values and high resistance (R>1014 Ω) (Castillo et al., 2008, Scheibel et al., 2003). Conductive
polymers, enzymes, or metallic particles are some of the materials used to functionalize the
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self-assembled nanostructures thereby giving rise to an increase in electrical current
conductivity. After the functionalization step, the functionalized nanostructures can be
integrated with transducers and used for the detection of compounds of biomedical
relevance. Following changes in current, potential or capacitance as a result of the
interaction between the analyte and the biorecognition element the presence and quantity of
these samples can be confirmed.
Scheibel et al. fabricated conducting nanowires thanks to a controlled self-assembly of
amyloid fibers and selective metal deposition (Scheibel et al., 2003). Nanowires containing
cysteine residues were used to covalently link colloidal gold nanoparticles on the surface of
these nanostructures. And additional metal was then deposited by chemical enhancement of
the colloidal gold by reductive deposition of metallic silver and gold from salts. The final
biotemplated metal wires showed an increase in conductivity from the pA- to the mA-range,
figure 11.

Fig. 11. Electrical behavior of NM-templated metallic fibers. (a) Gold nanowires not bridging
the gap between two electrodes did not conduct. (b) Gold nanowires bridging the gap
between two electrodes (Left) exhibited linear I–V curves (Right), demonstrating ohmic
conductivity with a low resistance of R =86 Ω (the same for each). Such an ohmic response is
indicative of continuous, metallic connections across the sample. Reprinted from Scheibel, T.
et al. PNAS, 100, 2003, 4527-4532. Copyright (2003) National Academy of Sciences, U.S.A.
In a different approach, Sasso et al. used a conductive polymer, polypyrrole, in order to
increase the conductivity of self-assembled peptide nanofibers. The presence of the
conductive polymer on the surface of the nanofibers increased their conductivity and
rendered possible their use as the biorecognition element in a dopamine biosensor. By
employing this sensor, dopamine detection was possible with a detection limit of 3.1 µM; a
value close to the dopamine concentration in in-vivo systems (Sasso et al., 2011).
Enzyme-modified peptide nanotubes have been utilized for the detection of compounds of
biomedical relevance such as glucose, ethanol, or hydrogen peroxide as demonstrated by
several groups. The enzymes were connected to the self-assembled peptide nanostructures
through different matrices such as poly(allylamine hydrochloride) (Cipriano et al., 2010) or
glutaraldehyde (Yemini et al., 2005, Yemini et al., 2005). Finally the modified peptide
nanotubes were immobilized on the surface of metallic electrodes using polymer matrices
like polyethyleneimine. Amperometric detection was used to detect and quantify the
presence of the previously mentioned compounds. Based on a similar approach, Yang and
co-workers developed a glucose sensor using glucose oxidase functionalized peptide
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nanofibers. The developed biosensor was able to electrochemically detect glucose in a
concentration range required for clinical applications (Yang et al., 2009).
In a different approach, de la Rica et al. employed anti-E. coli and IgG antibodies to
functionalize peptide nanotubes against E. coli and S. typhi cells, which are involved in
several diseases. Using these functionalized nanostructures, they fabricated a reusable
pathogen biochip able to detect analyte cells in the range from 102 to 104 cells within one
hour. The capturing of the cells by the antibodies was monitored by following changes in
the capacitance (de la Rica et al., 2010).
As presented in this section, several alternatives are available in order to improve the
conductivity of self-assembled peptide nanostructures and impulse their use as
biorecognition elements in biosensors or diagnosis platforms. The permanent advances in
surface chemistry and synthesis of new conductive polymers will accelerate the integration
of biological self-assembled nanostructures in biosensing applications.

6. Applications
All the previously mentioned advantages make self-assembled peptide nanostructures a very
promising biomaterial with huge potential in several biomedical applications. These
applications have been reviewed in numerous articles (Aggeli et al., 2001, de la Rica & Matsui,
2010, Gao & Matsui, 2005, Gazit, 2007, Hauser & Zhang, 2010, Kyle et al., 2010, Kyle et al., 2008,
Rajagopal & Schneider, 2004, Scanlon & Aggeli, 2008, Woolfson & Ryadnov, 2006, Yan et al.,
2010), and a detailed description of some of these applications has already been given in this
chapter. In order to provide a broader vision of the possibilities of using these biological
nanostructures with biomedical purposes, a list of different self-assembled peptide
nanostructures is presented in Table 2. The table lists the type of structure and their use.
Self-assembled
nanostructure

Application

Reference

Hydrogel

3D scaffold to stimulate pre-osteoblast
(MC3T3-E1) cell attachment and growth

(Zhang et al., 2009)

Hydrogel

Extracellular matrix to grow primary
human dermal fibroplasts

(Kyle et al., 2010)

Hydrogel

Injectable delivery

(Branco et al., 2009)

Hydrogel

Therapeutic effects as a wound dressing for (Meng et al., 2009)
the treatment of deep second degree burns
in rats

Hydrogel

Carrier for therapeutic proteins

(Koutsopoulos et al., 2009)

Hydrogel

Drug delivery of pyrene

(Li et al., 2009)

Hydrogel

Gene delivery

(Rea et al., 2009)

Hydrogel

Promoting axonal growth in the injured
spinal cord

(Ueda et al., 2008)

Hydrogel

Cartilage tissue engineering

(Kisiday et al., 2002)

Hydrogel

Implantation of cardiac progenitor cells

(Tokunaga et al., 2010)

Nanotubes

Detection of neurotoxins

(Kim et al., 2011)
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Self-assembled
nanostructure

Application

Reference

Nanotubes

Pathogens detection

(de la Rica et al., 2008, de la
Rica et al., 2010)

Nanotubes

Immunosensor

(Cho et al., 2008)

Nanotubes

Glucose, ethanol and hydrogen peroxide
detection

(Yemini et al., 2005, Yemini
et al., 2005)

Nanotubes

Antiviral agent

(Horne et al., 2005)

Nanotubes

Controlled drug release

(Chen et al., 2011)

Nanotubes

Hydrogen peroxide detection

(Cipriano et al., 2010)

Nanotubes

Drug delivery

(von Maltzahn et al., 2003)

Nanofibers

Copper detection

(Viguier et al., 2011)

Nanofibers

Dopamine detection

(Sasso et al., 2011)

Nanofibers

Yersinia pestis detection

(Men et al., 2010)

Nanofibers

Glucose detection

(Yang et al., 2009)

Table 2. Biomedical applications of self-assembled peptide nanostructures.

7. Conclusions
As presented throughout this chapter, self-assembled peptide nanostructures are
biomaterials with numerous advantages making them excellent candidates for applications
with biomedical purposes, including biosensing, diagnosis, drug delivery, and tissue
reparation, among others. The biological nanostructures are synthesized under mild
conditions, at low cost and rapidly, and can be easily functionalized with different
functional compounds (antibodies, enzymes, quantum dots, fluorescent molecules, metallic
and magnetic particles). However, it is important to be aware of the challenges involved
when working with these self-assembled nanostructures. Several options to solve issues
related to size control, manipulation, low conductivity and stability under liquid conditions
have been presented. Despite these disadvantages, self-assembled nanostructures are
already playing an important role in applications such as tissue reparation, drug delivery
and biosensing. Future work should be directed towards a more complete study of the
biocompatibility and immunogenicity of this biomaterial in order to clarify the
consequences of an exposure to it.
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1. Introduction
Cellulose is the most abundant organic compound on earth and is present in a wide variety
of living species, such as animals, plants and bacterial (Tingaut et al., 2010; ElazzouziHafraoui et al., 2008). This linear polymer is constituted of repeating β-D-glucopyranosyl
units joined by 1→4-glycosidic linkages. The molecules of cellulose are stabilized laterally
by hydrogen bonds between hydroxyl groups and oxygens of adjacent molecules. However,
they can be broken chemically under strong aqueous acid or high temperature.
Manipulating cellulose molecules on the nanometer scale to create the nanocellulose of
excellent properties has become a hotspot of cellulose science. As for nanocellulose, it is
currently believed that at least one of its dimension is lower than 100nm. Moreover,
nanocellulose exhibits the property of certain gels or fluids under normal conditions.
Compared with microcrystalline cellulose, nanocellulose presents very attractive properties
such as low density, high chemical reactivity, high strength and modulus, and high
transparency (Nogi et al., 2009; Lee et al., 2008; Pääkko et al., 2007; Siró & Plackett, 2001).
Therefore, nanocellulose has a great potential for use as filler in nanocomposites and have
attracted a great deal of interest recently. Nanocellulose has been reported to improve the
mechanical properties by incorporating into a wide range of polymer matrices, including
poly(3-hydroxybutyrate),
hydroxypropyl
cellulose,
poly(L-lactide),
waterborne
polyurethane, poly(3,4-ethylenedioxythiophene), polyvinyl acetate, poly(o-ethoxyaniline).
The composite applications may be for use as coatings and films, paints, foams, packaging.
(Cai et al., 2011; Zimmermann et al., 2010; Pei et al., 2010; Wang et al., 2010; Mendez &
Weder, 2010; de Rodriguez et al., 2006; Medeiros et al., 2008). Moreover, the potential of
nanocellulose applications in the area of paper and paperboard manufacture is obvious.
Nanocellulose are expected to enhance the fiber-fiber bond strength and, hence, have a
strong reinforcement effect on paper materials. Nanocellulose may be useful as a barrier in
grease-proof type of papers and as a wet-end additive to enhance retention, dry and wet
strength in commodity type of paper and board products. Nanocellulose also can be used as
a low calorie replacement for today’s carbohydrate additives used as thickeners, flavour
carriers and suspension stabilizers in a wide variety of food products and is useful for
producing fillings, crushes, chips, wafers, soups, gravies, puddings etc. On the other hand,
the food applications were early recognised as a highly interesting application field for
nanocellulose due to the rheological behaviour of the nanocellulose gel (Wikipedia, 2011).
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The preparation of nanocellulose derived from wood was introduced more than two
decades ago (Aulin et al., 2009). Although wood is one of the main resources for the
cellulose, competition from different sectors such as the building products and furniture
industries and the pulp and paper industry, as well as the combustion of wood for energy,
makes it challenging to supply all users with the quantities of wood needed at reasonable
cost (Siró & Plackett, 2001). Besides wood, nanocellulose also could be prepared from many
agricultural residue and corps, such as cotton, hemp, sisal, bagasse, wheat straw. Therefore,
nanocellulose will be key to the development of higher-value agricultural residue products
and could find economic interest (de Mesquita et al., 2010). In literature, there are many
reports on nanocellulose prepared from diverse non-wood sources including wheat straw
(Panthapulakkal et al., 2006; Kaushik et al., 2010; Alemdar & Sain, 2008), potato tuber cells
(Dufresne et al., 2000), sisal (Morán et al., 2008; de Rodriguez et al., 2006) and banana rachis
(Zuluaga et al., 2009).
Sulfuric acid hydrolysis of cellulose is a well-known process to remove amorphous regions,
leaving the crystalline segments intact and leading to the formation of high purity single
crystals (de Mesquita et al., 2010). Ion-exchange resins have been used commercially as solid
acid catalysts in many areas, such as alkylation with olefins, alkyl halides, alkyl esters,
isomerization, transalklation and nitration. Compared with liquid acid, the main advantages
of cation-exchange resin include reduced equipment corrosion, ease of product separation,
less potential contamination in waste streams and recycle of the catalyst (Harmer & Sun,
2001).
Morever, the energy of ultrasound is transferred to the polymer chains through a process
called cavitation, which is the formation, growth, and violent collapse of cavities in the
water. The energy provided by cavitation in this so-called sonochemistry is approximately
10-100kJ/mol, which is within the hydrogen bond energy scale (Tischer et al., 2010). It can
accelerate hydrogen ions to penetrate into the cellulose amorphous chains, promoting the
hydrolytic cleavage of the glycosidic bonds (Zhao & Feng, 2007; Filson & Dawson-Andoh,
2009; Wang & Cheng, 2009).
In this study, we aim to present an environmentally and economically novel way to prepare
nanocellulose from microcrystalline cellulose by using cation-exchange resin as catalyst with
ultrasonic-assisted hydrolysis. Response surface methodology and Box-behnken statistical
experiment design method were employed for modeling and optimization of the influence
of operating variables on the yield of nanocellulose. In addition, the characterization for
morphologies, structure, spectrum properties and rehological behaviors of nanocellulose
were also investigated.

2. Experimental section
2.1 Materials
Microcrystalline Cellulose (MCC) used in the experiment was purchased from Shandong
Ruitai Chemicals Co., Ltd. The catalyst, NKC-9 cation-exchange resin (NKC-9), was
provided by the Chemical Plant of Nankai University of China. It is a macroreticular
copolymer styrene-divinyl benzene in H+ form and has the following properties:
exchange capacity (mmol/g [H+])≥4.7, pearl size of 0.45-1.25 mm, true wet density of 1.201.30 g/mL. The resin was firstly pretreated by distilled water to eliminate some impurities
and then dried in an oven at 50 °C for 24 h. Dried resin was used for further experimental
studies.
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2.2 Sample preparation
Nanocellulose was isolated from MCC by means of cation-exchange resin hydrolysis. 3 g
dried MCC and 30 g ion exchange resin were put into 250 ml distilled deionized water. The
suspension was stirred and sonicated at 40-60°C for 150-210min. Then the ion exchange
resin was separated from cellulose suspension. The resulting suspension was centrifuged
several times at 12000 rpm and washed with distilled deionized water until the supernatant
became turbid, and then the nanocellulose was collected.
2.3 Experimental design and statistical analysis
The Box-Behnken experimental design method was used to determine the effects of major
operating variables on the yield of nanocellulose and to find the combination of variables in
order to produce maximum nanocellulose yields. The advantage of Box-Behnken design is
that it has only three levels, coded –1, 0, and +1 for low, middle and high concentrations,
respectively. This experimental design reduced the number of experiments, so it is more
efficient and easier to arrange and to interpret in comparison to others (Majumder et al.,
2009). Therefore, this statistical technique was adopted in this study.
The experiments at ratio of NKC-9 to MCC (5: 1, 10: 1 and 15: 1), temperature (40, 50 and
60°C), time (150, 180 and 210min) were employed simultaneously covering the spectrum of
variables for the percentage of nanocellulose yield in the Box-Behnken Design. As presented
in Table 1, the experimental design involved three parameters (X1, X2 and X3), each at three
levels, coded –1, 0, and +1 for low, middle and high concentrations, respectively. A secondorder polynomial equation was used to express the responses as a function of the
independent variables as follows:
n

Y  B0   BiXi 
i 1

n

 BijXiXj

(1)

i  j 1

Where Y represents the measured response variables, three variables are involved and hence
n takes the value 3. B0 is the constant coefficient, Bis are the linear coefficients, Bijs are the
interaction coefficients.
Factor
ratio of resin X1
temperature X２ (°C)
time X3 (min)
b

Symbols & levelb
-1
0
5
10
40
50
150
180

+1
15
60
210

x1=( X1－10)/5; x2=( X2－50)/10; x3=( X3－180)/30.

Table 1. Code and level of factors chosen for the trials.
2.4 Characterization of nanocellulose
Electron microscopy was conducted to observe the surface of MCC and nanocellulose.
Samples were mounted on metal stubs by double side adhesive tape and examined with FEI
XL30 ESEM-FEG field emission scanning electron microscopy (FESEM). The nanostructure
of nanocellulose was examined in a transmission electron microscope (TEM), Tecnai G2F20
FETEM (FEI Co. Ltd., USA) at an acceleration voltage of 200 kV. The X-ray diffraction
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(XRD) patterns were recorded by a X'Pert Pro MPD X-ray diffractometer equipped with Cu
Kα radiation (λ= 0.154 nm). Fourier transform infrared spectroscopy (FTIR) was used to
examine any changes in the chemical structure of samples. A Nicolet 380 (Thermo electron
Instruments Co., Ltd., USA) was used to obtain the spectra of each sample. The rheological
behavior of sample was examined by DV-III+pro rheometer (Brookfield Engineering
Laboratories, Inc., USA) with SC4-34 spindle.

3. Results and discussion
3.1 Optimization of hydrolysis conditions for nanocellulose
The effect of process variables like ratio of NKC-9 to MCC, temperature and time on the
preparation of nanocellulose was investigated by means of response surface methodology,
Box-Behnken Design (BBD). Table 2. shows the coded value of the variables and the yield of
nanocellulose (response). The whole design consisted of 17 experimental points carried out
in random order. Five replicates at the centre of the design were used to estimate a pure
error sum of squares. The data obtained was analyzed by applying multiple regression
analysis method based on Eq. (1). The predicted response Y for nanocellulose yield was
obtained and shown as:
Y = 50.68 + 0.15X1 - 1.11X2 + 1.67 X3 + 0.74X1 X2 - 0.35X1 X3 - 1.07X2 X3 - 3.85X12 - 3.83X22 - 5.17 X32

(2)

In this equation, Y is the predicted response variable, i.e., the yield of nanocellulose (%), X1 ,
X2 and X3 are the independent variables in coded units, i.e., ratio of NKC-9 to MCC,
temperature and time, respectively.
The data obtained from Eq. (2) are significant. It is verified by F-value and the analysis of
variance (ANOVA) by fitting the data of all independent observations in response surface
quadratic model. The summary of the analysis of variance (ANOVA) of the results of the
quadratic model fitting are shown in Table 3. ANOVA is indispensable to testing the
significance and adequacy of the model. The corresponding variables would be more
significant if the absolute F-value becomes greater and the p-value becomes smaller (Chen et
al., 2010). The model F-value of 42.80 implies that the model is significant. There is only a
0.01% chance that a “model F-value” this large could occur due to noise. Value of “Prob > F”
less than 0.05 indicates that the model terms are significant. In this case, X2, X3, X2X3, X12, X22
and X32 are significant model terms. However, ratio of NKC-9 to MCC (X1) and interaction
terms (X1X2 and X1X3) had a negative effect on Y.
The “Lack of fit F-value” of 4.79 implies that the lack of fit is not significant relative to the
pure error. There is a 8.23% chance that a “Lack of fit F-value” this large could occur due to
noise. The determination coefficient(R2), a measure of the goodness of fit of the model, was
very significant at the level of 98.22%, the model was unable to explain only 1.78% of the
total variations. The value of adjusted R2, was also very high at the level of 0.9592, indicating
high significance of the model.
The effect of hydrolysis conditions on the yield of nanocellulose is shown in Table 2 by the
coefficient of the second-order polynomials. To visualize and identify the type of
interactions between test variables, the two and three dimensional contour plots are shown
in Fig. 1, including ratio of NKC-9 to MCC and temperature, ratio of NKC-9 to MCC and
time, as well as temperature and time. The circular contour plots indicate that the interaction
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Trial No.

X1

X2 (°C)

X3 (min)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

0(10)
0(10)
-1(5)
0(10)
0(10)
0(10)
0(10)
0(10)
1(15)
-1(5)
1(15)
1(15)
-1(5)
1(15)
0(10)
-1(5)
0(10)

0(50)
-1(40)
-1(40)
0(50)
-1(40)
0(50)
0(50)
0(50)
-1(40)
0(50)
0(50)
0(50)
1(60)
1(60)
1(60)
0(50)
1(60)

0(180)
1(210)
0(180)
0(180)
-1(150)
0(180)
0(180)
0(180)
0(180)
1(210)
-1(150)
1(210)
0(180)
0(180)
-1(150)
-1(150)
1(210)

Yield of NCC, Y (%)
Experimental
Predicted
50.38
50.68
45.86
45.54
43.71
44.71
50.63
50.68
40.79
40.05
51.64
50.68
50.38
50.68
50.38
50.68
43.46
43.52
44.22
43.54
39.82
40.49
42.88
43.13
41.07
41.01
43.77
42. 78
39.66
39.98
39.76
39.50
40.43
41.17

Table 2. Experimental designs and results.
between the corresponding variables is negligible. An elliptical or saddle nature of the
contour plots indicates significance of the interactions between the corresponding
(Majumder et al., 2009; Fu et al., 2007).
As can be seen in the plots, the two and three dimensional contour plots with NKC-9 to
MCC and temperature had a circular nature, indicating a negligible interactive effect on the
yield between the two independent variables (Fig.1A). The yield of nanocellulose increased
with rise in ratio of NKC-9 to MCC and temperature.
Factors
Model
X1
X2
X3
X1X2
X1X3
X2X3
X12
X22
X32
Residual
Lack of Fit
Pure Error
Total
a

SS, Sum of Squares.

SS a
303.22
0.17
9.88
22.34
2.19
0.49
4.62
62.36
61.81
112.36
5.51
4.31
1.20
308.73
b

DF b
9
1
1
1
1
1
1
1
1
1
7
3
4
16

MS c
33.69
0.17
9.88
22.34
2.19
0.49
4.62
62.36
61.81
112.36
0.79
1.44
0.30

F-Value
42.80
0.22
12.55
28.38
2.78
0.62
5.87
79.21
78.52
142.73

Prob.(P)>F
<0.0001
0.6559
0.0094
0.0011
0.1395
0.4559
0.0459
<0.0001
<0.0001
<0.0001

4.79

0.0823

DF, Degrees of Freedom. c MS, Mean Square.

Table 3. Analysis of variance (ANOVA) for the the yield of nanocellulose.
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As shown in Fig.1, in the design boundary, each response surface plot had a clear peak and
the corresponding contour plot had a clear maximum, which means that the maximum
hydrogen yield could be achieved inside the design boundaries (Ghosh & Hallenbeck, 2010).
The yield of nanocellulose increased with increasing ratio of NKC-9 to MCC, temperature
and time to the optimal levels, and then decreased with a further increase in these
parameters. The optimized conditions for maximum nanocellulose yield can be obtained by
Design-expert software. The optimum values of the test variables in uncoded units obtained
were ratio of NKC-9 to MCC 9.97: 1, temperature 48.30°C, time 189.00min. At these
optimized conditions, the model predicted that the maximum yield of nanocellulose is
50.93%.
As to the actual experimental condition, some conditions were modified as follows: ratio of
NKC-9 to MCC 10: 1, temperature 48°C and time 189min. To confirm the model adequacy
for predicting maximum yield, three replicates experiments under modified conditions were
conducted and the maximum yield of nanocellulose obtained was 50.04% which agreed well
with the predicted value.
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C: time
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41.3863
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40.00
7.50
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5
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41.3863
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47.0441
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50.00
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3.50
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47.5097
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60.00

10.00

12.50

15.00

43.6266
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45.4514
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41.8018

2.50
40.00

45.00

50.00

A: ratio

A: ratio

B: temperature

(a)

(b)

(c)

55.00

60.00

Fig. 1. Two and three dimensional contour plots for the maximum yield of nanocellulose.
RSM plots were generated with the data shown in Table 2. (a) Yield of nanocellulose (%) as a
function of ratio of NKC-9 to MCC and temperature. (b) Yield of nanocellulose (%) as a
function of ratio of NKC-9 to MCC and time. (c) Yield of nanocellulose (%) as a function of
temperature and time.
The interactions between ratio of NKC-9 to MCC and time are not perfectly elliptical
(Fig.1(b)). The yield of nanocellulose increased with time rising up to certain level, beyond
which yield declined slightly. This may be due to that over reaction time completely digests
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the cellulose so as to yield its component sugar molecules. Fig.1(c) shows the effect of
temperature and time on the yield of nanocellulose. The result had an elliptical nature,
indicating a significant interactive effect of the two independent variables on the yield.
3.2 Morphology of microcrystalline cellulose and nanocellulose
Fig.2 shows the morphologies of NCC at different concentrations. After hydrolysis and
centrifugation process, the NCC with the concentration of 1% is obtained as shown in
Fig.2(a). The micrograph of NCC in Fig.2(b) presents the glossy hydrogel at the
concentration of 9%. The appearance of a stable gel is an obvious indication of the presence
of NCC. The NCC powder is obtained by freeze drying (Fig.2(c)). It exhibits white metallic
luster colour. As is shown in Fig.2(d), evaporation of aqueous suspensions of NCC at room
temperature produces solid films with perfect optical transparency.

(a)

(b)

(c)

(d)

Fig. 2. Macrostructure of NCC.
Figure.3 compares the morphology of MCC (cf. Fig.3(a)) and NCC (cf. Fig.3(b) and Fig.3(c)).
The diameter of MCC is around 15μm, the length is about 20-80μm. After treatment, a
remarkable outcome of this novel nanocellulose extraction method can be seen in Fig.3(b)
and Fig.3(c). This image also shows that nanocellulose with uniform diameter of
approximately 2-24 nm can be obtained after hydrolysis, and these nanocellulose can form a
very fine network. The diameter distribution of nanocellulose was determined with FEGTEM (cf. Fig.3(c)), and the result is plotted in the following figures.
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Fig. 3. Morphology of (a) MCC (by FEG-SEM, x 251); (b) NCC (by FEG-SEM, x 100 00) and
(c) NCC (by FEG-TEM).
3.3 X-ray diffraction analysis
X-ray crystallography was used to compare the crystallinity of MCC and NCC. Results of Xray powder diffraction photograph from MCC and NCC are shown in Fig.4(a) and 4(b),
respectively. Fig.4 shows that the major crystalline peak which represents the cellulose
crystallographic plane (002, Bragg reflection) occurs at 2θ = 22.667° and 2θ = 22.521° for
MCC and NCC, respectively. Compared with MCC (crystallinity 75.2%), after cationexchange resin catalytic hydrolysis, the crystallinity of nanocellulose is 84.26%. The increase
in crystallinity may be due to the removal of amorphous regions in the cellulose. This leads
to the realignment of cellulose molecules. This also indicates that the nanocellulose obtained
by this novel isolation may be more effective in achieving higher reinforcement for
composite materials.

686
300

250

200

150

2T =16.729

300

2T =14.675

400

2T=14.324

Intensity(Counts)

500

2T=16.481

Intensity(Counts)

600

2T =22.521

[Resin-NCC.rd]

2T=22.667

[MCC.ASC] 4.909
700

100

200
50

100

0

0
0.16

0.22

0.28

0.33

0.39

1/d(A)

(a)

0.16

0.22

0.28

0.33

0.39

1/d(A)

(b)

Fig. 4. XRD patterns of (a) NCC and (b) MCC.
3.4 FTIR spectroscopy analysis
Fig.5 shows the FTIR spectra of MCC and NCC obtained after the cation-exchange resin
catalytic hydrolysis. In general, the FTIR spectrum of nanocellulose is very similar to that of
MCC. The dominant peaks in the region between 3600 and 2800 cm-1 are due to the
stretching vibrations of C--H and O—H (Alemdar et al., 2008). The peaks at 3347 cm-1 and
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2900 cm-1 are attributed to the stretching vibrations of O--H and symmetric stretching
vibrations of C--H, respectively. The bands in the 1430 cm−1 region are due to the C-H
deformation vibrations of CH2 (Ibrahima et al., 2010). The absorbency at 1058 cm-1 in the
spectrums of MCC and nanocellulose is associated with the C--O stretching vibration. The
observation of the peaks at 1112 and 1165 cm-1 can be attributed to the C--O and C--C
stretching vibration of cellulose ether. And the absorption band at 895 cm-1, for MCC and
NCC, respectively, may be regarded as anomeric carbon of cellulose, that is, -Dglucopyranosyl, which indicates the typical structure of cellulose.

Reflectance (%)
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M CC
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1058

500

1430
1165
1112

1000

1500

2900
3347

2000

2500

3000
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-1

W a v e n u m b ers (cm )

Fig. 5. FTIR spectrum of MCC and NCC.
3.5 Rheological properties of nanocellulose suspension
Fig.6 illustrates the variation of the shear stress of the suspensions with the function of
concentration at various shear rates. It shows that the shear stress increases with the rising
concentration of NCC. The equilibrium flow curves, τ and γ (cf. Fig. 7(a)), η and γ (cf. Fig.
7(b)), of NCC suspensions at various concentrations (2.5%, 3.5%, 4.5%) are shown in Fig.7.
All the suspensions display non-Newtonian flow behavior. According to the Ostwald de
Waele law, deviation of the flow curve from New-Tonian behavior can be quantified with
the flow behavior index, the smaller the value, the greater the degree of shear thinning. The
values consistency coefficient and flow behavior for NCC suspension at various
concentration are summarized in Table 4. Given a negative value for n, the value for the
suspension containing 4.5% NCC is very unusual. This also can be seen from fig. 9a, which
shows that shear stress drops when the shear rate increase from 2.0 s-1 to 5.0 s-1. It should be
noted that this result is quite different from the presented reports. This may be due to the
formation of NCC gel. These suspensions exhibit a shear-thinning behaviour, decrease of
viscosity with increasing shear rate (cf. Fig. 7(b)).
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Fig. 6. Variation of the stress with the function of concentration of NCC at various shear
rates.
Concentration of NCC
Suspension (%)

Flow behavior index, n

Consistency coefficient
(Pa sn)

2.5

-0.199

15.1

3.5

0.478

2.98

4.5

0.273

0.699

Table 4. Power low constants for NCC suspension at various concentrations.
The effect of temperature on the rheological behaviour of the NCC suspensions is also
studied. In general, the effect of temperature on rheological properties needs to be
documented. Fig 8 shows the effect of temperature on the viscosity of NCC suspensions at
various concentrations. The effect of temperature on viscosity of fluid foods at a specified
shear rate can be described by the Arrhenius relationship:
Ea

  Ae RT

(3)

where η is the viscosity (Pa·s), A is a constant (Pa·s), T is the absolute temperature (K), R
is the gas constant (8.315 J mol-1 K-1), and Ea is the activation energy (J/mol). Generally,
the magnitudes of Ea and A can be determined from regression analysis of 1/T versus ln
η. It shows that the viscosity decreases when the temperature increases in the range of
33.5-68 ºC for the suspensions at various concentrations. This indicates that the correlation
between viscosity and temperature may agree with Arrhenius equation in this range of
temperature. The results are summarized in Table 5. As we know, the low Ea values mean
that the effect of temperature on the considered parameter is small. The activation energy
value (Ea) of NCC suspension will amount to a maximum value when the concentration is
3.5%, which indicates that the decrease in viscosity with temperature rising was more
pronounced in this concentration. But after 68 ºC, the relationship between temperature
and viscosity displays different curves at various concentrations. The viscosity also
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decreases with the increase of temperature for 3.5% NCC suspension, but for 2.5% and
4.5%, the opposite can be observed. This may be due to the swelling of NCC in the water
when the temperature increases. It can be observed from Fig.9 that, with temperature
rising, the degree of shear thinning is greater.
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Fig. 8. Variation of the viscosity with a function of the temperature of NCC suspensions at
various concentrations.
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Fig. 9. Variation of the viscosity with a function of shear rate of NCC suspension at various
temperatures.
Concentration
of NCC (%)

A (Pa·s)

Ea (J· mol-1)

R2

2.5

0.044

6750

0.88

3.5

0.112

7708

0.90

4.5

1.126

4433

0.98

Table 5. Activation energies (Ea) of NCC suspension at different concentrations (%).

150

Biomaterials Science and Engineering

4. Conclusions
NCC is prepared from MCC by cation-exchange resin hydrolysis with the aid of
ultrasonification treatment. Compared with liquid acid and alkali chemicals, the main
advantages of cation-exchange resin include reduced equipment corrosion, ease of product
separation, less potential contamination in waste streams. With RSM and the corresponding
Box-Behnken design, the optimal conditions for the production is determined as follows:
ratio of NKC-9 to MCC 10: 1, temperature 48 °C, time 189 min. In the optimal conditions, the
experiment yield of NCC was 50.04 %, which agrees with the predicted value. NCC
prepared by cation-exchange resin hydrolysis presents the interconnected web-like
structure, with its diameter mainly in the range of 2-24nm and length in hundreds. The
spectrums of FTIR and XRD indicate that the obtained NCC still preserves the basic
chemical structure of cellulose. Analyses of the rheological properties of NCC indicate that
the suspension is the shear thinned pseudoplastic fluid with solid stability．
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1. Introduction
Tissue engineering is fundamentally described as the generation of three-dimensional (3D)
artificial tissues. Its consequential task is to regenerate human tissue or to develop cell-based
substitutes in order to restore, reconstruct or improve tissue functions (Pörtner et al., 2005;
Ellis, 2005). Proper processing of biological and mechanical functionality is monumental for
tissue engineered structures, the ones which are not mainly sufficient enough yet. Acquiring
the solution for this problem demands intensive researches and studies in every aspects and
steps of TE (Sengers et al., 2007). As a matter of fact, creating a functional tissue requires
efficient growth of various types of cells on a 3D scaffolds and the bulk production of one
cell seems not to be adequate (Ellis et al., 2005).
The principal function of a scaffold is to direct cell behavior such as migration, proliferation,
differentiation, maintenance of phenotype, and apoptosis by facilitating sensing and
responding to the environment via cell–matrix and cell–cell communications (Tabesh et al.,
2009). Therefore, having such abilities provides scaffolds seeded with a special type of cell as
an important part of tissue engineering and regenerative medicine. The scaffold design and
fabrication are major areas of biomaterial research, since biomaterial scaffold can create
substrate within which cells are instructed to form a tissue or an organ in a highly controlled
way. In this chapter, it is tried to provide an inclusive survey of biopolymers to be used as
scaffolds for tissue engineering, fabrication methods and engineering challenges such as
mass transfer and mechanical strength. In the proceeding, these factors are reviewed in
vascular and nerve systems.

2. Scaffold considerations
2.1 Requirements of appropriate scaffold materials for tissue engineering
Scaffold design and fabrication are major areas of biomaterial research and they are also
important areas for tissue engineering and regenerative medicine research. Scaffold
provides the necessary support for cells to proliferate and maintain their differentiated
functions, and its architecture defines the ultimate shape of a new organ.
An ideal scaffold should possess the following characteristics to bring about the desired
biological response (1) the scaffold should possess inter-connecting pores of appropriate
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scale to favor tissue integration and vascularization, (2) be made from material with
controlled biodegradability or bio-resorbability, (3) appropriate surface chemistry to favor
cellular attachment, differentiation and proliferation, (4) possess adequate mechanical
properties to match the intended site of implantation and handling, (5) should not induce
any adverse response and, (6) be easily fabricated into a variety of shapes and sizes (Liu et
al., 2007; Sachlos et al., 2003).
Due to control scaffold degradation and mechanical integrity, cell-scaffold interaction as
well as cell functon, one must have access to a range of materials. Therefore, an appropriate
fabrication method is required with which it is possible to have a structure with different
independent parameters and materials (Yarlagadda et al., 2005).
It is worth to mention that degradation of synthetic polymers, both in vitro and in vivo
conditions, releases by-products. For example, for PLLA releasing Lactic acid during
degradation, causes reducing the pH, which further accelerates the degradation rate due to
autocatalysis which later affects cellular function. (Sachlos & Czernuszka, 2003, as cited
Reed and Gilding, 1981)
In addition to degradation rate and by-products, certain physical characteristics of the
scaffolds must be considered when designing a substrate to be used in tissue engineering
applications. For instance, in order to allow proper cell attachment, the scaffold must have a
large surface area which can be achieved by creating a highly porous polymeric foam. In
these foams, the pore size should be large enough to allow cells to penetrate through the
pores, to maximize nutrient and oxygen diffusion, interstitial fluid and blood flow into the
interior of the scaffold, to manipulate tissue differentiation (Yarlagadda et al., 2005, as cited
Le Huec et al. 1995; Tsuruga et al., 1997). These characteristics (porosity and pore size) often
depend on the material and method of scaffold fabrication (Mikos&Temenoff, 2000, as cited
Mooney et al., 1999; Nam et al. 2000)
2.2 Decent materials for scaffolds fabrication
In order to have an effective function, an ideal scaffold must possess the optimum structural
parameters, conductivity to the cellular activities leading to neo-tissue formation; these
include cell penetration and migration into the scaffold, cell attachment onto the scaffold
substrate, cell spreading and proliferation and cell orientation. Such scaffold design
parameters are now described with reference to these cellular activities. One of the first
considerations when designing a scaffold for tissue engineering is the choice of material.
The three main material types which have been successfully investigated to be applied in
developing scaffolds include (i) natural polymers, (ii) synthetic polymers, and (iii) ceramics
(Willerth & Sakayama-Elbert, 2007; Radulescu et al., 2007).
2.2.1 Natural materials
Natural polymers commonly derived from protein or carbohydrate polymers have been
used as scaffolds for the growth of several tissue types. In the area of tissue engineering, for
example, scientists and engineers look for scaffolds on which it may successfully grow cells
to replace damaged tissue. Typically, it is desirable for these scaffolds to be: biodegradable,
non-toxic/non-inflammatory, mechanically similar to the tissue to be replaced, highly
porous, encouragement of cell attachment and growth, easy and cheap to manufacture, and
capable of attaching with other molecules (Elmstedt, 2006; Cuy, 2004). Here some examples
of natural polymers that have been previously studied for biomaterials application are
reviewed.
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Collagen
Collagen is considered by many scientists as an ideal scaffold or matrix for tissue
engineering as it is the major protein component of the extracellular matrix. It provides
support to connective tissues such as skin, tendons, bones, cartilage, blood vessels, and
ligaments in its native environment, and also interacts with cells in connective tissues and
transduces essential signals for the regulation of cell anchorage, migration, proliferation,
differentiation, and survival. Collagen is defined by high mechanical strength, good
biocompatibility, low antigenicity and ability of being cross-linked, and tailored for its
mechanical degradation and water uptake properties; Twenty-seven types of collagens have
been identified so far, but collagen type I is the most abundant and the most investigated for
biomedical applications (Chunlin et al., 2004).
Collagen may also be processed into a variety of formats including porous sponges, gels,
and sheets. It can be cross-linked with chemicals to make it stronger or to alter its
degradation rate (Cuy, 2004). However, for medical applications, the implantation of foreign
cells causes immunological problems. Collagen has potential uses as follows (Matin, 2004):
Collagen gel matrix maintains its shape following cell seeding and culture,
Highly permeable bio-scaffold design,
Production of tissue implants for reconstructive/cosmetic surgery applications, and
Generation of spinal cord repair implants.
Chitosan
Chitosan is a cationic polymer obtained from chitin comprising copolymers of β (1→4)glucosamine and N-acetyl-D-glucosamine. Chitin is a natural polysaccharide found
particularly in the shell of crustacean, cuticles of insects and cell walls of fungi and is the
second most abundant polymerized carbon found in nature (Khor & Lim, 2003).
This polymer has many suitable properties. It can be used for wound dressing, drug
delivery, and tissue engineering (cartilage, nerve and liver tissue) applications. These
properties include: (Willerth et al., 2007):
Minimal foreign body reaction,
Mild processing conditions (synthetic polymers often need to be dissolved in harsh
chemicals; chitosan will dissolve in water based on pH),
Controllable mechanical/biodegradation properties (such as scaffold porosity or
polymer length), and
Availability of chemical side groups for attachment to other molecules.
Chitosan has already been investigated for adoption in the engineering of cartilage, nerve,
and liver tissue. Current difficulties applying chitosan as a polymer scaffold in tissue
engineering include low strength and inconsistent behavior with seeded cells (Madihally
and Matthew, 1999). Fortunately, chitosan may be easily combined with other materials in
order to increase its strength and cell-attachment potential. Mixtures with synthetic
polymers such as poly (vinyl alcohol) and poly (ethylene glycol), or natural polymers such
as collagen, have already been produced. These combinations promise improving the
performance of the combined construct over the behavior of either component alone (Cuy,
2004).
Agarose/alginate
Agarose and alginate are linear polysaccharides obtained from seaweed and algae,
respectively. Both polygosaccharides must undergo extensive purification to prevent
immune responses after implantation (Willerth et al., 2007). Moreover, encapsulation of
certain cell types into alginate beads may actually enhance cell survival and growth. In
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addition, alginate has been explored to function in liver, nerve, heart, and cartilage tissue
engineering.
Unfortunately some drawbacks to alginate include mechanical weakness and poor cell
adhesion. In order to overcome these limitations, the strength and cell behavior of alginate
have been enhanced by mixtures with other materials, including the natural polymers
agarose and Chitosan (Cuy, 2004). Mohan et al. described the preparation and
characterization of alginate sponges to be used as scaffolds in tissue engineering. They
fabricated highly porous 3D scaffolds from cheaply available sodium alginate, which
exhibits good biocompatibility. The scaffold fabricated by a combination of freeze drying
and particulate leaching, showed increased porosity and pore size. Better pore
characteristics and swelling properties may permit more cell invasion and nutrient supply.
Moreover alginate is thermally stable, non-cytotoxic and biodegradable (Mohan and Nair,
2005).
Fibronectin
Fibronectin (FN) is a glycoprotein which exists outside cells and on the cell surface. It also
exists in blood, other body fluids and on the cell surfaces of connective tissue. This protein
associates with the other proteins of the extra cellular matrix (ECM) like fibrinogen,
collagen, glycosaminoglycans and with suitable receptors which are in the cell membrane
(Ebner et al., 2006). Fibronectin is composed of tandem repeats of three distinct types (I, II
and III) of individually folded modules.
2.2.2 Synthetic materials
Synthetic polymers have been widely used for over 20 years as surgical sutures, with long
established clinical success and many are approved for human use by the Food and Drug
Administration (FDA). The polymers which approved by FDA are as follows: PCL, PLLA,
PLGA, PEG and PGA.
However current synthetic polymers do not possess a surface chemistry which is familiar to
cells, that in vivo thrive on an extracellular matrix made mostly of collagen, elastin,
glycoproteins, proteoglycans, laminin and fibronectin; these materials have many
advantages to be used as scaffolds (Sachlos & Czernuszka, 2003, as cited Alberts et al., 1994).
These polymers can be tailored to produce a wide range of mechanical properties and
degradation rates. Synthetic polymers also represent a more reliable source of raw materials
with the ability to provoke an immune response in body. Finally synthetic polymers can be
react together to combine their unique properties (Willerth et al., 2007; Manzanedo, 2005).
Here some of these synthetic polymers used in tissue engineering are described briefly.
Poly (D, L-lactic acid)
Poly lactic acid (PLA) is a biodegradable polyester attainable by poly-condensation of lactic
acid, and amonomeric precursor that can be obtained from renewable resources. Lactic acid
is a chiral molecule available in the L and D stereoisomer forms. L-lactic acid occurs in the
metabolism of all animals and microorganism, and thus is an absolutely non-toxic
degradation product of polylactides. This is proved by the successful application of
polylactides as a resorbable medical structure over a period of three decades (kricheldorf,
2001; Onose, 2008).
Since this polymer has biodegradability, biocompatibility, good mechanical properties, and
ability to be dissolved in common solvents for processing, it has been successfully employed
as matrixes for cell transplantation and tissue regenerations (Kim et al., 2003).
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Poly (lactic-co-glycolic acid)
Poly (glycolic acid) (PGA) and poly (lactic acid) (PLA) are biodegradable synthetic
polymers, which can react to form the copolymer poly (lactic-co-glycolic acid) (PLGA). PGA
is highly crystalline and has a high melting point and low solubility in organic solvents. An
intensive investigation aimed at the improvement of PGA properties was undertaken by
many researchers, focusing on the preparation of PGA copolymers with more hydrophilic
PLA.
After implantation, the ester bonds that make up the backbone of the polymer can be
hydrolyzed, causing the scaffold to degrade into metabolite by-products. These by-products
can be absorbed by the body and may cause pH changes around the implantation site. The
degradation rate of the scaffolds can be altered by varying the ratio of PGA to PLA in the
scaffold.
The presence of an extra methyl group renders lactic acid more hydrophobic. The
hydrophobicity of PLA limits the water uptake of films to 2%, and decreases the backbone
hydrolysis rate in respect to the one of the PGA homopolymer. Moreover, PLA is more
soluble in organic solvents than in PGA. It is important to note that no linear relationship
exists between the ratio of glycolic acid to lactic acid and the physico-mechanical properties
of their regarding copolymers. The high crystallinity of PGA is rapidly lost in PGA/PLA
copolymers. These morphological changes lead to an increase in the hydration and
hydrolysis rate and copolymers tend to degrade more rapidly than the homopolymers of
PGA or PLA do (Reed et al., 1981).
Poly-β-hydroxybutyrate
Poly-β-hydroxybutyrate (PHB) is a linear head-to-tail homopolymer of (R)-β hydroxybutiric
acid, which forms crystalline cytoplasmic granules in the wide variety of bacteria. This
material is biodegradable and biocompatible microbially produced polyester, which after
implantation degrades slowly at body temperature and forms a non-toxic metabolite that is
secreted in urine (Mosahebi et al., 2001). PHB has been previously used as a wound
scaffolding device, designed to support and protect a wound against further damage while
promoting healing by encouraging cellular growth on and within the device from the
wound surface (Ljungberg et al., 1999).
Poly-e-caprolactone
Poly-e-caprolactone(PCL), an aliphatic polyester which is bioresorbable and biocompatible,
is generally used in pharmaceutical products and wound dressings (Venugopal et al., 2005).
This polymer has low melting point of around 60°C and a glass transition temperature of
about −60°C. PCL is degraded by hydrolysis of its ester linkages in physiological conditions
(e.g. in the human body) and therefore, has received a great deal of attention for use as an
implantable biomaterial (Schnell et al., 2007).
Poly (ethylene glycol)
Poly ethylene glycol (PEG), also known as poly ethylene oxide (PEO) or polyoxyethylene
(POE) is the most commercially important polyethers, which refers to an oligomer or polymer
of ethylene oxide resisting protein adsorption and cell adhesion. These characteristics help
minimize the immune response after implantation. Additionally, this polymer can also help to
seal cell membranes after injury, making it useful for limiting cell death. Hydrophilic PEG
hydrogels can be made through a variety of cross-linking schemes to create scaffolds with
varying degradation as well as release rates. Further chemistry can be used to modify these
gels to add sites for cell adhesion or extracellular matrix (ECM) molecules to allow cells to
infiltrate into these scaffolds, extending their potential applications (Willerth et al., 2007).
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PEG can be photo-polymerized under mild conditions in the presence of cells to create a
hydrogel that is biocompatible and non-toxic. Bioactive molecules such as cell adhesion
ligands, growth factors and proteolytic degradation sites have been previously incorporated
into PEG hydrogels and shown to influence adhesion, proliferation, migration, and
extracellular matrix production of vascular smooth muscle cells.
Poly (glycerol sebacic acid)
Poly glycerol sebacic acid (PGS), also called bio-rubber, is a tough, biodegradable elastomer
made from biocompatible monomers. Its main features are good mechanical properties,
rubber like elasticity and surface erosion biodegradation. PGS was proved to have similar in
vitro and in vivo biocompatibility to PLGA, a widely used biodegradable polymer.
(Manzanedo, 2005; Sundback et al., 2005).
Poly (2-hydroxyethyl methacrylate)
Hydroxyethyl methacrylate (HEMA) is a hydro-soluble monomer, which can be
polymerized (under various circumstances) at low temperatures (from -20°C to +10°C). It
can be used to prepare various hydrogels and to immobilize proteins or cells. It is widely
used in medicine as an appropriate biomaterial. Poly (2-hydroxyethyl methacrylate)
(pHEMA) is particularly attractive for biomedical engineering applications. Because of its
physical properties and high biocompatibility, this polymer can be easily manipulated
through formulated chemistry has been extensively used in medical applications, e.g.
contact lenses, kerato prostheses and orbital implants. Furthermore, a pHEMA scaffold
could be easily incorporated into the nerve guidance tubes (Flynn et al., 2003).
2.3 Methods used for scaffolds design
Several techniques have been developed to process synthetic and natural scaffold materials
into porous structures. These conventional scaffold fabrication techniques are considered as
processes that create scaffolds having a continuous, uninterrupted pore structure. An
overview of such different techniques is as follows: Electrospinning, Solvent-casting,
particulate-leaching, Gas foaming, Fiber meshes/fiber bonding, Phase separation, Melt
molding, Emulsion freeze drying, Solution casting and Freeze drying (Mikos& Temenoff,
2003; Sachlos & Czernuszka, 2003).
2.3.1 Electrospinning
Electrospinning is a technique for nano-fibrous scaffold fabrication. Various synthetic or
natural polymers can be spun to nano fibers with diameters in nano - to micrometer range.
They are characterized by a high surface to volume ratio and thus offer sample substrate for
cell attachment.
In this technique, polymers are dissolved into a proper solvent or melted before being
subjected to a very high voltage to overcome the surface tension and viscoelastic forces as
well as forming different fibers (50 nm - 30 µm) diameters, which feature a morphologic
similarity to the extracellular matrix of natural tissue and effective mechanical properties.
These nanofibrous scaffolds can be utilized to provide a better environment for cell
attachment, migration, proliferation and differentiation when compared with traditional
scaffolds (Martins et al., 2007).
In general, the process of electrospinning is mainly affected by (i) system parameters, such as
polymer molecular weight, molecular weight distribution and solution properties (e.g.
viscosity, surface tension, conductivity); and (ii) process parameters, such as flow rate, electric
potential, distance between capillary and collector, motion of collector, etc (Yang et al., 2005).
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A study on the fabrication of a scaffold by electrospinning biomaterials such as poly lactic
acid (PLA), poly glycolic acid (PGA), poly (ethylene-co-vinyl acetate) (PEVA), and type-I
collagen was reported (Bowlin et al., 2001). Moreover, nanostructured electrospun PLGA
membranes for anti-adhesion applications were presented (Fang et al., 2001).
Electrospinning can even be used to create biocompatible thin films with useful coating
designs and surface structures that can be deposited on implantable devices in order to
facilitate the integration of these devices with the body (Buchko et al., 1999).
The collagen nanofibers were characterized by a wide range of pore size distribution, high
porosity, excellent mechanical strength and high surface area to volume ratios, which are
favorable parameters for cell attachment, growth and proliferation. In cell activity
assessment, electrospun collagen nanofibers coated with type I collagen or laminin were
found to promote cell adhesion and spread of normal human keratinocytes. This may be a
consequence of the high surface area available for cell attachment due to their threedimensional features and restoration of biological and structural properties of natural ECM
proteins (Rho et al., 2006).
2.3.2 Freeze-drying
Many of the fabrication technologies for polymers are based on particulate-leaching
techniques, heat compression, and extrusion. However, the harsh operating conditions of
these processes may limit the incorporation of bioactive proteins, cells and residual amounts
of the chemical solvents required may cause toxicity in vivo. Freeze-drying is an alternative
method to produce porous scaffolds, which do not require additional chemicals relying on
the water.
This method, used in hydrogels, forms ice crystals that can be sublimated from the polymer,
creating a particular micro-architecture. Because the direction of growth and size of the ice
crystals are a function of the temperature gradient, linear, radial, and/or random pore
directions and diverse sizes can be produced with this methodology (Stokols et al., 2004).
On the other hand, the pore size can be controlled by the freezing rate and pH; a fast
freezing rate produces smaller pores (Sachlos et al., 2003).
2.3.3 Molding
Graft implants manufacture is an extraordinary example of micro-architecture. One possible
way of making the grafts is the particulate leaching technique (i.e. molding). A mold is
made of a medium that may not contaminate the graft and that may melt off at a lower
temperature melt point than that of the graft. Already widely used, this method limits
design intricacy because heat stress during formation compromises the composition of the
graft (Friedman et al., 2002). Another problem with this method is that it would be difficult
to make a mold small enough for small animal research. As an example, Moore et al. used
Poly (lactic-co-glycolic acid) (PLGA) with copolymer ratio 85:15 for their initial experiments.
Injection molding with rapid solvent evaporation resulted in scaffolds with a plurality of
distinct channels running parallel along the length of the scaffolds (Moore et al., 2006).
2.3.4 Solid free form fabrication
The most promising production method is called solid free-form fabrication (SFF). This
approach uses a machine like an inkjet printer to make the graft one layer at time by
“printing” one layer on top of the other (Friedman et al., 2002). However, the main problem
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with this technology is the extremely high cost. The machines have to be permanently
modified from their original function. Through these methods one can manage pore size,
porosity and pore distribution to produce structures to increase the mass transport of
oxygen and nutrients throughout the scaffold.
Although there are several commercial variants of SFF technology, the general process
involves producing a computer-generated model using computer-aided design (CAD)
software. After expression of cross-sectional layers, data is implemented to the SFF machine
to produce the physical model. Through building the layers from bottom to up, each newly
formed layer adheres to the previous. Post-processing may be required to remove
temporary support structures (Sachlos & Czernuszka, 2003). The methods that use the SSF
technologies to fabricate tissue engineering scaffold are: (1) stereolithography (SLA), (2)
selective laser sintering (SLS), (3) fused deposition modelling (FDM) and (4) threedimensional printing (3-DP).

3. Challenges in engineering scaffolds
The major hindrance through tissue engineering constructs is mass transfer. Since scaffolds
provide large surface area to volume ratios, it is proved that mass transfer limitation is
reduced. Pore interconnectivity directly influences the mass transfer (e.g. oxygen and
nutrient supply and removal of toxic metabolites).
During tissue regeneration, permeability of the matrix decreases due to the declined pore
size. In addition, the size of most engineered tissues is limited as they do not have their own
blood system, and the cells are only supplied by diffusion (Griffith & Naughton, 2002;
Kannan et al., 2005). Meanwhile, as only cell layers of 100–200 μm thickness can absorb O2
by diffusion, oxygen supply is particularly a critical issue. However, since tissue
constructions should have larger dimensions, mass transfer limitation can be considered as
one of the greatest engineering challenges (Pörtner et al., 2005).
The next challenge is mechanical effect on cells in dynamic systems. Under flow conditions,
flow rate needs to be optimized based on (i) nutrient distribution, (ii) effect on assembly of
matrix elements and (iii) cellular response to local shear stress (Lawrence et al., 2009). The
scaffold architecture affects the local fluid flow velocities of the cell suspension which
influences the number of cell-scaffold contacts per time unit and the local cell deposition
rates. By changing the scaffolds design, different flow profiles and cell distributions in the
scaffolds may be obtained (Melchels et al., 2011).
Although flow of growth medium improves nutrient and waste transport, shear stresses
induced by fluid flow could affect the scaffold architecture as well as cellular alignment
within the structures (Lawrence et al., 2009 as cited Gray et al., 1988; Huang et al., 2005).The
wall shear rate determines the hydrodynamic force, that adhering cells are exposed to,
which can be expressed per unit of area as the wall shear stress (in Pa), and is the product of
the wall shear rate and the kinematic viscosity of the fluid medium. The critical shear stress
for cell detachment has been found to range almost between 1 to 3 Pa that depends on the
material on which the cells are cultured. Also the highest cell densities in the scaffolds could
be observed in the regions with larger pores, higher fluid flow velocities and higher wall
shear rates (Melchels et al., 2011 cited as Isenberg et al., 2006; Macario et al., 2008; Smith et
al., 1995).
It has been seen that the pore size is a variable strongly affecting the predicted shear stress
level, whereas the porosity only influence the statistical distribution of the shear stress
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(Sadir, 2011). Furthermore, it has been showed that porosity and pore size affect pressure
drop which is important to be determined during tissue regeneration (Lawrence et al., 2009,
cited as Sodian et al., 2000). For the same pore size with decreasing porosities, pressure drop
increases, and for the constant porosity with reducing pore size, which could limit the fluid
flow and nutrient transport, pressure drop is increased (Sadir, 2011). Here these challenges
are investigated by the revision of two case studies.
3.1 Vascular system
The primary functions of blood vessels are the delivery of nutrients and oxygen to the
tissues and organs of the body and removal of their respective metabolites for clearance or
re-oxygenation (Boland et al., 2004). Diseases of the heart and blood vessels are the most life
threatening factor in developed countries (Ikada, 2006). Surgical replacement of vessel
segments or bypass surgery is the most common intervention for coronary and peripheral
atherosclerotic disease with at least 550,000 bypass performed per year (Chung et al., 2010).
Autologous vessels harvested from the patient for bypass surgery include the saphenous
vein (SV) from the leg and the internal mammary artery (IMA) from the chest wall. The IMA
with elasticity maintains the ability to vasoregulate and is less prone to atherosclerosis (Wise
et al., 2011). Apart from the fact that implantation of native vessels is limited by the
mismatch of dimensional and mechanical properties (Chung et al., 2010), the acceptable vein
is not available in 30 %of patients (Boland et al., 2004).
An artery is composed of three layers having different matrix-tissue compositions. The
innermost lumen layer (intima) is composed of endothelial cells (ECs) on extracellular
matrixes such as type IV collagen and elastin, providing the necessary antithrombogenic
nature for contact with the bloodstream. The middle layer (media) is usually the thickest of
the three layers and is composed of multiple layers of smooth muscle cells (SMCs) within a
surrounding extracellular matrix (ECM) composed of collagen types I and III, elastin fibers
and various proteoglycans. The outermost layer (adventitia) is made of fibroblastic cells on
randomly arranged type I collagen. In short the collagens impart tensile strength to the
vessel wall while elastin provides the elasticity (Boland et al., 2004) (Thomas et al., 2007).
With respect to this construction, the combined structure is particularly attractive for
vascular tissue engineering applications. By designing a multilayered tube, it is now
possible to seed or co-culture different cell lines in layers with controlled orientation (Chung
et al., 2010).
Tissue engineering uses vascular cells and supporting scaffolds to build functional blood
vessels (Tillman et al., 2009). In the domain of cells, both the EC and SMC are critical
components of a tissue engineered vascular graft. ECs play an integral role in tissue
homeostasis, fibrinolysis, and anti-coagulation while SMCs perform many functions,
including vasoconstriction and dilatation, synthesis of various types of collagen, elastin and
proteoglycans (Ju et al., 2010). Bare scaffolds without ECs showed abundant platelet
adherence, while scaffolds lined with ECs resisted adherence of blood elements. While it is
evident that cells play a major role in achieving patent vessels, designing a vascular
scaffolds that provide structural support, enabling cells to proliferate and growing into a
three-dimensional (3-D) tissue is important (Chung et al., 2010; Tillman et al., 2009)
Developing scaffolds that can withstand the pulsatile nature, high pressure, and high flow
rate of the bloodstream (Boland et al., 2004) is especially necessary in cardiovascular
applications. The ideal vascular prostheses must be a presentation of its functional
characters such as flexibility with kink resistance and biocompatibility (non-thrombogenic)
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(Boland et al., 2004). Ability of ECs adherence to form an anti-thrombogenic luminal surface,
and SMCs migration, exhibit vasoactive properties, (Williamson et al., 2006 cited as Tiwari
et al., 2001; Seifalian et al., 2002), capability of withstanding physiological hemodynamic
forces while maintaining structural integrity until mature tissue forms in vivo (Ju et al.,
2010), and also the compliance is matched with that of the native artery (Boland et al., 2004).
Additionally, providing interconnected pores, generating high porosity so as to promote
cell–cell and cell–matrix communication and having sufficient mechanical stability are key
factors (Chung et al., 2010) for the engineering of blood vessels. Small pore size does not
bring about a problem for ECs but would limit the ability of SMCs to colonize the outer
portion of neo-vessel. Several approaches have been proposed to generate large sized pores
which include the use of the salt leaching technique (Ju et al., 2010, cited as Nam et al., 2007)
and coelectrospinning with water-soluble polymers which serve as sacrificial fibers.
Researchers indicated that a larger pore size can be achieved by increasing the fiber
diameter and that this would facilitate cell infiltration. They showed that the mechanical
strength of the scaffolds decreases as fiber diameter increases (Ju et al., 2010).
Of the countless synthetic materials evaluated over the years, expanded poly tetrafluoro
ethylene (e-PTFE) and woven or knitted polyethylene terephthalate (PET) fibers have
proven to be satisfactory in terms of medium (6-10 mm internal diameter (ID)) and large
(>10 mm ID) vascular prosthetics, respectively (Boland et al., 2004). However, clinical
success for small diameter (<6 mm) vessels has yet to be demonstrated due to complications
such as occlusion, thrombosis and intimal hyperplasia (Chung, 2010).
In addition, biodegradable synthetic polymer scaffolds from polyglycolic acid (PGA), polyL-lactic acid, polyhydroxyalkanoates such as poly-4-hydroxybutyrate, polycaprolactone copolylactic acid and polyethylene glycol have been explored. On the other hand, natural
polymers such as collagen and fibrin have also been utilized to construct biological vascular
grafts, populated and compacted by smooth muscle cells, and exhibiting high tensile
strength and flexibility (Zhang et al., 2008).
However, future attempts are addressed as: (i) maufacture of scaffolds with ECM-like nanofibrous structure; (ii) development of the electrospun structures to manage pore size which
improves the ingrowth of large sized cells; (iii) test the structural integrity of these scaffolds
during degradation and under dynamic culture conditions (Vaz et al, 2005).
In some cases these materials have been coated with cell-adhesive proteins such as
fibronectin, vitronectin and laminin to facilitate EC attachment, which effectively renders
the surface to become antithrombogenic However, such modifications can also provide
good substrates for platelet adhesion and thrombus formation. EC must be able to resist
detachment by the high shear forces exerted by blood flow and turbulence, thereby
providing an anti-thrombotic surface. They should also retain vasoactive function but not
induce immune reactions to the implant (Williamson et al., 2006, cited as Tiwari et al., 2001).
Based on these results, Ku and Park. suggested that Poly dopamine (PDA) coating generally
facilitates the cell adhesion process of culturing human umbilical vein endothelial cells
(HUVECs) on electrospun PCL nanofibers. The increase of cell adhesion on this coated
nanofibers are attributed to the adsorption/immobilization of serum proteins on PDA adlayer (Ku & Park, 2010).
As it was mentioned about vascular tissue construction, designing a multilayered tube is
attractive to seed or co-culture different cell lines in layers with controlled orientation. Vaz
et al. fabricated a bi-layered tubular scaffold of PLA (outer layer) and PCL (inner layer) by
multi-layering electrospinning (ME) using a rotating mandrel-type collector. The tensile
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measurements showed that PLA/PCL scaffolds presented a much lower elongation and a
four-fold increase of maximum stress compared to electrospun PCL ones. The PLA/PCL bilayered scaffold supported the attachment, spread and growth of mouse fibroblasts (Vaz et
al, 2005).
Morever, Venugopal et al. proved that PCL nanofibrous matrixes coated with collagen
support cell growth or make the three-dimensional structured multilayer of PCL nanofibers
and collagen nanofibers suitable for blood vessel engineering. Their report defines the initial
adhesion mechanism of SMCs to the sebiocompatible poly (caprolactone) nanofibrous
matrixes coated with collagen. These results may be relevant to other cell types (Venugopal
et al., 2005c).
Wise et al. reported the production of synthetic human elastin and poly caprolactone
multilayered vascular graft which mimics the mechanical properties of the human IMA.
They showed that conduits constructed from synthetic elastin (SE) alone had insufficient
strength for vascular applications. This graft was systematically modified by addition of
PCL, which was selected on the basis of its appropriate mechanical properties and a slow
degradation time. On the other hand, they found that PCL interacts with platelets, which
can contribute to thrombogenicity. For this reason, the graft lumen was made of pure SE i.e.
devoid of PCL to significantly reduce platelet adhesion, in contrast to PCL/collagen hybrids
which showed abundant platelet adherence. It should also be mentioned that the outer layer
of the graft, a hybrid of SE/PCL modulated the graft mechanic (Wise et al., 2011).
On the other hand, the nanolayer can mimic the ECM, whereas the micro layer provides
larger pores which facilitate superior cell infiltration; a micro -and nano-combined
structures can be advantageous.
Chung et al. combined electrospinning and melt spinning of poly (L-lactide-co-ecaprolactone) (50:50 PLCL) to fabricate a multilayered tubular construct using a rotating
mandrel for both techniques, which makes the nano layer able to adhere completely to the
micro layer. They showed that copolymers of PLCL exhibit a range of mechanical properties
from rigid solids to elastomers, depending on their composition. Furthermore, it has a slow
rate of degradation compared to other bioresorbable polymers such as PGA and PLA
(Chung et al., 2010).
Additionally, Surface patterns such as microgrooves have been successfully used to induce
both alignment of cell shape and directional cell migration. Uttayarat et al, incorporated
both electrospun microfibers and surface microgrooves in the fabrication of 3D synthetic
polyurethane (PU) grafts. They found that grooved patterns induced the uniform alignment
of endothelial cell monolayers with morphology similar to naturally aligned endothelium
under hemodynamic flow. They also extended these findings by demonstrating that a
groove depth or a fiber diameter of about 1 µm can guide the alignment of endothelial cells
inside tubular PU grafts (Uttayarat et al., 2010).
3.2 Nerve and spinal cord system
The nervous system is classified into the central nervous system (CNS) and the peripheral
nervous system (PNS). The CNS comprises the brain, spinal cord, optic, olfactory and
auditory systems. Considering these organs, the CNS comprises of a vast number of
neurons, astroglia, microglia, and oligodendrocytes.
The spinal cord which is approximately 1 cm thick and 42 cm long has four anatomical
divisions; the cervical, thoracic, lumbar, and sacral regions. About 27 %of human spinal cord
injuries are lacerations caused by penetrating objects that tear the spinal tissue (Open
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injuries) resulting in a discontinuity of the cord. The majority of the clinical cases are the
result of a temporary compression of the cord that leaves the cord surface intact (closed
injuries 73%). Three types of compression injuries are described: massive compression,
contusion, and solid cord injury (E.Schmidt et al., 2003; Erschbamer, 2007).
CNS axons do not regenerate appreciably in their native environment. Several glycoproteins
in the native extracellular environment (myelin) of the CNS are inhibitory for regeneration.
Regeneration in the adult CNS requires a multi-step process. First, the injured neuron must
survive, and then the damaged axon must extend its cut processes to its original neuronal
targets. According to Horner and Gage investigation, once contact is made, the axon needs
to be re-myelinated and functional synapses need to form on the surface of the targeted
neurons (Horner and Gage., 2000).
In addition to the nerve graft and other natural tissues, such as autologous muscle and vein
grafts, biopolymers can be a practical tool to provide neurotrophic and/or cellular support
while simultaneously guiding axonal regeneration (Stokols et al., 2004; Rodriguez et al.,
2000). Indeed, numerous natural and synthetic polymers have been used as scaffolds or
within scaffolds for peripheral and central nerve regeneration.
Filling of the interior channels with appropriate cell facilitates axon regeneration. The Schwann
cell (SC) and its basal lamina are crucial components in the environment through which
regenerating axons grow to reach their peripheral targets. They produce myelin, which has
important effects on the speed of transmission of electrical signals and are shown to enhance
the regeneration of axons in both the peripheral and central nervous systems (Erschbamer,
2007; Alovskaya et al., 2007). Therefore, it seems that application of a nerve grafts (scaffolds)
coated with SCs can be an appropriate method for spinal cord regeneration.
Considering the requirements of scaffolds in general and in particular, i.e. in neural tissue
engineering, materials appropriate for SC seeding should posse some additional features. In
order to successfully design a scaffold that can be used as treatment for SCI, many
considerations must be taken into account. The scaffold should lessen glial scar formation,
while containing sites for cell adhesion to allow regenerating neurons to extend axons into
the injury site (Willerth et al., 2007; Radulescu et al., 2007).
Among natural materials, Matin in 2004 found that implants coated with collagen are more
successful than the bare ones. Stokolos et al. chose to fabricate scaffolds with agarose for
several reasons. First, when implanted into lesion cavities in the spinal cord as an
unstructured solid agarose hydrogel, it did not evoke an immune or inflammatory response
and was stable for at least 1 month. Second, it was observed that neither axons nor cells
penetrated solid agarose hydrogels, which suggested that walls composed of agarose could
effectively delineate pathways for regenerating axons. Third, freeze-drying could be used to
fabricate agarose into soft and flexible scaffold. Finally, neurotrophic factors, proven to elicit
robust axonal growth could be easily incorporated into these scaffolds.
In other researches, Alvskaya et al. described that by using fibronectin as a substrate in an in
vivo model of spinal cord repair, the growth of neuritis within the material is accompanied
by migration of SCs into the graft and the presence of reactive astrocytes at its surface
continued. Within the first 2 weeks of implantation, a number of cells and cellular elements
replaced the FN mat as it dissolved. The first cells to infiltrate FN mats were macrophages.
The presence of integrin receptors on Schwann cells may be responsible for the extensive
infiltration of Schwann cells. The close spatial correspondence between laminin tubules and
Schwann cells suggests that they were deposited by the Schwann cells (Alovskaya et al.,
2007; King et al., 2006).
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Along with natural materials, synthetic polymers have been widely used for tissue
engineering. Recently, Patist et al. demonstrated that the implantation of a macro porous
PLA tubular scaffold in the transected rat spinal cord elicited a modest axonal regeneration
response. These particular scaffolds were prepared by a thermally induced polymer-solvent
phase separation process and contained longitudinally oriented macropores connected to
each other by a network of micropores (Patist et al., 2004).
Moore et al. described multiple-channel, biodegradable scaffolds that serve as the basis for a
model to investigate simultaneously the effects of scaffold architecture, transplanted cells,
and locally delivered molecular agents on axon regeneration. PLGA with copolymer ratio
85:15 was used for their experiments. Primary neonatal Schwann cells were distributed in
the channels of the scaffold and remained viable in tissue culture for at least 48 h. Scaffolds
containing SCs implanted into transected adult rat spinal cords contained regenerating
axons at 1 month post-operation. Axon regeneration was demonstrated by threedimensional reconstruction of serial histological sections (Moore et al., 2006).
Also it is showed that PGS which have similar in vitro and in vivo biocompatibility to PLGA,
had no harmful effect on Schwann cell metabolic activity, attachment, or proliferation, and
did not induce apoptosis (Manzanedo, 2005; Sundback et al., 2005).
PHB has been previously used as a wrap-around implant to guide axonal growth after
peripheral nerve injury ( Ljungberg et al., 1999). Novikova et al. prepared a biodegradable
conduit made of PHB fibers which compressed together and running in parallel directions
in two perpendicular layers to form a sheet. Implantation of these PHB conduits coated with
alginate hydrogel and fibronectin and seeded with SCs has been found to reduce spinal cord
cavitation as well as retrograde degeneration of injured spinal tract neurons (Novikov et al.,
2002).
PCL is interesting for the preparation of long term implantable devices, owing to its
degradation, which is even slower than that of polylactide. Schnell et al. designed
biodegradable, aligned poly-e-capro- lactone (PCL) and collagen/PCL (C/PCL) nanofibers
as guidance structures were produced by electrospinning and tested in cell culture assays.
They compared fibers of 100% PCL with fibers consisting of a 25:75% C/PCL blend. Both
types of electrospun fibers supported oriented neurite outgrowth and glial migration from
dorsal root ganglia (DRG) explants. SC migration, neurite orientation, and process
formation of SCs, fibroblasts and olfactory ensheathing cells were improved on C/PCL
fibers, when compared to pure PCL fibers ( Schnell et al., 2007 ).
About PEG, it was showed that focal continuous application of this polymer has minimal
toxicity (Cole and Shi, 2005). Duerstock et al. used three-dimensional computer reconstructions
of PEG treated and spinal cords to determine whether the pathological character of a 1-monthold injury is ameliorated by application of PEG. In PEG-treated animals, the lesion was more
focal and less diffuse throughout the damaged segment of the spinal cord, so that control
cords showed a significantly extended lesion surface area (Duerstock and Borgens, 2002).
Furthermore, a pHEMA scaffold could be easily incorporated into the nerve guidance tubes.
Flynn et al. developed a method to create longitude in ally oriented channels within
(pHEMA) hydrogels for neural tissue engineering applications. They found that these
scaffolds have the potential to enhance nerve regeneration after section injuries of the spinal
cord by increasing the available surface area and providing guidance to extending axons
and invading cells (Flynn et al., 2003).
Several techniques have been developed to process synthetic and natural scaffold materials
into porous structures as H. Tabesh et al. reviewed. Among these techniques, creating tissue
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engineering scaffolds in nano-scale may bring unpredictable new properties to the materialsuch as mechanical (stronger), physical (lighter), more porous (tunable),optical (color
emission), chemical reactivity (more active and less corrosive), electronic properties (more
electrically conductive),and magnetic properties (super paramagnetic which are very
important in nerve regeneration). Such scaffolds may come up with new functionalities as
well-which are unavailable at micro or macro scales (Tabesh et al., 2009).
The process of electrospinning is used for nano-fibrous scaffold fabrication. Electrospinning
can even be used to create biocompatible thin films with useful coating designs and surface
structures that can be deposited on implantable devices inorder to facilitate the integration
of these devices with the body. Silk-like polymers with fibronectin have been electrospun to
make biocompatible films used on prosthetic devices aimed to be implanted in the central
nervous system (Buchko et al., 1999).
Moreover, an elegant way to produce nanofibrous scaffold using PLLA by a liquid–liquid
phase separation method quite similar to natural extracellular matrix (ECM) was developed
by a group of scientists. They showed its efficacy in supporting the neural stem cell (NSC)
differentiation and neurite outgrowth (Yang et al., 2004).
In addition, a new and facile method for the creation of longitudinally oriented channels in
pHEMA gels using a fiber templating technique was described. Biodegradable
polycaprolactone (PCL) fibers were extruded and embedded in transparent pHEMA gels,
leading to the creation of a pHEMA–PCL composite.

4. Conclusion
In this chapter, efficacious biomaterials (natural and synthetic) for scaffolds in tissue
engineering and cell seeding were discussed and also techniques to their fabrication were
reviewed. Considering results using such materials and the mentioned criteria for an
appropriate scaffold, it is proved that the selection of materials and method of fabrication
depend on the cells and their characteristics. The reasons are: scaffold candidates should
mimic the structure and biological activity of the native ECM proteins which provide
adequate mechanical support and regulate cellular activates. In addition, scaffolds must
support and define the three-dimensional structure of the tissue engineered space and
maintain the normal state of differentiation within the cellular compartment.
Furthermore the structure of scaffold, pore size and porosity, may affect the mass transfer,
shear rate and pressure drop. Mass transfer is the major hindrance in tissue engineering.
Although surface area to volume ratios of a scaffold can decrease mass transfer limitations,
it is still one of the greatest challenge in tissue engineering. It has been observed that the
pore size and shape influence the shear stress level and distribution, while the porosity
affects only the distribution. Therefore the wall shear stress is an important parameter in cell
adhesion processes.
Two case studies, blood and nerve systems, with regard to their challenges have been
investigated. First, for blood system, a scaffold must have the function of native blood and
must provide appropriate mechanical, endothelialization and antithrombogenic properties.
Therefore choosing a proper biomaterial which provides these characters is prominent. With
respect to multilayered construction of blood vessels, the combined structure is particularly
attractive for vascular tissue engineering applications. For a better simulation, various types
of materials and cells have been used to form different layers of this tissue.
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Secondly, for nerve regeneration, it is suggested that blending a synthetic and natural
polymer (e.g. poly-e-caprolactone and collagen) is the best choice for Schwann cell seeding
to regenerate the spinal cord injuries, considering all results using different materials and
the mentioned criteria for an appropriate scaffold. The two suggested polymers have the
potential to play role of a scaffold in SCs seeding.
Collagen is a protein of ECM and exists in the basal membrane of the cell. It is easily
purified, which can be proposed as a proper substance; however, collagen has less strength
to withstand long time, support force adhesion, and degrades enzymatically within short
periods. Therefore, using another polymer such as PCL to enhance the stability and
mechanical strength of collagen would be crucial. In this sence, an excellent scaffold for
Schwann cell adhesion, migration, orientation, and proliferation can be provided.
Also electrospinning is considered as the excellent method for the fabrication of such
scaffolds. Additionally, electrospun nanofibers exhibit excellent supports for nerve growth
because they can provide large surface area to volume ratios, pore sizes tailored to Schwann
cells dimensions, functionalized surfaces, and multiple sites for interaction and attachment,
and low mass transfer limitation.
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1. Introduction
The frequently used biomaterial in hard tissue replacement, such as dental and orthopaedic
implants, is titanium. (Ball et al., 1996; Höök et al., 2002a; Huang et al., 2003; Imamura et al.,
2008; Jones et al., 2000; Walivaara et al., 1994; Yang et al., 2003) These kind of biomaterial
applications made of titanium are satisfactory products, because of their ability to adsorb
certain proteins. After implantation, within a few seconds, the biomaterial surface becomes
coated with a ﬁlm of adsorbed proteins mediating the interaction between the implant and
the body environment. Since an implant is exposed to blood during implantation, the
initial protein layer is mainly composed of plasma proteins. Human plasma ﬁbrinogen
(HPF) is the relevant protein, which adsorbs on biomaterial surfaces. HPF partakes in blood
coagulation, facilitates adhesion and aggregation of platelets (Cacciafesta et al., 2001; 2000).
The structure and composition of the adsorbed protein layer determine the type and extent of
the subsequent biological reactions, such as activation of coagulation and immune response
and osseointegration (Nygren et al., 1997). Thus, the initially adsorbed protein layer is a
factor determining the biocompatibility (Cai et al., 2006; Galli et al., 2001; Garguilo et al.,
2004; Hemmersam et al., 2005; Kidoaki & Matsuda, 1999; Ma et al., 2007; Rouahi et al.,
2006; Van De Keere et al., 2008; Wang et al., 2003), and also in recent years interest has
been focused to preparation of hydrocarbons doped with Ti and used different methods to
analyzing of biocompatibility for important proteins (Choukourov et al., 2008; Grinevich et al.,
2009; Silvennoinen, Hason, Vetterl, Penttinen, Silvennoinen, Myller, Cernochova, Bartakova,
Prachar & Cvrcek, 2010; Silvennoinen, Vetterl, Hason, Tuononen, Silvennoinen, Myller,
Cvrcek, Vanek & Prachar, 2008).
The production and application of doped titanium surfaces are under intensive research, and
the results have shown the positive views on the adaptation of these materials as a biomaterial,
as equal or even better than the bulk titanium. The doping of titanium is performed typically
by inserting impurities like N, Nb, Zr, Ta, Al, Cr and V, into the titanium crystal structure.
(Archana et al., 2010; Barajas-Ledesma et al., 2010; Cantau et al., 2010; Choi et al., 2010; Czoska
et al., 2011; Darriba et al., 2009; Huang et al., 2010; Khaleel et al., 2010; Martin et al., 2006;
Shaama, 2005)
* Niko Penttinen, Martti Silvennoinen (Department of Physics and Mathematics, University of Eastern
Finland, Joensuu, Finland), Stanislav Hasoň, Vladimír Vetterl (Institute of Biophysics, v.v.i., Academy of Science
of the Czech Republic, Brno, Czech Republic), Sonia Bartáková, Patrik Prachár, Jiří Vaněk, Vítězslav Březina
(Centre for Dental and Craniofacial Research, Faculty of Medicine, Masaryk University, Brno, Czech Republic)
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Substantial progress has been made in understanding adhesion process on surfaces after or
while immersed in liquids. In these research a number of developed techniques such as,
X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), ellipsometry, fourier
transform infrared attenuated total reﬂectance (FTIR/ATR), quartz crystal microbalance
(QCM), surface plasmon resonance (SPR), dual polarization interferometry, total internal
reﬂectance ﬂuorescence (TIRF), voltammetry and electrochemical impedance spectroscopy
(EIS) have been deployed. When measuring in liquid environment the potential amount of
usable devices rapidly decreases and none of the listed devices are alone able to describe, in
detail, the adsorption process of biomolecules. (Agnihotri & Siedlecki, 2004; Cacciafesta et al.,
2001; Cai et al., 2006; 2005; Höök et al., 2002b; Jackson et al., 2000; Jandt, 2001; Roach et al.,
2005; Roach, Farrar & Perry, 2006; Roach, Shirtcliffe, Farrar & Perry, 2006; Soman et al., 2008;
Sonesson et al., 2007; Swann et al., 2004; Toscano & Santore, 2006; Van De Keere et al., 2008;
Vanderah et al., 2004; Wang et al., 2003; Wertz & Santore, 1999; 2001; 2002; Xu & Siedlecki,
2007)
Adsorption of HPF molecules at the rough bulk titanium and modiﬁed titanium surfaces
increases the scattering and decreases the coherence of the probing laser light beam. These
changes in coherence as well as in signal magnitude can be detected with diffractive optical
element (DOE) based sensor. DOE sensor is a non-contact optical method, in detection of
biomolecules, which can sense changes on the measured biosurface as well as changes in the
surface itself. (Silvennoinen, Hason, Vetterl, Penttinen, Silvennoinen, Myller, Cernochova,
Bartakova, Prachar & Cvrcek, 2010; Silvennoinen, Peiponen & Myller, 2008; Silvennoinen,
Vetterl, Hason, Silvennoinen, Myller, Vanek & Cvrcek, 2010; Silvennoinen, Vetterl, Hason,
Tuononen, Silvennoinen, Myller, Cvrcek, Vanek & Prachar, 2008)
HPF protein molecules adsorb stronger on the titanium surface, which is treated by polishing
and etching, than at the surface treated only by polishing due to an increase of surface
area caused by etching and thus increase the interactions caused by van der Waals forces
(Parsegian, 2005; Silvennoinen, Hason, Vetterl, Penttinen, Silvennoinen, Myller, Cernochova,
Bartakova, Prachar & Cvrcek, 2010; Silvennoinen, Vetterl, Hason, Tuononen, Silvennoinen,
Myller, Cvrcek, Vanek & Prachar, 2008). The effective surface tension, as well as the surface
energy related to the topography of surface, is assumed to inﬂuence the ﬁnal interactions of
the implant with the surrounding environment. It is also reported that rough surfaces promote
better osseointegration than smooth surfaces (Brett et al., 2004; Cochran, 1999; Jansson &
Tengvall, 2004; Webster et al., 1999).
Treatment of titanium surface by titanium doped hydrocarbon layer is observed to have
strong inﬂuence on the adsorption of HPF molecules. Also HPF adsorption is detected on
the titanium alloy surface as Ti6Al4V. Adsorption of the elongated HPF on a titanium-based
surface is monitored by analyzing permittivity and optical roughness of protein-modiﬁed
surfaces by using a DOE sensor and a variable angle spectro-ellipsometry (VASE). The
biological experiment, when cultivation of osteoblast at the titanium surface was performed,
showed that the surface treated by polishing and etching is more proper for the bone cell
growth than the surface treated only by polishing. The best adsorption of ﬁbrinogen was
observed at the titanium doped hydrocarbon surface prepared by plasma-enhanced chemical
vapor deposition, when the optimal ratio was Ti0.38 C0.62 and Ti0.09 C0.91 . The surface of
dental implants treated by this way should increase their biocompatibility, speed up their
osseointegration and healing. Also, due to low value of Young modulus and relatively easy
forming, even in cold processing, the alloys could be the future material in implantology.
Aging of titanium surface affects to the adsorption behavior of HPF proteins, which may
be caused from the consecutive adsorption of carbon and oxygen from air on the surface
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during the long-term storage of bulk biomaterial. Aging showed decreases in the adhesion
magnitudes of titanium doped hydrocarbon surfaces after long term storage, caused by the
surface reacting with molecules of air (Silvennoinen, Vetterl, Hason, Tuononen, Silvennoinen,
Myller, Cvrcek, Vanek & Prachar, 2008).

2. Characterization of surface
2.1 Diamond stylus

Diamond stylus is one of the standardized and classical methods in measuring the surface
roughness. The idea of stylus proﬁlometer is that a thin stylus (with diameter only few
microns) is scanned on the measured surface along a line. When a small force is applied
to the stylus, the vertical movement can be measured revealing the hills and valleys of the
surface ie. the real surface topography. In ﬁgure 1 is shown a surface proﬁle measured from a
non-polished Si(100) surface.
1
0.5
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0
−0.5
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−1.5
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1.5

2

2.5

x (mm)

Fig. 1. The measured surface proﬁle z( x ) as a function of stylus scan length x. For this surface
Ra = 0.23 μm, Rq = 0.31 μm and Rz (peak to valley value) = 2.44 μm.
When the proﬁle curve is recorded, one can calculate various roughness parameters, like
average surface as follows


1 L
(1)
|z( x ) − z( x )| dx,
L 0
where the stylus scan length is L, x is the position along the scan length, z( x ) is the
vertical position of stylus as a function of x, brackets () denote the mean value with
minimum variance and vertical bar brackets (||) denote the absolute value. Another often
used parameter is root-mean-square (rms) surface roughness, which can be expressed


1 L
(2)
Rq =
(z( x ) − z( x ))2 dx.
L 0
Ra =

In general the Ra ≤ Rq .
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2.2 Spectral ellipsometry (VASE)

Spectral ellipsometer can be considered as a special reﬂectometer, where the only difference
is the polarization state of the reﬂected light wavefront measured from sample surface. The
analysis of reﬂected wavefront data is performed by using the Fresnel laws to solve the optical
parameters related to surface such as complex refractive index (N = n + iκ, where i denotes
imaginary unit). The amplitude reﬂection coefﬁcient (r) of the TM- and TE-polarized light at
the angle of incidence (θi ) can be expressed with the following equations

(n2 − iκ2 )2 cosθi − n1 (n2 − iκ2 )2 − n21 sin2 θi

(3)
rTM =
(n2 − iκ2 )2 cosθi + n1 (n2 − iκ2 )2 − n21 sin2 θi
and
rTE =

n1 cosθi −
n1 cosθi +




(n2 − iκ2 )2 − n21 sin2 θi
(n2 − iκ2 )2 − n21 sin2 θi

,

(4)

where n1 denotes the refractive index of air and N2 = n2 + iκ2 is the complex refractive index
of the reﬂective material. The respective reﬂectances for the TM- and TE-polarized light are as
follows
∗
RTM = rTM rTM

and

∗
RTE = rTE rTE
,

(5)

where the asterisk denotes the complex conjugate. The complex ratio of the amplitude
reﬂectances (rTM /rTE ) can be expressed as follows
rTM
= tanΨeiΔ ,
(6)
rTE
where tanΨ is the amplitude part and iΔ is the phase part of propagating complex amplitude.
Right side of the equation 6 is assumed to be in a form which can be measured experimentally.
Utilizing the equation 6, the complex refractive index can be calculated at a known wavelength
which was used to measure Ψ and Δ. Example of measured spectral refractive index is
presented in ﬁgure 2 from vacuum evaporated gold (Au) ﬁlm surface.
4
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Fig. 2. Measured spectral n and κ (N = n + iκ) of a gold (Au) ﬁlm surface measured with
VASE.
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2.3 Gloss and optical roughness by DOE

DOE sensors have been proven to be accurate in sensing optical changes in two main surface
properties as permittivity and roughness also in nanometer scale. Specular reﬂectance is a
function of three variables: complex refractive index/permittivity, angle of incident of the
probe beam and surface topography. Standardized specular gloss (G) relates to reﬂectance
and it is normalized to the reﬂectance of black glass having gloss value of 100 gloss units
(GU). The optical roughness, which relates to the surface topography, is sensed as optical path
differences which the rough surface generates in reﬂection. In DOE sensor measurements; (I)
the probe beams angle of incidence remains constant (perpendicular to the surface), (II) the
complex refractive index of the measured surface is known (measured) and (III) the surface
topography acts as a variable. Before DOE measurements, the spectral complex refractive
index (N) of each material surface is characterized with variable angle spectro-ellipsometer
(VASE). General principle of DOE is to focus coherent light to a 4×4 dot matrix, which
takes the optimal shape in its focal plane at wanted wavelength. The formed DOE image is
then detected with CCD-camera and saved into personal computers (PC) memory for further
analysis (Fig. 3).
CCD

PC

DOE
N1

Laser
L1

L2

N

2

N

N4

3

BS
Cuvette

Fig. 3. DOE sensor setup with lenses L1 and L2, beam splitter (BS), sample cuvette, CCD
camera, refractive indexes N1 -N4 and personal computer (PC) for analyzing. DOE image
with the 4×4 dot matrix is shown on the screen of PC.
In ﬁgures 4 and 5 are presented the gloss and Ropt maps scanned from a polished titanium
(Tip ) surface with 20 μm probe beam waist diameter. Scanning was done in air from
2mm×2mm surface area.

(a)

(b)

Fig. 4. Gloss from Tip surface measured in air. The gloss from the surface is presented (a) as
colormap and (b) as meshmap.
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The gloss and Ropt values can be calculated (see equations 10-13) from the DOE images
recorded during the measurements. This calculation is presented in detail in section 3.2.
Correlation coefﬁcient between Ropt and gloss is ideally -1, because in general when the
surface roughness (Ropt ) increases the reﬂectance (and G) decreases. Correlation coefﬁcient
between the Ropt and G values presented in ﬁgures 4 and 5 is -0.798.

(a)

(b)

Fig. 5. Ropt from Tip surface measured in air. The Ropt from the surface is presented (a) as
colormap and (b) as meshmap.
2.4 AFM and SEM

Atomic force microscopy (AFM) bases on the interaction forces of two materials. When the
tip of an AFM is in the proximity of a sample surface, these interaction forces (repulsion and
attraction) can be detected by measuring the deviations in laser beam that is reﬂected from the
gold sphere on the cantilever in which the tip is attached. Typically, AFM devices can measure
the sample surfaces in contact (tip is touching the surface) and non-contact (tip is ﬂoating near
the surface) mode. In ﬁgure 6a is shown an AFM image from a polished silicon Si(100) surface
measured in contact mode.

(a)

(b)

Fig. 6. (a) AFM image from a polished silicon Si(100) wafer surface and (b) SEM image from a
Tip surface, where the bar denotes distance of 1 μm.
Scanning electron microscope (SEM) is constructed in such a way that electrons from ﬁlament
tip are accelerated, focused and deﬂected (producing scanning) by coils which have been
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constructed with knowledge in Coulombian and Lorenzian forces. In ﬁgure 6b is shown a
SEM image from a polished titanium (Tip ) surface.
2.5 Spectrophotometry

In spectrophotometry the sample transmittance is measured as a function of wavelength.
Thus, the spectrophotometer device includes two equal light pathways for the sample and
reference. The probing light is produced from light source like deuterium (UV) and halogen
(NIR,VIS) and monochromatized and detected separately with 1 kHz rate for both light
paths with a detector (typically one for the UV and one for the VIS/NIR/IR/FIR wavelength
regions). Typical parameters, which can be measured by spectrophotometers, are spectral
transmittance (T (λ)), reﬂectance (R(λ)) and absorbance (A(λ)) are presented as follows
T (λ) =

L λt
,
L λ0

(7)

L λr
,
L λ0


4πκ
L λ0
A (λ) = loge
= αz =
z,
L λt
λ
R (λ) =

(8)
(9)

where λ is wavelength, L λt , L λ0 and L λr are the spectral radiance through, incoming and
reﬂected from the surface respectively, α is the absorbtion coefﬁcient, κ is the extinction
coefﬁcient and z is the optical path length in sample. In ﬁgure 7 is presented the absorbance
of phosphate buffered saline (PBS) and human plasma ﬁbrinogen (HPF) solutions calculated
from spectrophotometer measurements.
2

PBS
HPF

A

1.5
1
0.5
0
250

300
λ (nm)

350

400

Fig. 7. Calculated absorbance A of (a) PBS and (b) 5 μM HPF solution from
spectrophotometer measurement as a function of wavelength λ in nanometers. Optical path
length was in solution 10 mm. Black dashed line is the zero absorbance baseline.

3. Sensing of protein molecules
3.1 VASE sensing of protein adsorption

With equation 9 (Beer-Lambert law) one can calculate, from ellipsometry data, the thickness of
layer on a sample surface. This requires a smooth sample surface on which the layer (i.e. the
proteins) exists. When considering the layer thickness, the sample surfaces complex refractive
index without the layer must be measured ﬁrst and thereafter the measurements are repeated
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when the layer exists on the sample surface. Then, knowing the complex refractive index
N of the formed layer, one can solve the z (double of the layer thickness) from equation 9.
As the ellipsometry measurement are done in air, measurements of protein layers should be
performed as fast as possible (at least within half an hour), because the drying could have
denaturating effects on the proteins.
3.2 Coherent and noncoherent response of DOE sensor

The analysis of DOE image consist of calculating the non-coherent, equation 10, and coherent,
equation 11, part of the optical signal, which relate to permittivity and optical roughness,
respectively as follows (Silvennoinen, Peiponen & Myller, 2008)
INC =

1
nSW mSW

nSW

mSW

∑ ∑

iSW =1 jSW =1

IiSW ,jSW − IC ,

(10)

where IC is the coherent portion of the optical signal being
IC =

1
npk mpk

npk

mpk

∑ ∑

ipk =1 jpk =1

Iipk ,jpk .

(11)

In equations 10 and 11 Ii,j denotes the irradiance of reﬂected probe beam, nSW and mSW are
the total numbers of sensor pixel dimensions in signal window (SW), npk and mpk denotes the
respective pixel dimension of each of the 16 peaks (pk) in the DOE image. Gloss G measured
in gloss units (GU) is standard measure for optical characterization of a surface. Gloss is
a function of three different variables: permittivity (, connected to N), angle of incidence
(θi ) and topography (roughness). Gloss values are calculated from the DOE image when the
coherent response, the CCD values of the peaks, is removed from the CCD values of the DOE
image (equation 10). DOE image is produced from the irradiance of the reﬂected probe beam
and because of that, this calculation removes the phase information from this beam, leaving
the information (INC ) of the surface reﬂectance and thus  and N. The calculated INC for the
surface (INCs ) values are normalized with the non-coherent response from black glass INCr ,
resulting the gloss value to be as follows
G=

INCs
× 100.
INCr

(12)

In turn, the optical roughness (Ropt ) values can be calculated from the DOE image utilizing
the equation 11. The IC values contain the phase information of the reﬂected probe beam.
When the probe light beam is reﬂected from rough surface, the initial coherence degree of the
wave front decreases and distortion appears in DOE image 4×4 peaks (IC values). Finally, the
optical roughness Ropt values can be calculated from the following equation



1 − Rs ICs λ
Ropt = −loge
,
(13)
1 − Rr ICr 4π
where R is reﬂectance calculated from complex refractive index (N) values measured by
variable angle spectro-ellipsometer (VASE), λ is the wave length of the probe beam, and the
subscrips s and r denote sample and reference respectively. Ropt changes of the investigated
surfaces can be determined with accuracy of 0.2 mm (in liquid), which is the detection
limit of this one-arm interferometer and reasonable sensitivity to detect nanoscale changes
appearing in the bioenvironments (Silvennoinen, Hason, Vetterl, Penttinen, Silvennoinen,
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Myller, Cernochova, Bartakova, Prachar & Cvrcek, 2010; Silvennoinen, Peiponen & Myller,
2008; Silvennoinen, Vetterl, Hason, Tuononen, Silvennoinen, Myller, Cvrcek, Vanek & Prachar,
2008).
3.3 DOE sensing of protein adsorption

DOE protein detection was performed by placing the surface vertically in a cuvette in order
to minimize the effect of sedimentation. The background electrolyte was phosphate buffered
saline (PBS, pH ~ 7.4) prepared with 8 mM Na2 HPO4 , 1.8 mM KH2 PO4 , 140 mM NaCl, and 2.7
mM KCl with the addition of 136 mM sodium citrate. HPF (fraction I, type III) was purchased
from Sigma. Optical analysis was done with a 500 nM HPF solution at room temperature.
After ﬁlling the sample cuvette with water, the baseline measurement for each sample were
performed. After the baseline measurement in water, either the background electrolyte or the
protein solution was injected in the cuvette.
Human plasma ﬁbrinogen (HPF), found in the circulatory system at a concentration of 2.6
mg/ml is the key structural glycoprotein in blood clotting which, upon thrombin activation,
self-assembles forming a ﬁbrin clot. Having a mass of 340 kDa, the rod-like molecule, 46 nm
long is a genuine covalent dimer, the two halves having identical sequences that are linked
by a central globular domain. Each monomer has three non-identical chains, Aα, Bβ, and γ
connected together at the N-terminus by 11 disulﬁde bridges forming the ’disulﬁde knot’. The
C-terminus of each chain is globular. Those of the α and γ chains extend forming dumbbell
shaped ends to the molecule termed the ’D’ regions, while the Aα chain globular domains,
termed the αC units, interact with each other at the central ’E’ region (Wasilewska et al., 2009).
Firstly, we study the adsorption ability of HPF proteins on mechanically polished titanium
surface by diffractive optical element based sensor (dynamical measurement of adsorption
process of protein on surface in electrolyte solution - wet measurement) and ellipsometry
(measurement of thickness of adsorbed protein layer on titanium surface after removal
the protein-modiﬁed surface from protein solution followed by half hour drying in air-dry
measurement).
In ﬁgure 8 is presented the calculated effects to light reﬂectance from additional layer (X),
PBS electrolyte, air or oxides, on the used polished titanium surface (Tip ) (ﬁgure 8a) and alloy
surfaces (ﬁgure 8b).
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Fig. 8. Calculated reﬂectance R as a function of layer thickness d on (a) Tip and (b) Ti6Al4V
surfaces (λ = 632.8 nm). In legend E denotes electrolyte and format E|X|Ti denotes the
material layer X between electrolyte and titanium. Complex refractive index for the alloy
Ti6Al4V was measured with VASE and other refractive indexes were taken from the book of
Palik (1998).
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When effective air layer appears on the surface, the reﬂectance increases. This air layer exists
on the surface in liquid in the form of nanobubbles. On the contrary the formation of oxide
layer on the surface, for the calculated oxides TiO2 , Al2 O3 and V2 O5 decreases the reﬂectance,
and thus the observed gloss values.
Figure 9 presents the temporal responses of gloss and Ropt from a polished titanium surface
(Tip ) surface when surface is immersed in water and in PBS without and with HPF molecules.
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Fig. 9. (a) Temporal gloss (G) in GU and (b) optical roughness Ropt in meters of a Tip surface,
when the surface is in water, in PBS without and with HPF-molecules with 500 nM
concentration.
When the surface is presented with the PBS, gloss decreases and Ropt increases. This is caused
by the chemical reaction from PBS, causing surface energy driven formation of oxides and
the mobility of initial gas nanobubbles on the surface (see ﬁgure 8). Also the formation
of additional nanobubbles can occur, but that would require increase in gloss values, like
observed in similar case with Ti6Al4V surface in ﬁgure 10.
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Fig. 10. (a) Temporal gloss (G) in GU and (b) optical roughness Ropt in meters of a Ti6Al4V
surface, when the surface is in water, in PBS without and with HPF-molecules with 500 nM
concentration.
After the PBS solution measurement the cuvette is emptied and the HPF solution is injected
in the cuvette. The HPF solution typically has higher changes in the signal from water than
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the PBS, which in turn indicates that the proteins are attaching on the surface. Because of the
initial reactions with the PBS solution, the changes that are observed, are the change of gloss
and Ropt values from water baseline to HPF solution. From the temporal responses of Tip and
Ti6Al4V like presented in ﬁgures 9 and 10 can be noted the stronger reaction of Tip compared
to the Ti6Al4V, which seems more inert in observed gloss and Ropt changes than Tip .
3.4 Effect of titanium surface treatment on protein adsorption

In ﬁgures 11 and 12 are presented the average values from measurement involving a polished
titanium surface (Tip ) and Ti6Al4V surfaces. All surfaces indicates an initial reaction with the
PBS as the gloss decreases, when the PBS without the HPF molecules is injected in the sample
cuvette. This is caused by the formation of oxides on the surfaces (see ﬁgure 8). At the same
time the Ropt values have different trends. In the case of the Ti6Al4V alloy, the Ropt mean
values are higher with the PBS than with the water on surfaces, but on the other hand in the
case of titanium, PBS average Ropt value is lower compared to the water. This kind of changes
in Ropt values can be caused by two main reactions of the PBS (i) the mobility of nanobubbles
on the surface and additional formation of them and (ii) the surface energy driven formation of
oxides. Additional formation of nanobubbles would be seen as an increase in the mean values
of the gloss, as the effective layer formed by the bubbles on the surfaces would increase the
surface reﬂection and thus the gloss. However this is not the case observed in the values of
the Tip and Ti6Al4V surfaces.
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Fig. 11. Average G in GU and optical roughness (Ropt ) in meters for Tip surface. (1) denotes
the values from water (2) from PBS and (3) from HPF solution covered surfaces.
When the PBS without the protein is removed, the HPF solution (PBS based) is injected in the
sample cuvette. The average signal levels from the HPF measurement are denoted with (3) in
the ﬁgures 11 and 12. All surfaces indicate lower gloss and higher Ropt values than in water, as
the proteins are attached on the surface. Also, when comparing the signal value changes from
PBS to HPF solution, the changes are similar, which furthermore supports the interpretation
that the proteins are attached to the surface. HPF solution is essentially PBS solution with
added proteins and when measuring all three types of liquids, in order water, PBS and HPF,
one can see the magnitude difference of the adhesion process of samples with DOE sensor
data.
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Fig. 12. Average G in GU and optical roughness (Ropt ) in meters for Ti6Al4V surface. (1)
denotes the values from water (2) from PBS and (3) from HPF solution covered surfaces.
As the titanium surface Tip is known surface for good biocompatibility, the results (gloss and
Ropt values) are compared to it. When comparing the results from Tip and Ti6Al4V surfaces,
one can see that the Ti6Al4V samples are not presenting changes as big as the Tip . This would
indicate that the Ti6Al4V is not so active as adhesive surface as Tip is. The Ti6Al4V behaves
in this measurement like an inert surface i.e. indicating unfavorable attachment properties for
the HPF molecule.
3.5 Effect of aging of titanium surface on protein adsorption

Effects of aging of the biosurfaces has been studied for titanium-doped hydrocarbon by
Silvennoinen, Vetterl, Hason, Tuononen, Silvennoinen, Myller, Cvrcek, Vanek & Prachar
(2008). In this study the aging process was observed in 2 years time and the results showed
that the long time storage causes impurities to the original surfaces. These impurities was
interpreted to be caused by the molecules in air including the carbon and the oxygen. Results
showed that the initial adsorption abilities of the measured surfaces were greatly decreased
by the long time storage. Thus the aging of biosurface, which have properties to form oxides
and other chemical bonds in low energies, should be always considered. For example we
measured complex refractive indexes (λ = 632.8nm) of polished titanium Tip and stored
titanium Tisto in aim to compare the possible changes on the surface properties. Complex
refractive indexes were N(Tip ) = 2.616 + 2.413i and N(Tisto ) = 2.002 + 2.077i and respective
reﬂectances were R(Tip ) = 0.446 and R(Tisto ) = 0.399. If oxidation of the surface is assumed
to be the only reaction on these titanium surfaces, we can estimate from ﬁgure 8a the layer
thickness of formed native titanium dioxide on this stored surface to be ca. 10 nm. This
already would impact on the adhesive properties of the titanium.

4. Alternative optical testing of biocompatibility
4.1 Biological methods in determining the biocompatibility

Cytocompatibility as a basis for biocompatibility testings for several titanium β-alloys (β
structure is body-centered cubic structure) has been investigated for example by Bartakova
et al. (2009). In this study the possible usage of titanium alloys in dental implants was
studied in-vitro environment by means of three different tests from which one can determine
the biological acceptance of certain material. Test of the cell-spread on standard substrate
(coverglass or bottom of culture ﬂask) with (1) inoculation and (2) cell monolayer (both tests
used time-lapse capturing of pictures) and (3) assay tests showing possible chromosome
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aberrations, mutagenesis and neoplastic cell forming. Differences for methods (1) and (2)
is that in (1) the cells are inoculated on the surface having lower cell density than in (2) in
which the cell density is around 70 %. The results are evaluated by optically or with scanning
electron microscopy which can show morphological anomalies on cell membrane surface.
4.2 Cytocompatibility of dental implants alloys

In cell area dilatation test (spreading test) it is possible to use any heteronuclear cell line, for
example HeLa, L929, PtK, CHO and other. Aim of this test is to show time for full spreading
(dilatation) on standard substrate. Standard substrate is a coverglass, or bottom of culture
ﬂask. Positive control is a laboratory standard, negative control is a glass surface or inner
surface of culture ﬂask.
Experiment shows an ability of cell membrane to spread and evaluates some disturbance in a
cell attached mechanisms on the surface. When the environment is a toxic matter, the cell area
dilatation (spreading) is very low and this is a marker for damage of cell membranes. When
cells didn’t spread, the material was interpreted to be toxic. Zone between 50 and 70 % of
cell spread is kept tolerant and 80 and 99 % is interpreted as a cytocompatible material when
cultivation time is kept constant. Example of light microscope image of cell area dilation tests
shown in ﬁgures 13 and 14 for Ta and Cu surfaces respectively.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 13. Evolution of cell spread on Ta surface. Light microscope images from the surface
after (a,d) 0 min, (b,e) 120 min and (c,f) 500 min of inoculation. (d), (e) and (f) shows the
corresponding processed images.
To make the area occupied by the cells more visible, we have processed the optical microscope
images (see ﬁgures 13 and 14) by chroma tone threshold processing.
From ﬁgures 13 and 14 one can observe the difference of higher (ﬁgure 13) and lower (ﬁgure
14) cell area dilation. Higher cell division rate on Ta surface indicates that the surface can hold
cells on it while the cells maintain their natural division abilities, thus the Ta surface could
be considered as a cytocompatible surface. The Cu surface shows toxic reaction to the cells
(see ﬁgure 14) as the cells are not propagating on the surface and some of the cells shows lost
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of their biological function. From the images b and c in the ﬁgure 14, the dying cells can be
observed to have black nucleus from the consequence of increased light absorbtion of lost cell
chromosomes.
Optical analysis of Tip and Ti6Al4V from the gloss and Ropt data in the section 3.4 indicated
that the Ti6Al4V surface is not showing strong reaction in the HPF adsorption, but polished
titanium surface (Tip ) is observed to adsorb the HPF molecules. In the study by Bartakova
et al. (2009), the Ti6Al4V alloy was recognized to be biologically tolerant, but not as good as
Tip (biocompatible), thus the two studies seem to be consistent with each other.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 14. Evolution of cell spread on Cu surface. Light microscope images from the surface
after (a,d) 0 min, (b,e) 40 min and (c,f) 180 min of inoculation. (d), (e) and (f) shows the
corresponding processed images.

5. Conclusion
Doped titanium alloys can show both mechanical and biocompatibility properties that exceed
the ones of titanium, which has been the often used biomaterial in bioapplications. Study
results reported here indicated that many dopant for titanium can be used, but the initial
biological reaction should be observed before using the doped titanium in applications. Before
the optical detection the surface needs to be characterized. The characterization of the surface
is not only basis for the optical measurement, but also helps one to understand more about the
biophysical reactions that occurs with the biomolecules on the surface. Results presented here
shows that optical detection of biomolecules is a capable non-contact method for determining
the reaction of the biomolecules on a surface in-vitro. Especially the diffractive optics based
elements as the DOE, which can measure multiple surface parameters simultaneously, could
give promising new aspects in development of future bio-optoelectronics.
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1. Introduction
Ti and Ti alloys are corrosion resistant, light, yet sufficiently strong for utilization as loadbearing and machinable orthopaedic implant materials. They are one of the few
biocompatible metals which osseo-integrate, provides direct chemical or physical bonding
with the adjacent bone surface without forming a fibrous tissue interface layer. For these
reasons, they have been used successfully as orthopaedic and dental implants (Ratner
2004). To impart even greater bioactivity to the Ti surface and enhance integration
properties, surface treatments such as surface roughening by sand blasting, formation of
anatase phase TiO2 (Uchida et al. 2003), hydroxyapatite (HAp) coating, or chemical
treatments (Ducheyne et al. 1986; Cooley et al. 1992) have been employed. However, these
treatments are generally on the micron scale. Webster et al. (Webster et al. 2001; Webster,
Siegel, and Bizios 1999) reported that it is even more advantageous to create
nanostructured, in particular in the less than 100nm regime, surface designs for
significantly improved bioactivity at the Ti implant interface and for enhanced cell
adhesion. Since then, advances in biomaterial surface structure and design, specifically on
the nanoscale, have improved tissue engineering in general. This chapter is a report on
titanium dioxide (TiO2, or Titania) nanotube surface structuring for optimization of
titanium (Ti) implants utilizing nanotechnology.
The main focus will be on the unique 3-D tube-shaped nanostructure of TiO2 and its effects
on creating profound impacts on cell behavior. We will also shed light on the effects of
changing the nanotube diameter size and optimizing the geometry for enhanced cell
behavior. This work focuses on the tissue specific areas of cartilage and bone. Specifically,
we will discuss how the desired cell behavior and functionality are enhanced on surfaces
with TiO2 nanotube surface structuring. Here we reveal how the TiO2 surface nanoconfigurations are advantageous in various tissue engineering and regenerative medicine
applications, for osteo-chondral, orthopedic, and osteo-progenitor implant applications
discussed here and beyond. This chapter will also shed light on future applications and the
direction of nanotube surface structuring.
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2. Electrochemical anodization
In general, the mechanism of TiO2 nanotube formation in fluorine-ion based electrolytes is
said to occur as a result of three simultaneous processes: the field assisted oxidation of Ti
metal to form titanium dioxide, the field assisted dissolution of Ti metal ions in the
electrolyte, and the chemical dissolution of Ti and TiO2 due to etching by fluoride ions,
which is enhanced by the presence of H+ ions (Shankar et al. 2007). TiO2 nanotubes are not
formed on the pure Ti surface but on the thin TiO2 oxide layer naturally present on the Ti
surface. Therefore, the mechanism of TiO2 nanotubes formation is related to oxidation and
dissolution kinetics. Schematic diagram of the formation of TiO2 nanotubes by anodization
process is shown in Figure 1. For a description of the process displayed in Figure 1, the
anodization mechanism for creating the nanotube structure is as follows:
a. Before anodization, a nano scale TiO2 passivation layer is on the Ti surface.
b. When constant voltage is applied, a pit is formed on the TiO2 layer.
c. As anodization time increases, the pit grows longer and larger, and then it becomes a
nanopore.
d. Nanopores and small pits undergo continuous barrier layer formation. (e) After specific
anodization time, completely developed nanotubes are formed on the Ti surface.

Fig. 1. Schematic illustration of TiO2 nanotube formation.
Furthermore, based on the mechanism of nanotube formation, it is inherent that the nanotubular structure formation depends on both the intensity of applied voltage and the
concentration of fluorine ions in the electrolyte solution. It is well-known that by increasing
the applied voltage, larger diameter nanotubes can be formed. This aspect of diameter
manipulation using applied voltage will be further emphasized and the effects on cell
function and fate is also discussed.

3. Nanotube size effects
The Jin lab was the first to demonstrate that TiO2 nanotubes can significantly accelerate
osteoblast (bone cell) adhesion and proliferation at the biomaterial/tissue interface and
enhance bone mineral formation. The TiO2 nanotubes are formed as vertically aligned
configuration, with an average diameter of ~100 nm, a height of ~300 nm, and a wall
thickness of ~10 nm. According to published research (Oh S 2006), nanotube arrays on
titanium surfaces induced proliferation of osteoblasts by as much as 300 – 400% compared
to non-modified titanium surfaces. In other research groups studying nanoporous materials,
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major accomplishments have been made in the generation of geometrically defined surfaces
with the fabrication of Al and Si nanostructured surfaces. There is rapidly increasing
evidence that the lateral spacing of features on the nanoscale can impact and change cell
behaviour (Boyen et al. 2002; Cavalcanti-Adam et al. 2006; Popat et al. 2006). Therefore, in
order to optimize the lateral spacing of the TiO2 nanotube system, by changing the geometry
of the nanotubes, four different pore sizes (30, 50 70, and 100nm in diameter) were created
(Figure 2) for examination of cartilage chondrocyte cells, bone osteoblast cells, and osteoprogenitor mesenchymal stem cells.

Fig. 2. Physical characterization of different size nanotube surfaces. (a) SEM micrographs of
self-aligned TiO2 nanotubes with different diameters. The images show highly ordered
nanotubes with four different pore sizes between 30-100nm created by controlling the
voltage from 5-20V. (b) Table with the applied voltage parameter, estimated inner pore size
from SEM images, average roughness (Ra) and surface contact angle measurements for Ti
and 30-100nm TiO2 nanotube surfaces.
In terms of current biologically active implants, enhanced surface roughness is one of the
important factors in providing the proper cues for a positive cell response to implanted
materials. However, much of the research related to the effect of macro and microroughness on cellular responses and tissue formation are inconclusive due to the nonuniformity of macro and micro-roughness stemming from crude fabrication methods like
polishing, sand blasting, chemical etching and so on. An important aspect of our nanotube
system shown in the SEM images (Figure 2) is that the nano-topography can feature a more
defined, reproducible and reliable roughness than micro and macro-topography for
enhanced bone cell function in vivo. Although, the heights of the nanotube walls increase
proportionally to the increasing diameter, there is no evidence of changes in surface
roughness between the different sized nanotubes based on atomic force microscopy (AFM)
data (Figure 2 (b)). As expected, the nanotube surfaces have a slightly higher roughness over
flat Ti, but between the nanotubes, there appears to be no difference. The AFM data was
performed because it is a somewhat standard surface analysis technique as it is useful for
coarser or microscale roughness measurements, say for other convential coatings, but for
the nanotube dimensions it may not always represent the true roughness when the probe tip
radius is not substantially finer than the nanotube dimensions such as in the TiO2 nanotube
case. The wall thickness, pore diameter, nanotube spacing, etc can be as small as ~10 nm,
while the AFM probe tip diameter can be as large as 30 - 50 nm.
Furthermore, it can be assumed that the surface area on the nano-scale may be affected
based on the various sizes and the surface area probably increases proportionally with
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increasing nanotube size. It is expected that the surface area to be 3 times higher on the
100nm diameter nanotubes compared to the 30nm diameter nanotubes, respectively.
Additionally, the contact angle describing the wettability of the surface is enhanced, more
hydrophilic, on the nanotube surfaces (showing contact angles between 4-11°), which can
been advantageous for enhancing protein adsorption and cell adhesion.
3.1 Protein adhesion properties based on pore size
Cells respond to the amount and area of proteins that are available for binding. In fact, cells
do not see a naked material, in vivo or in in vitro culture. At all times, the material is
conditioned by the components of the fluid in which the material is immersed, whether it is
serum, saliva, cervicular fluid or cell culture media. As the cell begins to adhere and spread
on the nanotubes, there will be a dissimilar protein density and extra cellular configuration
based on the nanotube diameter. The behaviour of protein adsorption on the nanotube
surfaces are shown in Figure 3. On the 30nm diameter nanotubes there is a large number
and thorough distribution of protein nanoparticles covering the whole surface of the
nanotubes after just 2 hours of incubation in culture media. However, proteins on 100 nm
TiO2 nanotubes can only adhered sparsely at the top wall surface owing to the presence of
large empty nanotube pore spaces. This inherent protein adsorption property of the
nanotubes based on poresize is hypothesized to influence cell shape and fate. It is shown in
the next sections that the changes in poresize even in such a small range of dimensions (30100nm) will have huge impacts on downstream cell morphology and behavior.

Fig. 3. SEM micrographs of flat Ti and 30, 50, 70, 100nm diameter TiO2 nanotube surfaces
after 2 hours of culture showing protein adsorption from media.

4. Osteo-chondral applications of TiO2 nanotube constructs
Artificial cartilage prepared from cultured chondrocytes offers promise as a treatment for
cartilage defects (Fedewa et al. 1998), but connecting this artificial soft tissue to bone in the
attempts to restore the defected cartilage is difficult. One strategy employed in this section is
to develop a dually functional substrate that supports the growth and attachment of
cartilage tissue on one extremity and encourages osseointegration, a direct structural and
functional connection to living bone, on the other. This substrate should be an engineered
interface between artificial cartilage and native bone (Zhang, Ma, and Francis 2002).
In recent studies, Ti has emerged as a candidate material in cartilage tissue formation as
well. It has been demonstrated that a micrometer porous substrate of Ti-6Al-4V provided
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conditions that favored cartilage tissue formation by influencing cell attachment, spreading
and the amount and composition of cartilaginous tissue that forms (Spiteri, Pilliar, and
Kandel 2006; Bhardwaj et al. 2001; Ciolfi et al. 2003). Not only porosity, but also surface
geometry and topography have been found to have positive effects on the behaviour of
chondrocytes (Bhardwaj et al. 2001).
Nanoscale topographic effects have been illustrated in nanostructured poly-lactic-co-glycolic
acid (PLGA)/nanophase Titania (TiO2) composites, which have elicited an enhanced
chondrocyte response compared to surfaces with a conventional or micrometer topography
(Savaiano and Webster 2004). We have recently reported on our hypothesis that the
nanotopographical cues, from porous nanotubular structured substrates made of TiO2,
already being an osseointegrating biomaterial (Bjursten 2009; Oh et al. 2006), may also be a
candidate for providing an alternative way to positively influence cartilage formation and
the cellular behaviour of cartilage chondrocytes.
4.1 Up-regulated chondrocyte synthesis of extracellular matrix components
The dimensions of the nanotubes were varied in order to determine if the size of the
nanotube diameters would play a role in the chondrocyte behaviour. For this comparative
chondrocyte cell culture study, a commercially pure Ti surface, without surface modification
was used as a control, as it commonly used as implant material.
It is well known that chondrocytes, the primary cells of cartilage, are extremely active cells.
They produce a large amount of extracellular matrix (ECM) that is critical for the mechanical
properties and joint lubrication characteristics of cartilage. In the SEM micrographs in
Figure 4, the nanotubes substrates appear that they are inducing a positive response from
the chondrocytes because the cells begin synthesizing abundant ECM deposition and fibril
organization. In the SEM observations of chondrocytes a striking difference in the
production of ECM fibrils between the flat Ti without a nanostructure vs. TiO2 nanotube
surfaces is revealed. Fibrils are abundant and extending from all areas of the chondrocyte
cell creating a dense network of ECM on the nanotube substrates.The flat Ti most likely
lacks surface structuring cues for signaling ECM fibril production and organization. One
possibility is that ECM protein formation into dense fibrils on the surface may be “nanoinspired” to form on the nanotube structure because of the precise dimensions or fine scale
cues of the top surface (tip of the vertical wall) of TiO2 nanotubes having a physically
confined geometry which could aid in fibril formation. It was demonstrated previously that
the nanotubes produced bio-active nanostructured formations of sodium titanate nanofibers
directly on the top of TiO2 nanotube walls when the nanotubes were exposed to NaOH
solution (Oh S 2005). ECM proteins once secreted, in this study, may also self-assemble
according to the top-wall surface geometric nanocues.
In the lower panel of Figure 4, immunofluorescent images for collagen Type II (red color)
are illustrated for flat Ti vs. TiO2 nanotubes. Both surfaces stained positive for collagen type
II, but there was large networks of connected bundles expressed across the surface of the
nanostructure.
When a morphological analysis was conducted, it was determined that nanotubes induce a
more spherical chondrocyte cell shape (data not shown). Fibroblastic shaped cells were
observed on the flat controls. The percentage of round shaped, spherical cells was
significantly lower for chondrocytes on the polystyrene, Ti, and the smallest diameter
(30nm) nanotube substrates compared to the larger diameter 50, 70, and 100nm TiO2
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Fig. 4. Extracellular matrix (ECM) production on experimental surfaces Ti vs. TiO2
nanotubes. High magnification SEM observations of chondrocytes reveal a striking
difference in the production of ECM fibrils between the flat Ti without a nanostructure vs.
TiO2 nanotube surfaces. Fibrils are abundant and extending from all areas of the
chondrocyte cell creating a dense network of ECM on the nanotube substrates. (b)
Immunofluorescent images of collagen type II (red) ECM fibrils produced by chondrocytes
on flat Ti and nanotube surfaces (100nm diameter shown in this image).
nanotube surfaces respectively. It was also determined that all diameter nanotube
surfaces were significantly higher than flat Ti which probably indicates that the cell shape
was influenced by the presence of the nanostructure itself. The nanotube geometry seen in
Figure 2 most likely aids in preserving the chondrocyte spherical morphology because of
the distinct structure of the surface. Cells may be localized atop the pores, anchored
possibly at the tip of the nanotube walls and confined by the tube contour. The
chondrocytes on the flat Ti seem to be spread along the surface probably because the
necessary structuring cues and nanopores needed for shape confinement are absent. To
further describe the chondrocyte shape phenomenon found the experimental surfaces, a
schematic is shown in Figure 5.
It was formerly assumed that focal contacts should be a specific length in order to promote
adhesion and that the maximum overall contact of the cell with its substrate was most
favourable (Ohara and Buck 1979). Yet, more recent studies suggest that cell-flattening or
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Fig. 5. Chondrocyte cell adhesion and spreading schematic determined by the size of the
nanotube diameter and focal attachment sites.
spreading is not always compatible with differing cell types, particularly in the case of
chondrogenesis (Solursh 1989; Benya and Shaffer 1982; Solursh 1982; Zanetti and Solursh
1984). Thus, the type of focal adhesion and its geometry can influence the shape the cell
assumes, ultimately influencing the phenotypic expression. It has been reported that the
dedifferentiation of chondrocytes in culture is usually associated with changes in cell
morphology, from a rounded to a spread one (Costa Martinez et al. 2008). The results
reported here suggest that creating pores by fabricating nanotubes on Ti surfaces provides a
more favorable environment for the retention of the rounded morphology and the
prevention of chondrocyte spreading, reducing the risk of a loss of phenotype. It should be
noted that although chondrocyte cells retain this type of spherical morphology in response
to the nanotube pores, different cell types will differ in size, shape, function, and how they
operate on the nanotube surfaces. It is well known that different cell types elicit their own
unique responses to environmental cues. The chondrocyte cells with their spherical
morphology are much different than mesenchymal stem cells and osteoblast cells, described
in later sections, and therefore will adhere differently to the topography and form different
morphologies.
Because chondrocytes are very dynamic cells that produce and maintain the cartilaginous
matrix, which consists mainly of collagen and proteoglycans, it is important to test the
biochemical ECM production on the different experimental surfaces. Therefore, to further
evaluate the response of BCCs for this comparative report, the glycosaminoglycan (GAG)
secretion in the media was also studied and shown in Figure 6.
Naturally, aggrecan draws water into the tissue and swells against the collagen network,
thereby resisting compression and allowing for proper joint movement (Muir 1995). An
interesting concept worthy to note is that the up-regulation of GAG chains indicative of
increased aggrecan production observed on the larger sized nanotube pores could imply
that because there are increased storage volume capabilities as pore size increases it triggers
a higher rate of production because the molecule retention ability of the cellular
environment has been inflated.
It was determined that there was a correlation in the increased GAG secretion in the media
and the reduction of fibroblastic shaped cells. Specifically, TiO2 nanotubes with diameters
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in the range of 50-100nm had significantly higher levels of both round, spherical shaped
cells (more phenotypic) and GAG secretion over flat Ti and small 30nm TiO2 nanotube
surfaces.

Fig. 6. Glycosaminoglycan (GAG) secretion in the media.
In this study, the larger diameters (50nm-100nm) nanotubes were revealed to be most
suitable for chondrocyte culture in vitro. It would be interesting to investigate nanotube
diameter sizes larger than 100nm by other fabrication means so as to elucidate the possible
effect of large pore size and find an ultimate productivity saturation limit; this would
certainly allow more light to be shed on the beneficial nature of nanotopography.
4.2 Conclusions and considerations for further osteo-chondral development
As Ti is the well accepted orthopaedic implant material, the results obtained are very
encouraging and suggest that the use of nanotube structures could up-regulate production
of extracellular matrix by chondrocytes. In clinical applications the TiO2 nanotube surface
can be utilized as an in-vitro culture surface to enhance chondrocyte cell behavior and
extracellular matrix production during patient-specific in-vitro chondrocyte expansion,
which can then be transplanted to the defective cartilage areas. In addition, the TiO2
nanotube surface exhibits significantly augmented, mechanically and chemically strong
osseo-integration with existing bones with a minimal chance of bone loosening evidenced
by in vitro data [22], and our preliminary in vivo animal data indicating a strong new bone
integration on the nanotube surface with reduced soft tissue trapping (data not shown).
Therefore, a Ti implant with all surfaces covered with the nanotubes can be potentially
utilized, for some specific types of articular cartilage injuries, to serve with dual function of
accelerated osseointegration to the existing articular bone surface at the bone-facing contact
interface while the exposed nanotube surface can accelerate the cartilage tissue regeneration
by providing positive surface nanostructuring effects on chondrocytes, as illustrated in
Figure 7.
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Fig. 7. Schematic illustration of TiO2 nanotubes for dual function of osseointegration and
enhanced chondrocyte function and ECM production.

5. Orthopedic implant applications of TiO2 nanotube constructs
As mentioned earlier, while a thin TiO2 passivation layer on the Ti surface can impart
improved bioactivity and better chemical bonding to the bone (Feng et al. 2003), other
techniques have been developed to further enhance the bioactivity of a pure Ti surface, such
as direct coating of bioactive materials like hydroxyapatite and calcium phosphate (Puleo et
al. 1991; Salata 2004; Satsangi et al. 2003). However, even though these surface modified
layers have good bioactivity and high surface area, they tend to delaminate at the interface
between the implant and the bone due to the relatively large, micrometer-regime thickness
of the coated layer on Ti (Ong et al. 1992), presumably due to the stress accumulation
commonly seen in a thick coating of foreign material. This ultimately leads to implant
failure. In order to overcome this problem, some plasma spray Ca-Si based ceramic coatings
have been developed but still have roughness and layer thickness in the micrometer range.
For the purposes of this study, the focus is on nanoscale thickness surface coatings.
Therefore, developing an implant bioactive surface layer having high surface area for
enhanced bonding yet thin enough, in the nanometer range per se, to minimize
delamination would be desirable.
Recent reports indicate that modifying Ti surfaces with TiO2 nanotubes for orthopedic
applications significantly enhances the mineral formation (Oh et al. 2005), adhesion of
osteoblasts in vitro (Oh et al. 2006), and strongly adherent bone growth in vivo (Bjursten
2009), showing better bone bonding characteristics than conventional micro-roughened Ti
surfaces by sandblasting. One physical advantage of the TiO2 nanotube surface system is
that it is composed of and created directly from the native underlying Ti constituent, unlike
the foreign ceramic and spray coatings on Ti or Ti alloyed surfaces mentioned previously.
As well, the nanotube layer is at most ~300nm tall (for the purposes of this work) which in
the scheme of things is a much thinner layer and this nanometer length scale eliminates the
tendency of delamination prevalent in thick micrometer layers.
Because orthopedic implants encounter two types of cells, osteoblast cells in bone tissue and
osteo-progenitor cells also know as mesenchymal stem cells (MSCs) present in bone
marrow, it is advantageous to look at the differentiation potential of orthepeadic implant
surfaces in order to initiate a mature population of bone building cells for enhanced
osseointegration. One key principle in terms of orthepaedic implant technologies, to initiate
the differentiation of bone in the absence of chemical factors, hormones, or any other
synthetic, possibly toxic chemicals traditionally used by biochemists in in vitro
differentiation. The two cell types are illustrated and described in Figure 8.
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Fig. 8. Schematic illustration showing osteo-progenitor cells developing into osteoblast cells.
A description of the two cell types is also portrayed in list format.
Stem cells, which have the potential to differentiate into multiple cell types, provide great
promises in advances in regenerate medicine. The differentiation of stem cells into the
appropriated lineages is temporal- and spatial-specific, with the surrounding
microenvironment playing critical roles in governing the stem cell fate. For generation of
osteoblasts, the MSCs need to be guided to selectively differentiate to osteoblasts, rather
than differentiating into other types of cells. The use of nanostructures and surface
topographical features have recently been shown to have positive effects on specific
differentiation of mesenchymal stem cells (Dalby, Andar et al. 2008), illustrating that the
surface topography alone can stimulated osteogenic differentiation.
5.1 Osteogenic functionality depends on nanotube diameter
In terms of the dimensions of the nanotubes in our osteoblast (bone cell) and mesenchymal
stem cell (osteo-progenitor cell) studies, we have reported a unique variation in cell
behavior even within a narrow range of nanotube diameters from 30-100nm (Brammer et al.
2009; Oh et al. 2009) and it seems that a similar trend is established for both cell types.
When cells were grown on four different diameter nanotubes, shown in Figure 2, osteoblast
functionality in terms of bone forming ability, or alkaline phosphatase activity (ALP), and
mesenchymal stem cell (MSC) osteogenesis (bone cell differentiation) in terms of osteogenic
gene expression (osteopontin (OPN), osteocalcin (OCN), and alkaline phosphatase (ALP))
were most prominent on the large 100 nm diameter nanotubes, Figure 9 (a and b). During
periods of active bone growth, ALP activity levels are elevated in osteoblast cells so it is
beneficial to design an implant surface that would enhance the ALP activity to initiate the
formation of new bone. As well, it is critical to design a surface that is capable of allowing
the attachment of MSCs and promote osteogenic differentiation of cells for delivering a
mature osteoblastic cell population capable of rapidly forming bone. On the nanotube
surfaces, a reoccurring trend was revealed that as we increased the diameter of the
nanotubes, there was an increase in osteogenic biochemical activity and relative gene
expression, Figure 9 (c).
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Fig. 9. Comparative graphs showing the influence of TiO2 nanotube diameter on osteogenic
cell behavior. (a) Osteoblast functionality in terms of alkaline phosphatase activity or bone
forming ability. (b) Osteogenic gene expression. RNA levels of alkaline phosphatase (ALP),
osteocalcin (OCN), and osteopontin (OPN) are given for mesenchymal stem cells grown on
different size diameter nanotubes. (c) Overall all trend for diameter effect on osteogenic cell
behavior. As the nanotube diameter increases the osteogenic cell behavior is enhanced.
In a recent review article, Bettinger et al. claimed that the most palpable effect of
nanotopography on cells is the distinct changes in cell geometry or shape (Bettinger, Langer,
and Borenstein 2009). In fact, on the nanotube substrates with varying diameters, it was
revealed that the osteoblast and mesenchymal stem cells have reacted to the nanostructures
by changing shape. As the nanotube diameter increases we found a clear trend of increasing
cell elongation, Figure 10. The stretching aspect ratio was as great as 12:1 (length:width) on
the 100 nm diameter nanotubes. It can be assumed that the initial cell stretching and
elongated shape of the adhering cells on the large nanotubes impacted the cytoskeletal
(actin) stress. This is supported by the general notion that nanostructures (and the adhered
protein configuration for example, Figure 3) act as an extracellular matrix which imposes
physical forces and morphological changes to the cell (Chen 2008). It is probable that cells
must elongate their bodies to find a protein deposited surface, extending across larger areas
and thus eventually forming an exceedingly elongated shape on the 100nm diameter
nanotubes (because of the sparse distribution, Figure 3). Thus altering the density of
extracellular matrix (ECM) attachment sites or initial protein adhesion density affects the
shape of adhered cells. It has been reported that the focal attachments made by the cells with
their substrate determine cell shape which, when transduced via the cytoskeleton to the
nucleus, result in expression of specific phenotypes (Boyan et al. 1996). In our results, we
hypothesize that increasing nanotube diameters, changes the focal adhesion sites of the
osteoblast and mesenchymal stem cells, increases the cell elongation, and increases
osteogenic potential.
Interestingly, the cell nuclei also exhibit a somewhat similar trend of increased elongation
with increasing nanotube diameter, with the 100nm TiO2 nanotubes showing the most
significantly elongated nuclear shape (by ~20-25%) (data not shown). It can be hypothesized
that the nucleus organelle elongation on the TiO2 nanotube surfaces is in part due to the

204

Biomaterials Science and Engineering

Fig. 10. Quantification of cell elongation for osteoblast and mesenchymal stem cells on
nanotubes with different diameters ranging from 30-100nm. There is a trend of increased
elongation with increasing nanotube diameter.
gross elongated cytoskeletal morphology of the cell. It has been reported that cell shape
maintained by the cytoskeletal assembly may also facilitate nuclear shape distortion which
may promote DNA synthesis by releasing mechanical restraints to DNA unfolding,
changing nucleocytoplasmic transport rates, or alternating the distribution and function of
DNA regulatory proteins that are associated with the nuclear protein matrix (Maniotis,
Chen, and Ingber 1997). A change in the nuclear structure has an effect on the 3-dimensional
internal organization (Getzenberg et al. 1991). It appears that the osteoblasts and
mesenchymal stem cells are adapting to the nanotube substrate nanotopography by
organizing both external and internal shapes.
A concept developed by Dalby et al. (Dalby et al. 2008) suggests that MSC osteodifferentiation is determined by mechanotransductive pathways that were stimulated
because the cell was under tension caused by way the cell was adhering and the shape it
assumed due to the underlying nanostructure surface. Cell morphology/spreading
dominates cell fate. McBeath et al. showed that commitment of stem cell differentiation to
specific lineages is dependent upon cell shape (McBeath et al. 2004). In a single cell
experiment with micropatterned surfaces the critical role of cell spread/shape in regulating
cell fate was determined.
Nonetheless there is a need to better understand the mechanism by which such
nanosurfaces direct MSC osteogenesis, and to optimize the culture conditions in order to
maximize MSC expansion and differentiation. For bone growth, it requires cell proliferation
and selective differentiation, and these processes are found to occur at different but discrete
nanosurface topography conditions such as variations in nanotube diameter.
5.2 Conclusions and considerations for further orthopaedic considerations
Establishing possible connections between mechanical properties of MSCs in differentiation
is valuable to the field of mechanobiology. It can be speculated that natural forces that MSCs
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encounter in a physical environment does not need a strong cytoskeleton, however upon
osteogenic differentiation, in which differentiation of MSCs become part of a larger bone
structure that functions to provide both form and strength, the supporting structure of the
cells are enhanced to enable function and withstand load bearing wear that bones endure.
Understanding the physical characteristics of MSCs during differentiation may aid in the
development of new biomaterials, which can potentiate the necessary mechanics of the cells
for the advancement of tissue engineering.
In terms of the dimensions of the nanotubes in the osteoblast (bone cell) and mesenchymal
stem cell (osteo-progenitor cell) studies, it was reported that a unique variation in cell
behaviour even within a narrow range of nanotube diameters (Brammer et al. 2009; Oh
2009).The results of the previous research can be simply summarized: osteogenic
functionality, both biochemical activity in osteoblasts and internal gene regulation of osteoprogenitor cells, were altered by the size/diameter of TiO2 nanotubes, as the nanotube
diameter increased, the osteogenic function also increased. Such a trend can be utilized for
improvement and control of the bone forming functionality for advanced orthopaedic
implant technologies.
In these studies however, TiO2 nanotubes having a 1: 3 diameter: height aspect ratio was
used, which was determined by the electrochemical anodization conditions including
electrolyte solution, voltage, time, etc. While this current-state-of-the-art self assembly
process of TiO2 anodization does not easily allow fabrication of TiO2 nanotubes with the
diameter larger than ~100nm with the electrolyte used in this study, it would be interesting
to study the effect of even larger diameter TiO2 nanotubes, possibly using a modified
chemical process, on osteogenic cells.

Fig. 11. Large diameter nanotubes prepared in 0.25 w/v% NH4F with various applied
voltages. (A) SEM micrographs showing nanotube morphology by top view (a, c, e) and
cross-sectional view (b, d, f). (B) Chart describing the effect of applied voltage on the
physical nature of the nanotube dimensions.
Other methods for making large diameter (>100nm) TiO2 nanotubes using aqueous organic
electrolytes with a future potential use as orthopaedic implant surfaces have been explored.
Previously the anodization electrolyte method included aqueous dilute hydrofluoric acid. In
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an alternative fabrication method ammonium fluoride (NH4F) in an ethylene glycol solution
as an electrolyte can be investigated. Figure 11 illustrates the SEM figures of TiO2 nanotubes
prepared by 0.25 w/v% NH4F electrolyte at various anodization voltage for 17 hrs. The table
in Figure 11 indicates the variations in applied voltage and the resultant physical
dimensions of the fabricated nanotubes. By controlling the applied voltage, the diameter of
the nanotubes could also be controlled. Nanotubes with diameters from ~130-225nm have
been successfully prepared. Future work should include the use of large size nanotubes to
find the most optimal stem cell osteogenesis and bone cell/tissue function.

6. Future direction and applications
In the future, nanostructured ceramics will be created that demonstrate even higher degrees
of integration between materials and biology (Narayan et al. 2004). Future ceramic
nanostructures may possess even more precisely tailored grain and/or pore sizes in order to
obtain specific tissue interactions. For instance, loading nanoporous structures can provide
an implant with biological functionalities (Cowan et al. 2003) are key prospects in deriving
therapeutic based nanostructures that integrate and for wound healing, bone repair, and
cardio vascular restoration, to name just a few. For example, silver and zinc-containing
zeolites, marketed under the trade name AgION®, are currently being assessed for use in
wound dressings. Figure 12 shows the idea of a “nanodepot” using the nanopores of the
TiO2 nanotubes for loading biological agents.

Fig. 12. (a) Schematic illustration of “nanodepot” concept in TiO2 nanotubes. (b) Example of
albumin protein elution from inner pores of TiO2 nanotube structures.
In the previous sections it has been shown that the physical environment of
nanotopography has positive effects on cell behaviour, yet direct comparisons of
nanotopographic surface chemistry has not been fully explored. For instance the possibility
of nanotubes made of different materials, i.e. carbon, gold-Pd, zirconia, or tantalum for
instance.
To date, a large part of the interest has remained on titanium oxide (TiO2) nanotubes
because it is well known that titanium (Ti) is a biocompatible orthopedic material which
provides an excellent osseointegrative surface. However, little notice has been given to
zirconium oxide (ZrO2) nanotubes, which are formed via the similar self-assembled
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mechanism as TiO2 nanotubes, through an electrochemical anodization process (Berger et al.
2008). Zirconium (Zr) is similar to titanium in that it possesses a thin passivation oxide layer
which makes it highly resistant to corrosion in bodily fluids (Oliveira et al. 2005). In fact,
while the corrosion resistance and biocompatibility of certain Zr alloys are as good as those
of Ti alloys, the mechanical properties have been found to be superior to those of the
commonly used Ti-6Al-4V alloy (Kobayashi et al. 1995). Furthermore, a recent study by
Bauer and co-workers demonstrated that mesenchymal stem cells react in the same manner
to ZrO2 nanotubes, AuPd-coated TiO2 nanotubes, and as-formed TiO2 nanotubes (Bauer et
al. 2009). Their results indicate that the cell response is chiefly due to nanotopographical
cues instead of a specific surface chemistry pertaining only to TiO2.
There is a vast parametric space in which to explore novel nanostructures, nanopore
dimensions, and material compositions for optimizing and advancing implant designs for
desired tissue interactions.
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1. Introduction
Cartilage tissue has only one cell type, the chondrocyte, wich is immerse in extracellular
matrix composed mainly by collagen type II. Because of such properties, cartilage tissue
doens’t heal spontaneously after a lesion, which with time becomes progressive and chronic.
Cartilage lesions may be caused by automobile and sport accidents, as well as by normal
wear due to age, and usually generate severe pain and difficulty of mobility in patients.
Therefore, cartilage disease is a common type of lesion to which everyone is susceptible and
represents a very important public health problem in the world (Willians et al, 2006).
Initial therapies to treat cartilage lesions included replacement surgery with artificial or
natural organs and tissue grafts. Artificial and natural organ transplants and tissue grafts,
on the other hand, are able to fully replace organs or tissues, but require continuous and
permanent immune therapy to reduce immunological response to graft and to increase the
longevity of transplanted tissue. Therefore, although major progresses were done in the
field of cartilage tissue regenerative medicine during the years, current therapies still
present limitations. Moreover, no adequate cartilage substitute has been developed. Thus,
most of the severe injuries related to cartilage are still unrecoverable or not adequately
treated. Therefore, these methods are helpful but need modification to develop better novel
or alternative therapies (Ikada et al, 2006 and Tabata et al, 2009).
In such context emerges tissue engineering, which has been defined by Langer and Vacanti
as: ‘‘an interdisciplinary field of research that applies the principles of engineering and the
life sciences towards the development of biological substitutes that restore, maintain, or
improve tissue function” (Salgado et al, 2004).
Tissue Engineering or Bioengineering is based on three elements: (i) cells; (ii) scaffolds and
(iii) signalling molecules. These elements integrate themselves and promote the new tissue
development (Langer and Vacanti, 1993; Ikada et al, 2006 and Chiang et al, 2009). In order to
mimic tissue structure, tissue engineering also requires 3 dimensional cell cultures, which, in
contrast to traditional bidimensional cell culture, has only been developed recently.
Nowadays, it is beyond dispute that this cell culture strategy presents many advantages,
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including continuous exchange of nutrients and oxygen, metabolite removal and mechanical
and chemical stimuli. All these factors allow and facilitate cell differentiation and
proliferation (Ikada et al, 2006 and Tabata et al, 2009).
Used as scaffolds to 3D cultures, biomaterials studied in tissue engineering can be derived
from natural or synthetic sources and may belong to one of three classes: metals, ceramics,
or polymers. Once transplanted, biomaterials can be reabsorbed in vivo and replaced by
new tissue (Ikada et al, 2006 and Tabata et al, 2009).
1.1 Cells
Tissue engineering strategy demands high numbers of cells, therefore, ideal cell sources for
tissue engineering application must be easily isolated, expandable to higher passages, be
non-immunogenic and have a protein expression pattern similar to the tissue regenerated
(Salgado et al, 2004).
Chondrocytes derived from autologous tissue constitutes the most obvious choice to be used
in tissue engineering, for their absence of immunogenicity and possibility of limited
expansion in vitro. However this methodology suffers from many limitations, such as the
generation of a second site of cartilage lesion, as well as the limited amount of cells obtained
at the end of the procedure.
As an alternative, stem cells present a great therapeutic potential due to their capacity of
differentiation to many cell lineages. These cells are able to self-renew and proliferate for
long periods in vitro (Zuk et al, 2002 and Mountford et al, 2008).
Stem cells are divided into two great classes: adult and embryonic stem cells and also
divided based on their differentiation potential. even though they may also be described
based on their differentiation potential. According to this latter classification, the zygote and
the cells produced by its first two divisions are considered totipotent, or capable of
generating any cell of the embryo as well as the trophoblast. Continuing the embryo
development, at the fifth day the embryo is constituted of two cell types, which compose the
trophectoderm and the inner cell mass. Cells from the inner cell mass (ICM) are also called
embryonic stem cells and are classified as pluripotent, for their capacity of generating the
three embryo germ lines. ICM cells are not totipotent because they lack the capacity to
generate extra-embryonary tissues. Later in the development, present in fully differentiated
tissues, there are multipotent stem cells, which present more limited differentiation
potential, being restricted to generate cells from the same embryonary origin as the tissue
where they are found. However, according to the literature, multipotent stem cells may
present a broader differentiation capacity then initially expected (Friedenstein et al, 1966;
Owen et al, 1988; Zuk et al, 2002 and Conrad et al, 2004).
In 2007 yet a another type of stem cell was generate in vitro, the induced Pluripotency Stem
Cell (iPSC). This new type of cells is produced by reprogramming adult cells, such as
fibroblasts to a pluripotent state similar to that observed in embryonic stem (ES) cells, by
retroviral transduction of some genes (Nanog, Oct4, Sox2, c-Myc, Klf 4 and Lin 28). The
forced expression of such genes was capable of giving differentiated adult cells pluripotent
differentiation capacity akin to the embryonic stem cell. This technique was termed cellular
reprogramming (Takahashi et al, 2006; Yu et al, 2008 and Yamanaka et al, 2009).
It is important to aknowledge each stem cell type properties, for all stem cell types present
inherent advantages and disadvantages, depending on their application.
Among adult stem cells there are:
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Mesenchymal stem cells (MSCs), which take part of the mesenchyme of varied tissues
such as the bone marrow, adipose tissue, brain, dental pulp and skin, and are capable of
differentiating into many cell lineages. MSCs present great potentials to the treatment of
several diseases due to their low immunogenicity, immunomodulatory properties, the
possibility of autologous transplantation, easy isolation and in vitro proliferation
possibility.

The bone marrow was the first source of MSCs described in the literature, and still remains
the more thoroughly studied stem cell type. Also present in the bone marrow, there are:

Hematopoietic stem cells (HSCs), which differentiate into all the hematopoietic and
lymphoid cells from the blood. Therefore, HSCs are studied due to their roles in
leukemia and other blood diseases. Usually, the treatment of such diseases include the
substitution of the sick bone marrow to a healthy one, and in accordance to such fact,
studies involving HSCs are mainly focused on how HSCs behave in different live
organisms. Autologous grafts, or the implantation into a genetically similar live
organism, may be performed in order to treat blood related diseases, as well as
heterologous implantations, or grafting into genetically different live organisms.
Presently, these different graft types show paradox behaviours. Heterologous grafts
cause immune rejection in the host, requiring the host to be continuously submitted to
immunossuppression. This therapy can lead to patient death due to the absence of an
immune response to opportunist pathogens, however, this treatment is still commonly
used today. In cases where the patient’s conditions are good, cells can be extracted from
the patient himself. This method is named autologous transplantation and is not
susceptible to host rejection (Friedenstein et al, 1966; Owen et al, 1988, Conrad et al,
2004; Davila et al, 2004 and Gregory et al, 2005).
Even though stem cells derived from bone marrow have been well studied, they do not
constitute the ideal mesenchymal stem cell source, due to the limited extent of MSC
isolation (low extractable quantity of tissue) and donor discomfort. Therefore, new
alternative sources have been proposed, including the adipose tissue. Adipose tissue is an
excellent tissue to obtain great quantities of mesenchymal stem cells and it presents low
discomfort when compared to bone marrow. According to Zuk, 2002, adipose tissue is a
viable source to obtain mesenchymal stem cells, and these cells present similar
characteristics to bone marrow MSCs.
Since the discovery of so many MSC sources, the International Society for Stem Cell Therapy
postulated that a cell will only be considered a MSC if it presents 3 characteristics: 1. Being
able to attach to cell culture surface; 2. Specific surface antigen expression; 3. Multipotent
differentiation potential (osteoblast, adipocytes, chondroblasts) (Dominici et al, 2006). MSCs
must then be capable of differentiating into cartilage, bone and muscular cell lineages, selfrenewing and proliferating in vitro.
Embryonic stem cells (ESCs) are derived from the inner cell mass of the blastocist and present
great moral, religious and ethical barriers due to their isolation technique, which leads to
embryo destruction. They constitute a very promising stem cell type considering the tissue
engineering field, for their pluripotent differentiation potential and unlimited proliferation
capacity. Besides their ethical issues, ESCs also present the possibility of when injected in vivo,
to produce teratomas. Thus, even though ESC present endless wonderful possibilities to be
used in several science fields, more studies are necessary to ensure their safety and efficiency
to be used in humans (Takahashi et al, 2006). In 2009, the biotech company Geron received the
FDA approval to start the first human clinical trial of embryonic stem cell-based therapy in
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order to assess the safety of using differentiated embryonic stem cells to treat spine cord
injuries. In 2011, they finally injected the first cells in patients and are waiting for results.
With respect to the potential of these stem cells, researchers have developed methods to
trace these cells in both live and post-mortem stages. This is very important, because there
are many routes and ways to introduce stem cells in an organism. If we can determine
where these cells are going, wheter they can stay inside the 3D scaffold and differentiate or
if they can stimulate others cells to migrate and graft, many unanswered questions will be
addressed. Therefore, researchers have developed tracing techniques to locate injected cells
in the organism. In basic science models, genetically modified transgenic organisms that
express fluorescent proteins (FP) have been used to generate cells expressing such markers.
Green fluorescent protein, the first FP generated, was derived from fluorescent seaweeds
found in the US. After the isolation and characterization of the protein, its gene was
introduced in mice and many other animals, so that those animals fluoresce when exposed
to UV radiation. Cells taken from these transgenic animal and introduced into other nontransgenic animal (of similar lineages) do not present rejection problems and allow for
trafficking of these cells (Ogawa et al, 2004). Many other tracing strategies were also
developed including: radioisotopes, DNA and mitochondria dyes, as well as fluorescent
microbeads. (Ogawa et al, 2004).
1.2 Tissue engineering
Tissue engineering or Bioengineering, as definided by Langer and Vancanti, constitute a
innovation in regenerative medicine and is based on three elements (i) cells; (ii) scaffold and
(iii) growth factors. Scaffolds can be bi-dimensional and three-dimensional, bi-dimensional
structures allow us to observe only cell behavior with reference to medium composition,
cell-cell interaction, cell viability and cell differentiation. However, three-dimensional
structures allow us more physiologically realistic factors including dynamic fluids rich in
O2, mechanical forces, and cell adhesion but this interaction is three-dimensional and can be
modify cell behaviour. For instance, nowadays it is beyond dispute that scaffolds are
sources of instructive signals for cell differentiation, migration, proliferation and orientation,
and of paramount role in phenotype maintenance. Therefore, many studies have searched
for great biomaterials that can be used as a surrogate for extracellular matrix (ECM) tissue
(Ikada et al, 2006; Chiang et al, 2009; Tabata et al, 2009 and Mingliang et al, 2011).
One of the main goals of Tissue engineering is to create a scaffold that can mimic ECM due
to better cells, and micro-environment interactions. This interaction permits cells adhesion,
migration, proliferation, differentiation and long-term viability (Bacakova et al, 2004). To
produce a new organ or tissue we need scaffolds that are biodegradable and biocompatible.
These structures need stable and appropriate porosity and architecture to permit formation
of a vascular net able to give nutrients and O2. These scaffolds should be gradually
degraded to be occupied by new tissue formed by the interaction among the 3D scaffold,
stem cells and growth factors.
To construct our 3D structure, we use chitosan and gelatin. Chitosan is derived from chitin
presents in arthropods, including shrimp and crab. It is a polysaccharide very similar to
glycosaminoglycans present in cartilage ECM. It is acid soluble, forms like-gel solutions and
is water insoluble. Therefore, chitosan is available in nature and easily manipulated beyond
its seemed ECM polysaccharides state (Roughley et al, 2006 and Dong et al, 2010).
Gelatin is derived from collagen, mainly proteins presents in cartilage ECM. Cartilage tissue
is composed of type II colagen. In spite of this, gelatin is not composed of type II collagen, it
present RGD motifs like all types collagen and this motif is able promote cell adhesion and
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differentiation and/or promote phenotype maintenance. Gelatin is water and acid soluble
and is able to mix to chitosan gels (Tortelli and Cancceda, 2009 review). Both biomaterials
have properties similar to cartilage ECM and they are biocompatible and biodegradable and
are able to form porous where fluid can pass.
The connection between chitosan and gelatin is termed reticulates. Reticulates have a property
to make chemical connections between molecules. These connections are stable and require the
maintenance of stable scaffold architecture. In this study, we used two reticulates: Genipin and
Glutaraldehyde. These reticulates are used beyond stable architecture, to increase degradation
time in vivo. The importance of that controllable degradation is that it guarantees new tissue
formation (e.g. ECM secretion) by differentiated cells. This way, the scaffold is able to provide
a temporary matrix for developing cells, such as a support for cell attachment and tissue
neomorphogenesis (Bacakova et al, 2004 and Mironov et al, 2009).
Glutaraldehyde is the reticulate most used in tissue engineering; it helps the 3D matrix
creation through freeze and freezing drying. This process creates pores inside the scaffold
and these pores are favorable to cell development, adhesion, proliferation and
differentiation beyond the exchange of metabolites and food (Hofmann et al, 2009). Despite
being most used, glutaraldehyde presents high levels of citotoxicity and limited reactivity
with acetylates molecules. Therefore, a new approach is needed to find new reticulate that
overcome all prior difficulties.
There is a new reticulate that had been studied, genipin. Genipin is derived from vegetable
(Gardennia jasminoides, ELLIS) and it presents good capacity to increase mechanical
properties for biomaterial-based protein. It forms pores and delays degradation that favors
new tissue formation (Al amar et al, 2009 and Beier et al, 2009). This work verified which
reticulates are better for our goal, the design of cartilage tissue.
The ultimate goal of tissue engineering is to design and fabricate close-to-natural functional
human organs suitable for regeneration, repair and replacement of damaged, injured or lost
human organs. Without tissue engineering, living functional human organs can be
produced only during natural embryonic development. Therefore, according of Miranov
and colleagues (2009) one of the most logical and obvious ways to look for possible
alternatives to solid biodegradable scaffold-based tissue engineering approaches is to
understand how tissue and organs are formed during normal embryonic development.
Organ printing (one biomedical application of rapid prototyping) is an emerging
transforming biomimetic technology that has potential for surpassing traditional solid
scaffold-based tissue engineering (Miranov et al, 2009).
1.3 Signalling molecules
As the third pillar to tissue engineering, besides cells and scaffolds, it is important to deal
with media constitution. All biochemical molecules present in culture media are able to
stimulate cells. These stimuli differentiate all cells in culture, so theses molecules are
important in creating new tissue or regenerate damage tissue. Due to stem cell
differentiation capacities, they are cultivated in special medium that stimulates them during
the differentiation process. Here we describe signaling molecules that stimulate
chondrogenic differentiation of stem cells, mainly type II collagen secretion (Raghunath et
al, 2005).
There are key molecules to chondrocyte differentiation: TGF-β and dexamethasone (Raghunath
et al, 2005; Betre et al, 2006; James et al, 2007; Melrose et al, 2008 and Mueller et al, 2008).
According to Lee and colleagues (2004) and Melrose and colleagues (2008), TGF-β induces the
synthesis of type II collagen through Sox-9 pathway. Mueller and colleagues (2008) agree that
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dexamethasone causes chondrocyte hypertrophy because it induces type X collagen synthesis
from cells. If this process occurs, the neotissue will suffer mineralization and will lose its
properties (e.g. smoothness). However, most studies that aim to achieve chondrogenic
differentiation use such molecules in differentiation medium, as the beneficial aspects outweigh
disadvantages and such molecules seem to necessary to the chondrogenic differentiation
process (Otto et al, 2004; Medrado et al, 2006; Huang et al, 2006 and Koay et al, 2007).
Still considering the example given, one viable option to obtain cartilage tissue in vitro and
adequate to tissue engineering application is the combination of chitosan and gelatin,
reticulated either by glutaraldehyde or genipin, seeded with mesenchymal stem cells. Here
we show in vitro analysys performed to verify stem cell behavior in control (no
differentiation stimuli) and differentiation medium. We tested whether differentiated cells
in 3D scaffolds maintained differentiated phenotype in vivo.

2. Materials and methods
All animals were used and sacrificed in accordance to CETEA – UFMG (Ethical Committee
Animals Experiments) # 153/2006. We used 30 rats (Lewis, male and female, 4 to 6 weeks
old) from Physiology Department of UFMG and 5 rats (Lewis transgenic GFP - Lew-Tg eGFP, 4 to 6 weeks old) from Missouri University (USA).
2.1 Cells and characterization by flow cytometry
Mesenchymal stem cells were obtained from rat adipose tissue (Lewis and Lewis eGFP).
Rats were killed with anesthetic overdose and adipose tissue was removed from the
abdominal region and it was maintained in conical tubes with DMEM supplemented 10%
serum bovine fetal (SBF). After a few minutes, this tissue was digested with collagenase type
II for 60 minutes, in 37ºC and 5% CO2. Every 15 minutes this solution was manually shaken.
After this procedure, this solution was centrifuged for 10 minutes (1400rpm). The pellet was
recovered and cultivated in DMEM with 10%SBF for 3 days. On the third day, the medium
was collected, centrifuged to recover the non adherent cells and adhesive cells were
cultivated in DMEM + 10% SBF. When this culture became confluent (80 to 90%), cells were
trypsinized and expanded to new culture flasks (Zuk et la, 2002).
These cells were phenotyped by flow cytometry and used for differentiation studies at the
4th pass by flow cytometer. This procedure used anti-CDs antibodies to label markers
present on the cell surface. The CDs are markers present in mesenchymal stem cells,
hematopoietic stem cells and other cell types. We used CD54, CD91 and CD73 as MSC
markers and CD45 as HSC (Zuk et al, 2002 and Ucelli et al, 2006). All cells are fixed with
formaldehyde (2%) and analyzed by FACScalibur (USA). For control, we use only secondary
antibody and selected the gate for cells to be analyzed we used no marker cells. Around
20,000 events (minimum) were used for fluorescence capture in Cell Quest software. All
data were analyzed by WinMid 2.8 software. This procedure was performed according Zuk
et al, 2002. To conduct flow cytometry we used 1x106 cells and stained with antibodies (antiCDs) isolated before we used secondary antibody (FITC for Lewis and PE for Lewis eGFP).
2.2 Chondrogenic medium
Chondrogenic medium was based in protocol by Medrado and cols (2006), Huang and cols
(2006), Koay and cols (2008) and Breyner and cols (2010), from these we used 10µg/L
recombinant TGF-β3 (Bioclone), 10-7 M dexamethasone (Sigma) with 1% SBF.
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2.3 Cell differentiation
Mesenchymal stem cells were cultivated in T75 flasks with control medium (DMEM +
10%SBF) and chondrogenic medium for 1, 3, 6 and 9 weeks. To verify to differentiation
process immunofluorescence was perfomed using antibodies for collagen II, CD54,
CD90,CD45 and CD73, osteocalcin (Zuk et al, 2002 and Huang et al, 2006).
2.4 Immuno-fluorescence
Mesenchymal stem cells (1x105) cultivate in normal medium and chondrogenic medium for
1, 3, 6 and 9 weeks were used for immunofluorescence. To conduct this experiment, we used
cells from eGFP rats. Due to green GFP fluorescence, these cells were able to fluoresce under
confocal microscopy (green) and we used others markers with red fluorescence. Initially,
when we used to identify chondrogenic differentiation, we used markers from msenchymal
stem cells (CD90, CD54and CD73), hematopoietic stem cells (CD45), cartilage-specific (type
II collagen) and bone-specific (osteopontin). Cells were seeded in glass laminules. By 48 h,
all cells were fixed with formaldehyde (2%) and stained with each antibody. Each well was
washed with cold PBS 0,15M and the secondary antibodies (polyclonal anti-rat IgG made in
rabbit, Molecular Probes) were applie and the cells were observed in confocal microscope
(Soliman et al, 2008).
2.5 3D scaffolds
We developed two kinds of 3D scaffolds with similar chitosan (85% deacetylated, Sigma)
and gelatin (Sigma) ratios. The difference between scaffolds is the reticulate use:
glutaradehyde (0,1%, Sigma) or genipin (0,1%, Challenge Bioproducts). In order to solubilise
chitosan we diluted it in acetic acidic (0,5mM) and gelatin was diluted in water. Misture of
chitosan to gelatine was performed maintaining the ratio of 3 parts of chitosan solution to 1
part gelatin solution. Immediately, we shook these solutions and distributed 1mL/well in 24
wells plate. These plates were shaken in mechanic shaker overnight, protect from light. On
the next day we added 1mL reticulate to each well. After 60min, these plates were frozen at
-20°C overnight and then were transferred to -80°C. Plates were freeze-drying for 8 hours.
The cilinders (3D scaffolds) were sterililzed (120°C) and used for cell culture (Guo et al, 2006
and Yamane et al, 2005). The scaffolds were analyzed at the Department of Metallurgical
and Materials Engineering, Federal University of Minas Gerais. The matrices were covered
with gold (Sputter Coater - SPI Supplies) for 90 sec at 13mA. The images were obtained by
means of scanning electron microscope (JEOL 6360LV), at 15kV and 750mA, to qualitatively
assess the pore interconnectivity and size.
2.6 Cell and 3D scaffold
GFP cells were used because of the need to trace these cells; they were processed the same
way as the MSC characterized by IMF. These cells were cultured in a 3D scaffold with
chondrogenic medium for 3 weeks and surgically grafted in the rat subcutaneous dorsal
region. After 6 weeks, all animals were dead and the samples were analyzed by IMF to
verify presence of collagen type II. This assay was conducted because of the need to know
whether differentiated cells can dedifferentiate after implantation (Janune et al, 2006).
2.7 Statiscal analyzes
All data are presented as an average ± standard deviation (SD). To test the significance of
the observed differences between the study groups, a statistical evaluation was carried
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out using a one-way ANOVA. A value of P< 0.05 was considered to be statistically
significant.

3. Results
3.1 In vitro assay
3.1.1 Cell characterization
Cells were characterized by Immunofluorescence using GFP, MSC membrane surface
markers CD90, CD73 and CD54, HSC surface marker, CD45 antibodies to show the absence
of cell contamination with another source of stem cells. All cells were derived from GFPLewis rats and verified with an anti-GFP primary antibody and PE (phicoerithrine)
conjugate secondary antibody. Our results showed that all cells were positively for GFP
(red, Fig. 1). For other markers, we used secondary antibodies with FITC (fluorecein
isothiacyanate, Fig 1) and we observed that, cells were negative for CD45 and positive for
CD90, CD73 e CD54. Nuclei were marked with DAPI (blue, Fig. 1).

Fig. 1. Characterization of mesenchymal stem cells derived from adipose tissue of GFPLewis rats. A- CD45, B-CD90,C CD73 and D-CD54. GFP: red, surface marker: green and
nucleus: blue.
3.1.2 Cell differentiation
In order to assess mesenchymal stem cell phenotype changes Cells differentiation was
characterized by Immunofluorescence using membrane surface markers, CD90, CD73 and
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CD54, MSC markers and CD45 a HSC marker. The goal of this experiment was to observe
wether the cellular phenotype changed during the 9 weeks in chondrogenic medium. It is
important to note that GFP cells are able to fluoresce without secondary antibody. Therefore
anti-GFP were not used , only anti-CDs antibodies and secondary antibodies conjugated to
PE to not GFP used. We observed that when cells were cultivated in chondrogenic medium,
they were phenotypical alterated. Differentiated cells were positive for CD73 and Collagen
II (red, Fig. 2) and they were negative for CD90, CD45, CD54 and osteocalcine (Fig. 2).

Fig. 2. Cells differentiated with chondrogenic medium for 9 weeks. CD45, CD54, CD73,
CD90, Collagen II and osteocalcine. Cells were GFP labeled.
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3.2 Biomaterials
3.2.1 Scaffold development and analysis
The characterization of the biomaterials developed began at macroscopic aspects. In in one
hand glutaraldehyde – reticulated scaffolds presented yellow color, genipin-reticulated
scaffolds were dark blue. Microscopically, glutaraldeyde-reticulated matrices presented
round pores with sizes ranging between 100 - 500 µm (Fig. 3A and 3C). On the other hand,
genipin-reticulated matrices also presented pores with sizes between 100 - 500 µm, however
these pores had the appearance of being more fine and fragile (Fig. 3 B and 3D).

Fig. 3. 3D Scaffolds. (A) and (C) 3D scaffold with glutaraldehyde reticulates. (A) Without
magnification and (C) SEM X100. (B) and (D) 3D scaffold with genipin reticulate. (B)
Without magnification and (D) SEM X200.
3.2.2 Scaffold and cells
In order to assess the biomaterials’ citotoxicity, we seeded cells on the scaffold and verified
if the cells were viable after 1 week. To verify this we performed a stablished citotoxicity
assay called MTT, which verifies cell viability through the assessment of mitochondria
function. It was possible then to verify that cells were kept viable in both scaffolds viable
(Fig. 4). The cells colonized both scaffolds as shown in figure 5. Rat MSC extended
pseudopodes to link onto wall scaffolds.

Cartilage Tissue Engineering Using Mesenchymal
Stem Cells and 3D Chitosan Scaffolds – In vitro and in vivo Assays

221

Fig. 4. Cells Viability (MTT). The graph shows cell viability when cultivated on scaffolds for
1 week.

A

B

Fig. 5. Scanning electronic microcopy. (A) and (B) Cells attached to scaffolds.
3.3 In vivo assay
After 3 weeks of culture in chondrogenic medium in respective scaffolds, we grafted those
constructs (association of scaffolds and cells) subcutaneous onto the dorsal region of Lewis
rats. Those rats were sacrificed with anesthestic overdose on the 3rd week after implantation.
These samples were analyzed by immunofluorescence and we verified that collagen type II
was present in both samples. This result showed that once cells differentiated in the scaffold
they do not dedifferentiate. The cells were able to maintained the differentiated phenotype
inside the scaffolds (Fig. 6).
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Fig. 6. Collagen II staining in vivo. Grafts of scaffolds with differentiated cells. (A)
glutaraldehyde scaffold (B) Genipin scaffold.

4. Discussion
An ideal scaffold for been used in cartilage tissue engineering should be biodegradable,
tissue compatible and display some degrees of rigidity and mechanical flexibility. It should
have a three-dimensional configuration that provides a favorable environment for
proliferation of chondrocytes and stem cells, and for cell migration and differentiation
(Puppi et al, 2010 and Hutmacher et al, 2000). Furthermore, engineered bio-interfaces
covered with biomimetic motifs, including short bioadhesive ligands, are a promising
material-base strategy for tissue repair in regenerative medicine.
A 3D culture system that promoted the chondrogenesis of MSCs was established in this
study. It was observed that the combination of chitosan and gelatin scaffolds provided a
supporting environment for the chondrogenesis of rat MSCs. The MSCs formed cartilagelike tissue formation in vivo and in vitro via stimulation with common combinations of
bioactive substances such as transforming growth factor (TGF-β) and dexamethasone. The
chondrogenic differentiation of MSCs is typically detected by the formation of cell spheres
in culture expression type II collagen in the extracellular matrix, surface markers alteration
and the confirmation of typical gene expressions profiles by PCR analysis as determined by
Breyner and colleagues, 2010.
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Thus, the chitosan-gelatin scaffold used in our work mimic the natural environment leading
to increased ECM synthesis and promoting differentiation of MSCs to chondrocytes.
Other publications have promoted variations in the matrix composition and GAG fine
structure among the scaffolds used for cartilage tissue engineering in order to improve
articular chondrocyte culture and chondrogenesis of progenitor cells (Mouw et al, 2005 and
Melhorn et al, 2007). Our work, however, demonstrates that the 3D structure and chemical
composition of the chitosan scaffolds and chondrogenic medium promoted MSC activation,
proliferation and differentiation into chondrocytes, as was detected by a decrease in ALP
production, an increase in collagen type II production and a lack of osteocalcin, a known
osteogenic marker (Breyner et al, 2010; Huang et al, 2008 and Medrado et al, 2006).
The 3D chitosan-gelatin structure is perhaps an indication that the attachment of MSCs to
chitosan matrix could improve cell differentiation after matrix deposition as seen in the
development of chondrocytes. One of the advantages of 3D systems is the substantial
surface area to volume ratio can maximize cell-material contact when compared to
monolayer culture systems.
An ideal scaffold for cartilage tissue engineering should be biocompatible, non-cytotoxic and
have favorable structural features for cell attachment and proliferation (Lefebvre et al, 1997
and Mingliang et al, 2011). This study showed that cells attached, proliferated and secreted
extracellular matrix in the two 3D porous scaffolds used. After 3 days in culture the viability
and cell number in the 3D scaffold culture group had increased and was higher than that of
the cells in monolayer culture treated with glutaraldehyde or genipin. The percentage of cells
in different stages was determined by the MTT metabolization assay. Strong cell attachment
and proliferation demonstrated that there was no cytotoxicity in either scaffolds used. The
results agreed well with previous studies showing that initial cell adhesion was largely
influenced of RGD in gelatin bound to chitosan (Dong et al, 2010). It was reported that
immobilization of RGD peptide onto a scaffold enabled the adhesion of stem cells to the
scaffold and inhibited the immediate matrix-induced cell aggregation (Re’em et al, 2010). It
allowed better access for cells to nutrients, oxygen and chondrogenic inducer. TGF-β1 is the
main chondrogenic inducer during MSCs chondrogenesis (Barry et al, 2001). Studies
suggested that RGD interaction with α5 and β1 integrin subunits enhanced TGF-β1 secretion,
and RGD-dependent integrin activation should be linked to modulation of TGF-β1 activity
(Ortega-Velasquez et la, 2003). In this study, the homogeneous spread of MSCs and abundant
matrix secretion in scaffold indicated that TGF- β1 had efficiently induced MSCs
chondrogenesis. These results may indicate that the 3D scaffold culture is superior to the
monolayer culture because it is more effective in promoting ECM secretion or expression.
The immunoflurescence staining also revealed type II collagen accumulation between
scaffolds seeded with MSCs after in vivo implantation. It is also interesting to note that the
3D culture system not only enhanced chondrogenesis but also increased the cell
proliferation of MSCs. This may be a positive effect from chitosan-gelatin combination and
TGF-β added to the chondrogenesis medium.
Generally, cell attachment and spreading can occur in a serum-containing environment
regardless of surface coating because many factors regulating cell adhesion and spreading,
such as fibronectin, vitronectin, and cytokines are found in serum (Underwood et al, 2001).
However, during in vitro chondrogenic differentiation of MSCs, defined chondrogenic
differentiation inducing medium was used without serum. Therefore, cell adhesion was the
vital step for MSCs chondrogenic differentiation. However, cell density strongly influences
MSCs differentiation and cell-matrix secretion (Hui et al, 2008).
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5. Conclusion
Rat mesenchymal stem cells are able to differentiate when they are cultivated in
chondrogenic medium. These cells can colonize scaffolds and differentiate inside them.
Therefore, when these constructs were subcutaneously grafted in the rat dorsal region we
verified that cells maintained a differentiated phonotype after 6 weeks. All together, we
concluded that chitosan and gelatin are good candidates for scaffolds used to differentiate
stem cells with chondrogenic treatment.
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1. Introduction
The high standard and bio-electrochemical stability of any metallic biomaterial components
are the main conditions for their safe implantation into human body. The most critically
indispensable properties for metallic biomaterials are their corrosion resistance, inertness,
low toxicity, and durability. The work aims at analyzing the titanium biomaterial
characterization after electrolytic polishing in a magnetic field, named as the
magnetoelectropolishing (MEP), in comparison with the material finish after a conventional
electropolishing (EP).
Titanium and titanium alloys gradually became the main biomedical materials used
presently in orthopaedic applications. The leaching of metallic ions such as nickel during the
corrosion process from other biomaterials such as: 316L stainless steel, L-605 cobaltchromium alloy, or Nitinol, has caused considerable concerns due to the allergies,
inflammations, etc. It appears to be non existent when CP titanium is employed. Titanium is
also insensitive to oxygen concentration and by this titanium ions release by this mechanism
is not applicable in this case. Also it is well known that when titanium is exposed to body
fluids, its surface undergoes spontaneous modification by Ca2+ and PO43- ions and prolong
exposure leads to formation of hydroxyapatite layer, which is indispensable to bone-implant
osseointegration.
High quality metal alloys of titanium are commonly used for orthopaedic prostheses as
bone plates, nails, screws, etc. Fortunately, the oxides and hydroxides of titanium have
extremely low solubilities  so a passive oxide film readily and spontaneously forms over
the titanium’s surface. In spite of its very high corrosion resistance the spontaneously
formed oxide film consists of some inclusion and discontinuity spots, which can cause the
problems in integration at the bone-implant interface. To overcome these problems, several
surface treatments are employed: chemical etching, plasma treatment, ion implantation,
electrochemical or wet chemical hydroxyapatite precipitation following either hydrothermal
treatment or sintering, anodizing, electropolishing, etc. The electropolishing process seems
to be the best way to eliminate these problems. By dissolving the existing imperfect oxide,
electropolishing process creates the base for formation the more perfect homogeneous oxide
over the base titanium metal. As it was shown in many works, including also previous ours,
it is the presence of this oxide film that is responsible for titanium’s excellent corrosion
resistance, which enables it to be used in surgical applications.

228

Biomaterials Science and Engineering

2. Titanium biomaterial characteristics
Titanium and some of its alloys Ti6Al4V, TI6AL7Nb, Nitinol, are classified as biologically
inert biomaterials and are commercially used in orthopaedic and dental application. This is
a result of their outstanding corrosion resistance and inertness. The inertness of those
materials is due to titanium oxide (TiO2) which spontaneously covers them after exposure to
ambient air or water according to the following reactions:
Ti + O2 → TiO2
Ti + 2H2O → TiO2 + 4H+ + 4e–
The stability of TiO2 can be compromised only by complexing species such as HF or H2O2
and can lead to its dissolution. Without those species TiO2 is thermodynamically stable in
the wide range of pH = 2-12 (Schenk, 2001) and by this CP-Ti is totally corrosion resistant in
the presence of neutral physiological solutions. In the case of Al-containing alloys (Ti6Al4V,
Ti6Al7Nb) acidification of solutions make them more prone to dissolution than CP-Ti
(Ruzickova et al., 2005).
In present work our research concentrates on CP Titanium as on precursor of another
titanium alloys. Along excellent corrosion resistance, inertness to human body and excellent
osseointegration titanium offers more suitable properties for implantable biomaterials. Some
of those properties include: fatigue resistance, strength, density, elastic module, etc. The
density of around 4.5 g.cm–3 makes it almost two times lighter than cobalt-chromium or
316L stainless steel alloys. As pure element CP titanium also excludes possibility of leaching
harmful elements which could be detrimental to surrounding tissues as can be in case of
316L stainless steel and Nitinol where possibility of leaching nickel is reality. The biggest
disadvantage of CP-Ti is its relatively low wear resistance and by this it should not be used
in devices where contact wear is unavoidable as for example modular interface corrosion
between Co-Cr heads and Ti stem in total hip replacement prosthesis (Singh &, Dahotre,
2007; Salvati et al., 1995).
2.1 Mechanism of passive film formation and growth
Even that the passive film on titanium is only in nanometers range it creates very protective
barrier against biological environment of human body. Its protectiveness depends on
several features: morphology, homogeneousness, thickness, kind and quantity of foreign
chemicals species incorporated in it. All of those properties of passive film determine the
tunneling rate end speed of ions moving through the film as well as its dissolution by
surrounding fluids.
According to (Cabrera & Mott, 1948) high field mechanism for oxide film formation and
growth theory the main prerequisite is adsorption of oxygen on bare titanium surface which
creates oxide monolayer (Fig. 1). The next step is electron tunneling from titanium to
monolayer of adsorb oxygen which by adding electrons became electron traps on the outer
surface of the oxide. As the number of electron traps increases the potential drop across the
films grows. The drop of potential creates the electric field across the passive film which
lowers the activation energy necessary for further ions transport though passive film. The
oxide on titanium is classified as N-type semiconductor which means that anion transport
through film is dominant way of film grow and is due to oxygen ions movement toward
titanium metal. The thickening of oxide film increases the activation energy necessary for
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further oxygen ions transport and limits further passive film formation. The only way for
further grow of passive film in this point is to increase the potential drop across the film
which simultaneously increases the electric field.

Titanium
metal

–

e

Titanium oxide

Ti

Oxygen monolayer
adsorbed on titanium
surface
Tunneling oxygen toward
titanium surface

Electron tunneling
toward adsorbed
oxygen monolayer

Fig. 1. Oxide growth on titanium.
2.2 Passive film components
The composition of titanium oxides depends on conditions and chemical media in which
oxide is created. There are three main forms of titanium oxide which can exist on titanium
separately or simultaneously in different proportions. The three main forms of titanium
oxides are rutile-tetragonal crystals, anatase – also tetragonal crystals, but of more
amorphous form and brookite-orthorombic crystals. To lesser extent Ti2O3, Ti3O5 and
some hydrated oxides can also form on titanium surface. The naturally created oxide is
mainly in TiO2 form, transparent, not visible to eye and less than 10 nanometer thick
(Alekseeva, 1964).
2.3 The processes altering the titanium surface
To improve corrosion resistance, biocompatibility, osseointegration, cleanability,
overcome galling and seizing problems many processes were invented in last several
decades including: acid etching, DC anodizing, AC spark anodizing (Rokicki, 1992),
electropolishing, thermal oxidation, conversion coating (fluoride-phosphate), alloying of
surface layer with palladium by thermal decomposition, laser irradiation, phothocatalytic
treatment, plasma spraying for hydroxyapatite incorporation, and most recently proposed
magnetoelectropolishing process (Rokicki, 2009). From all of those processes the most
popular is DC anodization. This is very easy to perform not complicated electrochemical
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process which gives very attractive colorized finish to titanium in following colour
succession: yellow, purple, dark blue, sky blue, greenish, golden-purple (mosaic), violetgreenish (mosaic), and gray. The colour succession is due to thickening of oxide by rising
voltage. This process is very often utilized as finish of standard micro-rough CP Ti
orthopaedic locking compression plates (yellow colour) because this finish gives very
high osseointegration. This is most probably attributed to anatase form of titanium oxide
which predominantly covers anodized surface of titanium (Gopal et al., 2003; Simka et al.,
2011). Another recently more demanded finish for titanium is electropolished finish. The
electropolishing dissolves existing natural oxide with all its imperfections and creates new
more corrosion resistant oxide mainly in the form of rutile (Rokicki, 1990) according to
following reactions:
1. dissolution and transfer of titanium ions into solution
Ti = Ti4+ + 4e–
2.

evolution of the oxygen from the anode surface
4OH– = O2 + 2H2O + 4e–

3.

formation of the passive film on the anode surface
Ti + 2OH = TixOy + H2O + 2e–

The oxide created by electropolishing process is very homogeneous with few dislocation
sites. The advantage of this oxide over oxides created naturally on mechanically polished
or chemically etched titanium surface was shown in experiment performed by the author
over two decades ago (Rokicki, 1990). In that experiment two samples of titanium, one
electropolished another chemically etched, were anodized to the same colour (goldenyellow which is first colour obtained during anodization). After one year of exposure to
ambient atmosphere the colour on chemically etched titanium sample changed colour to
purple (thickening of the passive film field). The colour on electropolished sample stays
unchanged (and stayed unchanged to this day). Above experiment indicates that oxide
on electropolished titanium resists further oxidation by ambient atmosphere. In the case
of chemically etched titanium surface the oxide was very unstable and underwent
further oxidation by ambient air. This fact supports the Cabrera & Mott (1948) theory of
titanium oxide growth by oxygen movement toward titanium surface through existing
oxide (Fig. 1).

3. Magnetoelectropolishing of titanium
Magnetoelectropolishing (MEP) appears to be an important and effective process for
obtaining modified surface properties (Rokicki, 2009; Hryniewicz et al., 2008; Hryniewicz et
al., 2009). In our studies, for comparison the electrolytic polishing was performed both in the
absence and in the presence of a magnetic field. The experiments were carried out with the
use of wires, commercial endodontic files, and flat samples (plates). For the MEP
experiments, a constant external magnetic field below 500 mT was applied to the
electropolishing (EP) system by neodymium ring magnets. For both processes, conventional
EP and MEP, the same type of an acidic electrolyte was used, which was mixture of sulfuric,
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hydrofluoric and nitric acids. We use nitric acid addition to well known HSO4/HF
electrolyte composition for electropolishing titanium as a precaution from possibility of
hydrogen adsorption during electropolishing. This method was successfully applied by
Higuchi & Sato, (2003). Decreased hydrogen concentration in the stainless steel samples
after MEP in comparison with EP, and MP ones, was recently reported by Hryniewicz et al.,
(2011).
The bath was unstirred during the process carried out with absence of externally applied
magnetic field. During magnetoelectropolishing the stirring was self imposed by Lorentz
Force as a result of interaction of electric and magnetic fields. For comparison, also Ti
samples after mechanical polishing using an abrasive paper of the grit size up to 1000 were
used.

4. Towards improving the titanium biomaterials
Much attention has been concentrated on improving the properties of titanium biomaterial
(Schenk, 2001; Rokicki, 1992; Gopal et al., 2003; Simka et al., 2011; Rokicki, 1990; Hryniewicz
et al., 2009; (2) Hryniewicz et al., 2009; Schultz & Watkins, 1998; Virtanen et al., 2008; Buly et
al., 1994; La Budde et al., 1994; Burstein et al., 2005; Virtanen & Curty, 2004; Burstein &
Souto, 1995; Mickay & Mitton, 1995; Khan et al., 1999; Hanawa et al., 1998; Budzynski et al.,
2006; Hayes et al., 2010). Osseointegration of a metallic implant into bone or adaptation in
soft tissue involves many complex physiological reactions related both to the material itself
and to the living host. It was thus realized that during implantation a hydrated oxide layer
grows on titanium, suggested to be due to the metabolic activity at the site of implantation
(Virtanen et al., 2008). A prerequisite for clinical success of orthopaedic and dental implants
is a strong and long-lasting connection between the implant and bone. Surface roughness
has been suggested as one important factor for establishing clinically reliable bone
attachments (Buly et al., 1994; La Budde et al., 1994; Burstein et al., 2005; Virtanen & Curty,
2004; Burstein & Souto, 1995). Implant-related factors, mechanical loading, surgical
technique, implant site and patient variables influence bonding between implants and bone
(Buly et al., 1994). Several authors suggest methods to modify the surface structure of
titanium implants, which all may lead to altered chemical and mechanical properties of the
metal surface (La Budde et al., 1994; Mickay & Mitton, 1995). Textured implant surfaces can
be produced by several methods, all of which provide different characteristics of the
biomaterial surface. It is not clear what influence these characteristics have on the bone
response after implantation, or to what extent the response depends on geometry and
degree of the surface roughness (Khan et al., 1999). Results from in vitro studies suggest a
positive correlation between surface roughness and cellular attachment and osteoblast-like
cell activity (Duisabeau et al., 2004).

5. Comparison of surface roughness
Definitions of roughness parameters are given in accordance to Polish Standard: PN-EN ISO
4287 (1999),
R – parameter calculated from the roughness profile
Ra – is the arithmetic mean of the sum of roughness profile values
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Ra 

l

1
z( x ) dx
l 0

(1)

where z( x )  absolute ordinate value inside the elementary measuring length, with l = lp,
and lp  elementary length in x direction (on average line) used for identification of
unevenesses characterizing profile under evaluation,
Rz  the height of roughness acc. to 10 points as the measure of the range of roughness
values in the profile. It is generally determined as the mean of 5 single measuring lengths of
the roughness profile it corresponds to the mean peak-to-valley height,
Rt – the total height of the primary roughness profile defined as the difference between
height of the highest profile peak and the depth of the lowest profile valley of the respective
profile within the evaluation length ln (l = ln).
A computerized HOMMEL TESTER T800 system of Hommelwerke GmbH for roughness
measurement was used for the study of surface roughness. The comparison of roughness
studies results after both conventional electropolishing (EP) and magnetoelectropolishing
(MEP) were carried out on the Ti samples.
Surface roughness measurements on CP Ti Grade 2 samples were performed both on wires
and plates after standard electropolishing (EP), and magnetoelectropolishing (MEP), with
mechanically abrasive polishing (MP) samples serving as a reference. Comparison of the Rz,
RzISO, Rt, and Ra results obtained after MP, EP, and MEP are presented in Fig. 2. Dependent
on the treatment proposed, a decreasing surface roughness is observed with MEP roughness
being the least (Figs. 2a,b,c).
The maximum height of scale limited surface Sz is the sum of the largest peak height value
and the largest pit depth value within a definition area. The arithmetic mean height Sa is the
arithmetic mean of the absolute of the height within a definition area

Sa 

1
z(x , y ) dxdy
A A

(2)

with A being the definition area (Standard ISO 25178-2, 2008).
The interferometric roughness studies were performed on CP Ti Grade 2 strips after MP, EP,
and MEP (Fig. 3). The obtained results are even more pronounced with detailed data given
in Table 1. Even if Sa surface roughness parameter measured after EP is very low (of 88%) in
comparison with Sa after MP, this parameter of Ti sample surface after MEP is still reduced
over 12%.
Our previous studies performed on MP, EP, and MEP sample surfaces of different
metallic biomaterials indicated decreasing roughness, evaluated both by 2D standard
roughness measurements (Ra, Rz, Rt), as well as 3D interferometry measurements (Sa, Sz),
(Hryniewicz & Rokosz, 2009) as well as presented in our works elsewhere (Hryniewicz &
Rokicki, 2007; (2) Hryniewicz & Rokicki, 2007; Hryniewicz et al., 2007). Consequently,
regarding reduction in hydrogenation, the results obtained by SIMS are in agreement with
the sample surface roughness data concerning their mode of treatment (Hryniewicz et al.,
2011).
Some of the studies on surface roughness performed by other technique (Atomic Force
Microscopy, AFM) on Nitinol (Fig. 4) also confirm improvement of MEP treated samples
against EP ones (Rokicki et al., 2008; Hryniewicz & Rokicki, 2008).
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MP

Magnitude, m

1.0

EP
MEP

0.75
0.5

Roughness parameter Rz
(a)

Magnitude, m

0.15

MP
EP
MEP

0.10

0.05

Roughness parameter Ra
(b)
MP

1.25
0.25

EP
MEP

Magnitude, m

1.0
0.75
0.5
0.25
0

Ra

Rz

RzISO

Rt

Roughness parameter

(c)
Fig. 2. Surface roughness parameters measured on a CP Ti Grade 2 wire: (a) Rz, (b) Ra, (c)
comparison of Ra, Rz, RzISO, Rt.
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Fig. 3. Sa surface roughness parameter measured on a CP Ti Grade 2 strip after MP, EP, and
MEP.
Treatment

Sa

MP

6.28

EP

0.745

MEP

0.654

Table 1. Sa data of interferometry studies performed on MP, EP, and MEP samples of CP Ti
Grade 2.

Ra [nm]

14
12
10
8
6
4
2
0

EP

MEP

6x6 um

3x3 um

Fig. 4. Average surface roughness Ra parameter of Nitinol sample after EP, and MEP,
measured by AFM (Rokicki et al., 2008).
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6. Wettability and microscopic studies
The orthopaedic titanium implants can be divided in two groups. One group of implant
consists of devices which after implantation will stay permanently in the body (spine
implants). Second group covers implants which are temporarily implanted and after healing
is over those devices are removed from the body (fracture fixation devices as bone plates,
nail etc). The one of most desired property for permanent implants are their complete and
strong osseointegration. For temporary devices the strong osseointegration is not desirable
because it complicates removal procedure, which can lead to unnecessary blood loss,
infection or even fracture. To accomplish this goal the metallic implants require different
surface finish which was shown in recent work of Hayes et al., (2010).
It is well known that wettability of metallic implant surfaces plays great role in their bio
integrity with surrounding tissues in titanium case most importantly with bones. In our
study electropolished and magnetoelectropolished surfaces had shown very different
wettability (Rokicki & Hryniewicz, 2008). The simple experiment with drop of water
dragged upon the EP and MEP surface have shown very different behaviour. Dragged
droplet of water on EP surface was leaving the trace behind; this indicates that surface is
very hydrophilic. Contrary dragged droplet of water on magnetoelectropolished surface did
not leave any traces and this indicates very hydrophobic surface property. Taking under
consideration finding of Hayes et al. (2010) that electropolished titanium surface leads to
lesser bone integration we hypothesize that more hydrophobic in our case
magnetoelectropolished titanium surface should lead to better and more fuller
osseointegration which will be very desirable for permanent orthopaedic implants.

7. Corrosion measurements
A metal corrodes if the electrode potential E = Ecorr is the corrosion potential and flowing
current ia = –ic = icorr in the created cell is the corrosion current. The relationship between
current density and potential of anodic and cathodic electrode reactions under charge
transfer control is given by the Butler-Volmer equations:

E  Eoa 
ia  ioa exp  2.303

ba 


(3)


E  Eoc 
ic  ioc exp  2.303

bc 


(4)

where:
ba, bc – Tafel constants
ioa, ioc – exchange current densities for the anodic and cathodic processes, respectively
Eoa, Eoc – equilibrium potentials for the anodic and cathodic processes, respectively.
Summary current density:

i  ia  ic
then

(5)
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where

and

icorr 

babc
 i 
 
2.303(ba  bc )  E E Ecorr

(9)

The corrosion rate in the anodic sites on the metal surface is proportional to the current
intensity. The current intensity flowing through the current cell results in change of
potentials of both anodic (oxidation) and cathodic (reduction) reactions (Hryniewicz et al.,
2009). The cathodic potential shifts into negative direction and anodic potential shifts into
positive direction.
The GPES (General Purpose Electrochemical Software) provides a convenient interface for
making Tafel plots, calculating Tafel slopes and corrosion rates. First we specify the anodic
and cathodic Tafel region. Once the regions are selected the GPES software automatically
calculates the Tafel slopes and the corrosion currents. A correct estimate of the Tafel slopes
is possible only if the linear Tafel region covers at least one decade in current. Some
additional data are the density of investigated material, equivalent mass, and the studied
surface area. Having these the algorithm serves to calculate corrosion current density,
polarization resistance, and the corrosion rate CR.
The corrosion studies of conventionally electropolished (EP) and magnetoelectropolished
(MEP) titanium samples below oxygen evolution regime were carried out in a Ringer’s
solution (Table 2) at 25 C (Figs. 5, and 6). Ringer’s (Solution Ringeri by Fresenius Kabi) and
Hank’s solutions are the main artificially created human fluids generally recognized by the
researchers to carry out the corrosion studies on biomaterials.
Solution components

g/dm3

Ions

mEq/dm3

mmol/dm3

Sodium chloride

8.60

Na+

147.16

147.16

Potassium chloride

0.30

K+

4.02

4.02

Calcium chloride

0.48

Ca2+

4.38

2.19

Cl

156.56

156.56

Table 2. Ringer’s solution composition used for the corrosion study.
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Fig. 5. Polarization cures of Ti samples in Ringer’s solution after: MP – abrasive polishing,
EP – standard electropolishing, MEP – magnetoelectropolishing.

Fig. 6. Comparison of corrosion rates of Ti samples in Ringer’s solution after: MP – abrasive
polishing, EP – standard electropolishing, MEP – magnetoelectropolishing.
In the corrosion studies, polarization curves obtained on Ti samples in Ringer’s solution
(Fig. 5) indicated a significant differentiation in their courses dependent on the treatment
mode considered. Calculated corrosion rates CR (Fig. 6) reveal even more clearly the
decrease in CR after electropolishing (EP), and further reduction in CR is observed after
MEP process.
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The microscopic observations of the Ti samples after EP, MEP and MP were performed to
compare the results of the study ((2) Hryniewicz et al., 2009). The pictures which were taken
by Neophot and SEM very well characterize visually the Ti surface after each of the
treatment performed. The example images of the wire samples are presented in Fig. 7.
Changes in surface topography after MP, EP, and MEP may be viewed, showing the
smoothest surface after MEP (Fig. 7c). Fig. 7a presents the typical surface pattern after
abrasive pretreatment, whereas Ti image after EP (Fig. 7b) shows multiple irregularities and
cavities. The reason of increased fatigue resistance of titanium biomaterial after MEP was
due to different plastic behaviour of the same Ti wire after two electropolishing treatments,
EP and MEP (Hryniewicz et al., 2009).

8. XPS surface film composition studies
Surface film composition on wire samples of CP Ti (commercial purity titanium) Grade 2
after a standard electropolishing (EP), magnetoelectropolishing (MEP), compared with
mechanically polished (MP) samples was studied and the results presented in consecutive
Figs. 8, 9, 10, and in Table 3. In Fig. 8, the high resolution XPS (X-ray Photoelectron
Spectroscopy) spectra of CP-Ti samples after MP, EP, and MEP, are compared.
Characteristic peaks of titanium and oxygen may be observed, with a carbon peak coming
from environment, occurring always in this kind of studies.
In Figs. 9a-f, the results of surface film composition measured on titanium samples are
presented. Figs. 9a,b show the results after MP, Figs. 9c,d – after EP, and Figs. 9e,f – after
MEP. In Figs. 9 (a, c, e) spectra are referred to titanium (Ti0, Ti2+, Ti3+, Ti4+), and in Figs. 9 (b,
d, f) spectra are referred to oxygen group (O2, OH, H2O).

(a)
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(b)

(c)

Fig. 7. Micrographs of Ti wire sample surfaces after: (a) MP – abrasive polishing, (b) EP –
standard electropolishing, (c) MEP – magnetoelectropolishing.
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(c )

(b )

C

O

Ti

(a )

Fig. 8. High resolution XPS spectra of Ti samples (wires) comparison obtained on surface: (a)
as-received MP, (b) after EP, (c) after MEP.
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Ti3+
4%

1

4
458.906
1.356
Ti4+
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(b)

2

MP
BE [eV]
FWHM
MPC

1
530.4
1.215
O2 
34%

1

2
532.226
2.732
H2 O
66%

4

(c)

3

EP
BE [eV]
FWHM
MPC

1
453.953
0.776
Ti0
3%

2
454.923
1.687
Ti2+
5%

2

3
457.316
1.747
Ti3+
8%

1

4
458.971
1.309
Ti4+
84%
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(d)

1

2

3

EP
BE [eV]
FWHM
MPC

1
530.498
1.408
O2 
58%

2
531.738
1.172
OH
8%

3
532.544
1.962
H2 O
34%

4

(e)

3

MEP
BE [eV]
FWHM
MPC

1
454.126
1.057
Ti0
7%

2
455.589
0.964
Ti2+
3%

2

3
457.092
1.256
Ti3+
6%

1

4
458.978
1.391
Ti4+
84%

243

Magnetoelectropolished Titanium Biomaterial

1

(f)
2

3
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BE [eV]
FWHM
MPC

1
530.535
1.404
O2 
61%

2
531.637
1.965
OH
20%

3
532.835
1.829
H2 O
19%

Fig. 9. Surface film composition measured by XPS of the treated CP Ti Grade 2 for 3 samples
(wires) after: (a, b) mechanical polishing MP, (c, d) electrochemical polishing EP,
(e, f) magnetoelectropolishing MEP; (a, c, e) spectra referred to titanium (Ti0, Ti2+, Ti3+, Ti4+),
(b, d, f) spectra referred to oxygen group (O2, OH, H2O). Under description:



BE – binding energy
FWHM – an expression of the extent of a function, given by the difference between the
two extreme values of the independent variable at which the dependent variable is
equal to half of its maximum value

MPC – most probably compound
Each of the presented plots in Fig. 9 has been connected with the underlying Table 3
revealing all important data, indicating the most probable compound (MPC) with the
relevant percentage in Ti surface film investigated.
Treatment

Ti0

Ti2+

Ti3+

Ti4+

MP

7%

9%

4%

80%

EP

5%

5%

8%

84%

MEP

7%

3%

6%

84%

Table 3. XPS data of the treated CP Ti Grade 2 for 3 samples (strips).
The most interesting spectra referred to titanium (Ti0, Ti2+, Ti3+, Ti4+), concerning Fig. 9 (a, c, e),
have been gathered and reported in Table 3. Visual presentation of the results is given in
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Fig. 10. In Fig. 10a the comparison with full presentation is given, and in Fig. 10b there are
shares excluding Ti4+ reported. Depending on the surface treatment used, characteristic
differentiation in composition of surface film is apparent.

Ti0

MEP

Ti2+
EP

Ti3+
Ti4+

MP

0%

20%

40%

60%

80%

100%

(a)

Ti0

MEP

EP

Ti2+

MP

Ti3+
0%

20%

40%

60%

80%

100%

(b)

Fig. 10. Surface film composition by XPS of the treated CP Ti Grade 2 for 3 samples (strips):
(a) shares with full representation, (b) shares excluding Ti4+.

9. Fatigue resistance
Our extensive studies over metallic biomaterials show that the kind of finish affects also
some mechanical properties. The experiments carried out on samples of CP-titanium and Tialloys (Nitinol) indicate that electropolishing (EP) greatly affects the resistance to bending in
advantage of this process against abrasive polishing (MP), and the results obtained on
samples after MEP are better than those recorded after a standard EP process (Fig. 11). Our
research study results performed on fatigue resistance according to the Polish Standard
(1975) have been also confirmed by another team of authors on finished by us commercial
endodontic files (Praisarnti et al., 2010).
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Fig. 11. Relative resistance to bending of Ti samples after: MP – abrasive polishing, EP –
standard electropolishing, MEP – magnetoelectropolishing.

10. Conclusion
Selection of titanium and titanium alloys with relatively high strength for critical hightemperature, corrosive environment application in the twentieth century was limited to
those commercial alloys developed and designed specifically for aerospace use. Most
commercial titanium and Ti alloys were not fully resistant to localized attack and/or stress
corrosion in chloride environments.
Titanium (and its alloys), though long known, has found favour in recent years as
biomaterial. As a biomaterial, titanium is widely used for surgical and medical implants,
both skeletal and dental. The state of the surface finish is critical, and numerous studies have
shown the benefits of electropolishing, with advantageous using of magnetic fields.
The application of externally applied magnetic fields to the electropolishing process
provides the super-critical refinement of surface properties to the new high level required
for medical implant devices. Improved corrosion resistance of magnetoelectropolished
titanium surface is caused by more homogenized amorphous mixture of titanium oxides
and hydroxides compared with very crystalline titanium oxide mainly in rutile form on
conventionally electropolished surface.
The following final conclusions may be drawn after investigation of titanium biomaterial:
a. a new improved technology effective for titanium biomaterial has been offered
b. the surface roughness after MEP is much less than after a standard EP; all detected
roughness parameters after MEP were better than those after EP
c. very good corrosion characteristics have been obtained with the best performance
corrosion potential after MEP; the highest corrosion resistance has been obtained on
samples after MEP (CR=1.84×10−4 mm/year), the worst one after MP (CR=9.63×10−4
mm/year), and CR=2.67×10−4 mm/year after EP (Figs. 5 and 6)
d. Ti biomaterial samples after MEP appeared to be the most resistant to fracture, of about
27% better than the same Ti samples after EP, and much better than after abrasive
polishing MP (Fig. 11).
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It was found that titanium biomaterial properties may be well improved after using a new
technology utilizing the magnetic field during electrolytic polishing. This study shows that
both titanium and titanium alloys for medical applications may be considerably improved.
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1. Introduction
Metallic biomaterials constitute approximately 70% - 80% of all implant materials, and thus
represent a very important class of biomaterials. Among the various metallic biomaterials
such as stainless steels and Co-Cr alloys, titanium and its alloys exhibit the best
biocompatibility. Consequantly, titanium and its alloys have been the fucus of attension for
biomedical materials, especially for use in load bearing implants such as artificial hip joints,
bone plates and screws, spinal instruments, and dental implants.
The Young’s moduli of metallic biomaterials are generally much higher than that of the human
cortical bone (hereafter, bone) (Niinomi, 2002a). If the Young’s modulus of a load bearing
implant made of metallic biomaterials is higher than that of the cortical bone, bone atrophy
occurs because of the stress shielding between the implant and bone (Sumitomo, 2008). Stress
shielding causes loosening of the implants such as artificial joints or bone re-fracture after
extraction of the implants. Therefore, the Young’s modulus of the metallic biomaterials must
be equal to that of the natural bone. Titanium and its alloys possess lower Young’s moduli
than those of other mettalic biomaterials such as stainless steels and Co-Cr alloys. -type
titanium alloys, in particular, having a single  phase exhibit much smaller Young’s moduli
compared with - and ( + -type titanium alloys (Niinomi, 2002b). As such, the -type
titanium alloys are particulary promissing for biomedical applications. A number of -type
titanium alloys composed of non-toxic and non-allergic elements with low Young’s modulus
have been developed and even more are currently under development (Niinomi, 2011a). Much
of the current research in the biomaterials field has been directed at lowering the Young’s
modulus of the -type titanium alloys for biomedical applications.
The mechanical biocompatibility factors such as fatigue strength, fretting fatigue strength,
tensile properties, wear resistance, fracture toughness, etc., including the Young’s modulus are
very important factors for the practical application of the allloys in biomaterials as well as the
biological biocompatibilities (Niinomi, 2008a). Among the mechanical biocompatibility factors,
the endurance, i.e., the fatigue strength is one of the most important factors (Niinomi, 20007).
The development of metallic biomaterials with improved fatigue strength and a
simaltaneously low Young’s modulus is desirable for biomedical applications.
The effect of the Young’s modulus of the metallic implant should be clarified by animal
experiments prior to medical applications, and recently, these kinds of studies have begun
to be implemented (Niinomi, 2002b).
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A recent report highlited the contrasting requirements of patients versus surgeons for
metallic implants. The rquirements of the patients dictate that the implants have a Young’s
modulus similar to that of the bone, whereas while the surgeons require a high Young’s
modulus for inhibiting springback both during and after the operation procedure (Nakai,
2011a). Titanium alloys that simultaneously satisfy the demands of both patients and
surgeons are thus necessiated.
There is a demand to remove the implant when the bone fracture is healed, in which case,
the adhesion of the implant to the bone must be weak enough to inhibit the refracture of the
bone. This requires titanium alloys having poor bone conductivity, but excellent
biocompatibility (Zhao, 2011).
This chapter introduces low modulus -type titanium alloys and various methods of
lowering the Young’s modulus of the -type titanium alloy, improving the strength and
fatigue strength of the -type titanium alloy while maintaining a low Young’s modulus, the
evaluation of the effect of the Young’s modulus on bone atrophy using rabbits, titanium
alloys with variable Young’s moduli, and removable titanium alloys are described.

2. Low modulus β–type titanium alloys for biomedical applications
A number of -type titanium alloys with low Young’s modulus have been developed for use
in the human body. The titanium alloys composed of safe alloying elements developed to
date include the following; Ti-13Nb-13Zr, Ti-12Mo-6Zr-2Fe, Ti-15Mo, Ti-15Mo-5Zr-5Sn, Ti15Mo-5Zr-3Al, Ti-16Nb-10Hf, Ti-15Mo-2.8Nb-0.2Si, Ti-30Ta, Ti-35Zr-10Nb, Ti-8Fe-8Ta, Ti8Fe-8Ta-4Zr, Ti-35Nb-7Zr-5Ta, Ti-29Nb-13Ta-4.6Zr (TNTZ), and Ti-Nb-Sn system alloys
(Niinomi, 2011a). Shape memory and super-elastic Ti-Nb based alloys have been also been
developed; Ti-Nb, Ti-Nb-O, Ti-Nb-Sn, Ti-Nb-Al, Ti-22Nb-(0.5-2.0)O (at%),Ti-Nb-Zr, Ti-NbZr-Ta, Ti-Nb-Zr-Ta-O, Ti-Nb-Ta-Zr-N, Ti-Nb-Mo, Ti-22Nb-6Ta(at%), Ti-Nb-Au, Ti-Nb-Pt,
Ti-Nb-Ta, and Ti-Nb-Pd system alloys. Ti-Mo based alloys have been developed; Ti-Mo-Ga,
Ti-Mo-Ge, Ti-Mo-Sn, Ti-Mo-Ag, Ti-5Mo-(2-5)Ag (at%), Ti-5Mo-(1-3)Sn (at%), in addition to
Ti-Sc-Mo system alloys. The Ti-Ta based alloys are Ti-50Ta, Ti-50Ta-4Sn, and Ti-50Ta-10Zr.
Other alloys such as Ti-7Cr-(1.5, 3.0, 4.5)Al super elastic and shape memory alloys, Gum
Metal (Ti-25at% (Ta, Nb, V) + (Zr, Hf, O)), and Ti-9.7Mo-4Nb-2V-3Al super elastic alloys
have also been developed (Niinomi, 2011b).

3. Further decreases in Young’s modulus
Improvements in the static strength of biomaterials such as the tensile strength can be
achieved by employing strengthening mechanisms including work hardening, grain
refinement strengthening, precipitation strengthening, and dispersion strengthening. One of
the best ways to increase tensile strength while maintaining a low Young’s modulus is to
introduce a number of dislocations into the alloy system by conventional severe cold
working techniques such as severe cold rolling and swaging, and by special severe cold
working techniques such as high pressure torsion (HPT), accumulated roll-bonding (ARB)
and equal channel angular pressing (ECAP) (Yilmazer, 2009).
Figure 1 (Niinomi, 2010a) shows the relationships between the tensile properties and
working ratio of Ti-29Nb-13Ta-4.6Zr (TNTZ) while Fig. 2 (Niinomi, 2010a) shows the
relationship between the Young’s modulus and working ratio of TNTZ after subjecting
TNTZ to severe cold working by general severe cold rolling or swaging in both cases.
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Fig. 1. Tensile properties of TNTZ subjected to cold rolling or cold sawaging as a function of
working ratio.
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Fig. 2. Young’s modulus of TNTZ subjected to cold rolling or cold swaging as a function of
working ratio.
The tensile strength and 0.2% proof strength of cold rolled and swaged TNTZ increase with
increasing working ratio up to approximately 20 % and then become almost constant. The
ductility (elongation) of cold rolled TNTZ decreases with increasing cold working ratio, but
that of swaged TNTZ decreases with increasing cold working ratio up to approximately
20 % and then becomes constant while maintaining high elongation. The tensile and 0.2 %
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proof stress of TNTZ subjected to cold rolling and swaging are nearly equal to those of Ti6Al-4V extra-low interstitial alloy (Ti-6Al-4V ELI); having a tensile strength of around 800
MPa) at high cold working ratio with good elongation.
The Young’s modulus of TNTZ subjected to cold rolling or cold swaging is almost constant
with increasing working ratio. The Young’s modulus of TNTZ subjected to cold rolling
tends to decrease when the working ratio is high because the trend of the formation of the
texture becomes significant.
3.1 Lowering the Young’s modulus by control of the crystal direction
Anisotorophy of the mechanical properties of -type titanium alloy, TNTZ, has been
reported to be significantly larger than those of other metallic materials such as carbon steel,
S45C. Figure 3 (Niinomi, 2008b) shows the tensile strain () versus lattice strain (l) of TNTZ
and ferrite in S45C, both of which have the bcc structure. Strains were calculated from the
(110), (200), and (211) planes of the  phase of TNTZ and ferrite in S45C from the XRD
profiles, obtained from in-situ X-ray analysis under tensile loading. The degree of the
change in lattice strain with tensile strain for S45C is smaller than that for TNTZ. The
relationship between the lattice strain and tensile strain obtained from the (100), (200), and
(211) planes is nearly the same for each plane in S45C, but varies significantly for TNTZ.
This illustrates that the anisotropy of the mechanical properties of TNTZ is large. Based on
this trend in mechanical properties, the Young’s modulus of TNTZ is considered to exhibit
large anisotprophy. The single crystal of TNTZ, which grows to a certain direction, is
expected to exhibit a low Young’s modulus.
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Fig. 3. Relationships between tensile strain and lattice strain calculated using several
diffraction angles of TNTZ30 (Ti-30Nb-10Ta-5Zr) and carbon steel (S45C).
Figure 4 (Tane, 2008) shows the orientation dependence of the Young’s modulus in Ti-29NbTa-Zr and Ti-25Nb-Ta-Zr single crystals between the <100> and <110> directions, which
were calculated by coordinate conversion of cij. The symbol θ denotes the angle from the
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<100> direction on the <110> zone axis. The Young’s modulus of Ti-29Nb-Ta-Zr is lower
than that of Ti-25Nb-Ta-Zr in all directions, but there are many common features
independent of the alloy composition. The Young’s modulus of both single crystals shows
anisotropy as a function of θ; the Young’s modulus of both crystals in the <100> direction,
E100, is approximately two times lower than the Young’s modulus in the <111> direction,
E111, where E100 and E111 are the lowest and highest among all of the Young’s moduli in all
the directions, respectively. The lowest Young’s modulus, E100, of the Ti-29Nb-Ta-Zr single
crystal is quite low at a value of only about 35 GPa, which is comparable to that of cortical
bone. This level may be effective in the suppression of stress shielding in bone. Therefore,
metallic single crystals of titanium alloys may be applicable as biomaterials; these may be
referred to as “single crystal biometals”.
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Fig. 4. Young’s modulus of single-crystal Ti-29Nb-13Ta-4.6Zr in directions between [100]
and [110].
3.2 Lowering the Young’s modulus through structural design
Introduction of porosity into titanium and its alloys is a very effective method for further
reducing the Young’s moduli of titanium and its alloys. Introduction of porosity into
titanium may affect a drastic reduction of the Young’s modulus, and offer control of the
Young’s modulus by variation of the porosity. The relationship between the Young’s
modulus and porosity of porous titanium made from titanium powders with different
particle diameters have been compared with the Young’s modulus of bulk titanium in a
recent report. According to that report, at a porosity of approximately 30%, the Young’s
modulus is nearly equal to that of cortical bone. The use of a titanium alloy with an even
lower Young’s modulus than titanium may allow for the achievement of a Young’s modulus
equal to that of cortical bone at lower porosity compared with the case of titanium. Pores of
the proper size also enhance the bone conductivity. On the other hand, however, increasing
the porosity of titanium results in a drastic decrease in its strength. At a porosity of
approximately 30%, which leads to the Young’s modulus equal to that of cortical bone,the
0.2% proof stress is below 100 Mpa (Oh, 2002).
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This decrease in the strength of porous titanium can be prevented by combining with a
biocompatible polymer. Penetration of the polymer into the porous titanium can be
achieved by pressing. In the pressing method, HMDP (high molecular density polyethylene)
is pressed into porous titanium.
Another proposed method for penetration of a polymer into the titanium pores (Nakai, 2010)
involves firstly using the monomer of PMMA. The porous titanium (pTi) is first immersed
into a monomer solution of PMMA leading to penetration of the monomer into the pores of
titanium. The PMMA monomer in the porous titanium is then subjected to polymerization by
heating. By combination with PMMA, the strength of porous titanium increases as shown in
Fig. 5 (Nakai, 2010). The tensile strength of PMMA infiltrated porous titanium is greater than
that of porous titanium, whereas the Young’s modulus of PMMA infiltrated porous titanium
is nearly equal to that of porous titanium as shown in Fig. 6 (Nakai, 2010). The tensile
strength of PMMA infiltrated porous titanium increases by silane coupling treatment while
the Young’s modulus remains unchanged as shown in Figs. 5 and 6.
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Fig. 5. Tensile strengths of pTi, pTi/PMMA, and Si-treated pTi/PMMA.
Another advantage offered by porous titanium and polymer composites is the ease with
which bio-functionalities may be added given that the surface of porous titanium can be
covered with polymers. Instead of PMMA, biodegradable PLLA can also be filtrated into the
pores of porous titanium by modifying the process for PMMA filtration. Fig. 7 (Nakai,
2011b) shows the compressive 0.2% proof stress of porous titanium and PLLA infiltrated
porous titanium as a function of porosity in the range of 5%–45%. In this figure, the
compressive 0.2% proof stress of PLLA obtained experimentally is also shown for
comparison. The compressive 0.2% proof stress of PLLA infiltrated porous titanium is
higher than those of porous titanium independent to porosity. This result indicates that the
PLLA filling can improve the compressive 0.2% proof stress of porous titanium at any
degree of porosity. In particular, the increase in compressive 0.2% proof stress due to PLLA
filling is relatively large for porosities higher than or equal to 35%. The compressive 0.2%
proof stress of PLLA obtained is around 80–120 MPa, which is higher than that of PMMA
(around 50–80MPa) (Honda, 1961; Imai and Brown, 1976).
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Fig. 6. Young’s moduli of pTi, pTi/PMMA, and Si-treated pTi/PMMA.
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Fig. 7. Compressive 0.2% proof stresses of porous titanium (pTi) and porous titanium filled
with poly-L-lactic acid (pTi/PLLA).
Figure 8 (Nakai, 2011b) shows the compressive Young’s modulus of porous titanium and
PLLA infiltrated porous titanium as a function of porosity in the range of 5%–45%. In this
figure, the compressive Young’s modulus of PLLA obtained experimentally is also shown
for comparison. The compressive Young’s modulus of porous titanium decreases with
increasing porosity. The compressive Young’s modulus is higher for PLLA infiltrated
porous titanium than for porous titanium with a relatively high porosity of ≥35%.
Since PLLA is biodegradable, an agent to enhance the bone conductivity can be added to the
PLLA in the porous titanium, and the agent can then be released into the body fluid. The
released agent is expected to enhace the bone conductivity of the porous titanium.

256

Biomaterials Science and Engineering

Compressive Young’s modulus, E / GPa

60

pTi

pTi45
series

pTi/PLLA

50

pTi150
series

40

pTi250
series

30
PLLA
E = 20–23 GPa

20
10
0

0

5

10

15

20

25

30

35

40

45

50

Porosity (%)

Fig. 8. Compressive Young’s moduli of porous titanium (pTi) and porous titanium filled
with poly-L-lactic acid (pTi/PLLA).
3.3 Strengthening or increasing endurance while maintaining a low Young’s modulus
As already shown in Figs.1 and 2, the tensile strength and 0.2% proof strength of TNTZ both
increase with an increase in the cold working ratio, and at high cold working ratio, these
parameters become almost equal to those of Ti-6Al-4V ELI (having a tensile strength of
around 800 MPa). Good elongation is also achieved when TNTZ is subjected to both cold
rolling and cold swaging while the Young’s modulus is kept low for both types of
treatments.
However, the dynamic strength, i. e., the fatigue strength of TNTZ cannot be improved by
severe cold working as shown in Fig. 9 (Akahori, 2003). Therefore, work hardening is not
effective for improving the fatigue strength of TNTZ. Precipitation strengthening and
dispersion strengthening are expected to improve the fatigue strength of TNTZ.
-phase precipitation significantly increases the strength and the Young’s modulus of TNTZ
as compared to -phase precipitation, although the -phase enhances the brittleness of the
alloy. Therefore, a small amount of -phase precipitation is expected to improve the fatigue
strength of TNTZ while maintaining a low Young’s modulus. For this purpose, short-time
aging at fairly low temperatures, which enhances the precipitation of small amounts of the
-phase, is effective.
Figure 10 (Nakai, 2011c) shows the relationship between tensile strength and the Young’s
modulus of TNTZ subjected to various thermomechanical treatments. In this figure, the
terms CR, AT3.6, AT10.8, and AT86.4 indicate TNTZ subjected to severe cold rolling at a
reduction ratio of 87 %, and aged at 573 K for 3.6 ks, 10.8 ks, and 86.4 ks, respectively. After
severe cold rolling at a reduction ratio of 87 % (the samples are reffered to as (aging
treatment) AT samples). The data for TNTZ subjected to aging treatments at 573 K, 598 K,
673 K, and 723 K for various times after solution treatment are also presented. TNTZ aged at
573 K, 673 K, and 723 K for various times after solution treatment showsYoung’s moduli
greater than or equal to 80 GPa. TNTZ aged at 573 K or 598 K has much higher Young’s
moduli (around 100-120 GPa). The strengths of these samples are scattered across a larger
range than those of TNTZ subjected to aging treatments at other temperatures. These effects
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Fig. 9. S-N curves of TNTZ subjected to solution treatment (TNTZST) and severe cold rolling
with a reduction ratio of around 87 % (TNTZCR) along with fatigue limit range of Ti-6Al-4V
ELI in air.
are the result of the presence of a large amount of ω-phase; TNTZ containing the ω- phase
often exhibits inproved strengths (around 1400 MPa), when the samples do not fail in the
elastic deformation range during tensile testing. However, in other cases, the brittleness
becomes too high to attain plastic deformation during tensile testing, resulting in relatively
low tensile strengths (around 800–900 MPa). In contrast, the TNTZ samples subjected to
aging treatment (AT) , except for AT86.4, have Young’s moduli below 80 GPa because of the
small amount of ω-phase formed as a result of the short aging time. Among the AT samples,
AT3.6 and AT10.8 exhibit an excellent balance between high strength and low Young’s
modulus (numbers 4 and 5 in Fig.10). Therefore, further examination of their fatigue
properties was performed.
Figure 11 (Nakai, 2011c) shows the relationship between fatigue strength and Young’s
modulus of the TNTZ subjected to various thermomechanical treatments. In this figure, the
abbreviations of the data are same as used in Fig.10. AT3.6 is classified as being in the low
fatigue strength group. The AT10.8 falls in the intermediate level of fatigue strength among
the samples, but possesses the highest fatigue strength among the samples having a Young’s
modulus less than 80 GPa.Therefore, it is possible to effectively control the proper
precipitation of the- phase, evidenced by the fact that short-time aging at relatively low
temperatures improves the fatigue strength of TNTZ while maintaining a low Young’s
modulus.
The addition of a small amount of ceramics particles such as TiB2 and Y2O3 into the titanium
matrix is also expected to improve the fatigue strength of -type titanium alloys while
maintaining a low Young’s modulus. Figure 12 (Niinomi, 2011c) shows the Young’s
modulus and fatigue limit of TNTZ with TiB2 or Y2O3 additions, subjected to severe cold
rolling; as a function of B or Y concentration along with those of TNTZ subjected to severe
cold rolling (TNTZCR) and solution treatment (TNTZST), and Ti-6Al-4V ELI (Ti64 ELI). The

258

Biomaterials Science and Engineering

fatigue limit of TNTZ is improved with 0.1 mass% and 0.2 mass% B concentration or 0.2
mass% and 0.5 mass% Y concentration while maintaining a very low Young’s modulus.
TNTZ aged at 723 K
TNTZ aged at 673 K
TNTZ aged at 573 K or 598 K

CR and AT samples
1: CR
2: AT0.6 3: AT1.8
4: AT3.6 5: AT10.8 6: AT86.4
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Fig. 10. Relationship between tensile strength and Young’s modulus of TNTZ subjected to
various thermomechanical treatments.
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Fig. 11. Relationship between fatigue strength and Young’s modulus of TNTZ subjected to
various thermomechanical treatments.
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Fig. 12. Relationships between Young’s modulus and fatigue limit of TNTZ with B
concentrations of 0.1 and 0.2 mass% (0.1BCR and 0.2BCR,), and Y concentrations of 0.2, 0.5,
and 1.0 (0.2YCR, 0.5YCR, 1.0YCR,) subjected to severe cold rolling, TNTZ subjected to severe
cold rolling (TNTZCR), TNTZ subjected to solution treatment (TNTZST), and Ti-6Al-4V ELI
(Ti64 ELI).

4. Bone remodeling and Young’s modulus
It is very important to prove that alloys for implants have a Young’s modulus similar to that
of bone, which will inhibit bone atrophy and induce good bone remodeling as stated above..
It is known that the geometry of the implant is another factor used to control the Young’s
modulus, but the effect of geometry is not treated in this chapter. Studies on bone plates
made of low Young’s modulus -type titanium alloy (TNTZ), and conventional and
practical ( + )-type titanium alloy (Ti-6Al-4V ELI), and stainless steel (SUS 316L) in
fracture models made into the tibiae of rabbits have been conducted. The Young’s moduli of
TNTZ, Ti-6Al-4V ELI, and SUS 316L stainless steel used for intramedullary rods, which
were measured by three point bending tests, were 58, 108, and 161 GPa, respectively. In that
study, an increase in the diameter of the tibia and the double-wall structure in the
intramedullary bone tissue were reported to be observed only for the case of the bone plate
made of TNTZ as shown in Fig. 13 (Niinomi, 2010a, b). Figure 13 shows that the inner wall
bone structure is the original (old) cortical bone whereas the outer wall bone structure is
newly formed bone. This is the possible result of bone remodeling with a bone plate having
a low Young’s modulus.
Furthermore, understanding of the Young’s modulus level that is most effective in
inhibiting bone atrophy and bone remodeling is necessary. Figure 14 (Niinomi, 2010a)
shows the profiles of the extracted bone plates made of TNTZ subjected to solution
treatment (TNTZ-ST), TNTZ subjected to aging after solution treatment (TNTZ-AT), and
SUS 316 L stainless steel (SUS 316L) attached to the tibiae of the rabbits at 52 weeks after
implantation. The Young’s moduli of TNTZ-ST, TNTZ-AT, and SUS 316L measured by
three-point bending tests were 58 GPa, 78 GPa, and 161 GPa, respectively. The upper surface
and sides of each bone plate are covered by newly formed bone, but a fairly large amount of
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A
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(a)

(b)
Middle position

A
B
(a)

(b)
Distal position

B
(c)

A
B
(c)

Fig. 13. CMRs of cross sections of fracture models implanted with and without bone plates
made of TNTZ at middle position and distal position at 48 weeks after implantation : (a)
cross section of fracture model, (b) parts of (a), namely high magnification CMR of branched
parts of bones formed outer and inner sides of tibiae, and (c) cross sections of un-implanted
tibiae.
newly formed bone can be observed on the heads of the screws made of TNTZ-ST and
TNTZ-AT; these have been encircled. Figure 15 (Niinomi, 2010a) shows the optical
micrographs of the bone state beneath the bone plates made of TNTZ-ST, TNTZ-AT, and
SUS 316L. Bone atrophy can be observed for all the cases, but it is more exident with a
titanium having a lower Young’s modulus will be advantageous for inhibiting bone atrophy
leading to better bone remodeling.

(a) TNTZ-ST

(b) TNTZ-AT

(c) SUS 3 16L

Fig. 14. Profiles of extracted bone plates made of (a) TNTZ-ST, (b) TNTZ-AT, and (c) SUS
316L stainless steel fixed to tibiae of rabbits at 52 weeks after implantation.
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(b) TNTZ-AT
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(c) SUS 316L

Fig. 15. Optical photographs of bones formed around extracted bone plates made of (a)
TNTZ-ST, (b) TNTZ-AT, and (c) SUS 316L stainless steel fixed to tibiae of rabbits at 52 weeks
after implantation.

5. Variable Young’s modulus titanium alloys
While using low modulus titanium alloys, some surgeons specializing in spinal diseases, such
as scoliosis, spondylolisthesis, and spine fracture, pointed out that the amount of spring-back
in the implant rods should be small so that the implant offers better handling ability during
surgeries. The implant rods undergo bending when they are manually handled by surgeons
within the small space inside the patient’s body for in-situ spine contouring. It is considered
that the amount of spring-back depends on both the strength and the Young’s modulus of the
implant rod. If two implant rods having the same strength but with different Young’s moduli
are used, the implant rod having lower Young’s modulus shows greater spring-back. Implant
rods made of low modulus titanium alloys exhibit a lower Young’s modulus, resulting in
greater spring back. Thus, a low Young’s modulus, which is one of the key features of -type
titanium alloys such as TNTZ as a metallic biomaterial, is obviously a desirable property for
patients but becomes an undesirable property for surgeons. Titanium alloys, which satisfy the
requirements of both surgeons and patients with regard to the Young’s modulus of the
implant rod, are currently being developed (Nakai, 2011a).
The amount of spring back is considered to be small for an alloy having a higher Young’s
modulus than for an alloy having a low Young’s modulus. Therefore, a low Young’s
modulus -type titanium alloy having a variable Young’s modulus that becomes high only
at the deformed part may reduce spring-back while simultaneously satisfying the low
Young’s modulus condition. This concept is called “self-adjustment of Young’s modulus”.
In general, the Young’s modulus of metals and alloys does not change upon deformation.
However, in the case of certain metastable β-type titanium alloys, non-equilibrium phases
such as α′-, α″-, and ω-phases appear in the β matrix during deformation. If the Young’s
modulus of the deformation-induced phase is higher than that of the original β-phase, the
Young’s modulus of only the deformed part of the implant rod increases, whereas that of
the non-deformed part remains low. In orthopedic operations performed for the treatment
of spinal diseases, the implant rod is bent by the surgeons so that it corresponds to the
curvature of the spine. Therefore, if a suitable titanium alloy is employed as the implant rod
material, spring-back can be suppressed by the deformation-induced phase transformation
that occurs during bending in the course of operation, while a low Young’s modulus can be
retained for patients. In general, the Young’s modulus of the -phase is much greater than
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those of the -, ’-, ’’-, and -phase. Among these phases, the -, ’-, and ’’-phase can be
induced by deformation in -type titanium alloys with certain chemical compositions.
Ti-12Cr has been reported to be one of the candidate alloys with self-adjustable Young’s
modulus for biomedical applications. Figure 16 (Nakai, 2011a) shows the Young’s moduli of
Ti-12Cr subjected to solution treatment (Ti-12Cr-ST) and severe cold rolling (Ti-12Cr-CR)
along with those of TNTZ subjected to solution treatment (TNTZ-ST) and severe cold rolling
(TNTZ-CR). Ti-12Cr-ST exhibits a low Young’s modulus of ~70 GPa; this value is comparable
to that of TNTZ-ST, which has been developed as a biomedical β-type titanium alloy having a
low Young’s modulus. TNTZ-CR also shows a low Young’s modulus almost equal to that of
TNTZ-ST. Thus, cold rolling leads to negligible change in the Young’s modulus of TNTZ.
However, in the case of Ti-12Cr, the Young’s modulus increases upon cold rolling and that of
Ti-12Cr-CR is >80 GPa. The deformation-induced ω phase was detected in Ti-12Cr, but no
induced phase was detected in TNTZ. Therefore, the increase in Young’s modulus of Ti-12Cr
is probably due to the deformation-induced ω phase transformation.

Young’s modulus, E / GPa

100

80

60

40

20

0

ST CR
Ti-12Cr

ST CR
TNTZ

Fig. 16. Comparison of Young’s moduli of the designed alloy (Ti-12Cr) and those of an alloy
with a low Young’s modulus (TNTZ): Ti-12Cr subjected to solution treatment (ST) and cold
rolling at a reduction ratio of 10 % (CR), and TNTZ subjected to solution treatment (ST) and
severe cold rolling at a reduction ratio of 87 % (CR).
Figure 17 (Nakai, 2011a) shows the tensile properties of Ti-12Cr-ST, Ti-12Cr-CR, TNTZ-ST,
and TNTZ-CR. The tensile strengths of both Ti-12Cr-ST and TNTZ-ST show an increase, but
the elongation due to cold rolling tends to decrease. This trend is probably caused by the
occurrence of work hardening. Furthermore, the tensile strengths of Ti-12Cr-ST and Ti-12CrCR may be higher than those of TNTZ-ST and TNTZ-CR, respectively. Moreover, the
elongations of Ti-12Cr-ST and Ti-12Cr-CR are >10% and ~10%, respectively. High strength
is an essential requirement from the viewpoint of practical application, although such high
strength could lead to undesirable spring-back. Therefore, the fundamental composition of
Ti-12Cr makes it one of the preferred candidates for use in spinal fixation devices as a
biomedical titanium alloy with the ability to self-adjust its Young’s modulus.
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Fig. 17. Comparison of tensile properties of the designed alloy (Ti-12Cr) and those of an
alloy with a low Young’s modulus (TNTZ): Ti-12Cr subjected to solution treatment (ST) and
cold rolling at a reduction ratio of 10 % (CR), and TNTZ subjected to solution treatment (ST)
and severe cold rolling at a reduction ratio of 87 % (CR).

6. Low Young’s modulus titanium alloys for reconstructive implant devices
In the case of some types of internal fixation devices implanted into the bone marrow such
as femoral, tibia, and humeral marrow, in the case of screws used for bone plate fixation
(Kobayashi, 2007), and in the case of implants used for children, which otherwise would
grow into the bone, it is essential to remove the internal fixation device after surgery owing
to certain specific indications; these indications include significant local symptoms such as
palpable hardware, wound dehiscence/exposure of hardware, or athletes returning to
contact sport (Kambouroglou, 1998) (Coook, 1985). The assimilation of removable internal
fixation devices into the bone due to precipitation of calcium phosphate might cause
refracture of the bone during the removal of the fixation device. Therefore, in these cases, it
is essential to prevent the adhesion of the alloys with the bone tissues. Hence, considering
this requirement, it is essential to inhibit the precipitation of calcium phosphate. It is
reported that Zr, which is a non-toxic and allergy-free element, has the ability to prevent
precipitation of calcium phosphate (Kawahara, 1963), and Ti alloys with Zr contents
exceeding 25 mass% prevent the formation of calcium phosphate, which is the main
component of human bones (Narushima, 2005). Thus, Ti-30Zr-Mo has been proposed as a
low Young’s modulus titanium based biomaterial for use in removable implants.
Figure 18 (Zhao, 2011) shows the Young’s moduli of Ti-30Zr-xMo (x = 5, 6, and 7) subjected
to solution treatment and those of the alloys considered for comparison. The Young’s
modulus of Ti-30Zr-xMo is lower than that of the alloys considered for comparison except
TNTZ. The minimumYoung’s modulus is obtained for Ti-30Zr-6Mo with a value of around
60 GPa, and TNTZ also shows a low Young’s modulus.
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Fig. 18. Young’s moduli of Ti-30Zr-xMo (x = 0, 2, 5, 6, 7, and 8 mass%) alloys subjected to
solution treatment and the alloys considered for comparison.
In orthopedic applications, ideal biomedical implant materials are required to have high
strength and a low Young’s modulus. The elastic admissible strain, defined as the strengthto-modulus ratio, is a useful parameter considered in orthopedic applications. The higher
the elastic admissible strain, the more suitable are the materials for such applications
(Williams , 1971). Figure 19 (zhao, 2011) shows the distribution of the as-solutionized Ti30Zr-xMo and the alloys considered for comparison in the plot of elastic admissible strain
against elongation. Ti-30Zr-6Mo and -7Mo exhibit larger elongation and higher elastic
admissible strain than the other Ti-30Zr-xMo and SUS316L, CP Ti, Ti64 ELI, and TNTZ.
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Fig. 19. Distribution of solutionized Ti-30Zr-xMo (x = 0, 2, 5, 6, 7, and 8 mass%) alloys and
the alloys (SUS 316 L stainless steel, TNTZ and commercially pure titanium (C.P.Ti)
considered for comparison in a plot of elastic admissible strain against elongation.
Figure 20 (Zhao, 2011) shows the density of cells cultured for 24 h in the presence of Ti-30Zr7Mo and the alloys considered for comparison. Ti-30Zr-7Mo has the highest value of cell
density. Therefore, Ti-30Zr-6Mo and Ti-30Zr-7Mo show promising potential to be new
candidates for use in biomedical applications.
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Fig. 20. Density of cells cultured in 7Mo and the alloys (SUS 316 L stainless steel,
commercially pure titanium (CPTi), Ti-6Al-4V ELI (Ti64ELI), and TNTZ) considered for
comparison.
Figure 21 (Zhao, 2011) shows Young’s moduli of Ti-30Zr-5Mo, Ti-30Zr--6Mo, and Ti-30Zr-7Mo subjected to solution treatment (referred to as 5Mo-ST, 6Mo-ST, and 7Mo-ST,
respectively) and subjected to cold rolling at a reduction ratio of 10 % (referred to as 5MoCR, 6Mo-CR, and 7Mo-CR respectively). In the ST samples, with increasing Mo content,
the Young’s modulus initially decreases from 75 GPa in 5Mo-ST to 63 GPa in 6Mo-ST and
then increases slightly to 66 GPa in 7Mo-ST. The Young’s moduli of the ST alloys are
lower than those of conventional biomedical alloys such as SUS316L stainless steel (SUS
316L), commercial pure Ti (CP Ti), and Ti–6Al–4V extra-low interstitial alloy (Ti64 ELI).
The change in Young’s modulus after cold rolling varies with the Mo content: the Young’s
modulus of 5Mo-CR decreases drastically to 59 GPa from 75 GPa (after ST), and the
Young’s modulus of 6Mo-CR deceases to 61 GPa from 63 GPa (after ST). However, the
Young’s modulus of 7Mo-CR increases to 73 GPa from 66 GPa (after ST). Therefore, Ti30Zr-7Mo is expected to be a Young’s modulus self-adjustable titanium alloy for
biomedical applications.
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Fig. 21. Young’s moduli of Ti–30Zr–(5, 6, 7)Mo alloys subjected to solution treatment (5Mo-,
6Mo-, 7Mo-ST) and cold-rolling (6Mo-, 6Mo-, 7Mo-CR).
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7. Summary
The removal of metallic biomaterials from implanted bone tissue is fairly new concept
because tight adhesion between the metallic biomaterial and bone is currently one of the
targets of biomaterials researchers.
Nowadays, conflicting properties of a low Young’s modulus to inhibit bone atrophy and
high Young’s modulus to inhibit spring-back are simultaneously desired in biomaterials.
i.e., Young’s modulus self-adjustment ability is required in the metallic biomaterials. In
order to satisfy these demands, metastable -type titanium alloys that exhibit deformationinduced transformation are prospective candidates materials can be selectively changed
from low to high at the deformation point. However, the degree of the change in the
Young’s modulus is currently insufficient to satisfy the biomaterial demand and thus,
further investigation of these kinds of titanium alloys is warranted.
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1. Introduction

In the past 20 years, mesoporous materials have been attracted great attention due to their
significant feature of large surface area, ordered mesoporous structure, tunable pore size
and volume, and well-defined surface property. They have many potential applications,
such as catalysis, adsorption/separation, biomedicine, etc. [1]. Recently, the studies of the
applications of mesoporous materials have been expanded into the field of biomaterials
science. A new class of bioactive glass, referred to as mesoporous bioactive glass (MBG),
was first developed in 2004. This material has a highly ordered mesopore channel structure
with a pore size ranging from 5–20 nm [1]. Compared to non-mesopore bioactive glass (BG),
MBG possesses a more optimal surface area, pore volume and improved in vitro apatite
mineralization in simulated body fluids [1,2]. Vallet-Regí et al. has systematically
investigated the in vitro apatite formation of different types of mesoporous materials, and
they demonstrated that an apatite-like layer can be formed on the surfaces of Mobil
Composition of Matters (MCM)-48, hexagonal mesoporous silica (SBA-15), phosphorousdoped MCM-41, bioglass-containing MCM-41 and ordered mesoporous MBG, allowing
their use in biomedical enineering for tissue regeneration [2-4]. Chang et al. has found that
MBG particles can be used for a bioactive drug-delivery system [5,6]. Our study has shown
that MBG powders, when incorporated into a poly (lactide-co-glycolide) (PLGA) film,
significantly enhance the apatite-mineralization ability and cell response of PLGA films.
compared to BG [7]. These studies suggest that MBG is a very promising bioactive material
with respect to bone regeneration. It is known that for bone defect repair, tissue engineering
represents an optional method by creating three-dimensional (3D) porous scaffolds which
will have more advantages than powders or granules as 3D scaffolds will provide an
interconnected macroporous network to allow cell migration, nutrient delivery, bone
ingrowth, and eventually vascularization [8]. For this reason, we try to apply MBG for bone
tissue engineering by developing MBG scaffolds. However, one of the main disadvantages
of MBG scaffolds is their low mechanical strength and high brittleness; the other issue is that
they have very quick degradation, which leads to an unstable surface for bone cell growth
limiting their applications.
Silk fibroin, as a new family of native biomaterials, has been widely studied for bone and
cartilage repair applications in the form of pure silk or its composite scaffolds [9-14].
Compared to traditional synthetic polymer materials, such as PLGA and poly(3-
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hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), the chief advantage of silk fibroin is its
water-soluble nature, which eliminates the need for organic solvents, that tend to be highly
cytotoxic in the process of scaffold preparation [15]. Other advantages of silk scaffolds are
their excellent mechanical properties, controllable biodegradability and cytocompatibility
[15-17]. However, for the purposes of bone tissue engineering, the osteoconductivity of pure
silk scaffolds is suboptimal. It is expected that combining MBG with silk to produce
MBG/silk composite scaffolds would greatly improve their physio-chemical and osteogenic
properties for bone tissue engineering application. Therefore, in this chapter, we will
introduce the research development of MBG/silk scaffolds for bone tissue engineering.

2. Preparation, characterization, physio-chemistry and biological property of
MBG/silk composite scaffolds
In the section, we will introduce the novel development of MBG/silk composite scaffolds
prepared by two methods for bone tissue engineering. One is that we will use silk-modified
MBG scaffolds to enhance mechanical, biological and drug-delivery properties for bone
regeneration application; the other is to incorporate MBG powders into silk scaffolds to
improve their physio-chemistry and in vivo osteogenesis.
2.1 Silk-modified MBG scaffolds
2.1.1 Composition optimization and characterization of silk-modified MBG scaffolds
To prepare and optimize MBG scaffolds, a series of MBG scaffolds with varied composition
(molar composition: 100Si; 90Si-5Ca-5P; 80Si-15Ca-5P and 70Si-25Ca-5P) have been prepared
by co-template method of P123 (EO20-PO70-EO20) and polyurethane sponges (PUS), in which
P123, as the template of mesopore formation, creates well-ordered mesoporous channels
(around 5 nm) and PUS, as the template of large pores, produces hierarchically large pores
(around 200-400 μm) (Figure 1). Our study has shown that MBG with the composition of
80Si-15Ca-5P has optimized bioactivity among four scaffolds [18]. Therefore, in this study,
MBG (80Si-15Ca-5P) was selected for the further study.

(a)

50 nm

Fig. 1. SEM (a) and TEM (b) images for the prepared MBG scaffolds.

(b)
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Silk-modified MBG scaffolds were prepared by dip-coating silk fibroin solution (wt. 2.5%
and 5%) on the surface of scaffold pore walls with the cross linking of ethanol. After
modification, a smooth silk film had formed on the surface of pore wall (Fig. 2b). Silkmodified MBG scaffolds showed a more uniform and continuous pore network (Fig. 2b)
compared to unmodified MBG scaffolds with numerous collapsed and un-continuous
pore networks due to their brittle nature (Fig. 2c). Silk-modified MBG scaffolds had a
highly porous structure with the large-pore size of 400μm and maintained high porosity
(95%). These characteristics indicate that silk-modified MBG scaffolds satisfy the
requirements of pore structure architecture for cell and blood vessel ingrowth and
nutrient supply [8].

(a)

(b)

(c)

Fig. 2. SEM images for the formed silk layer (see arrow) (a), silk-modified MBG scaffolds (b)
and un-modified MBG scaffolds (c) [19].
2.1.2 Physio-chemistry and biological property of silk-modified MBG scaffolds
The concentration of silk fibroin plays an important role to influence the compressive
strength of MBG scaffolds. The compressive strength of pure MBG scaffolds was estimated
to be 60kPa. Silk modification significantly improved the compressive strength of MBG
scaffolds, which increases to 120kPa for 2.5%Silk-MBG scaffolds and 250kPa for 5.0%SilkMBG scaffolds, a 100 and 300% increase, respectively (Fig. 3). There are two possible
explanations as to why silk-modification improves the mechanical properties of the MBG
scaffolds [19]. (1) Silk modification may induce a more uniform and continuous pore
network within the MBG scaffolds, which, due to their natural brittleness, would otherwise
have collapsed pore networks and micro-defects (micropores) and which contributes to their
low mechanical strength; or (2) silk, which has greater mechanical strength than any other
traditional polymer [15], may form an intertexture within the MBG scaffolds, linking the
inorganic phase together and, in effect, reinforce the scaffolds [20].
By comparison, the compressive strength of hydroxyapatite andβ-Tricalcium phosphate is
only 30kPa [21] and 50kPa [22], when their porosity is greater than 90%. The compressive
strength of spongy bone (not the strut) is in the range of 0.2–4 MPa [23]. Therefore, the
silk-modified MBG scaffolds fall within this range and therefore mimic that of cancellous
bone.
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Fig. 3. The effect of silk concentration on the mechanical strength of MBG scaffolds [19].

Fig. 4. Drug release from silk-modified and unmodified of MBG scaffolds [19].
Drug delivery represents another major challenge for scaffolds applicable for bone tissue
engineering. In traditional scaffolds it was very difficult to combine the function of drug
delivery due to the absence of a nano-pore structure. Due to the existence of well-ordered
mesoporous structure in the MBG scaffolds, they can be used for the drug carrier.
Dexamethasone can be easily loaded in the matrix of scaffolds by a simple soaking method.
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The 5.0%Silk-MBG scaffolds had a decreased burst release compared to MBG scaffolds, and
maintained a sustained release (Fig. 4). The most likely explanation for this is that the 5% silk
solution forms a relatively dense silk film on the surface of pore walls which slows the drug
release; however, over time the silk will begin to degrade and its effect on the release kinetics
will therefore abate. This was evident by the fact that there was no discernible difference of the
drug-release rate of the 5.0%Silk-MBG scaffold compared to the 2.5%Silk-MBG and the MBG
scaffolds (Fig. 4). Further study has shown that after the drug release in phosphate buffer
solution (PBS), a thin Ca-P layer of micro-particles was found to have been deposited on the
surface of pore walls (Fig. 5). The formed Ca-P layer, one the one hand, will have an inhibitory
effect on drug release [24]; On the other hand, it is indicated that silk-modified MBG scaffolds
maintained the bioactivity of the surface chemistry as the Ca-P formation ability was regarded
as one of important factor for bioceramics according to Kokubo’s view [25].

(a)

(b)

Fig. 5. SEM images for silk-modified MBG scaffolds after drug release in PBS.
The biological properties of silk-modified MBG scaffolds were further investigated by
evaluating the attachment, proliferation, differentiation and bone cell-relative gene (alkaline
phosphatase activity (ALP) and osteocalcin (OCN)) expression of bone marrow stromal cells
(BMSC). After 1 day of culture, BMSCs were attached to the surface of the pore walls in all
three types of scaffolds (Fig. 6). There was no obvious difference in the cell numbers and
morphology of the attached cells among the scaffold types after one day. After 7 days,
however, the density of BMSCs on 2.5%Silk-MBG and 5.0Silk-MBG scaffolds was higher
than that of pure MBG scaffolds, the BMSCs on the 5.0%Silk-MBG scaffolds eventually
reaching confluence. High magnification images show that BMSCs on 5.0%Silk-MBG
scaffolds had a more spread out morphology than those on pure MBG scaffolds and that the
cells had close contact with the pore walls of 5.0%Silk-MBG scaffolds (Fig. 6).
Silk modification significantly improved the proliferation and ALP activity of BMSCs on
MBG scaffolds. At day 1, the number of cells on the silk-modified MBG scaffolds were
comparable with that of pure MBG scaffolds (Fig. 7a), whereas by day 7, the number of cells
on the silk-modified MBG scaffolds was significantly higher than that on the pure MBG
scaffolds (p<0.05). ALP activity was used as an early marker of BMSC differentiation on
scaffolds. After 7 days of culture, the ALP activity of the cells on all three scaffold types was
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roughly equal (Fig 7b); however, after 14 days the ALP activity of BMSCs in the 5.0%SilkMBG scaffolds was greater than that of the other two scaffold types (Fig. 7b). The
osteoblastic differentiation was further assessed by the mRNA expression of ALP and OCN
using RT-qPCR method. There was an upregulation of the osteogenic marker genes of OCN
and ALP after the modification of MBG scaffolds by silk (Fig. 8).

Fig. 6. The morphology of bone marrow stromal cells on the silk-modified and unmodified
MBG scaffolds after 1 and 7 days of culture [19].
From the results above, it is indicated that that silk modification of MBG scaffolds had a
positive effect on the attachment, proliferation and differentiation of BMSCs [19]. Generally,
the ionic environment and material surface are two main factors which influence the
interaction of cells and biomaterials [7,26-29]. In this study, silk modification did not create
any significant effect on either ionic release or weight loss of MBG scaffolds. It has been
speculated that the ionic environment and pH value of culture media may not be the most
important factors affecting the cell response. Therefore, there is a reasonable hypothesis that
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(a)

(b

Fig. 7. The proliferation (a) and ALP activity of bone marrow stromal cells on the silkmodified and unmodified MBG scaffolds [19].
the silk itself may be responsible for enhancing BMSC proliferation and differentiation. It is
known that, generally, the stable surface of biomaterials enhances cell attachment and
proliferation, compared to the unstable surface of biomaterials which have a higher rate of
dissolution [28]. MBG scaffolds have a high rate of degradation leaving their surface
relatively unstable, and this may affect cell growth. The silk used in this study is the
relatively stable fibroin, which consists of a β-sheet structure. When applied to the MBG
scaffolds this silk may provide a relatively stable surface interface to support BMSC
proliferation and differentiation. It has been reported that silk-functionalized titanium
surfaces can enhance osteoblast functions [30,31], and also that silk modification of poly
(D,L-lactic acid) improves ostoblast differentiation [32]. Although the mechanisms
underlying this stimulatory effect on cell functions remains unclear, the explanation may be
related to the interaction with specific chemical groups in silk, such as amino acids [15].
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(a)

(b)

Fig. 8. The bone-relative gene expression of OCN (a) and ALP (b) of bone marrow stromal
cells on the silk-modified and unmodified MBG scaffolds [19].
2.2 MBG powders-incorporated silk scaffolds
2.2.1 Preparation, characterization and physio-chmistry of MBG-incorporated silk
scaffolds
MBG powders (molar composition: 80Si-15Ca-5P) with a particle size lower than 45μm were
synthesized by an evaporation-induced self-assembly process according to the publications
[7]. The obtained MBG powders possess well-ordered mesoporous structure (see Fig. 9a).
Non-mesoporous bioglass (BG) powders with same composition were synthesized for the
control materials (Fig. 9b). The surface area and pore volume of MBG are about 400m2/g
and 0.5cm3/g, respectively, which are obviously higher than those of BG (57 m2/g for
surface area, 0.09 cm3/g for pore volume).
Porous MBG/silk scaffolds with 10% MBG (w/w) were fabricated using a freeze-drying
method. Pure silk and BG/silk scaffolds were prepared by same method for the control
materials. The silk, MBG/silk and BG/silk scaffolds were highly porous (Fig. 10), with near
identical porosities, 78%, 76% and 76%, respectively. The pure silk scaffolds had a flat pore
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(b)

100nm

100nm

Fig. 9. TEM images of MBG (a) and BG (b) powders [7].
morphology (Fig. 10a), whereas the MBG or BG composite scaffolds had a more open pore
morphology (Fig. 10b and c) compared to the silk scaffolds. The pore size of the pure silk
scaffolds ranged from several tens to one hundred micrometers; the pore size of the
composite scaffolds is larger than that of pure silk scaffolds [33].
The compressive strength and modulus of MBG/silk scaffolds were 420kPa and 0.70MPa,
respectively, figures that were comparable with those of pure silk scaffolds and greater than
those of BG/silk scaffolds (300kPa for compressive strength and 0.5MPa for modulus). It is
speculated that the incorporation of BG particles into silk scaffolds may destroy the inner
structure of silk and lead to the detrimental effect of the mechanical strength of silk
scaffolds. Although MBG particles may also destroy the inner structure of silk, however,
MBG has high surface area and pore volume, and parts of silk solution may enter into the
nanopores of MBG during preparation, which leads to a strong bond between MBG particles
and silk after freeze-drying. Thus, the incorporation of MBG into silk will not decrease the
mechanical strength of silk scaffolds [33].
The apatite-mineralization ability and ion release of scaffolds were carried out using
acellular simulated body fluids (SBF). The morphology of the three scaffold species, after
soaking in SBF, is shown in Figure 11. There was no apatite particles deposit visible on the
pore wall surfaces for pure silk and BG/silk scaffolds (Fig. 11a and b). However, a layer of
apatite microparticles formed on the pore wall of MBG/silk scaffolds (Fig. 11c) and at
higher magnification apatite was seen as nano-sized particles (Fig. 11d). EDS analysis
revealed the ratio of Ca/P of the apatite to be 2.3 [33]. Apatite mineralization of silicate
materials, such as CaSiO3 ceramics, 45S5 bioglass, etc. is thought to be an important
phenomenon in the chemical interactions between the implant materials and the bone tissue,
which ultimately affects the in vivo osteogenesis of the bone grafting materials [34-36]. In
this study, MBG/silk scaffolds had an obvious apatite mineralization in SBF, whereas
neither BG/silk nor pure silk scaffolds induced apatite mineralization. This suggests that
MBG/silk scaffolds have an improved “in vitro bioactivity”, a term that has been used in
previous studies [25,37,38].
There was a sustained release of Si ions from both the MBG/silk and BG/silk scaffolds, even
across an extended period of soaking and the MBG/silk scaffolds had a faster rate of Si ion
release than BG/silk scaffolds. The pH value of SBF with MBG/silk scaffolds stayed within
a range of 7.25–7.5 throughout the 6 weeks of soaking. The pH values of the pure silk and

278

Biomaterials Science and Engineering

(a)

50µm
(b)

50µm
(c)

50µm
Fig. 10. Surface morphology of porous silk (a), MBG/silk (b) and BG/silk (c) scaffolds.
BG/silk scaffolds resulted in a slight decreased in SBF, varying from 7.1 to 7.4 [33].
Therefore, it is very obvious that the incorporation of MBG powders into silk scaffolds
significantly improved their physio-chmestry. Further study for the effect of in vivo
osteogenesis has been further investigated in the following section.
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(a)

(c)

5 µm

5 µm

(b)

(d)

5 µm

1 µm

Fig. 11. SEM and EDS analysis silk (a), BG/silk (b) and MBG/silk (c and d) scaffolds after
soaking in simulated body fluids for 7 days [33].
2.2.2 The in vivo osteogenesis of MBG-incorporated silk scaffolds
To further investigate the in vivo osteogenesis of MBG-incorporated silk scaffolds, the
scaffolds were implanted into calvarial defects in adult severe combined immunodeficient
(SCID) mice and the degree of in vivo osteogenesis was evaluated by micro-computed
tomography (μCT), hematoxylin and eosin (H&E) and immunohistochemistry (type I
collagen) analyses.
Both MBG/silk and BG/silk scaffolds clearly showed better bone repair ability than pure
silk scaffolds. The defects implanted with MBG/silk scaffolds had been completely filled
with new bone mineral tissues (Fig. 12a). The BG/silk scaffolds also induced new bone
formation in the defects (Fig. 12b). However, the skull defects implanted with pure silk
scaffolds revealed little mineralized tissues around the border and no new bone formation at
all in the middle of the defects (Fig. 12c). Quantitative analysis from μCT data showed that
the mineralized tissue volume for MBG composite was a little higher than that of BG
composite. The volume of mineralized tissue for silk, MBG/silk and BG/silk scaffolds was
2.5, 7.0 and 6.1 mm3, respectively (Fig. 12d) [33].
New bone filled most of the MBG/silk scaffolds from the edge to the center and formed a
continuous plate of bone area (Fig. 13a and b). Most of MBG/silk scaffolds had been
degraded (Fig. 13a). In the BG/silk scaffolds the majority of the new bone was located in the
periphery, with some bone islands forming centrally. There was only limited degradation of
the BG/silk scaffolds (Fig. 13c and d). In the skull defects implanted with pure silk scaffolds
there was no evidence of bone formation.
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(b)

(c)
(d)

Fig. 12. Micro-CT analysis for the in vivo bone formation of MBG/silk (a), BG/silk (b), silk
(c) scaffolds, and new bone volume (d) after implanted in calvarial defects of SCID mice for
8 weeks [33].
Immunohistochemical analysis revealed type I collagen (COL1) expression in the de novo
bone in both MBG/silk and BG/silk scaffolds (Fig. 14); there was certainly slightly strong
COL1 expression in the bone matrix of the MBG/silk scaffolds (Fig. 14a and b) and this
expression was discernibly stronger compared to that in the BG/silk scaffolds (Fig. 14c and
d) [33].
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(a)

500µm
(c)

500µm

(b)

200µm
(d)

200µm

Fig. 13. The in vivo bone formation was evaluated by hematoxylin and eosin (H & E)
staining. (a) and (b): MBG/silk; (c) and (d): BG/silk. (b) and (d) are higher magnification
images. Arrows point to new formed bone [33].
There are three reasons that best explains why MBG/silk scaffolds have improved newbone formation, compared to BG/silk scaffolds [33]: (1) apatite mineralization plays an
important role in bone repair and studies suggest that apatite mineralization of 45S5
bioglass [36], A–W bioactive glass ceramics [39] and CaSiO3 ceramics [34,40], is the direct
factor influencing the in vivo osteogenesis potential of these materials. In the present
study, we show that MBG/silk has a better apatite-mineralization ability than does
BG/silk, leading us to draw the tentative conclusion that this may be one of the most
important factors to improve new-bone formation. (2) The faster rate of dissolution and Si
ion release of the MBG/silk scaffolds compared to BG/silk scaffolds may enhance newbone formation; this is supported by a study that showed that CaSiO3 ceramics has
significantly faster rate of degradation than does β-tricalcium phosphate ceramics and
leads to an improved in vivo osseointegration [34]. It has been reported that Si ions may be
associated with the initiation of pre-osseous tissue mineralization, both in periosteal or in
endochondral ossification, in the early stages of calcification [41,42]. In vitro studies have
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confirmed that silicon released from the materials results in a significant up-regulation of
osteoblast proliferation and gene expression [26,43,44]. The faster rate of degradation may
in fact provide the space and environment for matrix deposition and tissue growth [45],
and, at the same time, the quicker release Si ions from MBG/silk scaffolds may stimulate
the viability of osteoblast around the defects, to the benefit of in vivo osteogenesis. (3) One
cannot overlook the beneficial role that the stable pH environment of MBG/silk scaffolds
has on in vivo osteogenesis [46,47].

(a)

500µm
(c)

500µm

(b)

200µm
(d)

200µm

Fig. 14. Immunohistochemical analysis by Collagen I staining on the new bone tissues. (a)
and (b): MBG/silk; (c) and (d): BG/silk. (b) and (d) are higher magnification images [33].

3. Conclusion
In summary, we have successfully developed scaffolds containing MBG and silk
components for the purpose of bone tissue engineering. Two approaches in scaffold
fabrication have been investigated, namely silk surface-coating for MBG scaffolds and MBG
integrated silk scaffold.
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Porous silk-modified MBG scaffolds with high porosity and large-pore size have been
prepared by coating silk on the pore walls surfaces of MBG scaffolds. Silk modification
improves the continuity of pore network and mechanical strength of MBG scaffolds,
resulting enhanced BMSC proliferation, differentiation and in vivo bone formation.
We have prepared MBG powders-incorporated silk scaffolds and found that MBG can
significantly improve the in vitro bioactivity and in vivo osteogenesis of silk scaffolds.
MBG/silk scaffolds have the improved physio-chemistry and new-bone formation ability
compared to BG/silk scaffolds.
Our study indicates that MBG/silk composite scaffolds, in the forms of silk-modified MBG
scaffolds and MBG powder-integrated silk scaffolds, are very promising potential
biomaterials for bone repair and regeneration.
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1. Introduction
The phenomena at the biomaterial - biological media interface are crucial in maintaining
optimal cellular functions, initiating biomineralization and bone tissue regeneration. In
contrast to “inert” implants substituting hard and soft tissues, bioactive ceramics used as
bone graft substitutes are known to possess a reactive surface with respect to the body
liquids and similar model solutions (Hench & Wilson, 1993). It is the interface that cells are
approaching and “deciding” to build or not to build a new bone.
At interfacial equilibrium, an electrical double layer (EDL) is formed at the interface. The
key feature that determines the EDL structure is the surface charge developed due to
chemical interactions between bone graft substitute material and biological media. Three
scenarios are possible depending on biomaterial surface chemistry, composition of the
media, and the media pH. Positively or negatively charged surfaces encourage electrostatic
(long-range forces) attraction of oppositely charged species. For example, ions,
protonated/deprotonated aminoacids, peptides, proteins and even, probably, cells. For the
particles with zero surface charge, short-range (chemical binding) interactions are
preferable. Since body fluids have relatively constant composition and stable buffered pH, it
is mainly the bulk and surface chemistry of biomaterial that affect the surface charge
development. Electrostatic attraction of inorganic cations and anions from biological media
is particularly important to initiate biomineral surface nucleation. The surface charge of
biomaterial plays a pivotal role in adsorption of organic species from the media. The
adsorption can change hydrophobic/hydrophilic properties of the surface if preferential
accumulation of lipids, proteins, and vitamins from one side, or sugars, small organic acids
and aminoacids from another side occurs. The adsorbed organic molecules will determine if
the cells can attach to the bioactive surface with functional groups on the cell membrane.
Moreover, the surface charge will influence the interface pH and bone graft substitute
dissolution/re-precipitation processes. The extent of biomaterial dissolution is very
important considering the rate of bone regeneration and biomaterial substitution by new
bone. Another important factor which can significantly improve initial adhesion of the cell
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to the bone graft substitute materials is the surface morphology. Considering the cell size
(µm) and the interface (EDL) thickness (nm), it should be the surface morphology which
certainly maintains comfortable hosting for the cell to adhere, to fine tune their micro
environment, and to communicate with other cells. The main parameters to consider are
particles size, shape, porosity, surface (macro and micro) roughness, and availability of
natural and artificial scaffolds. Initial morphology is not kept during the formation of new
bone; however it can contribute at the first stage of the tissue regeneration process.
“Biomaterial in biological media” system can be separated to three different parts: solid
phase (macro), solution phase (macro), and solid-solution interface (nano). Continuous
phases are easy to investigate, but the most important information about the interface is
almost inaccessible. The formation of new bone can be experimentally observed already at
micro level using histological sections of biopsies from patients; changes in composition of
biological media are routinely monitoring by standard chemical tools. However, specific
characteristics necessary for a potential interfacial “nano-reactor” and the key elements
which initiate and control cellular activity are still unknown. To understand these
phenomena at a molecular level we need supplementary physico-chemical information
about the surface of bone graft substitute material and the immediate interface between the
material and the biological media. This information will allow material scientists and bone
biologists to improve existing or to create a new tissue substitutes with attractive interface
properties, leading the cell towards the decision – “To build or not to build” the bone.

2. Biomaterials and bone cell interactions
Although bone is unique in terms of being able to repair itself (e.g. fracture healing), bone
defects caused by trauma and pathological conditions will not always heal spontaneously
(Feng & McDonald, 2011; Nakahama, 2010). Autologous bone graft is considered the best
treatment option, but has the limitation of donor sites, and the interest for bone graft
substitute materials is increasing (Porter et al., 2009). Ideally, bone formation induced by the
biomaterial will mimic the physiological process where osteoblasts differentiate from
mesenchymal stem cells and produce extracellular proteins that serve as a template for the
biomineralization process. It is crucial that the biomaterial does not promote an imbalanced
bone remodeling process with uncoordinated activities between bone forming osteoblasts
and bone resorbing osteoclasts. Osteoclasts are multinucleated cells with a hematopoietic
origin formed by fusion of mono nuclear cells mainly regulated by osteoblasts and stromal
cells (Raggatt & Partridge, 2010).
Cell differentiation in general is regulated by complex interacting signaling pathways which
eventually lead to altered gene expression and subsequent changes in cell behavior. The
interaction between cell surface molecules and extracellular structures is one of the key
mechanisms regulating the differentiation and activities of bone cells. Mesenchymal stem
cells and stromal cells, including osteoblasts, as well as osteoclasts, are depending on
attachment to extra cellular matrix (ECM) proteins. Cellular interactions with adhesion
proteins/ECM proteins occur via transmembrane integrins receptors which recognize
proteins containing the Arg-Gly-Asp (RGD) amino acid sequence. The RGD sequence can be
found within proteins such as fibronectin and vitronectin which are components in ECM
and interestingly also among the serum proteins which are adsorbed to implanted surfaces
(Kundu & Putnam, 2006; Raggatt & Partridge, 2010; Wilson et al., 2005). Vitronectin is
reported to promote osteogenic differentiation of mesenchymal stem cells via integrin-
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mediated signals (Kundu & Putnam, 2006). The mitogen activated protein (MAP)-kinase
cascade is an important downstream intracellular signaling transduction pathway in
integrin-mediated signals. MAP kinase activation leads to extracellular-regulated kinase
(ERK) activation via a pathway of downstream protein effectors ultimately regulating gene
transcription and cell activities (Kundu & Putnam, 2006; Yee et al., 2008) (Illustrated in Fig.
1. based on: Geiger et al., 2009; Kundu & Putnam, 2006; Lu & Zreiqat, 2010; Milani et al.,
2010; Raggatt & Partridge, 2010; Stevens & George, 2005; Wang et al., 2009; Wilson et al.,
2005; Yee et al., 2008)

Fig. 1. RGD-integrin mediated cell attachment to biomaterial surface which leads to intra
cellular signaling and change of cell functions. Figure was produced using Servier Medical
Art.
It has also been proposed the inorganic components of bone could support the attachment
and interactions between cells and bone (Feng, 2009). Moreover, it has recently been
demonstrated that bone-specific extracellular matrix proteins could promote the osteogenic
differentiation of embryonic stem cells (Evans et al., 2010). In addition to the control of cell
activities by matrix proteins and signaling molecules, it is becoming evident that nanoscale
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alterations in topography will influence osteoblast differentiation and formation of a
mineralized matrix (Diniz et al., 2002; Stevens & George, 2005). The mechanisms by which
biomaterials support bone formation are largely unknown but will certainly be determined by
cell-surface interactions and the interface between the biomaterial and cells. Bone graft
materials may regulate cell adhesion and functions through chemical and physical properties,
dissolution and precipitation reactions, surface charge, protein adsorption and surface
topography. A schematic illustration of the hypothetical time dependent development of the
biomaterial-tissue interface leading to bone formation is presented in Fig. 2.

Fig. 2. Time dependent development of the biomaterial-tissue interface leading to bone
formation. Figure was produced using Servier Medical Art.
When the bone graft substitute has been implanted in the patient, the biomaterial and
surrounding tissue fluids will start interacting within nanoseconds (ns). After minutes (min)
to hours (h), depending on material and solution properties, equilibrium will be reached,
organic components will be attracted. The development of a biomaterial-tissue interface will
be started and this interface will facilitate (pre)osteoblast attachment. A possible attachment
mechanism could be the integrin-RGD sequence binding leading to activation of
intracellular signaling and change of cellular functions. Activated and differentiated
osteoblasts will then produce the bone matrix (osteoid), which needs to be mineralized to
become bone. The mature mineralized bone will undergo bone remodeling involving both
osteoclast and osteoblast activity in response to physiological changes in the environment.
(Fig. 2 based on: Hamilton & Brunette, 2007; Hing, 2004; Hoppe et al., 2011; Jell & Stevens, 2006;
Raggatt & Partridge, 2010; Roach et al., 2007; Shekaran & Garcia, 2011; Zambuzzi et al., 2011).
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3. Bone graft substitute materials and biological media
Biomaterials have different origins and may be grouped into natural materials, metals,
ceramics and polymers. Chemical and physical properties of the material might differ
between the bulk and the surface. The material bulk will determine the mechanical and
other physical characteristics, while the surface is responsible for the interaction with the
surrounding environment. In the present study, three commercially available biomaterials
(described below) were used as model systems to analyze the surface reactions which may
promote cell adhesion and bone formation. The materials investigated have different origin
and are already used in the clinic to repair dentoalveolar bone defects in patients. Frios®
Algipore® (Algipore), is a biological fluoro-hydroxyapatite derived from calcifying marine
algae. Bio-Oss® (Bio-Oss), is a deproteinized sterilized cancellous bovine bone chemically
and structurally comparable to mineralized human bone. Bioactive glass 45S5 (45S5), a
synthetic material, is a four-component glass. Bulk chemical composition and some
important properties of these three bone graft substitutes are summarized in Table 1.

Biomaterial

Biomaterial properties
Algipore
Bio-Oss

45S5

Particle size(µm)

500–1000

250–1000

70–700

Chemical
composition

CaCO3
transformed into
Ca5(PO4)3OHxF1−x†

n/a
(deproteinized bone)

45wt.% SiO2,
24.5wt.% CaO,
24.5wt.% Na2O &
6wt. % P2O5 ‡

10.4

85.5

0.16

0.06

0.42

0.0009

23.6

19.5

23.3

Surface area
(m2/g)
Pore Volume
(cm3/g)
Average pore
size (nm)

Table 1. Biomaterial properties for Algipore (†Ewers, 2005), Bio-Oss & Bioactive glass 45S5
(‡ Hench, 2006).
A great advantage is that histological studies in patients treated with these biomaterials have
been published. It is clear from the clinical studies that new bone is formed around all three
materials. However, the materials react very different when they are placed in patients.
Algipore is resorbed and replaced by newly formed bone (Ewers, 2005), Bio-Oss is neither
resorbed by osteoclasts nor degraded (it can still be seen after several years) but new bone is
formed in close contact around the Bio-Oss particle (Mordenfeld et al., 2010). 45S5 glass
particles corrode and bone formation seems to start inside the particle which is completely
replaced by bone after approximately 16 months (Tadjoedin et al., 2000). The ability of these
three materials to promote bone formation in vivo taken together with the different material
properties provides the concept for our experimental investigation of their surfaces in
equilibrium with biological medium. The formation of new bone at the biomaterial surface
implies a reaction regulating bone cell functions at the interface. 45S5 has been analyzed in
many studies but very little is known concerning the surface reactions and dissolution of the
other two materials. We used a-MEM cell culture medium, instead of water, ethanol or
simulated body fluid (SBF), which is common in several studies, because the composition of
cell culture medium (Table 2) mimics the extra cellular tissue fluid more closely.
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α-MEM Component

mM

Inorganic Salts
Calcium Chloride

CaCl2· 2H2O

Magnesium Sulfate

MgSO4 (anhyd.)

1.8
0.814

Potassium Chloride

KCl

5.33

Sodium Bicarbonate

NaHCO3

26.19

Sodium Chloride (ionic medium)

NaCl

117.24

Sodium Phosphate monobasic

NaH2PO4· 2H2O

1.01

Organic
Amino Acids

21 Amino Acids (Main L-Glutamine)

Vitamins

11 Vitamins (Main Ascorbic Acid)

0.324 (0.284)

8.503 (2)

Other Components

4 Compounds (Main D-Glucose/Dextrose)

6.588 (5.56)

Table 2. α-MEM cell culture medium composition (Gibco®, obtained from Invitrogen. Cat.nr:
22561021).
If analyzing the materials surface reactions using a non-physiological solution, the results
will not be relevant when relating to clinical reactions. Furthermore, using a-MEM for
incubation of the materials gives us the possibility to use the incubation medium for cell
culture experiments which otherwise is not possible.
Our first series of experiments were performed without addition of serum to the incubation
medium which means that amino acids but no proteins are present (Mladenovic et al., 2010).
In 1991, Kokubo et al., suggested that prediction of an artificial materials bioactivity (i.e. the
ability of a material to form a bone-like hydroxyapatite on the surface) is essential and could
be evaluated in vitro with simulated body fluid (SBF) (Kokubo & Takadama, 2006). This
method has since then been widely used for assessment of bioactivity in vitro. Recently, the
use of SBF for testing bioactivity has been questioned and suggestions have been made for
improvement of the test in general (Bohner & Lemaitre, 2009). In line with this, Lee et al.
(2011) suggested that cell culture medium would be a better option for bioactivity testing of
biomaterials. In contrast to Lee et al. (2011) we believe that the presence of serum/proteins
is essential when studying the interface and therefore in our second set of experiments we
added 10% fetal bovine serum (FBS) to the cell culture medium.
Our two series of experiments correspond to the initial stages of bone regeneration process
before cell attachment (Fig. 2.). What interfacial processes can experimentally be observed?
What phenomena dominate at the interface? Why do cells find the interface attractive to
initiate osteogenesis? We will try to answer some of these questions by applying one of the
most powerful surface analysis techniques – X-ray photoelectron spectroscopy (XPS).

4. X-ray Photoelectron Spectroscopy (XPS) with fast-frozen samples
X-Ray Photoelectron Spectroscopy (XPS) is one of the most widely used principal techniques
that probe the surface of materials (Ratner & Castner, 2009). The attractiveness of XPS is
explained by its relatively simple theoretical background, applicability to virtually any type
of samples, very high and sound information output, as well as sufficient availability of
commercially manufactured laboratory spectrometers and experienced personal.
XPS experiment is based on the photoelectric effect. When X-rays (usually monochromatic)
with known, well-defined, photon energy (hν) strike the sample, photoelectrons from the
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constituting atoms are emitted. By measuring the kinetic energy (KE) of the emitted
electrons, their binding energy (BE) can be calculated in accordance with the energy
conservation law:
BE = hν - KE - φ

(1)

where φ is the spectrometer work function (constant for given instrument).
All electrons with binding energies less than the energy of the X-ray beam (e.g. mono Al Kα
1486.6 eV) are excited and can be counted. The binding energies for core level electrons (1s,
2s, 2p, 3s, 3p, 3d, etc.) are unique for each chemical element in the Periodic Table. Thus, the
determination of surface elemental composition is straightforward from the BE values
obtained by XPS. Typical XPS spectrum (Fig. 3.) is recorded as a plot of the number of
detected electrons (counts per second) on the ordinate and their binding energy (electronVolts, eV) on the abscissa.

Fig. 3. Survey XPS spectrum of initial (dry) Algipore biomaterial.
X-rays penetrate deep into the sample (tens of microns) and generate photoelectrons over
the entire penetration depth. Of interest in XPS are the electrons that do not lose their kinetic
energy travelling through the sample. The escape depth of the photoelectrons from solids
limits the analysis depth to 2 – 10 nm, providing very high surface sensitivity of the
technique. The depth of analysis is dependent on the KE of the measured photoelectron, the
sample density and the type of elements present. Typically, the depth of analysis is
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determined to be 2-3 nm for metals, 3-6 nm for inorganic oxides, and 6-10 nm for organic
compounds.
The key feature of XPS making the technique exclusively important for surface chemistry is
a direct measurement of a chemical shift. Specific chemical information is obtained on the
principle that the binding energies of core electrons of an atom are affected by the valence
electrons. Shifts in binding energies of core levels, therefore, occur (and are routinely
measured) due to changes in electron density around the atom of a sample. As a result, a
change in oxidation state, ligand electronegativity, coordination, protonation, etc. can be
immediate experimentally observed. To illustrate the chemical shift effect, high resolution C
1s spectrum showing different functional groups of α-MEM fast-frozen drop without serum
is given in Fig. 4. Specific BE values, which have been determined experimentally for
different chemical compounds, have been tabulated and can be easily found in handbooks
(e.g. Handbook of X-ray Photoelectron Spectroscopy) and databases (e.g. NIST X-ray
Photoelectron Spectroscopy Database & The XPS of Polymers Database (Beamson & Briggs,
2001)).

Fig. 4. XPS C 1s spectrum of a-MEM fast-frozen drop without serum.
Intensity of the photoelectron line is proportional to the numbers of atoms at the surface.
An error of 10% is typically quoted for routinely determined XPS atomic concentrations
using standard relative sensitivity factors. However, the intensities measured from similar
samples are reproducible with good precision. Since many surface related problems
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involve monitoring changes in samples, the precision of XPS makes the techniques
quantitatively very powerful. To avoid uncertainties in absolute intensities
measurements, atomic ratios calculated from the obtained atomic concentrations are
implemented. It is the ratios, which directly relate to the formulas of chemical
compounds, that are quantitative values in XPS. Analysis area can be varied in the range
of tens μm2 up to 1 cm2, therefore small spot analysis and surface mapping are available.
Analytical sensitivity of XPS is exceptionally high, and 10% of monolayer (or 0.1 atomic %
concentration) being routinely detected and measured in reasonable time with acceptable
signal-to-noise spectral ratio.
Modern achievements in XPS applications, including special sample treatment and
handling, provide insight to intimate information about chemistry, vertical and lateral
distribution of chemical species, and even topography and morphology of a surface.
Detailed description of XPS principles, instrumentation, practice, and developing aspects
can be found in “XPS Bible” (Briggs & Grant, 2003). Some biomedical (Castner & Ratner,
2002) and bioengineering (McArthur, 2006) applications of XPS were earlier reviewed.
In respect to real solid (biomaterial) - aqueous solution (biological media) interface, there
has always been a major disadvantage in XPS that the technique cannot operate in
ambient conditions. To detect the photoelectrons, ultra-high vacuum (UHV) is necessary.
It is the reason why the technique is traditionally considered to be ex situ. Indeed,
conventional XPS has very limited application to real wet samples which possess very
high vapor pressure under ambient conditions and are not compatible with the UHV
environment of electron spectrometer. However, inelastic scattering of photoelectrons on
gas phase water molecules can be avoided in two general ways: (i) decrease the distance
between the sample and detector or/and (ii) reduce the vapor pressure by lowering the
sample temperature or/and reduce the size of evaporating surface. Experimental
approaches to real solid-aqueous solution interfaces along these lines were shortly
reviewed by Shchukarev (2006a; b), including recent developments for humid conditions
(Salmeron & Schlögl, 2008).
Considering conventional laboratory electron spectrometers, only two approaches can be
regarded as adequate sample preparation and handling methods which do not
significantly alter the real interface. On the basis of well-known “freeze-drying”
technological process, a deep freezing (ex situ) of hydrated samples followed by ice
sublimation (in situ) was proposed (Ratner et al, 1978) and developed (Ratner, 1995)
aimed towards the application for polymers used in biology and medicine. The freezing of
hydrated polymer sample is performed at 160 or 113 K, ex situ. The frozen sample is then
placed onto precooled sample holder in the spectrometer and pumped down to UHV. XPS
spectra taken with the frozen polymer indicate only O 1s photoelectron line
corresponding to the water (ice). The sample is then heated in situ up to 200 K until C 1s
line from the polymer appears, with consecutive XPS measurements performed at 160 K.
The final dehydration of the sample is carried out at 303 K, also in situ, followed by XPS
investigation of dehydrated sample. In spite of important information obtained about the
processes at polymer-water interface, the technique is only applicable to pure water or
aqueous solutions of very low concentrations. Ice sublimation from natural frozen
biological media will “precipitate” all non-volatile solution components, like inorganic
salts and organic compounds, thus altering the interface and its real chemical
composition. Taken into account the analysis depth of XPS, it is very realistic that only
solution components will be seen in the spectra. Moreover, the “freeze-drying” technique
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has not been widely used because most commercial laboratory instruments are not
equipped with accessories necessary to perform controlled ice sublimation, and the
experiment is complicated and time consuming (Lukas et al, 1995).
The simplest technique to study aqueous solutions in the form of solid transparent ice was
proposed in 1969 (Kramer & Klein, 1969), and developed during 1970’s by Burger’s group
(Burger & Fluck, 1974; Burger et al, 1975; Burger, 1978; Burger et al, 1977). A fast-frozen
sample was prepared by direct injection of solution drop inside the spectrometer onto “cold
finger” holder precooled by liquid nitrogen. XPS spectra were then acquired also at liquid
nitrogen temperature. Freezing rate is so high (15-20 oC/s) that a frozen drop coming from a
pipette nozzle often has a shape of ball or even onion. It is extremely important for the
technique that fast-freezing has been proven to preserve the chemical speciation of solutes,
and prevents solutions from crystallization.
Recently, the fast-freezing procedure was modified and applied to study the mineral(Shchukarev & Sjöberg, 2005; Shchukarev, 2006b), bacteria- (Leone et al, 2006; Ramstedt et
al, 2011), and biomaterial- (Mladenović et al, 2010) aqueous solution interfaces. Instead of a
solution drop, a wet paste (alternatively gel, sediment etc) is applied to the sample holder,
usually outside the spectrometer and at room temperature (T). The wet paste is obtained by
centrifuging from diluted equilibrated powder (bacterial, colloidal) suspension. If the
suspension is sensitive to oxygen, a glove box attached to the entry lock of spectrometer can
be easily used. After applying the wet paste, the sample holder is immediately placed onto
precooled claw (-170 oC) of sample transfer rod in the spectrometer entry lock. After a few
seconds, the paste becomes visibly frozen and is kept at atmospheric pressure of dry
nitrogen for another 30-45 s to be sure that it is cold enough to prevent water losses during
the pumping. The pumping and XPS measurements are performed under liquid nitrogen
cooling. To investigate the changes of the interface due to water loss, a fast-frozen sample
can be left at the analysis position inside the spectrometer overnight without cooling. Slow
increase in the sample temperature up to room T causes sublimation of water and other
possible volatile species into the vacuum system of the spectrometer. Corresponding
changes in composition and chemical speciation at the “dry” surface are monitored and
quantified next day by routine XPS measurements.
Cryogenic XPS with fast-frozen samples was shown to be indispensable in the
determination of electrolyte interface concentrations, their pH and ionic strength
dependences, and particularly the particles surface charge using the atomic ratio of
electrolyte counter-ions. As an example, the atomic ratio of Na+ and Cl- (in the case of NaCl
ionic media) at the interface of neutral particles is equal to one. A significant excess of
sodium (chloride) ions is observed for negatively (positively) charged surfaces. Practically
important for bioceramics, XPS determination of the surface charge is suitable for large
particles where traditional zeta-potential measurements are impossible to perform due to
immediate sedimentation of the suspension. Finally, XPS measurements repeated the next
day at room temperature, with the same sample, have provided even more direct
experimental evidences for the important interfacial phenomena, such as specific
adsorption, ion pair formation, protonation of amine group as well as remarkable interfacial
shifts in protonation constants (Ramstedt et al, 2004; Shimizu et al, 2011). In addition, pH
dependent interface ligand exchange reaction, M-OH + Cl- ↔ M-Cl + OH-, was found and
described; a surface potential drop due to collapse of electrical double layer was observed
and measured; and the thickness of interface solution layer about 5 Å was experimentally
estimated.
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Cryogenic XPS with fast-frozen samples, as a “snapshot” technique, is very promising in
describing even dynamic processes at the interface of biomaterial in biological media by
changing contact time or/and one of solution parameters (T, concentration, pH,
composition, etc.). In this fashion, XPS was used to study dry surfaces of three biomaterials
described in previous section as well as their wet pastes obtained from α-MEM solution
with and without serum addition. In parallel with XPS measurements, the supernatant is
also analyzed, and both sets of experimental data are combined together to obtain
chemically self-consistent insights into the phenomena at the interface of bone graft
substitute (45S5, Algipore and Bio-Oss) materials in biological (α-MEM) media.

5. Three bone graft material interfaces in biological media
Formation of new bone in close proximity of implanted particles, described in section 3 and
shown in Fig 5, indicates that bone formation process is facilitated by the surface of the
biomaterial. In the case of a bone graft substitute, it occurs at the interface of the biomaterial
which is in equilibrium with surrounding body fluid.

Fig. 5. Light microphotograph of biopsy taken from patient at implant installation, 12
months after bone augmentation with Bio-Oss (without addition of autogenous bone). The
histological section shows newly formed bone (NB) in close relation to the Bio-Oss (BO)
interface. Marrow space (MS) surrounding NB and BO indicates bone formation growing
“out” from the bone graft substitute. Black arrow (↑) points out a blood vesicle. Htx-Eosin
staining, original magnification 10x. (Image courtesy of Dr A. Sahlin-Platt).
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The equilibrium, in turn, is achieved in the process of initial (dry) particle surface interaction
with water and other components of the biological medium. Reference XPS data on initial
surface chemical composition of all three bone graft substitutes and both of the biological
media (as a fast-frozen drops) are given in Table 3.
Surface composition (Atomic %) of initial biomaterials and α-MEM biological media
α-MEM

α-MEM +
serum

Algipore

Bio-Oss

45S5

Organic

14.72

33.88

6.79

8.39

12.3

Surface carbonate

0.92

1.67

0.82

1.61

16.78

O 1s

70.48

47.03

56.54

57.66

49.27

N 1s

1.94

7.76

-

-

-

Ca 2p

-

-

19.87

19.49

2.91

Photoelectron line
C 1s

P 2p

-

-

12.91

11.59

0.25

Si 2p

-

-

-

-

2.23

F 1s

-

-

2.92

0.82

-

K 2p

0.24

0.33

-

-

-

Na 1s

5.8

4.77

0.61

0.45

16.27

Cl 2p

5.91

4.57

-

-

-

Table 3. Surface composition of initial Algipore, Bio-Oss, Bioactive glass 45S5 and α-MEM
biological media.
The chemical compositions of the surface of Bio-Oss and Algipore are very similar to each
other, only differing in fluorine content. Except for surface organic contaminations, their
surface chemistry is in good agreement with bulk apatite formulation in respect to Ca/P
atomic ratio. Conversely, the surface of Bioactive glass particles is covered by sodium
bicarbonate (Mladenovic et al., 2010), probably due to increased surface reactivity and
prolonged storage of the material in air. Upon the interaction with biological medium, this
water soluble surface NaHCO3 phase will dissolve, enriching the medium by additional
sodium and carbonate ions and probably causing a momentarily change in the local pH.
Due to very low surface area of 45S5 Bioactive glass (Table 1) and the remarkable buffer
capacity of the medium with a pH of 7.3, the α-MEM composition will not be noticeably
influenced. XPS data, taken from fast-frozen drops of both α-MEM solutions (Table 3),
demonstrates a predominance of sodium and chloride in the inorganic part of the medium.
It is important to notice that the Na/Cl atomic ratio equal to one (Na/Cl = 5.8/5.91 for pure
α-MEM, and 4.77/4.57 for α-MEM with serum). This would indicate a neutral (non-charged)
surface of the fast-frozen drops. The amino acids are the dominating contributors to the
organic part of pure α-MEM as evident by N 1s spectrum (Fig. 6, a), showing both
protonated and neutral amino groups with BE of 402.1 and 400.2 eV, respectively. Serum
addition to the biological medium results in the dominance of protein which can be clearly
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seen by the increased carbon and nitrogen concentrations (Table 3), and also evidenced by
the N 1s spectrum (Fig 6, b) being similar to the one observed for bacterial cell walls (Leone
et al., 2006).
XPS investigation of fast-frozen biomaterial samples, conditioned in original α-MEM
medium (without serum), shows that equilibrium is reached at the interface within only 1
day (Mladenovic, et al., 2010). Corresponding interfacial chemical compositions are given in
Table 4.
Surface composition (Atomic %) of biomaterials in original α-MEM after 1 day of equilibration
Photoelectron line

α-MEM

Algipore

Bio-Oss

45S5

Organic

14.72

35.99

8.33

43.05

Surface carbonate

0.92

2.6

1.5

2.11

O 1s

70.48

34.82

68.56

38.96

N 1s

1.94

3.38

-

2.79

Ca 2p

-

5.7

9.74

0.58

P 2p

-

4.69

7.02

0.16

Si 2p

-

-

-

0.17

F 1s

-

-

-

-

K 2p

0.24

0.46

0.06

0.34

Na 1s

5.8

5.62

3.08

5.04

C 1s

Cl 2p
Atomic ratio Na/Cl

5.91

6.76

1.71

6.8

0.98 : 1

0.83 : 1

1.8 : 1

0.74 : 1

Table 4. Surface composition of biomaterials in α-MEM after 1 day of equilibration.
The Bio-Oss - α-MEM medium interface does not show any adsorption of organic
components from the biological medium therefore similar in composition to the initial (dry)
surface, except for the contributions from water and Na+ and Cl- ions from the solution. An
excess of sodium over chloride, providing the atomic ratio Na/Cl 1.8:1, indicates negative
charge of the Bio-Oss particles’ surface. Assuming the Bio-Oss is similar to hydroxyapatite
(HAP), the isoelectric point of the biomaterial can be expected to have a pH value close to
8.1 (Bengtsson, et al., 2009). Therefore, the surface in α-MEM solution has to be substantially
neutral with the atomic ratio Na/Cl close to one. The observed excess of sodium ions may
indicate a re-adsorption of the phosphate-related solution species, like HPO42-, producing
outer-sphere coordination sites for the Na+. Such occurrences were confirmed for synthetic
HAP by the solution analysis and surface complexation modeling (Bengtsson, et al., 2009).
Additional adsorption of hydro phosphate ions is indirectly observed by a decrease in the
atomic ratio Ca/P at the Bio-Oss - α-MEM medium interface, compared to that at the dry
surface.
The interfacial composition of both Algipore and 45S5 is dominated by water, sodium and
chloride, and adsorbed organic molecules. The amino acids are the key players in the
adsorbed layer, as evident by N 1s spectra (Fig. 6, c and 7, c) which similar to that of the
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pure α-MEM (Fig. 6, a, and 7, a). As it was noted by Mladenovic et al. (2010), the adsorption
of amino acids on the surface of Algipore and 45S5 leads to a partial deprotonation of –NH2+
group, which can be clearly seen by a decrease in intensity of the N 1s component with BE
402.1 eV. Amine group deprotonation would mean an increased pH value at the interface,
compared to that in the solution. The influence of the biomaterial surface on the acid-base
equilibria at the interface can be important for the expected attachement of cells. In
particular, an increase in interfacial pH from physiological value of 7.4 to 8 significantly
enhances both the proliferation and the alkaline phosphatase activity of osteoblasts (Shen, et
al., 2011; Liu et al., 2011).
The atomic ratio Na/Cl is lower than 1, and this clearly indicates that the surface of both the
Algipore and the Bioglass is positively charged. The positive charge seems to be related to
the pronounced adsorption of organic species from the α-MEM solution. Unfortunately, it is
difficult to distinguish whether the generation of the surface charge is followed by the
formation of electrical double layer, which precedes the adsorption, or vice versa. Since no
adsorption occurred at the negatively charged surface of Bio-Oss, the surface charge
generation seems to be a first principal phenomenon responsible for the formation of
interface’s organic (mainly amino acids) layer with specific acid-base properties. We have to
emphasize that, had the samples been suspended in SBF, this adsorption would never have
been detected, as was shown by Mahmood & Davies, 2000 for the Bioactive glass 45S5
material.
Serum addition to the α-MEM causes significant changes in the interfaces discussed above.
Interfacial chemical composition (Table 5) and XPS N 1s spectra, typical for serum (Fig. 6 8), demonstrate an immediate adsorption of the protein at the surface of all three
biomaterials after only 1 day of equilibration.
Surface composition (Atomic %) of biomaterials in α-MEM with 10% serum after 1 day of
equilibration
Photoelectron line

α-MEM +
serum

Algipore

Bio-Oss

45S5

33.88

52.04

51.0

55.74

C 1s
Organic
Surface carbonate

1.67

2.0

-

2.13

O 1s

47.03

29.42

30.0

26.68

N 1s

7.76

7.17

9.62

5.37

Ca 2p

-

0.73

3.03

0.44

P 2p

-

0.7

3.54

0.21

Si 2p

-

-

-

0.28

F 1s

-

-

-

-

K 2p

0.33

0.32

-

0.29

Na 1s

4.77

2.5

0.6

3.08

Cl 2p

4.57

5.09

0.74

5.76

1.04 : 1

0.49 : 1

0.81 : 1

0.53 : 1

Atomic ratio Na/Cl

Table 5. Surface composition of biomaterials in α-MEM with 10% serum after 1 day of
equilibration.
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The sum of the atomic concentrations of organic carbon and nitrogen is about 60 atomic %,
independent on the bone graft substitute. However, the atomic ratio C/N, calculated for
Bio-Oss (5.3:1), is very close to one for the serum-containing α-MEM (4.4:1, Table 5). This
may indicate that solution structure of the protein is not noticeably altered upon adsorption.
Significant increase in the C/N ratio observed for Algipore (7.3:1) and 45S5 (10.4:1) would
mean possible changes in secondary protein structure resulting in the preferential
orientation of nitrogen-containing functional groups towards the biomaterial surface and
the carbon-enriched polymeric chains towards the solution. The adsorption-induced
orientation effect correlates with the different surface charge gained by the biomaterial
particles in the original α-MEM. It is important to notice that the adsorption of serum at the
surface of Bio-Oss unexpectedly causes the charge reversal at the interface and thereby the
positive charge of the particles, as evidenced by the change in the atomic ratio Na/Cl (1.8 
0.81, Tables 4 and 5). The protein layer formed at the interface could serve as a template for
the recruitment of cells, production of bone extracellular matrix, biomineralization, and
finally, as an initiator of osteogenesis.
Using cryogenic XPS with fast-frozen samples, two dominating phenomena common for
all three biomaterials can clearly be distinguished at the interface with biological media.
In the absent of proteins (serum), the particles gain different surface charge. It is the
charge that seems to be pivotal for the adsorption of organic molecules from the medium.
Significant adsorption of organic species, in particular amino acids, at the positively
charged surfaces of Bioactive glass 45S5 and Algipore (completely different in the bulk
and surface chemical composition) results in the formation of a thin organic interface
layer. Chemically and structurally similar to Algipore, Bio-Oss particles in α-MEM gain
negative surface charge which suppresses the adsorption. Even protonated –NH3+ end
members of amino acids are not attracted by the negatively charged surface. An exception
to the rule is protein adsorption. Serum adsorbs immediately at the surface of all three
biomaterials, independent of their surface charge. Moreover, the protein adsorption at the
surface of Bio-Oss results in the charge reversal at the interface and the positive charge of
the particles. Serum adsorption cannot be explained by pure electrostatics; an underlying
mechanism should include weak hydrophobic/hydrophilic interactions, hydrogen
bonding, and change in the protein primary and secondary structures. The protein
adsorption at the abiotic materials, independent on their surface charge and chemical
composition, seems to be major prerequisite for subsequent cell recognition and
biomineralization.
Besides the template formation for bone regeneration, fast adsorption of organic molecules
and serum can serve as a dissolution/precipitation barrier, controlling the biomaterial
degradation and resorbing processes. In this respect, time dependence of the Ca/P atomic
ratios, measured in biological media and at the interface, can indicate the extent of bone
graft substitute dissolution and re-adsorption of calcium and phosphate ions. We have
monitored the Ca/P atomic ratio in pure α-MEM (Mladenovic, et al., 2010). Since the
availability of Ca and P from the medium in our batch experiments is limited, compared to
circulating natural body fluids, the results might not be relevant and therefore are not
discussed here. Regardless, biomaterial degradation and biomineralization are long-term
processes and can be considered as an effect of “secondary order” at the first stages of
biomaterial – biological medium interface evolution.
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Fig. 6. N 1s spectra of fast-frozen samples: (a) a-MEM without serum, (b) a-MEM with serum,
(c) Algipore in a-MEM without serum (1 day), (d) Algipore in a-MEM with serum (1 day).
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Fig. 7. N 1s spectra of fast-frozen samples: (a) a-MEM without serum, (b) a-MEM with
serum, (c) Bioactive glass 45S5 in a-MEM without serum (1 day), (d) Bioactive glass 45S5 in
a-MEM with serum (1 day).
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Fig. 8. N 1s spectra of fast-frozen samples: (a) a-MEM with serum, (b) Bio-Oss in a-MEM
with serum (1 day).

6. Conclusion
From the cells viewpoint, it is the interface that will determine “to build or not to build”
bone. In this respect, cryogenic XPS demonstrates the great potential of fast-freezing
technique to study the real biomaterial interface in cell culture medium. Physico-chemical
information about the interface, important for cell adherence, such as chemical composition,
surface charge, and absorbing molecules can directly be obtained. The next step in this
direction would be to acquire nanoscale information on surface structures and adsorption of
specific proteins at the biomaterial interface that could have an effect on cellular function.
Surface science techniques like Atomic Force Microscopy (in vivo and in vitro) and Mass
Spectrometry (in vitro) can be laterally applied to investigate areas occupied by a single cell.
The cell surface can be studied in the same manner to elucidate membrane functions
responsible for the cell attachment.
The use of bone graft substitutes in clinical practices is still limited by insufficient
knowledge of biomaterial interactions with the living tissue. This makes the treatment
outcome unpredictable or even unreliable. To improve the knowledge, the great scientific
potential existing in biology and material science must be combined thus creating
important “interface” between respective scientists. The interactions within this
“interface” can result in design of new cost effective biomaterials with improved tissue
regenerative potential.
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1. Introduction
A dental implant is a biomaterial device inserted in the jaw bone to replace the root of a
missing tooth Adell et al. (1981); Hansson et al. (1983). With the implant insertion, a junction
site between the biomaterial surface and the surrounding bone known as the bone-dental
implant interface is created Branemark (1983). The formation of a new bone matrix in this
interface allows the ﬁrm and long lasting connection between the bone and the implant
in a process called osseointegration Albrektsson & Johansson (2001); Branemark (1983). The
success of this contact depends on the restoration of the functional tissues around the implant
providing it with mechanical support and anchorage Gapski et al. (2003); Hansson et al.
(1983). This tissue restoration is conditioned to cell migration, cell proliferation and cell
differentiation phenomena depending on the pathological conditions of the patient, the
biological conditions of the host bone, the implant design and surface topography, and the
distribution of mechanical loads between the bone and the implant Aukhil (2000); Ellingsen
et al. (2006); Sikavitsas et al. (2001). The analysis of both biological and mechanical factors is
known as mechanobiology Klein-Nulend et al. (2005); Van der Meulen & Huiskes (2002).
Dental implants are widely used as anchorage devices for restoration and esthetical purposes
Branemark (1983). However, in several orthodontic treatments where the anchorage is
used, a higher control of treatment time and oral availability is needed Antoszewska et al.
(2009); Gapski et al. (2003). In these cases, dental implants are not recommended since
speciﬁc surgical procedures are required for their implantation usually demanding long
lasting recovery times for insertion and loading Antoszewska et al. (2009). Furthermore,
most of the orthodontic treatments are based on the temporary and direct application of
loads for the movement of teeth Papadopoulos & Tarawneh (2007). This treatments rely
on implantable devices capable of transmit immediate loading without the implicit need of
being osseointegrated Papavasiliou (1996). Such devices, called mini-implants, reinforce the
anchorage of orthodontic devices and speed up treatments given its relative simple insertion
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procedure and lack of osseointegration Antoszewska et al. (2009); Papadopoulos & Tarawneh
(2007); Papavasiliou (1996).
Although a bone-implant interface is also created around the inserted mini-implant, its
mechanobiological behavior differs from that of the dental implants since mini-implants
are not fully osseointegrated Antoszewska et al. (2009). This means that mechanical
considerations as loading conditions, material and surface topography govern tissue recovery
and bone formation around mini-implants. Therefore, failure of mini-implants is mostly
related to anchorage mechanics as bone thickness, shape design, insertion angle and insertion
forces Antoszewska et al. (2009); Gracco et al. (2009); Motoyoshi, Inaba, Ono, Ueno & Shimizu
(2009a); Motoyoshi, Okazaki & Shimizu (2009).
The purpose of this chapter is to provide a review of dental implants and mini-implants
from a mechanobiological approach. The aim is to present the inﬂuence of intrinsic biological
and mechanical conditions leading to tissue recovery at the bone-implant interface. External
loading, surface treatment and surgical procedures are also addressed as conditions for the
success of both kinds of devices. The discussion is supported on a vast literature review
of theoretical, clinical and experimental evidence. Self-conducted experiments based on
tissue engineering techniques are presented for supporting ideas on the interaction of body
components with biomaterials, and for the evaluation of their biocompatibility.
Finally, we suggest several guidelines for the mechanobiological modeling of the
bone-implant interface. Although the healing processes at the bone-implant interface have
been deeply discussed in the experimental literature, in recent years mathematical models
have gain insight for their capacity of reproduce implants behavior. Several models describe
the biological events leading to bone healing at the interface and many others describe the
mechanical loading environment and the implant surface interactions under the assumption
of partially or even fully osseointegrated interfaces. For the modeling guidelines, we present
a brief discussion of these models and comment on ways for the formulation of experimental
procedures for obtaining numerical parameters used in the models, and for the qualitative
and quantitative validation of the numerical results.

2. Dental implants
2.1 The bone-dental implant interface

Teeth are anatomic structures used during chewing. Each tooth has a crown, a neck and a root
Lang et al. (2003); Lindhe et al. (2003). The crown is the visible part inside the mouth while
the root lies inside the jaw bone. The neck is the boundary between the crown and the root
Lindhe et al. (2003). Teeth are positioned in the jaw bone through the so-called dental alveoli, a
type of sockets formed directly inside the alveolar bone.
A dental implant is a biomaterial device surgically inserted in the jaw bone to replace the
root of a missing tooth Adell et al. (1981); Hansson et al. (1983). The implant is part of the
prosthetic unit that replaces the missing tooth and that compromises the abutment, the joint
and the prosthesis that ﬁnally replaces the lost crown (Figure 1).
There are several types of dental implants although the most recognized are those with a
roughed and screwed body with dimensions ranging from 6.0 mm to 16.0 mm length and
3.5 mm to 5.0 mm diameter, depending of the kind of missing tooth Branemark (1983);
Gapski et al. (2003). However, the optimal length and diameter needed for a successful
long lasting implantation depends on the anchorage conditions of the host bone, and the
biological and mechanical factors associated to bone healing Aukhil (2000); Davies (2003);

Mechanobiology
of Oral
Implantable Devices
Mechanobiology of Oral Implantable
Devices

3113

Fig. 1. Detail of a screw-type dental implant. Adapted from Aparicio (2005).
Gapski et al. (2003); Häkkinen et al. (2000); Klein-Nulend et al. (2005); Sikavitsas et al. (2001).
There are nowadays different geometries of dental implants available although the most
known is the screw-type geometry introduced in the 1960’s by PI Branemark Branemark et al.
(1969). This type of implant shows high mechanical retention provided by its canalled body,
its outstanding ability in transferring compressive forces, and its improved primary stability
capability Gapski et al. (2003); Martínez et al. (2002).
Most of the currently commercial dental implants are made of commercially pure titanium
Adell et al. (1970) due to its proven biocompatibility, i.e., its acceptance by the living tissues
Ellingsen et al. (2006); Ratner et al. (1996). The biocompatibility comprises the absence of
corrosion and material wearing that may lead to undesirable inﬂammatory responses, death
of surrounding tissues or thrombus formations by unexpected coagulation effects. It also
implies for the living organism not to produce undesirable immunological responses such as
an increase in antibody counting, cell mutations or formation of cancer cells Aparicio (2005);
Hansson et al. (1983); Ratner et al. (1996).
Besides the implant characteristics, the insertion procedure has been shown to be of
importance in the success of the prosthetic unit. The presence of a large number of bacteria
inside the mouth demands the injury caused during implant placement to be carefully
preserved in order to avoid possible infections leading to implant lost. According to this, the
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most referenced insertion technique includes the implant coverage with the epithelial tissue
originally present at the insertion site Branemark (1983); Branemark et al. (1969); Fragiskos &
Alexandridis (2007); Gapski et al. (2003); Leckholm (2003); Lindhe et al. (2003).
The use of this technique reduces the wound healing time by the temporally isolation of the
implant from an environment full of microorganism as the oral cavity and increases the bone
formation at the implant surface reducing the bacterial contamination risk Branemark (1983);
Gapski et al. (2003); Hansson et al. (1983). In general terms, this technique known as two-stages
needs for two surgical interventions to complete the prosthesis placement Branemark et al.
(1969). During the ﬁrst intervention the implant is inserted in the placement site and covered
by the epithelial tissue. 4 to 6 week later, a second intervention is carried out to remove the
epithelium cover, expose the cortical side of the implant and attach the abutment and the
prosthesis Fragiskos & Alexandridis (2007).
However, there is another type of insertion technique in which the implant, the abutment and
the prosthesis are placed at the same time during a single surgical intervention. This technique
known as single-stage avoids the epithelium coverage but reduces the healing time increasing
then the patient beneﬁt Heydenrijk et al. (2002). Nevertheless, this technique is less used due
to bacterial contamination problems present during wound healing and an increased damage
on growing tissues by micromovements caused during the earlier loading of the prosthesis
and the implant Gapski et al. (2003); Heydenrijk et al. (2002).
2.2 Osseointegration

Although the evaluation of the anatomic characteristics of the host alveolar bone, the selection
of the implant and the use of an adequate insertion protocol are conditions related to the
bone-dental implant interface successfully healing, the implant osseointegration depends
more on the bone formation directly over the implant surface Albrektsson & Johansson
(2001); Branemark (1983). A successful osseointegration requires the action of two previous
processes: osteoinduction and osteoconduction Albrektsson & Johansson (2001). Osteoinduction
is the process by which stem cells are somehow stimulated to differentiate at the bone-dental
implant interface into osteogenic cells that synthesize bone tissue (Figure 2a). New bone
deposition by this cells is known as osteogenesis (Figure 2b) Albrektsson & Johansson (2001).
There are two kinds of osteogenesis. A ﬁrst distant osteogenesis where bone tissue is formed
from the host bone border towards the implant surface Davies (2003), and a second contact
osteogenesis where bone tissue is formed from the implant surface towards the host bone
border (Figure 2b) Davies (2003); Puleo & Nanci (1999).
Contact osteogenesis implies the implant surface to be colonized by the osteogenic cells Davies
(2003). This cell colonization or osteoconduction allows the bone growth over a biomaterial
surface (Figure 2c) Albrektsson & Johansson (2001); Davies (2003). This process essentially
depends on the material biocompatibility and the implant surface characteristics Huang et al.
(2005); Wennerberg et al. (2003). Osteoconduction creates a direct contact between the implant
and the surrounding growing tissues forming a contact interface that after the complete
wound healing process conduces to the implant osseointegration (Figure 2d).
The canalled body of the screw-type dental implant allows it to support stresses and provide
stability, while the deep surface irregularities provide the implant surface with a surface patter
similar to that left behind by the osteoclasts after bone resorption during bone remodeling
Martínez et al. (2002); Stanford & Schneider (2004). This surface pattern allows the osteogenic
cells front to synthesize the ﬁrst new bone line or cementation line interlaced with the
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Fig. 2. Osteoinduction (a) is the osteogenic cells differentiation at the interface. Osteogenesis
(b) is initiated by the osteogenic cells migrating from the host bone border (direct
osteogenesis, white arrows) and by the osteogenic cells colonizing the implant surface
(contact osteogenesis, gray arrow). Osteoconduction (c) is the surface colonization by the
osteogenic cells. An adequate formation and bone viability (presence of osteocytes)
surrounding the implant allows for a successful osseointegration (d) at the bone-dental
implant interface.
irregularities, therefore ensuring an adequate new bone formation directly over the implant
Davies (2007).
2.3 Mechanobiology of the bone-dental implant interface

Bone-dental implant interface healing consists of four biological stages each one associated
with a characteristic biological event Aukhil (2000); Lang et al. (2003) (Figure 3): 1)
hematoma formation (bleeding and blood clotting), 2) clot degradation and wound cleansing
(ﬁbrinolysis), 3) granulation tissue (ﬁbroplasia and angiogenesis) formation, and 4) new
osteoid formation (bone modeling).
Biological wound healing events are activated by bleeding during implant placement
Fragiskos & Alexandridis (2007); Heydenrijk et al. (2002). The injured blood vessels initially
become constricted and platelets from the bloodstream become activated to form a plug which
temporarily stops blood loss Furie & Furie (2005); Minors (2007). Once activated, platelets
aggregate and release granules containing several molecules that control the initial activity at
the injured area, including platelet-derived growth factor (PDGF) and transforming growth
factor beta (TGF-β) Gorkun et al. (1997); Minors (2007).
The temporary plug is later replaced by an hemostatic plug formed by a kinetic reaction
between thrombin and ﬁbrinogen, two proteins present in blood Furie & Furie (2005); Mann
(2003). Thrombin converts ﬁbrinogen into ﬁbrin ﬁbers Gorkun et al. (1997); Minors (2007).
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Fig. 3. Biological stages of healing at the bone-dental implant interface Ambard & Swider
(2006); Dimitriou et al. (2005); Lang et al. (2003).
These ﬁbers are accumulated to form the ﬁbrin clot that completely detains blood ﬂow and
also protects tissues left exposed after implantation Aukhil (2000).
Some ﬁbrin ﬁbers are broken down after coagulation to allow the ﬂow of stem cells responsible
for restoring the tissues Collen & Lijnen (1991); Pasi (1999). Such degradation is accomplished
by plasmin, a protein present in blood plasma in its inactive form known as plasminogen
Aukhil (2000); Collen & Lijnen (1991); Li et al. (2003), and macrophage and neutrophil cleaning
activity Davies (2003); Lang et al. (2003). Around the fourth day of healing, a process known
as ﬁbroplasia begins the replacement of the ﬁbrin clot into a new extracellular matrix known
as granulation tissue which mainly consist of collagen and new capillaries formed during
angiogenesis Aukhil (2000). This new matrix supports the osteogenic cells migration Lang et al.
(2003), stimulated by several molecules released during blood clotting and clot cleansing, such
as PDGF, TGF-β Davies (2003) and ﬁbroblast growth factor (FGF) Dimitriou et al. (2005).
Between the 7-10th day of healing, some of the ﬁbroblasts present in the interface are
transformed into myoblasts Häkkinen et al. (2000) characterized by smooth muscle α-actin
cytoplasmatic microﬁlaments, allowing them to generate contractile forces responsible for
wound contraction Aukhil (2000); Davies (2003); Häkkinen et al. (2000). Osteogenesis or new
bone formation along the vascular structures is started Lang et al. (2003); Meyer & Wiesmann
(2006) by day 14 after injury Dimitriou et al. (2005); Lang et al. (2003). Here, granulation tissue
is replaced by new collagen ﬁbers that are slowly mineralized to create the new bone matrix
Meyer & Wiesmann (2006); Sikavitsas et al. (2001) by contact and direct osteogenesis Davies
(2003).
Biological activity regarding wound healing at the bone-dental implant interface concludes
with the modeling and subsequent bone remodeling Sikavitsas et al. (2001). Moreover, cell
adhesion, cell migration and proliferation on surrounding tissues, and internal and external
mechanical loads action modify the new tissue formation proﬁle (Figure 4). Such phenomena
may act as follows. First, the adhesion phenomena produced by cells ﬁxation to a substrate
Anselme (2000) activate chemical signaling Kasemo (2002) controlling cell proliferation and
differentiation, as in platelet aggregation and activation stages Collen & Lijnen (1991).
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Fig. 4. Mechanical phenomena occurring during the healing of the bone-dental implant
interface.
Then, the contraction exerted by cells moving over a substrate Häkkinen et al. (2000) may
cause the displacement of the attached ﬁbrin ﬁbers and their detachment from the implant
surface Davies (2003; 2007). This kind of event is present during ﬁbroplasia and modeling
stages where ﬁbroblasts and osteogenic cells adhere to the ﬁbrin network and begin to move
through it in an attempt to colonize the implant surface. Fibers detachment prevents suitable
bone formation directly over the implant surface and consequently increases the risk of
implant rejection Adell et al. (1981); Branemark (1983).
Finally, the mechanical activation caused by applying an external load may induce the
metabolic activity necessary for producing structural changes in the extracellular matrix of the
tissues being formed Klein-Nulend et al. (2005); Sikavitsas et al. (2001). A phenomenon of this
kind is particularly relevant during bone mechanotransduction Burger et al. (2005); Knothe-Tate
(2003), which is responsible for controlling functional adaptation to external loads during
modeling. Such mechanical adaptation exhibited by bone is widely known as Wolf’s Law
Sikavitsas et al. (2001); Stanford & Schneider (2004).
2.4 Experimental assays

Several studies have been carried out to evaluate the biocompatibility of different materials
commonly used for dental implant manufacturing Matsuno et al. (2001); Metikos-Hukovic
et al. (2003). It is well known that titanium is the best material of choice due to its high
corrosion resistance to the physiological environment and its mechanical stability during the
whole healing process Hansson et al. (1983); Watari et al. (2004). It also has been found
that niobium, tantalum, zirconium, vanadium, aluminium and molybdenum are the most
favourable materials to be used in titanium alloys for biomedical application Niinomi (2003).
Although these alloys are non-toxic and highly inert Niinomi (2003); Watari et al. (2004),
most of them do not establish a strong connection with the surrounding tissues and often
induce the formation of ﬁbrous tissue rather than bone tissue Ellingsen et al. (2006). This
ﬁbrous tissue provides inadequate support to the implant avoiding its surface to be colonized
by the bony cells Huang et al. (2005). In order to avoid this, dental implant surfaces are
modiﬁed by surface treatments that create micron and sub-micron scale patterns in the metal
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surface. These patterns increase the retention of molecules released during the activation of
the healing processes at the bone-dental implant interface which also increase the grade of
tissues restoration Aukhil (2000); Davies (2007). In addition, the use of inorganic mineral
coatings improves the osteogenic capacity of the raw metal surface providing it with an
osteoconductive proﬁle that resembles the bone resorption surfaces Davies (2007); Kasemo
(2002).
An adequate surface morphology allows the osteogenic cells to adhere and proliferate over
the implant surface Kasemo (2002) and to form mineral deposits that become the new bone
formation sites Davies (2003); Sikavitsas et al. (2001). Therefore, the strategies that modify the
implant surface lead to implants with better osteoinductive and osteoconductive responses
and to higher rates of bone deposition that result in successful osseointegration Davies (2007).
Here we present a self-conducted experimental analysis perfomed on four different types of
dental implant surfaces. The aim is to evaluate cell adhesion and cell proliferation proﬁles
using cell culture techniques. From these assays we obtained initial information about the
behavior of each one of the surfaces under a physiological-like environment allowing us
to determine which of them had better performance in terms of the osteoinductive and the
osteoconductive properties.
For these experimental approach we used 120 Ti-6Al-4V substrates of 15 mm diameter
and 2 mm thickness. The substrates were divided into four groups according to their
surface morphology: (1) machined, (2) sand-blasted/acid-etching (SBAE) surface, (3)
hydroxyapatite-tricalcium phosphate Ha/TCP active surface (TCP), and (4) TCP/acid-etching
surface (TCP+acid). All substrates were supplied by MIS Technologies Ltda. (Shlomi,
Israel). The substrates were produced by milling and turning machines. Machined surface
was achieved by using a cutting and polishing device. SBAE surface roughness and micro
geometry was achieved by surface blasting with large particles (300-400 μm size) of Al2 O3
followed by etching with HCl/H2 SO4 . TCP surface was achieved by blasting HA/TCP
particles 200-400 μm size. TCP+acid surface was achieved by blasting HA/TCP particles
200-400 μm size and cleaning with HNO3 . After manufacturing, substrates were sterilized
by gamma-radiation and vacuum packed in a clean environment. Before being used in the
experiments describe below, substrates were placed in 24-multiwell Costar plates (Costar
Corp., Cambridge, MA, USA). The plates were kept under UV radiation for 12 hours and
then autoclaved at 120řC for 6 hours.
Surface morphology characterization of each type of substrate was performed in two ways.
First, a Zeiss Stemi SV11 stereozoom microscope with a 4x magniﬁcation lens was used. Using
a Zeiss AxioCam MRC5 coupled-camera device, macrostructural 2.0 x 1.5 mm ﬁeld of view
images of the four surfaces were obtained. Second, microstructural images at the 10 μm
scale were obtained for the four surfaces using a LEICA Stereo Scan 440 scanning electron
microscopy (SEM) at 20 KV.
Osteoblastic cementoblastoma-derived cells were derived from a human cementoblastoma
through the conventional explant technique and characterized as described elsewhere Arzate
et al. (1998; 2002). Ethic considerations were followed as approved by the Internal Review
Board of the School of Dentistry of the National University Autonomous of Mexico Arzate
et al. (2002). Cells were cultured in 75 cm2 cell culture ﬂasks containing Dulbecco’s modiﬁed
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotic
solution (100 μg/ml streptomycin and 100 U/ml penicillin) (Sigma Chemical Co., St. Louis,
MO, USA). The cells were incubated in a 95% air and 5% CO2 environment at 37 ◦ C. Cells at
the second passage were used for all the experimental procedures.
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Cell adhesion assay was performed on three samples of each one of the four types of
substrates. Cells were plated and incubated for 24 hours in 500 μl of culture medium at
standard conditions, as described above. After incubation, unattached cells were washed
off four times with clean water and the remaining cells were ﬁxed and stained with 300
μl of a solution made of 0.1% toluidine blue and 3.5% paraformaldehyde Hayman et al.
(1982); Rodil et al. (2003). After 24 hours at room temperature, 100 μl of the supernatant was
used for optical absorption reading with an ELISA (Enzyme Linked Immune Sorbent Assay)
micro-plate reader at 630 nm. In this technique, the number of attached cells is proportional
to the absorbance of the experimental samples Rodil et al. (2003).
Cell proliferation assay was performed on three samples of each one of the four
types of substrates.
The proliferation of the osteoblastic cementoblastoma-derived
cells was determined by the MTT assay.
This assay is based on the ability of
mitochondrial dehydrogenases to oxidize thiazol blue (MTT), a tetrazolium salt (3-[3,
5+dimethylthiazolyl-2-y] 2, 5-diphenyltetrazolium bromide), to an insoluble blue formazan
product Rodil et al. (2003). Cells were plated as in the adhesion assay and incubated for 1,
2, 5, 6 and 7 days. Fresh medium and antibody (500 μl) were added to the cultures every
day. After each term, cells were incubated with 60 μl MTT at 37řC for 4 hours. Then, the
supernatant was removed and 250 μl of dimethyl sulfoxide (DMSO) was added to each well.
After 30 minutes of incubation the absorbance was read at 570 nm. Since the generation of the
blue product is proportional to the dehydrogenase activity, a decrease in absorbance at 570
nm provides a direct measurement of the proliferation rate Mosmann (1983).
Surface morphology of the four types of substrates was characterized using stereozoom
microscope and SEM. Machined surface exhibited the radial evenly-spaced wave structures
created during the cut and polishing manufacturing procedures (Figure 5A). SEM image
shows the parallel undulated fashion of these structures at the micron-scale (Figure 5B). For
the SBAE substrate, a granular fashion surface was observed (Figure 5C). At the micron-scale,
these granules appeared as peak and valley surface structures due to the abrasion procedure
used during manufacturing (Figure 5D). The stereozoom microscope did not reveal these
structures but shows a grain-like surface. TCP surface exhibited micron-surface irregularities
with edges and undercuts as in the SBAE surface (Figures 5E and 5F). TCP+acid showed
the most dense micron-surface texture (Figures 5G and 5H). A dense grain-like surface was
observed through stereozoom. Extensive surface irregularities also with edges and undercuts
were observed in SEM.
Cell adhesion and proliferation assays were carried out to evaluate the initial interactions of
the osteoblastic-like cells with the biomaterial surface. For the adhesion assay, adherent cells
were evaluated 24 hours after plating. The results are shown in Figure 6 and are given in terms
of the absorbance measured at 630 nm. There was statistical difference between all results
(p < 0.005, 95% conﬁdence interval). Adhesion of osteoblasts is favoured in both TCP and
TCP+acid surfaces, exceeding in more than 4 and 5 times respectively the cell attachment with
respect to the machined surface. This suggests a higher cell interaction due to the presence
of edges and undercuts in the biomaterial surface. In counterpart, adhesion to poorly treated
surfaces is much lower, revealing the signiﬁcance of micron and sub-micron structures over
the target surface.
Figure 7 shows the results for the proliferation assay carried out after 1, 2, 5, 6 and 7 days of
culture. Values are expressed as the absorbance at 570 nm, which is directly proportional to the
metabolic activity of the cells and inversely proportional to the toxicity of the material Rodil
et al. (2004). As illustrated, all surfaces have a negative proliferation proﬁle between days 1
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Fig. 5. Stereozoom and SEM micrographs of the four types of surfaces used in this study.
Left, stereozoom microscopy (4x, bar = 0.5 mm). Right, SEM microscopy (2.500x, bar = 10
μm). (A) and (B) Machined surface, (C) and (D) SBAE surface, (E) and (F) TCP surface, (G)
and (H) TCP+acid surface.
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Fig. 6. Cell adhesion results after 24 hours of culture. Error bars = standard error. An asterisk
indicates statistical difference between results at p < 0.005.
and 2, possibly caused by cell death during initial conﬂuence. However, for machined, SBAE
and TCP surfaces between day 2 and 5 proliferation levels increase almost linearly reaching a
proliferation peak on day 6, after which the levels slightly decline until a ﬁnal value on day
7. This proliferation peak at day 6 after culture was found to be higher on the SBAE surface.
In contrast, proliferation on the TCP+acid surface shows a slow decrement between day 1
and day 2 together with an exponential-like increment that lasts until day 7. No statistical
signiﬁcant differences between results were found from days 1 to 7.
Concluding results for the adhesion assay showed that TCP and TCP+acid surfaces have
better osteoinductive response than machined and SBA surfaces. Cell proliferation assay
revealed that after 7 days of culture TCP+acid surface has the lowest proliferation rate, due
to its increased surface roughness Aita et al. (2009); Bächle & Kohal (2004). The remarkable
adhesion proﬁle of the TCP surface and its considerable high proliferation rate after 7 days
of culture were conﬁrmed by the ALP activity results from which TCP surface has better
performance and doubles the result obtained for the TCP+acid surface Vanegas et al. (2010).
The results obtained suggest that TCP surface promote the formation of mineral deposits, i.e.
osteoconduction, in a higher rate compared not only to the TCP+acid surface but also to the
machined and SBA surfaces. None of the studied surfaces were toxic to the osteoblastic-like
cells since all of them exhibited cell adhesion and proliferation proﬁles.
2.5 Mathematical modeling

Although at the bone-dental implant interface biological and mechanical factors converge,
most of the mathematical models available only consider the mechanical factors obtaining
conclusions regarding the long range viability of the implants, the loading distributions
and the mechanical behavior of the materials used in the implant manufacture Geng & Tan
(2001); Patra et al. (1998). In this type of models the formation of the bone-dental implant
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Fig. 7. Cell proliferation after 1, 2, 5, 6 and 7 days of culture.
interface is not considered and the assumed biological starting point is the complete and
stable osseointegration Patra et al. (1998). There are also models approaching to the healing
biological phenomena at the interface, describing ﬁbrous tissue formation as the results of
mechanical variables Huiskes et al. (1997) or by considering the phenomenological behavior
of the mechanics involved Isaksson et al. (2008). Nevertheless, there are models with a
biological framework that base their descriptions on phase changes at the interface Ambard &
Swider (2006) and on variations of the cellular concentrations and extracellular matrix density
Bailon-Plaza & van der Meulen (2001); Moreo et al. (2009). In this cases, the equations used
include speciﬁc terms describing cellular processes as mitosis, proliferation, differentiation
and apoptosis, as well as natural biological events leading to the formation, transformation
and degradation of the extracellular matrix Bailon-Plaza & van der Meulen (2001); Geris et al.
(2008); Moreo et al. (2009).
2.5.1 Mechanical approach

Mathematical modeling of a dental implant with a mechanical approach allows for the
evaluation of different implant designs ensuring resistance to certain loading conditions
Bonnet et al. (2009); Bülent (2002); Juodzbalys (2005); Kayabasi et al. (2006); Papavasiliou
(1996); Poiate et al. (2008). The analysis of the bone-dental implant interface in these models is
focused in the stress distribution around the host bone and the implant body, and in the effect
of loading in the stability of the alveolar bone Geng & Tan (2001). It is then possible to redesign
implants without the complications of physical manufacturing and experimentation saving
money and time. Most of these models are computationally implemented through commercial
available software that perform a numerical discretization using the ﬁnite differences method
or the ﬁnite elements method Bonnet et al. (2009); Geng et al. (2001); Kayabasi et al. (2006);
Poiate et al. (2008).
Most of the authors have reported simulations using geometrical bidimensional and
tridimensional models obtaining a graphical sketch of the physical behavior of the interface
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after loading. This same approach was used in a new numerical simulation of a bone-dental
implant interface. Figure 8a shows the compact model of the interface where jaw bone
and prosthesis are only visible. A more detail representation is shown in Figure 8b where
prostheses were elevated to show three dental implants inserted in the jaw bone. Observe
that the jaw bone was modeled as an external trabecular zone covering a cortical zone Davies
(2003); Saffar et al. (1997). This model was implemented to performed a comparative study
of the biomechanical behavior of individual prosthesis and ferulized prostheses used in oral
rehab treatment at the posterior jawbone.

Fig. 8. Sketch of a geometrical model used to simulate a single-crown prosthesis
dental-implant condition. a) Compact model. White: Prosthesis. Red: Trabecular bone.
Yellow: Cortical bone. b) Detail of the model components. Gray: Dental implants.
We performed a loading conditions analysis at the interface. Shear and longitudinal loads
exerted to the prosthesis during chewing induce axial forces and shear momentum resulting
in stress gradients at the host bone and the implant body (Geng et al., 2001). Figure 9 shows
a simulation of these loading environment on the geometrical mode of Figure 8. Loading
conditions applied to the model are similar to those present in the oral cavity during chewing.
We simpliﬁed these loads as static loads and stress distributions at the interface. Results show
a color scale representing the magnitude of the von Misses stress. Maximum value obtained in
this simulation was 62.87 MPa. If the yield stress of the dental implant is higher that this value,
as is the case of titanium and stainless steel, good performance is expected. Furthermore,
surrounding host bone shows an approximated stress value of 17 MPa, that should be
compared with the range of functional stress that controls bone deposition and resorption
(Geng & Tan, 2001; Rieger et al., 1990). Final conclusion obtained from the numerical results
was that best performance is achieved when using single-crown prostheses.
Model simpliﬁcations are needed in the mechanical models to manage problems as
considering the mechanical differences between cortical and trabecular bone, the complex
implant geometries, boundary conditions, computational costs, among others. According to
these, a good mechanical model may be formulated based on the following assumptions:
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Fig. 9. Stress distribution for the model with single-crown prostheses.
1. For bidimensional studies, bone is modeled using simple rectangular conﬁgurations. For
tridimensional models jaw is considered as an arch with rectangular sections (Geng et al.,
2001). However, advanced medical imaging processing techniques may be useful to better
model the geometry of the jaw bone, implants and prosthesis (Bonnet et al., 2009; Geng
et al., 2001; Poiate et al., 2008).
2. Material properties for bone and dental implants are mostly considered as isotropic.
However, is it well known that bone have orthotropic and anisotropic properties (Huiskes
et al., 1997) since stress is not necessarily distributed in a uniform fashion rather than
oriented in a preferential direction (Bonnet et al., 2009; Geng et al., 2001; Kayabasi et al.,
2006). However, these material assumptions ensure its linearity and homogeneity and
allow for an elastic behavior described by the Young and Poisson modules. Nevertheless, a
more precise model should account for a better material description, including differences
for trabecular and cortical bone, and for other surrounding tissues as muscles and
epithelium (Geng et al., 2001).
3. Some assumptions for boundary conditions consider a ﬁxed jaw. However, muscle and
ligament function during chewing and functional movement of the temporomandibular
joint should be modeled by using additional elements improving model realism and
accuracy (Geng et al., 2001).
4. Most models regarding the bone-dental implant interface consider an initial complete
osseointegration. However, we have shown that osseointegration is consequence
of a biological process involving mechanical conditions. It has been found that
osseointegration ratio depends on bone quality, stress distribution during wound healing,
implant loading conditions and implant design, among others (Bonnet et al., 2009; Bülent,
2002; Geng et al., 2001; Juodzbalys, 2005; Kayabasi et al., 2006; Papavasiliou, 1996; Poiate
et al., 2008). Therefore, a more realistic description of the interface should include
additional considerations for the biological phenomena and its temporal evolution, if time
evolution starting at implant placement wants to be addressed (Moreo et al., 2009).
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2.5.2 Mechanobiological approach

A complete mechanobiological model for the formation of the bone-dental implant interface
leading to the implant osseointegration is still not know, although several works have
succeeded in the attempt of formulate a mathematical model including the biological and
mechanical models related to some of the stages of tissue formation. This is the case of
models for cell adhesion and proliferation (DiMilla et al., 1991; Moreo et al., 2008), models
for coagulation (Colijn & Mackey, 2005; Vanegas et al., 2010), models for angiogenesis and cell
contraction (Mantzaris et al., 2004; Tracqui et al., 2007), and models for bone formation (Amor
et al., 2009; Moreo et al., 2009).
From the biological and mechanical reality of the healing and bone formation process at the
bone-dental implant interface, and considering the results provided by the abovementioned
mathematical models, the following elements should be considered in the formulation of a
complete mechanobiological model for the bone-dental implant interface:
1. The biological stages of wound healing at the interface may be assumed as a sequence
of events in a time scale divided in minutes, hours, days, weeks and months Ambard &
Swider (2006); Aukhil (2000); Dimitriou et al. (2005).
2. The bleeding stage may be simpliﬁed as the formation of the ﬁbrin clot by the reaction
kinetics between thrombin and ﬁbrinogen (Aukhil, 2000; Minors, 2007).
3. The ﬁbrinolysis stage may be considered as a natural clot degradation term, whereas the
ﬁbroplasia and the angiogenesis can be simpliﬁed in a single event leading to synthesis of
new collagen matrix (Häkkinen et al., 2000).
4. The formation and replacement of the collagen matrix by new bone is related to
the presence of an speciﬁc concentration of osteogenic cells and the presence of a
chemoatractant substance controlling cell migration and proliferation (Davies, 2003; Moreo
et al., 2009; Puleo & Nanci, 1999).
5. The adequate bone formation around the dental implant depends on its surface
topography and the formation of the cementation line (Davies, 2007; Kasemo, 2002).
6. The adhesion mechanical factors may be considered as part of the cell differentiation
process and should be related to the implant surface topography and the implant
osteoinduction and osteoconduction properties (Davies, 2007).
7. The contraction and activation mechanical factors are similar at a micro-structural level
and therefore may be simpliﬁed as the viscoelastic behavior of the ﬁbrillar ﬁbrin matrix
compounding the blood clot (Weisel, 2004) and guiding the bone forming process (Saffar
et al., 1997; Stanford & Schneider, 2004).
8. The loading effects over the implant may be neglected if the recommended initial healing
time of three to six months prior to prosthesis placement is considered (Branemark, 1983;
Vanegas et al., 2009).
9. The surface irregularities of the dental implant inﬂuence the cell and proliferation proﬁles,
as is shown through the experimental assays.
10. Numerical parameters needed for the mathematical formulation of the model may
be obtained through experimental assays. Here, the mathematical formulation should
provide enough justiﬁcation for running the assays.
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Most of these elements were used for the formulation of a new mathematical model with a
mechanobiological approach (Vanegas et al., 2011). This model includes the biological stages
described in Figure 3, some of the mechanical factors described in Figure 4, and the implant
surface irregularities. A schematic of this new model is shown in Figure 10.

Fig. 10. Schematic of a mechanobiological model of the osseointegration of a dental implant.
The sequence of biological stages is shown at the left side and the events and aspects
modeled at each stage are shown at the right side. The boxes resume the most important
elements used at each event that also represent the simpliﬁcations made to the complex chain
of biological and mechanical phenomena leading to the dental implant osseointegration.
This model simpliﬁes the biological wound healing process as a sequence of stages each
one associated to a series of events. In this way, the bleeding and coagulation stage is
simpliﬁed as the ﬁbrin blood clot formation by the conversion reaction between thrombin
and ﬁbrinogen. During ﬁbroplasia osteogenic cell migration is initiated by the presence
of a chemoatractant substance at the same time that the ﬁbrin clot is degraded by the
plasmin activity. The new collagen matrix formation by the osteoprogenitor cells simpliﬁes
the ﬁbroplasia and angiogenesis processes in a single stage called granular tissue (Aukhil,
2000). The displacement of the osteoprogenitor cells over the collagen matrix causes ﬁbrillar
contraction conditioned to the viscoelastic response of the ﬁbers and the collagen mechanical
properties. This contraction constitutes the interaction between biological and mechanical
factors presented in this mechanobiological model. Finally, the new bone formation process,
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conditioned to the surface topography of the implant included as a numerical parameter and
the adequate formation of the cemented line due to the contact osteogenesis process, leads to
the initial osseointegration of the dental implant.

3. Mini-implants
Anchorage is deﬁned as resistance to unwanted tooth movement caused by the reacting force
of orthodontic devices Profﬁt & Fields (1993). Anchorage control is essential in orthodontic
biomechanics and is one of the prerequisites for successful orthodontic therapy Chaddad et al.
(2008). Traditionally, orthodontic movement of a tooth is anchored by a large group of teeth
so as to minimize undesired displacements. Adequate anchorage becomes difﬁcult when
teeth are missing or present pathologies like periodontal and endodontic diseases. Several
methods have been introduced to provide additional anchorage in orthodontics. Intra-oral
and extra-oral auxiliary devices can be used to assist movement, but the effectiveness of these
measures depend on patient compliance Egolf et al. (1990).
Conventional dental implants have proven to be successful for orthodontic anchorage because
they are suitable for loading and offer absolute anchorage Branemark (1983); Hansson et al.
(1983). Since the application of earlier orthodontic forces affect implant osseointegration
Adell et al. (1970); Gapski et al. (2003), osseous adaptation mechanisms taking place during
orthodontic loading increase bone formation on localized zones in an attempt to counteract
the loading effects Klein-Nulend et al. (2005); Wehrbein et al. (1999). However, the larger
size of conventional endosseous implants limits their usage as anchorage devices leading to
the development of speciﬁc orthodontic systems such as plates Chung et al. (2002), onplants
Crismani et al. (2008), and mini-implants Kanomi (1997).
Mini-implants are titanium screws with smaller dimensions than dental implants (Figure
11). They are widely used in orthodontic treatments due to their few inherent limitations
for the selection of the placement site, they have a simple surgical procedure for insertion
and removal, have low cost, cause less trauma to the patient than dental implants and
provide easy attachment for additional orthodontic devices Costa et al. (1998). The aim of
the mini-implants is to remain stable at the oral cavity during the accomplishment of the
orthodontic treatment. Once the treatment is ﬁnished, the mini-implant can be easily removed
because their osseointegration ratio is only around 13% Zhao et al. (2009). This lower ratio
suggest that the mini-implant primary stability is a consequence of a mechanical phenomenon
of interaction with the surrounding cortical bone that avoids the need of an initial healing
stage prior to orthodontic loading and also allows for an easy ﬁnal removal Huja et al. (2005).
Mini-implants insertion procedure starts with a vertical incision of 3 mm to 4 mm long.
Incision borders are separated and a 0.09 mm diameter hole is drilled into the jaw
bone. Placement site is cleaned using saline solution to avoid clinical complications. The
mini-implant is then inserted leaving at least 2 mm of its distal side exposed in the oral cavity.
Finally, orthodontic wire extensions are attached to the mini-implant head in order to include
it in the orthodontic treatment Antoszewska et al. (2009).
Contrary to dental implants, mini-implants insertion angle is of paramount importance for
the success of the orthodontic treatment Chaddad et al. (2008). It is recognized that a
greater insertion angle is useful to increase the screw length inserted inside cortical bone
causing an augmented ﬁxation and higher primary stability Costa et al. (1998); Deguchi et al.
(2006). Therefore, recommended insertion angles range between 15◦ and 90◦ depending of
the maxilla dimensions Deguchi et al. (2006). After conﬁrmation of primary stability by

326
18

Biomaterials Science and
Engineering
Will-be-set-by-IN-TECH

Fig. 11. Different types of mini-implants.(A) Dual-top mini-implant ®(Jeil, Korea). (B) Link
orthodontic implant ®(MIS, Israel)
evaluating absence of micromovements, immediate loading is performed with magnitudes
ranging from 50 to 200 gr. Melsen & Costa (2002). These loads can be directly or indirectly
applied using rubber bands or closed-helical springs after a responsible healing time of two
weeks (Antoszewska et al., 2009; Zhao et al., 2009).
Once treatment has started, failure of the mini-implant may occur among other reasons
because of low bone density and improper cortical bone thickness at the insertion site
Motoyoshi, Inaba, Ono, Ueno & Shimizu (2009b). Experimental tests of these failure factors
suggest that minimal cortical bone thickness should be 1 mm (Motoyoshi, Inaba, Ono, Ueno
& Shimizu, 2009a). In addition, numerical analyses performed on mini-implant treatments
have evaluated these same failure factors. Results from these analyses resume the mechanical
conditions required for the use of mini-implants based on a predictive scheme supported on
experimental evidence Motoyoshi, Okazaki & Shimizu (2009); Sung et al. (2010).
3.1 Experimental assays

In recent years, there has been an increased concern for better understanding the behavior
of mini-implants as anchorage devices in the jaw bone. However, the suitable material,
surface treatment, screw design, self-perforating screwing capability, ideal timing for loading
and magnitude of loads are still not well deﬁned Chaddad et al. (2008); Seong-Hun et al.
(2008). Although the mini-implant stability should be preserved during the entire orthodontic
treatment, this is something that not always can be assured since treatment times may vary
and in some cases are longer than a year Antoszewska et al. (2009); Costa et al. (1998); Deguchi
et al. (2006).
Immediate loading is one of the distinctive characteristics of mini-implants. Since bone
healing at the interface is a dynamic process and external mechanical loading induces
bone adaptation Klein-Nulend et al. (2005), keeping an unchanging long lasting interface
after loading seems somehow unfeasible. Furthermore, it is not clear if the mini-implant
may induce higher osseointegration ratios supporting immediate loading or if loads and
micromovements induce ﬁbrillar tissue formation at the bone-implant interface that hinder
osseintegration Zhang et al. (2010). Recommended mini-implants are made of titanium due to
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its biocompatibility and bioactivity Ellingsen et al. (2006); Ratner et al. (1996) but have smooth
polished surfaces that may explained reduced osseointegration rates Davies (2007). However,
a convenient osseointegration ratio may improve mini-implant stability during long lasting
orthodontic treatments. Although evidence shows that mini-implants do not osseointegrate,
there is no consensus on this matter and further experimental studies are needed to provide
more details about the interface behavior Serra et al. (2008).
We have therefore performed a self-conducted experimental assays to analyze samples of bone
surrounding mini-implants and evaluate the formation of the bone-implant interface. A total
of ﬁfteen 3-months-old male Wistar Rats SPF mean weight 350 gr. were housed with a 12-hour
light/dark cycle and fed with a standard pellet diet and tap water at pleasure throughout
the experiments Casale & Rivera (2010); Casale & Saavedra (2010). Principles of laboratory
animal care and national laws were observed for the present study. Authorization for these
experiments was issued by the Ethics Committee of the Dentistry Faculty of the Universidad
Nacional de Colombia. Screw-shaped titanium (Ti6 Al4 Va) mini-implants of 10 mm length and
1.6 mm diameter (Link ®, MIS, Israel) were used in the assays. Sample screws were provided
by MIS Implants Ltd. Immediate loading of 150 gr. was applied to all the mini-implants. A
radiographic image of the insertion site is shown in Figure 12. Histological tissue behavior
was evaluated 0, 8, 15, 45 and 120 days after insertion. A control group without immediate
loading was also used.

Fig. 12. A) SPF Wistar rat femur radiograph after mini-implant insertion and immediate
loading using a nitinol spring (150gr). B) Digital radiograph after sacriﬁce.
Experimental data analyses (not shown) suggest that immediate loading does not affect
the wound healing pattern. Histological observation of loaded samples showed that
inﬂammation is activated between 0 and 15 days after insertion, bone activity under
mechanical tension is started after 15 days of insertion and mature bone formation is started
at day 45 after insertion. The histological activity in unloaded samples showed suitable bone
healing barely starting on day 45 after insertion. These results suggest that wound healing and
osseointegration at unloaded samples is similar to that exhibited on dental implants inserted
in the cortical region.
Comparative additional experiments for orthodontic immediate loading of 150 gr and 350 gr.
showed that higher loading is not feasible in mini-implants because mobility, displacement
and screw instability are increased. Conversely, the application of this higher loading on
mini-implants unloaded during the entire 45 days experimental time (late loading) showed
no mobility or screw displacement. According to this, we provide histological evidence of
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mini-implant osseointegration at the cortical region Casale & Rivera (2010); Casale & Saavedra
(2010) (Figure 13).

Fig. 13. A) SEM micrograph showing the bone-interface for a mini-implant without
immediate loading. Scale bar = 1.0 mm. B) SEM micrograph for the encircled area of A)
showing the same interface after 45 days with evidence of osseointegration with cortical
bone. Scale bar = 2.0 μm
3.2 Mathematical modeling

Mathematical modeling regarding mini-implants, as applied to dental implants, allows
for the description of the bone-implant interface, study factors leading to a successful
insertion or a failure in the orthodontic treatment, and redesign mini-implants for better
clinical performance. Available mathematical models have been used to study and predict
mechanical events occurring during the orthodontic treatments Sung et al. (2010). These
studies analyze the inﬂuence of mini-implants nearness to adjacent teeth roots, the effect of
cortical bone height on treatment success and the consequences of inserting the mini-implant
in surrounding poor quality bone Sung et al. (2010).
Since mini-implants are very similar to dental-implants, a good mathematical modeling
approach for mini-implants may share conditions of those already mentioned for dental
implants modeling. However, speciﬁc conditions should be addressed as follows:
1. Biological conditions in mini-implants treatments relate to the primary stability and
osseointegration ratio. These same conditions should be accomplished in a good
mathematical modeling of dental implants. Since the healing process is the same in dental
implants and mini implants, a mathematical model of mini-implants may include the same
biological stages as for dental implants. Nevertheless, an additional condition should
state that the expected osseointegration ratio is around 13%. This allows for a relative
simple adaptation of the models used in dental implants reducing the amount of bone
formation around the implant surface, due basically to the absence of surface roughness
Papadopoulos & Tarawneh (2007).
2. An additional biological condition for mini-implants successful treatment is the amount of
cortical bone tissue in the insertion site. Related studies state that the minimal cortical bone
thickness for an suitable functional stability of the device is 1 mm (Motoyoshi, Inaba, Ono,
Ueno & Shimizu, 2009a). This condition may be addressed by controlling bone formation
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process at the insertion site by an adequate loading stimulation or by increasing the area
of the geometrical description (Figure 8).
3. In contrast to the biological approach of the model, the mechanical behavior is different
of that regarding dental implants. Although the adhesion and contraction mechanical
factors are still present and could be assumed the same as in dental implants, activations
mechanical factors controlling the structural behavior of the bone-mini implant interface
are quite different. Here, the direction and magnitude of loads, the mini-implant
design and body geometry are different to those of dental implants. Therefore, models
including these factors should be modiﬁed in order to address different types of treatments
with speciﬁc loading orientations for increase anchorage, different insertions angles and
different load transfer proﬁles.
4. Since mini-implants design have shorter dimensions that those found in dental implants,
there must be a biological and mechanical relation of scaling with the surrounding tissues
that should be analyzed in order to change the dimensions of the model to the shape proﬁle
of the used mini-implant.

4. Conclusions
Here we presented the principal characteristics of dental and mini-implants, the related bone
healing process at the bone-implant interface and the mechanical factors involved. We also
commented on self-conducted experimental approaches for evaluating the performance of
these devices when in contact with living tissues. Finally, we presented a framework for the
mathematical modeling of the bone-implant interface in both dental implant and mini-implant
cases. Considering that mathematical models are approximations to the real osseointegration
process at the bone-implant interface, there are some limitations inherent to the mathematical
frameworks. These limitations are the simpliﬁcation of the mechanobiological bone healing
process, the initial conditions for the model, the adequate boundary conditions leading to the
appropriate solution, and the model parameters, among many others. However, we should
here highlight the prevalence of the latter in obtaining an accurate model.
Although in most of the cases some of the numerical parameter can be estimated from the
available literature and others can be estimated from experimental results and previously
reported numerical works, the exact value of many of them is an unknown and therefore
adjustments are needed to obtain the expected solution. These adjustments may be performed
by an iterative solution-based approach, a parameter sensitive analysis or a thorough
mathematical analysis of the equations used Amor et al. (2009); Vanegas et al. (2011). Another
approach is conducting speciﬁc experiments aimed at the quantiﬁcation of detailed biological
or mechanical quantities needed in the model formulation that are otherwise pointless and
unjustiﬁed. This difﬁculty to obtain appropriate parameters from experimental evidence is a
weakness shared in the models presented here with other works in the area of computational
modeling of biological phenomena, and is a circumstance that should be considered before
and during the process of model formulation.
Nevertheless these inherent limitations, results obtained from recent models Ambard &
Swider (2006); Amor et al. (2009); Moreo et al. (2009); Vanegas et al. (2010; 2011) show that
mathematical frameworks are suitable for being used as the methodological basis for the
design of predictive tools aimed at the evaluation of the osseointegration ratio in dental and
mini-implants considering patient characteristics, anatomy and jaw bone physiology, implant
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design and surgical procedure used for inserting the implant Fragiskos & Alexandridis (2007);
Gapski et al. (2003); Leckholm (2003); Stanford & Schneider (2004). Future applications
may deal with developing additional models for the prediction of healing patterns in
different types of tissue injury, different implant geometries and surfaces, and for the
mechanobiological evaluation of other implantable devices.
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1. Introduction
Recent advances in tissue engineering have drawn scientists to test the possibility of tooth
engineering and regeneration. Tooth regeneration is normally referred to as the regeneration
of the entire tooth or root that can be integrated into the jaw bone. This technology is still at
its infancy and when it matures, it may be used to restore missing teeth and replace artificial
dental implants when the tooth is damaged but still in a reparable condition, regeneration of
parts of the tooth structure can prevent or delay the loss of the whole tooth. To engineer and
regenerate a whole tooth, the cell source, tissue engineering strategies and specific scaffolds
needed to be correct choose.
Indeed, for example, to repair partly lost tooth tissues such as PDL, dentin, and pulp, one
or two particular types of dental stem cells may be sufficient to fulfill the need. In light of
such considerations, aim of the present chapter is to define the main strategies to isolate
dental pulp stem cells, their characterisation and differentiation, tissue enngineering
strategies and clinical applications for the creation of artificial tissue useful in odontoiatric
field.

2. Dental pulp stem cells
Dental pulp is a well known tissue enrich of adult mesenchymal stem cells: Dental Pulp
Stem cells (DPSc). These adult stem cells play an important role in regenerative medicine
both for oral and non oral pathoses thanks to their biological properties such as
multipotency, high proliferation rates and accessibility (Yamada et al., 2010).
Beyond natural capacity of response to injury, dental pulp stem cells are attractive for their
potential to differentiate, in vitro, into several cell types including odontoblasts, neural
progenitors, chondrocytes, endothelocytes, adipocytes, smooth muscle cells and osteoblasts.
The potential application of dental pulp stem cells and tissue engineering in dentistry are
discussed in the present chapter (Sloan & Waddington, 2009).
Bressan Eriberto, Sivolella Stefano, Brunello Giulia, Gardin Chiara, Nadia Ferrarese, Ferroni Letizia
and Stellini Edoardo
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2.1 Tooth anatomy
Each tooth consists of three main parts: the crown, the neck and the root, that we can define
with anatomic o clinical criteria. Here follow a brief review of the tooth anatomy (Fig.1)
involved on stem cells-tissue engineering field.
2.1.1 Dentin
Dentin is a mesenchymal derived tissue lying between enamel or cementum and dental
pulp (pulp chamber and root canal). It is a mineralized connective tissue with an organic
matrix. It is made up of 70% inorganic materials (especially hydroxyapatite crystals), 20%
organic materials and 10% water by weight. The bulk of organic matrix (85-90%) consists of
type I collagen, there is also a minor amount of type V and VI collagen. Noncollagenous
molecules of dentin are dentin phosphorines, Gla proteins, acidic glycoproteins, growthrelated factors, serum derived proteins, lipids and proteoglycans. Dentin has microscopic
channels (0,5-3 µm), called dentinal tubules, radiating outward from pulp cavity to dentinoenamel or dentino-cementum junction. These tubules contain projections of cells secreting
dental matrix, known as odontoblasts. The most peripheral aspect of the pulp is lined by the
body of these odontoblasts (Yoshiba et al., 2002; Fonzi, 2000).
2.1.2 Pulp
Pulp consists of a loose connective tissue enclosed by rigid predentin and dentin. Along the
border between the dentin and the pulp are odontoblasts. The thickness of dentinal layer
increases with age due to the deposition of secondary and tertiary dentin, reducing the
volume of the pulp chamber and the root canals. The most peripheral aspect of the pulp
contains four layers of cells: the odontoblastic layer (the most external one), the cell-free
zone, the cell-rich zone and the parietal plexus of nerves. Deep inside is the pulp proper,
composed of a great amount of fibroblasts and ECM. Blood vessels and nerves enter the
tooth mostly through the apical foramen. Other cells in the pulp include undifferentiated
mesenchymal cells, deriving from dental papilla, fibrocytes, macrophages and lymphocytes
(Fonzi, 2000; Ferguson, 2002).
2.1.3 Alveolar bone
The bone that supports the teeth is called alveolar bone. It is composed of compact bone and
trabecular or spongy bone. The outside wall of the bone is compact bone, such as the thin
layer that lines the socket known as lamina dura.
The spongy bone is inside and contains bone marrow. The number and the size of the
trabeculae in this bone are determined by the function activity of the organ.
Alveolar bone proper is the part just around the tooth and it gives attachment to the PDL
fibres (bundle bone). The alveolar bone proper is also called cribiform plate, due to the
presence of perforation for the entry of vessels and nerves.
Bone is made of 65% inorganic material (mainly hydroxyapatite) by weight, 15% water, 20%
organic material. The organic matrix is composed of collagen type I (90-95%), Gla proteins,
glycoproteins, phosphorines, proteoglycans, growth factors and bone morphogenetic
proteins (e.g. osteogenin) (Ferguson, 2002; Fonzi 2000).
2.2 Odontogenesis
During the sixth week of embryogenesis, after the migration of neural crest cells into head
and neck mesenchyme, the ectoderm of the first brachial arch begins to proliferate giving
rise to the vestibular lamina and the dental lamina (Langman, 2008).
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Dental lamina is a band of ectodermic cells growing from the epithelium of the stomodeum
into the underlying mesenchyme and giving rise to the enamel organs of teeth, along the
horse shoe shaped dental arches.
Several transcription factors are implicated in odontogenesis, including Pax9, Pitx2, Runx2,
Msx1, Msx2, Bmp2, Bmp4, Fgf8 and Fgf9 (Zhang et al., 2009; Bei & Maas,1998). The
development is commonly divided into the following stages: the bud stage, the cap stage,
the bell stage.
The early bell stage of odontogenesis is characterized by epithelial expansion and
differentiation into the inner and outer enamel epithelium, stratum intermedium and
stellate reticulum.
During the late bell stage, two tooth specific cell types are formed: ameloblasts, which
derive from the inner enamel epithelium and produce enamel, and odontoblasts, which
differentiate from dental papilla and synthesize dentin.
Dentinogenesis starts before enamel formation with the secretion of an organic matrix in the
area directly adjacent to the inner enamel epithelium. Dentin is formed by the production of
organic matrix (predentin) and the simultaneous mineralization of this matrix (Hao et al.2009).
After crown formation, root development begins. The cells of the inner and of the outer
enamel epithelium become in contact and give rise to the cervical loop at the base of enamel
organ (Fonzi, 2000).
The cells of the cervical loop continue to grow away from the crown and become Hertwig’s
epithelial root sheath. It induce the adjacent cells of dental papilla to differentiate into
odontoblasts and produce dentin. Once this structure fragments, the dentin of the root
comes in contact with the dental follicle and stimulates the cementoblasts to begin
cementum secretion.
The dental follicle also gives rise to the other supporting structure of the tooth: the
periodontal ligament and the alveolar bone proper (Luan et al. 2006).
2.3 Dental pulp stem cells
A stem cell is defined as a cell that has the ability to continuously divide to either replicate
itself (self-renewing), or produce specialized cells than can differentiate into various other
types of cells or tissues (multilineage differentiation). The microenvironment in which stem
cells reside is called a stem cell niche and is composed of heterogeneous cell types,
extracellular matrix (ECM) and soluble factors to support the maintenance and self-renewal
of the stem cells (Yen & Sharp, 2008).
Stem cells can be generally classified in embryonic stem cells (ESCs) and adult stem cells
(ASCs). ESCs derive from the early mammalian embryo at the blastocyst stage and have the
capability to give rise to all kinds of cells. Thus, ESCs are considered pluripotent. On the
contrary, ASCs are just multipotent because their differentiation potential is restricted to
certain cell lineages. ASCs reside in several and perhaps most organs and tissues that have
already developed. For this reason, ASCs are also referred to as postnatal stem cells.
Mesenchymal stem cells (MSCs) are ASCs with mesodermal and neuroectodermal origin.
They are available from many tissues such as bone marrow, adipose tissue, umbilical cord
and dental pulp. MSCs are able to differentiate into cells of mesodermal origin like
adypocites, chondrocytes or osteocytes, but they can also give rise to representative lineages
of the three embryonic layers. For instance, it is well known that MSCs posses an extended
degree of plasticity compared to other ASCs populations, including the ability to
differentiate in vitro into non-mesodermal cell types such as neurons and astrocytes. MSCs,
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in addition to their multipotency, are easy to isolate and culture in vitro and they do not
apparently represent an ethical issue based on their source of origin.
MSCs were firstly discovered and characterized in bone marrow (Friedenstein et al., 1970).
Bone marrow-derived stem cells (BMMSCs) can be easily obtained, greatly expanded in
culture and used in cell-mediated therapies and tissue engineering applications. However,
the clinical use of BMMSCs is limited by several problems, including a painful recovery
often associated to a low number of harvested cells. For these reasons, many researchers
begin to investigate alternative tissues for more abundant and accessible sources of MSCs
with least invasive collection procedures.
Dental tissue from human third molar represents an easily accessible and often discarded
source for MSCs harvesting. The first type of dental stem cell was isolated from the human
pulp tissue and termed dental pulp stem cells (DPSCs) (Gronthos et al., 2000). Subsequently,
four more types of dental-MSC-like populations were identified: stem cells from exfoliated
deciduous teeth (SHED) (Miura et al., 2003), periodontal ligament stem cells (PDLSCs) (Seo
et al., 2004), stem cells from apical papilla (SCAP) (Sonoyama et al., 2006), and dental follicle
precursor cells (DFPCs) (Morsczeck et al., 2005). Among them, all except SHED are from
permanent teeth. All of these stem cells demonstrate multipotentiality and the capability to
regenerate multiple dental/periodontal tissues in vitro and in vivo (Huang, 2009).
Dental pulp is the soft connective tissue entrapped within the dental crown. It is divided
into four layers. The external layer is made up of odontoblasts producing dentin; the second
layer, called “cell free zone”, is poor in cells and rich in collagen fibers; the third layer, called
“cell rich zone”, contains progenitor cells and undifferentiated cells, some of which are
considered stem cells. From this layer, undifferentiated cells migrate to various districts
where they can differentiate under different stimuli and make new differentiated cells and
tissues. The innermost layer is the core of the pulp and comprises the vascular area and
nerves (D'Aquino et al., 2009).
Stem cells that reside in dental pulp, called dental pulp stem cells (DPSCs), are considered a
population of MSCs, therefore markers that have been used for identifying MSCs are also
used for DPSCs. DPSCs result positive to STRO-1, CD13, CD24, CD29, CD44, CD73, CD90,
CD105, CD106, CD146, Oct4, Nanog and β2 integrin, and negative to CD14, CD34, CD45
and HLA-DR. The persistence of negativity for CD45 and positivity for CD34 demonstrates
that these cells are not derived from a hematopoietic source, nevertheless they are of
mesenchymal origin (D'Aquino et al., 2007). Like all MSCs, DPSCs are also heterogeneous
and the various markers listed previously may be expressed by subpopulations of these
stem cells (Huang et al., 2009).
DPSCs were firstly identified and isolated by Gronthos and co-workers in 2000, based on
their clonogenic abilities and rapid proliferative rates. In addition, they demonstrated that
DPSCs can develop into odontoblasts, the cells that form the mineralized matrix of dentin
(Gronthos et al., 2000). Moreover, when transplanted in immunocompromised mice, DPSCs
mixed with hydroxyapatite/tricalcium phosphate (HA/TCP) form a pulp-dentin-like tissue
complex. This complex is composed of a mineralized matrix with tubules lined with
odontoblasts, and fibrous tissue containing blood vessels in an arrangement similar to the
dentin-pulp complex found in normal human teeth. Interestingly, and in contrast to
BMMSCs, DPSCs do not form areas of active hematopoiesis and adipocyte accumulation at
the transplantation site. In another study, when DPSCs are seeded onto human dentin
surface and implanted into immunocompromised mice, reparative dentin-like structure is
deposited on the dentin surface (Batouli et al., 2003). These results together raise the
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possibility that a protocol for pulp tissue regeneration and new dentin formation for clinical
therapeutic purposes could be established.
Later, Laino and co-workers isolated a selected subpopulation of DPSCs called stromal bone
producing dental pulp stem cells (SBP-DPSCs), which roughly represent 10% of dental pulp
cells (Laino et al., 2005). These cells display a great capability of self-expanding and
differentiating in pre-osteoblasts which are able to self-maintain and renew for long time.
SBP-DPSCs differentiate into osteoblasts, producing in vitro a living autologous fibrous
bone (LAB) tissue. When transplanted into immunocompromised rats, SBP-DPSCs form a
lamellar bone containing osteocytes. In this setting, SBP-DPSCs produce bone but not
dentin, as shown by mRNA expression of bone markers including osteocalcin, Runx-2,
collagen I, alkaline phosphatase, but not dentin sialo phospho protein (DSPP), which is
specific for dentin. Moreover, it has been observed that, during their differentiation, about
30% of SBP-DPSCs becomes endothelial cells. These cells are found lining the vessel walls of
the newly formed woven bone. In addition, after in vivo transplantation, a complete
integration of vessels within bone chips takes place, leading to the formation of a
vascularised bone tissue (D'Aquino et al., 2007).
Further characterization revealed that DPSCs also possess adipogenic and neurogenic
differentiation capacities by exhibiting adipocyte- and neuronal-like cell morphologies and
expressing respective gene markers. In addition, DPSCs were also found to undergo
chondrogenic and myogenic differentiation in vitro. The plasticity and multipotential
capability of DPSCs can be explained by the fact that dental pulp is made of both ectodermic
and mesenchymal components, containing neural crest-derived cells (D'Aquino et al., 2009).
DPSCs can be collected from dental pulp by means of a non-invasive practice that can be
performed in the adult during life and in the young after surgical extraction of wisdom
teeth. DPSCs can survive for long periods and can be passaged several times. It is possible to
obtain more than 80 passages without clear signs of senescence. Furthermore, DPSCs can be
cryopreserved and stored for long periods without losing their multipotential differentiation
ability (Laino et al., 2005).

3. Role of DPSCs in regenerative medicine
Teeth have a complex structural composition that ensures both hardness and durability.
However, this structure is vulnerable to trauma and bacterial infections. When the tooth is
damaged but still in a reparable condition, regeneration of parts of the tooth structure can
prevent or delay the loss of the whole tooth. This fact is of importance because tooth loss
affects not only basic mouth functions but aesthetic appearance and quality of life (Huang,
2009). The regenerative response of teeth to damage and structural degeneration are diverse
and compartment-dependent, since teeth, as complex structures, harbour both living
(periodontal ligament, cementum, pulp) and acellular (enamel, dentine) tissues. Of all the
dental structures, only enamel is incapable of regenerating its original structure, while the
remaining tissues possess that capacity in varying degrees, dependent on multiple factors
(Inanç & Elçin, 2011).
The dental pulp plays a major role in tooth regeneration after injury, by participating in a
process called reparative dentinogenesis. When pulp tissue is exposed as consequence of the
loss of the overlaying dentin, direct pulp-capping therapy allows the pulp to form new
dentin. It has been observed that the use of various cement-based compounds, such as
calcium hydroxide and mineral trioxide aggregate (MTA), promotes the activity of
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dentinogenesis. Cells that remain in the healthy portion of the pulp migrate to the injured
site, proliferate by the growth factors released from surrounding dentin matrix and attach
the necrotic layer to form osteodentin. Later, the cells attached to osteodentin differentiate
into odontoblasts to produce tubular dentin, thus forming reparative dentine. This early
mineralized tissue preserves the pulp integrity and serves as protective barrier upon the
injury (Nakashima, 2005).
When the tooth is further damaged, dentin regeneration becomes difficult as it requires a
healthy pulp. Thus, bigger traumas or advanced caries are clinically treated with root canal
therapy, in which the entire pulp is cleaned out and replaced with a gutta-percha filling.
However, living pulp is critical for the maintenance of tooth homeostasis and essential for
tooth longevity.
An ideal form of therapy might consist of regenerative approaches in which diseased or
necrotic pulp tissues are removed and replaced with regenerated pulp tissues to revitalize
the teeth. In particular, the regenerative pulp therapy would reconstitute the normal tissue
continuum at the pulp–dentine border by regulating the tissue-specific processes of
reparative dentinogenesis. Two types of dental pulp regeneration can be considered based
on the clinical situations: in situ regeneration of partial pulp or de novo synthesis of a total
pulp replacement (Sun et al., 2010).
Engineering and regeneration of dental pulp tissue still remain a difficult task. A regenerated
pulp tissue should be functionally competent: it should be vascularised, contain similar cell
density and architecture of ECM to those of natural pulp, be capable of giving rise to new
odontoblasts lining against the existing dentin surface, produce new dentin and be innervated.
The first step to engineer tissues is to isolate cells with the right phenotype and propagate
them in suitable culturing environments. DPSCs can be isolated by two methods: the
enzyme-digestion method and the explants outgrowth method. The first method involves
the collection of the pulp tissue under sterile conditions, the digestion with appropriate
enzymes (collagenase, dispase, trypsin), the seeding in culture dishes containing a special
medium supplemented with necessary additives, and then the incubation at 37°C. The
second method implies that the extruded pulp tissue is cut into 2 mm3, and directly
incubated in culture dishes containing the essential medium with supplements. A period of
two weeks is generally needed to allow a sufficient number of cells to migrate out of the
tissue. It has been demonstrated that cells isolated by enzyme-digestion have a higher
proliferation rate than those collected by outgrowth (Huang et al., 2006).
Once these cells are grown on a two-dimensional surface, it is possible to transfer them to a
three-dimensional scaffold construct. The scaffold provides a 3D environment for cells to
attach and grow, therefore mimicking the in vivo condition (Fig.2). An ideal scaffold should
be biocompatible, biodegradable, and have adequate physical and mechanical strength.
Then, it should be porous to allow placement of cells and effective transport of nutrients,
oxygen, waste as well as growth factors. Finally, it should be replaced by regenerative tissue
while retaining the shape and form of the final tissue structure (Saber, 2009).
Scaffolds can be fabricated from natural polymers or synthetic materials. The natural polymers
have advantages of good biocompatibility and bioactivity. On the contrary, synthetic matrices
enable precise control over the physiochemical properties such as degradation rate, porosity,
microstructure, and mechanical strength (Sharma & Elisseeff, 2004).
Examples of natural polymers are collagen, gelatin, dextran and fibronectin. Although
collagen is a commonly used matrix in which to grow cells in three-dimensions, several cell
types are known to cause the contraction of collagen. It has been demonstrated that pulp
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cells markedly cause the contraction of collagen with a reduction down to ~30%, which
might affect pulp tissue regeneration (Huang et al., 2006).
Examples of synthetic polymers are polylactic acid (PLA), polyglycolic acid (PGA) or their
co-polymers, poly lactic-co-glycolic acid (PLGA). Recent experiments demonstrate that
DPSCs seeded onto PLGA scaffolds regenerate a pulp/dentin-like tissue (Huang, 2009).
Other artificial scaffolds are hydrogels, like polyethylene glycol (PEG)-based polymers, or
inorganic compounds such as hydroxyapatite (HA), tricalcium phosphate (TCP) and
calcium polyphosphate (CPP). These are used to enhance bone conductivity and have
proved to be very effective for tissue engineering of DPSCs (Wang et al., 2006).
Apart from DPSCs and an appropriate scaffold, dental pulp regeneration also requires the
use of growth factors and ECM molecules that induce specific differentiation pathways and
maintain the odontoblast phenotype. It is known that several factors, such as transforming
growth factor β (TGF), bone morphogenic proteins (BMPs), platelet-derived growth factor
(PDGF), fibroblast growth factor (FGF), and vascular endothelial growth factor (VEGF), are
secreted by odontoblasts and incorporated within the dentine matrix during dentinogenesis.
When these molecules are released from the dentin, they are bioactive and fully capable of
inducing cellular responses, as for example those that lead to the generation of reparative
dentin and to dental pulp repair (Casagrande et al., 2011).
Dental pulp tissue engineering is an emerging field that can potentially have a major impact
on oral health. However, the source of morphogens required for stem cell differentiation
into odontoblasts and the scaffold characteristics that are more conducive to odontoblastic
differentiation are still unclear. (Demarco 2010) investigated the effect of dentin and scaffold
porogen on the differentiation of human dental pulp stem cells (DPSCs) into
odontoblasts.Poly-L-lactic acid (PLLA) scaffolds were prepared in pulp chambers of
extracted human third molars using salt crystals or gelatin spheres as porogen. DPSCs
seeded in tooth slice/scaffolds or control scaffolds (without tooth slice) were either cultured
in vitro or implanted subcutaneously in immunodefficient mice.
DPSCs seeded in tooth slice/scaffolds but not in control scaffolds expressed putative
odontoblastic markers (DMP-1, DSPP, and MEPE) in vitro and in vivo. DPSCs seeded in
tooth/slice scaffolds presented lower proliferation rates than in control scaffolds between 7
and 21 days (p < 0.05). DPSCs seeded in tooth slice/scaffolds and transplanted into mice
generated a tissue with morphological characteristics similar to those of human dental
pulps. Scaffolds generated with gelatin or salt porogen resulted in similar DPSC
proliferation. The porogen type had a relatively modest impact on the expression of the
markers of odontoblastic differentiation. Collectively, this work shows that dentin-related
morphogens are important for the differentiation of DPSC into odontoblasts and for the
engineering of dental pulp-like tissues and suggest that environmental cues influence DPSC
behavior and differentiation potential.
Yang et al (Yang 2010) investigated, moreover the in vitro and in vivo behavior of dental
pulp stem cells (DPSCs) seeded on electrospun poly(epsilon-caprolactone) (PCL)/gelatin
scaffolds with or without the addition of nano-hydroxyapatite (nHA). For the in vitro
evaluation, DNA content, alkaline phosphatase (ALP) activity and osteocalcin (OC)
measurement showed that the scaffolds supported DPSC adhesion, proliferation, and
odontoblastic differentiation. Moreover, the presence of nHA upregulated ALP activity and
promoted OC expression. Real-time PCR data confirmed these results. SEM micrographs
qualitatively confirmed the proliferation and mineralization characteristics of DPSCs on
both scaffolds. Subsequently, both scaffolds seeded with DPSCs were subcutaneously
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implanted into immunocompromised nude mice. Scaffolds with nHA but without cells were
implanted as control. Histological evaluation revealed that all implants were surrounded by
a thin fibrous tissue capsule without any adverse effects. The cell/scaffold composites
showed obvious in vivo hard tissue formation, but there was no sign of tissue ingrowth.
Further, the combination of nHA in scaffolds did upregulate the expression of specific
odontogenic genes. In conclusion, the incorporation of nHA in nanofibers indeed enhanced
DPSCs differentiation towards an odontoblast-like phenotype in vitro and in vivo.
Galler et (Galler 2008) developped an approach to develop novel regenerative strategies and
engineer dental tissues, two dental stem cell lines were combined with peptide-amphiphile
(PA) hydrogel scaffolds. PAs self-assemble into three-dimensional networks of nanofibers,
and living cells can be encapsulated. Cell-matrix interactions were tailored by incorporation
of the cell adhesion sequence RGD and an enzyme-cleavable site. SHED (stem cells from
human exfoliated deciduous teeth) and DPSC (dental pulp stem cells) were cultured in PA
hydrogels for 4 weeks using different osteogenic supplements. Both cell lines proliferate and
differentiate within the hydrogels. Histologic analysis shows degradation of the gels and
extracellular matrix production. However, distinct differences between the two cell lines can
be observed. SHED show a spindle-shaped morphology, high proliferation rates, and
collagen production, resulting in soft tissue formation. In contrast, DPSC reduce
proliferation, but exhibit an osteoblast-like phenotype, express osteoblast marker genes, and
deposit mineral. Since the hydrogels are easy to handle and can be introduced into small
defects, this novel system might be suitable for engineering both soft and mineralized
matrices for dental tissue regeneration.
In the future, the success of regenerative endodontic therapy will depend on the ability to
yield a functional pulp tissue within cleaned and shaped root canal systems to revitalize
teeth. This may be achieved by an in vivo approach, where pulp tissue is regenerated in situ
into root canals, or by an ex vivo approach, which implies a de novo engineered pulp
relying on the tissue-engineering triad (DPSCs, scaffold, growth factors).
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1. Introduction
A cell therapy is a clinical treatment including an ex vivo cell manipulation step. Such a
therapeutical option began more than forty years ago and is now a worldwide reality. Many
human cell-based clinical trials have been developed in every medicine’s field mostly to
cure diseases where conventional treatments are inadequate. Even though there have been
few completed trials and some conflicting results on their effectiveness have been reported,
the full potential of cell-based treatments remains to be explored and investigated (Park et
al., 2008). Moreover, public expectation for such novel therapies, especially for treating
incurable and/or rare diseases, remains high. Nowadays each tissue of the human body,
including foetal and embryonic ones, can become a reliable source for cell therapy (Mason &
Dunnill, 2009). Cells isolated from a specific source can be used also to cure every other
tissue of the body and may be administered alone, in combination with biomaterials,
scaffolds, cytokines and growth factors or can be genetically manipulated (gene therapy).
Cell administrations can be local or systemic, singles or multiples. Treatments may be
autologous or allogeneic (from living or cadaver donors). A cell preparation can be crucial
for a treatment such as in bone marrow transplantation or otherwise it may be used as an
adjuvant to improve clinical results like in regenerative medicine or to slow down the
development of several chronic conditions. Cell effect after treatment can be via the ability
to differentiate along several lineages or, as recently highlighted for stem cells, also via the
capacity to release anti-inflammatory cytokines, growth factors and proteins, collectively
known as paracrine factors, which may modulate the host microenvironment by stimulating
endogenous stem cells recruitment, differentiation and angiogenesis, thus acting as real
drugs (Yagi et al., 2010). Ex vivo cell manipulation protocols are different, depending on cell
source, type, target, disease and Country regulations. Current European cell therapy laws
classify manipulation types according to potentially associated risks. Cutting, grinding,
shaping, centrifugation, soaking in antibiotic or antimicrobial solutions, sterilization,
irradiation, cell separation, concentration or purification, filtering, lyophilization, freezing,
cryopreservation and vitrification are considered “minimal manipulations”. On the other
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hand, cell processing like induction to proliferation, non-homologous use (if cells or tissues
are not intended to be used for the same essential functions in the recipient as in the donor)
and association with scaffolds or medical devices are defined as “extensive” or “
substantial” manipulations. These new kind of extensively manipulated cell-based products
are termed “medicinal product for advanced cell therapy” (see Regulation (European
Commission [EC]) No 1394/2007 of the European Parliament and of the Council on
advanced therapy medicinal products and amending Directive 2001/83/EC and Regulation
(EC) No 726/2004). The term “medicinal” is not only a definition, but, of course, holds
specific technical and practical consequences entering these products in the “drug world”.
In fact, pre-clinical and clinical data that are necessary to demonstrate their quality, safety
and efficacy should be highly specific. Moreover, it is also mandatory that they have to be
manufactured like medicinal products. To this end, it is primarily required to have a
suitable environment built as a real pharmaceutical factory and working according to
specific rules named Good Manufacturing Practices (GMPs). GMPs are worldwide
guidelines for the management of manufacturing and quality control of pharmaceutical
products. The Food and Drug Administration [FDA] enforces GMPs in the United States
while the European Medicines Agency [EMA] in Europe (The Rules Governing Medicinal
Products in the European Union, Volume 4-Guidelines for Good Manufacturing Practices
for medicinal products for human and veterinary use, current Edition) where
manufacturing must be authorised by the competent Agency of each Member State. Such a
structure (also named “cell factory” or “cleanroom facility”) allows minimization of any
contamination risk by means of standardization and continuous monitoring of specific
parameters such as air filtration and ventilation, temperature, relative humidity, differential
pressure, number of air particles and bacterial colony forming units. Besides the
environmental monitoring, cell culture and reagents must be checked for the presence of
bacterial and viral contamination, mycoplasma and endotoxins. Furthermore, standard
operative procedures, personnel training and process traceability should be developed and
performed. Extensively manipulated cells are generally thought to be elaborate and costly,
especially due to GMPs requirements. However they ensure three main characteristics:
safety, product consistency and manufacturing quality. Considering that many cell
therapies are still in an early experimental phase and that several aspects are not completely
understood, these characteristics may represent a real guarantee for safe, standardized and
controlled treatments. To date, proposed employments for cell-based medicinal products are
quite impressive (Mason & Manzotti, 2010). Fields of interest are musculoskeletal tissue
regeneration, autoimmune disorders, myocardial infarction, gastrointestinal diseases,
urogenital system disorders, nervous system diseases, wound healing, plastic surgery,
organ
transplantation,
graft
versus
host
disease
(GvHD)
and
diabetes
(www.ClinicalTrials.gov). There is tremendous scope for applying cell therapeutics in the
musculoskeletal system (Nöth et al., 2010). Cells can be used to repair or regenerate injured
or diseased tissues (cartilage, bones, tendons, ligaments, muscles, etc..), or to treat chronic
conditions such as Osteoarthritis or Rheumatoid Arthritis. As most cell therapy treatments
for musculoskeletal diseases are not life-threatening, safety is a key issue for any clinical
application.
1.1 Autologous chondrocyte implantation
Hyaline articular cartilage is a highly specialized tissue derived from mesenchyme during
embryonic development. It has the main function to protect the joint by distributing loads
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and thus preventing potentially damaging stress on the sub-chondral bone. At the same
time it provides a low-friction bearing surface to enable free movements. Chondrocytes, the
only cell type of mature cartilage, secrete and deposit around themselves a characteristics
matrix composed primarily of water, collagens (mainly collagen type II), proteoglycans
(mainly aggrecan) and other non-collagenous proteins (Becerra et al., 2010). Articular
cartilage lesions are common in the general population and more often anticipated in young
and physically active people. Despite the tissue is susceptible to damage, it has limited
capacity for regeneration and repair because of poor vascular supply and lack of an
undifferentiated cell population capable of migrating and responding to the insult
(O’Driscoll, 1998). If left untreated, cartilage injuries may lead to pain and loss of function
and predispose individuals to osteoarthritis in later life and eventually to requirements for
total joint replacement (arthroplasty). The need of hospital attention is associated with a
significant impact on quality of life and represents a huge socioeconomic burden to society.
There is no uniform approach to managing cartilage defects (Harris et al., 2010). In younger,
active patients “biologic” solutions that prevent or slow down tissue degradation process
should be preferred. These procedures can be classified as palliative (arthroscopic
debridement), reparative (microfracture) and regenerative such as pertiosteum,
perichondrium or osteochondral grafting and Autologous Chondrocyte Implantation (ACI).
Conventional treatments by debridement or microfracture produced various outcomes since
the resulting repaired tissue is fibrocartilage which lacks the appropriate biochemical and
biomechanical properties of normal healthy tissue. Currently, arthroscopic debridement and
microfracture are commonly used as first-line treatment for symptomatic focal chondral
defects that are relatively small with minimal associated bone loss. Regenerative procedures
including ACI can be used as second-line measures to repair chondral or osteochondral
defects. ACI therapeutical approach was first used by a Swedish Group (Brittberg et al.,
1994) to treat full-thickness chondral defects of the knee and later applied to the ankle. The
treatment is now suitable also for other joints such as hip. In the original procedure (first
generation technique) small grafts of normal cartilage removed from non-weight bearing
areas of the knee were treated in a proper laboratory. Individual chondrocytes were
isolated, cultured in specific conditions, and, following a period of cellular division,
retrieved for re-implantation. Cell suspension was then injected beneath a periosteal patch
harvested from the proximal medial tibia and sutured to the defect. Clinical, radiological
and histological results are available at 10 to 20 years after the implantation, suggesting that
outcomes remain high, with relatively few complications (Peterson et al., 2010). First
generation ACI revealed, however, several disadvantages, such as transplant hypertrophy,
calcification, delamination, cell leakage in the articular environment and loss of phenotype
due to previous monolayer expansion. Given these shortcomings, recent experimental and
clinical research has been directed towards the development of second generation ACI
procedures using suitable scaffolds which act as carriers for the implantable cells
maintaining at the meantime phenotype stability (Iwasa et al., 2009). These engineered
tissues are then cut to the correct size and shape of the defects directly in the operatory
room. The scaffolds, which efficiently "mimic" the natural surroundings of cartilage cells,
may have different origins (synthetic, natural), characteristics (fibers, gels, sponges,
microspheres, etc.) and spatial organization (two- or three-dimensional). Third generation
ACI uses three-dimensional (3D) matrices such as hyaluronic acid as scaffolds. The process
of implantation in second and third generation techniques can also be performed
arthroscopically or with a small incision. Recently, a new technique called ’Characterized
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Chondrocyte Implantation’ (CCI) utilizes a selected chondrocyte population that expresses a
marker profile that can predict cell ability to produce in vivo hyaline-like cartilage (Saris et
al., 2008). Many Authors in the Literature have suggested ACI effectiveness also for second
and third generation techniques and these procedures are now widely diffused and utilized
all over the world for cartilage defects repair. However, besides good outcomes evaluations,
there is still scepticism about the use of ACI, particularly for its clinical and cost
effectiveness in comparison with other traditional treatments and for the steeper learning
curve, at least compared with marrow-stimulating techniques (Vasiliadis & Wasiak, 2010).
Different Literature revisions highlighted that there is still insufficient evidence to draw
conclusions and that further trials with long-term follow up are required in order to clarify
ACI clinical benefits..
1.2 Cell manipulation in autologous chondrocyte implantation: from research to
cleanroom
Cell manipulation for ACI is crucial step that have to be performed in compliance with
GMPs in order to guarantee a safe, standardized and efficacious product to implant. In this
perspective the development of a validated and a repeatable process becomes a key issue for
this therapy. Chondrocytes can be easily isolated from articular cartilage tissue by
enzymatic treatments and then cultured in different conditions like monolayer, bi/threedimension, chemical or mechanical stimulation or inhibition. Several chondrocyte culture
systems that have been developed display a huge number of applications in the research
field as attested by worldwide publications. In fact they represent models for cartilage
investigation, which is essential for identifying the pathways of both normal development
and pathological degeneration and inflammation of the tissue (Roseti et al., 2007). Recently,
there has been a great deal of interest in the ex vivo development of hyaline cartilage that can
be utilized for the regeneration of damaged or diseased tissue. The realization that
chondrocytes may act as drugs having therapeutical effects in cartilage regeneration led to
new responsibilities and roles for cell culture’s laboratory. ACI application required an
integration work between clinicians and cell biology experts and it would not have been
possible without the support of GMPs specialized laboratories or facilities. Obviously,
clinical application of research models presents specific features of quality assurance which
must be met. In particular, for cell cultures, a transfer technology step is required or, in other
words, research protocols must be translated into GMPs’ ones. This involves taking into
account not only the peculiar nature of cells and culture’s models, but also the mandatory
compliance with current GMPs and all the specific cell therapy regulations. This chapter
describes the transfer technology utilized to standardize the manufacturing of engineered
chondrocyte-based products for applications in ACI. In particular, it focuses on the
development and validation of a GMPs’ compliant manufacturing process and then of
“consistent” chondrocyte-based medicinal products. The GMP facility performing the below
described validation processes is located in a public Hospital in Italy. Therefore specific
Italian and European rules have been followed.

2. Development and validation of a GMPs compliant chondrocyte culture
process suitable for clinical use
Process validation is a pre-requisite to ensure consistent manufacture. Cell processing such
as in ACI is a long lasting, articulated process. It comprises three main manipulation phases
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before final product packaging and release: cell isolation, expansion, and seeding onto
biomaterials. For a complete GMPs compliance it is required that each step is validated
singularly. One important thing to consider and to perform before starting is a careful
evaluation and subsequent choice of high quality raw materials to be used in the process.
Once the choice has been taken, the entire validation should be performed using the same
materials. Changes are allowed, but a re-validation step is required.
2.1 The choice of raw materials
This is a highly critical step since raw materials, such as culture reagents or plastic wares,
become directly in contact with the cells during the process. Moreover other materials, like
scaffolds or cell supports, can become an integral part of the medicinal products. Therefore,
the choice for such materials should be geared towards products ensuring the highest
quality provided by the market at the moment. First of all, the cell producing facility should
attest the quality assurance level of each Company/Institution that intends to choose as
supplier. This investigation termed “supplier qualification” is mandatory for a fully GMPs
compliance and should be performed not only by examining the accreditations provided by
the Company itself but also by on-site inspections. Hence, material’s full batch
documentation/certification should be carefully evaluated to attest fulfilment with specific
current regulations. For example, cell culture media sterility should be certified by specific
analyses validated in compliance with current European Pharmacopoeia. In particular, it is
required that these products are negative for aerobic, anaerobic bacteria, fungi and
endotoxins. Documentation control is a delicate and important step, but not sufficient for
entering materials into the process. In fact, each declared critical feature should be crosschecked by internal quality controls in the cell factory. Only after passing such internal
controls, materials are considered adequate for the process and validation can start. An
important point to consider for reagent choice is to avoid zoonosis risks. A recombinant
origin should be preferred for enzymes such as Trypsin used for the rapid detachment of
adherent cells, like chondrocytes, from the growth substrate and Collagenase type II utilized
to digest cartilage and thus isolate cells. In this case users should control documentation also
for recombinant source that must be clearly indicated. For animal origin products, like foetal
bovine serum (FBS) as supplement in culture, high quality is mandatory. FBS should be free
of microbial, mycoplasma and viral contaminations. More importantly, it must be stated
and certified its origin from Bovine Spongiform Encephalopathy (BSE) free countries such
as Australia and New Zealand. The country of processing should be indicated too, if
different. The serum producing process should be described giving evidence to exclude any
possibility from contamination with tissues that may harbour the BSE agent, such as the
brain, spinal cord and distal ileum. If the final product encloses other components like
scaffolds or biomaterials they should be appropriately characterised and evaluated for
suitability for the intended use. Nowadays the market displays variability and availability of
such materials. For application in cartilage regeneration they have to display several
properties: biocompatibility, biodegradability and malleability to fit defects. Moreover they
should be viscous and adhesive enough to allow chondrocyte trapping and fixation to the
implantation site, respectively. Furthermore they have to guarantee cell viability, growth
and phenotype stability (Iwasa et al., 2009). A special comment is earned to cartilage biopsy
that is considered a critical raw material since it is the starting point for processing, or the
cell source. Even if it is not the focus of this chapter, it is important to underline that
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cartilage biopsy collection should be validated too in order to minimize microbial
contamination, tissue amount and quality (to ensure a sufficient cell number) and possible
impurities arising from fragments of the synovial membrane or bony tissue.
2.2 Chondrocyte isolation method
In the last years Researchers have developed several protocols with the aim to isolate
chondrocytes from cartilage tissue. In general, they consisted of sequential enzymatic
digestions that unbound cells from matrix entrapment. Although effective and repeatable,
these methods revealed to be not always suitable for therapeutical applications. In
particular, the use of animal origin enzymes and long lasting processing times revealed to
be problematic. In fact, GMPs rules require both to avoid animal origin components that can
be a source of zoonosis and to shorten product exposition times in order to minimize
microbial contamination risks. The method traditionally used by our group for research
comprises three sequential digestions including also animal origin reagents (Roseti et al.,
2007). We translated this protocol into clinics using recombinant origin enzymes, reducing
enzyme number and manipulation times.
2.2.1 Materials and methods
Healthy cartilage samples were harvested from the femoral condyle of three multi-organ
donors (age: 23-71 years). To isolate chondrocytes three different methods were used.
A Method. Cartilage samples were minced with a scalpel and carefully washed with cell
culture medium Dulbecco’s Modified Eagle’s Medium-GMP grade (DMEM) (Li StarFish,
Carugate, Milano, Italia) supplemented with L-glutamine-GMP grade 4 mM (Li StarFish).
The chondrocytes were then isolated by sequential enzymatic digestion: 30 minutes with 880
U/mL hyaluronidase (Sigma, St Louis, MO, USA) (10 mL/gr cartilage); 1h with 26.5 U/mL
pronase (Sigma) (10 mL/gr cartilage) and 45 minutes with 740 U/mL collagenase II (Sigma)
(20 mL/gr cartilage) at 37 °C, 5% CO2 and humidified atmosphere. To block collagenase
activity, DMEM supplemented with 10% Fetal Bovine Serum-Pharma grade (FBS) (Li
StarFish) was added. The isolated chondrocytes were filtered by 100 and 70 μm sterile nylon
mesh filters to remove cell raft and matrix debris. The filtrate was then centrifuged and the
pellet washed twice. Viable staining assessed cell number and viability.
B Method. After mincing cartilage samples as described above (method A), digestion was
performed only with 740 U/mL collagenase II (Sigma) (20 mL/gr cartilage) for 24 h at 37 °C,
5% CO2 and humidified atmosphere. Isolation was then carried out as already described.
C Method. After mincing cartilage samples as described above (method A), digestion was
performed only with 740 U/mL collagenase (Li StarFish) (20 mL/gr cartilage) for 24 h at 37
°C, 5% CO2 and humidified atmosphere. Isolation was then carried out as already described.
2.2.2 Results
Comparison between the three methods, performed normalizing isolated cell number per
cartilage gram, indicated C Method as the most efficient (Figure 1).
2.2.3 Discussion
C methods allowed to avoid animal origin enzymes, to reduce number of reagents (one
enzyme instead of three) and manipulation times, giving at the same time the best yield
results. Therefore, being the most GMP compliant, it was our choice as isolation method.
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Fig. 1. Comparison of chondrocyte isolation methods.
A Method: sequential incubations with animal origin enzymes; B Method: animal origin
collagenase II digestion; C Method: recombinant origin collagenase II digestion. Comparison
was performed normalizing cell number per cartilage gram.
2.3 Chondrocyte monolayer expansion
Sera are mixtures of components essential for cell proliferation. They contain growth factors,
hormones, molecules promoting cell adhesion and propagation, minerals trace and proteins
like transferrin and albumin. FBS is traditionally and successfully used for cell cultures,
including chondrocytes. The use of bovine-derived regents in clinical applications carries
potential risks of contamination, especially Bovine Spongiform Encephalopathy (BSE) and
immune responses. To develop our process we evaluated an alternative solution such as the
use of human serum.
2.3.1 Materials and methods
C Method isolated chondrocytes (see section 2.2.1) were cultured in DMEM-GMP grade (Li
StarFish) supplemented with L-glutamine-GMP grade 4 mM (Li StarFish) and with 10%
FBS-Pharma grade (Li StarFish) or 10% human serum (HS) until passage two (three weeks).
At 70% confluence cells were passaged with 1:250 Trypsin-EDTA-GMP grade (Li StarFish)
and cell number and viability were assessed by viable staining. A high quality, FBS certified
to be free of BSE and microbial, mycoplasma and viral contamination was utilized. Human
serum was supplied in a sterile bag containing plasma drawn from donors. Under sterile
conditions, plasma was added with calcium gluconate (0.3 ml/10 ml plasma) to induce
coagulation process. After about two hours, the obtained serum was aspirated avoiding
clots, transferred in a new bag and stored at -20°C.
2.3.2 Results
At passage 2, 10% FBS growth was three-times higher than 10% HS one (Figure 2).
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Fig. 2. Comparison of chondrocyte expansion methods. 10% FBS: expansion with 10%FBS;
10% HS: expansion with 10% human serum.
2.3.3 Discussion
The use of FBS for cell therapy is still controversial. Although bovine origin, FBS batches
display less variability than the human ones and seem to better enhance cell growth. A
reduction batch variability facilitate process standardization thus ensuring products
consistency and robustness. Cell growth enhancement allows to shorten manipulation times
and to reduce microbial contamination risks as well as progression to senescence. For these
reasons our choice was towards FBS. The use of a high quality one (see section 2.1) appeared
a good compromise between growth and safety requirements.
2.4 Cartilage engineered cultures
Many studies in the Literature have documented that monolayer expanded chondrocytes
lose their phenotype becoming fibroblast-like cells. This de-differentiation process starts in
the very first passages and progressively increases with time in culture. However, as
attested by a number of study, such a situation can be reverted back when the cells are set in
specifically defined conditions. It is as well documented that when de-differentiated
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chondrocytes are seeded onto a biomaterial this specific configuration is able to allow the redifferentiation process to occur (Roseti et al., 2007). As already evidentiated, new ACI
generations utilize different biomaterials as scaffolds onto which expanded chondrocytes
can grow and re-acquire their original phenotype. The biomaterial used in our manipulation
process is a matrix consisting of collagen without cross-linking or chemical additives
(Chondro-Gide, Geistlich Surgery, Germany). It is sterilized by gamma irradiation and
provided in three different formats (2x3 cm2, 3x4 cm2 and 4x5 cm2). The collagen is extracted
from pig and purified to avoid immunological reaction risks. The membrane has a twodimensional structure: a porous layer allowing cell seeding and culture and compact one
acting as a barrier to prevent cell loss in the articular cavity. At the time of implantation the
membrane is placed with the porous layer facing cartilage defect and the compact one facing
the joint. Pre-clinical studies demonstrated its biocompatibility, low antigenicity,
hydrophilicity (due to collagen fiber microstructure) and biodegradability. This membrane
has already been used by other groups for ACI (Haddo et al., 2004). Based on their
experience and on ours with other biomaterials we started to verify effectiveness of this
biomaterial in allowing cell colonization. Due to problems related to FBS for clinical use, we
cultured cartilage engineered constructs in medium without this reagent.
2.4.1 Materials and methods
Chondrocyte cultures were carried on in monolayer for three weeks, in the standard
conditions described above (C Method for isolation; DMEM with FBS for expansion). After
trypsinization pellets were re-suspended in DMEM without FBS. Chondrocytes were then
seeded onto collagen membranes at concentration of 1x106 cells/cm2 surface. Cells were
then let to adhere for 15 minutes and finally DMEM without FBS was added to cover the
membranes. The loaded scaffolds were incubated at 37° C, 5% CO2, and humidified
atmosphere for 7 days. Cartilage engineered constructs were included in OCT and frozen at
-80° C until analysis. Frozen blocks were cut in 25 m cryostat slices and slides were
thawed and fixed in 4% paraformaldeid (PFA) for 30 minutes at room temperature. The
samples were then rehydrated in H2O for 10 min. Slides were incubated with hematoxylin
for 1-2 minutes and, after 4 washes in distilled water, hematoxylin was activated under
running water for 10 minutes. Slides were incubated with eosin for 5 minutes and washed
four times in distilled water. After dehydration, slides were mounted with Entellan and
stored at room temperature. Samples were analysed using a Zeiss Axioscope Microscope
(Carl Zeiss, Oberkochen, Germany).
2.4.2 Results
Chondrocytes cultured on collagen-based membranes had a spherical appearance when
observed by light microscopy (Figure 3) and were uniformly distributed among collagen
fibers in the porous layer.
2.4.3 Discussion
Our data confirmed the ability of the collagen-based bilayer membranes that we intended to
use in our process to allow cell colonization. The observed distribution pattern has been
already evidentiated in other scaffolds displaying similar composition and structure (De
Franceschi et al., 2005). Interestingly, FBS absence did not compromise viability and
colonization ability.
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Fig. 3. Hematoxylin and eosin staining of porous layer in cartilage engineered tissues (40X).
Spatial cell distribution is homogeneous among collagen fibers. The image is from one
representative engineered tissue. Collagen fibers are indicated by black arrows.

3. Final products validation: identification of defined “specifications”
Final products of this GMPs manipulation model consist of engineered tissues derived from
the combination of chondrocytes and bi-layer scaffold membranes. Validation is a GMPs
requirement aimed at standardizing and thus defining final product peculiar features,
technically named “product specifications”. They allow the identification of a specific
product obtained with a specific process and intended for a specific clinical use. Once
defined, specifications cannot be changed. Products displaying even one different feature
has to be considered “other” and cannot be released for the intended clinical use. To change
product specifications a new re-validation process has to be performed. The first validation
to achieve for a cell-based product is sterility. It is aimed at defining absence of aerobic and
anaerobic bacteria, fungi, mycoplasma and endotoxins by means of specific analytical
methods. It has to be underlined that it also mandatory that these analytical methods have
been upstream validated in compliance with current European Pharmacopoeia and GMPs.
Besides sterility, that is not the focus of the current chapter, the other specifications needed
for cell-based products are: viability, potency, purity, yield and stability. To perform final

Development of Human Chondrocyte-Based Medicinal Products for Autologous Cell Therapy

359

product validation we utilized the same cells and protocols as for process validation and
analyses were performed onto the obtained cartilage engineered tissues.
3.1 Viability
In the Literature there are many methods for viability evaluation. Difficulties for analysis
arise when cells are entrapped into a matrix or a scaffold, like in our process. In this case
there is a real risk to underestimate the results. The Authors had already faced with this
problem when managing other types of chondrocyte-scaffold constructs (Roseti el al.,
2007). In that occasions they were able to standardize a feasible method also applied in
this model.
3.1.1 Materials and methods
Three engineered tissues -i.e. chondrocytes and collagen-based membranes (see section
2.4.1)- and named Case 1, Case 2 and Case 3 were analysed. Cell viability was determined
at the seeding onto the biomaterial (Day 0) and after 7 and 14 days in culture by 3-(4,5dimetiltiazolo-methyl)-2.5-difeniltetrazolio
bromide
(MTT)
(Sigma)-mitochondrial
reduction method, based on Mosmann original protocol (Denizot & Lang, 1986). Briefly,
engineered constructs were transferred to 35x10 mm Petri dishes, added with 1 ml of a
solution of 1 mg/ml MTT in PBS 1X and incubated for 3 hours. The membranes were then
transferred in Eppendorf tubes and added with 1 ml of extraction solution consisting of
0.01N HCl in isopropanol. The membranes, still contained in the Eppendorf tubes were
then shaken and centrifuged at 14,000 rpm for 5 min to allow complete solubilisation of
formazan. Finally, supernatant absorbance was read at 570 nm using a Beckman
spectrophotometer.
3.1.2 Results
MTT testing, which is directly related to chondrocyte activity, showed slight increased
values until day 7 for Case 1 and 2 and then a plateau maintained until day 14. Case 3
chondrocytes did not show increased values, but immediately reached a plateau (Figure 4).
3.1.3 Discussion
The engineered constructs showed slight or no chondrocyte growth. These results are in
contrast with the ones obtained with other biomaterials (Roseti et al., 2007) that highlighted
a cell proliferation increase by time. We believe that this is to be due to FBS deprivation
that, however, allowed viability maintenance until day 14. The choice to use FBS only for the
monolayer expansion phase where we demonstrated its efficacy in favouring cell growth
(see section 2.3) and not for the engineered tissues represents for the Authors a good
compromise to guarantee a safer therapy.
3.2 Potency
For chondrocyte-based products potency can be defined as cartilage forming capacity
(Reflection paper on in-vitro cultured chondrocyte containing products for cartilage repair of
the knee. Final. London, 08 April 2010 EMA/CAT/CPWP/568181/2009 Committee for
Advanced Therapies [CAT], 2010). Therefore, to investigate if the final products displayed
cartilage features we evaluated the presence of collagen type II and aggrecan, that are main
recognized markers of this tissue (Becerra et al., 2010).
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Fig. 4. MTT testing on engineered tissues (chondrocytes and collagen-based membranes)
indicated as Case 1, 2 and 3. Samples were analysed after 0, 7 and 14 days in culture. Data
are expressed as optical density at 570 nm.
3.2.1 Materials and methods
Tree engineered tissues -i.e. chondrocytes and collagen-based membranes (see section 2.4.1)were embedded in OCT, snap-frozen in liquid nitrogen, cut into 25 m sections, air-dried
and stored at -20 °C until use. These slides were transferred at room temperature, air-dried
for 20 minutes and fixed in 4% PFA at room temperature for 20 minutes. The following
primary antibodies were used: mouse anti-human collagen type II monoclonal antibody and
mouse anti-human proteoglycans (Chemicon International Temecula, CA, USA). Air-dried
fixed samples were rehydrated. Slides for collagen type II determinations were treated with
0.1 % hyaluronidase (Sigma) in Phosphate Buffered Saline (PBS) at 37°C for 5 minutes for
epitope unmasking; those for proteoglycans with chondroitinase ABC (Sigma) in Tris-HCl
pH=8 for 30 minutes at room temperature. The slides were then incubated with the primary
antibodies diluted 1:40 (collagen type II) or 1:50 (proteoglycans) in 0.04M Trizma Base Saline
(TBS) pH 7.6 containing 1% BSA and 0.1 % Triton X-100 for 1 hour at room temperature.
After washes in PBS with the addition of 1% BSA, the slides were incubated with
biotinylated immunoglobulins specific for various animal species (BioGenex, San Ramon,
CA, USA) for 20 minutes at room temperature. Then samples were incubated with a
phosphatase-labeled streptavidin (BioGenex) for 20 minutes at room temperature, and after
washes the reactions were developed using fast red substrate (BioGenex). Negative controls
were performed by omitting the primary antibody. Slides were counterstained with
hematoxylin and mounted in glycerol gel. All the samples were analysed using a Zeiss
Axioscope Microscope (Carl Zeiss).
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3.2.2 Results
The engineered tissues revealed to be able to re-express specific cartilage markers. In
particular, collagen type II immuno-staining revealed the presence of homogeneously
diffused positive cell clusters (Figure 5) while proteoglycans appeared to be distributed in
the extra-cellular matrix (Figure 6).
3.2.3 Discussion
This potency validation allowed to define an identity for our products, as specifically
required by chondrocyte-based medicinal products guidance. It has to be mentioned that, as
evidentiated in the Literature (Saris et al., 2008), one limitation of this system could be the
inability to quantify results thus avoiding product good quality ranking. The Authors, on
the other hand, suggest that such a quantification could not be really indicative of product
quality or positive outcome in patients since there is still not complete evidence of a direct
correlation between these features and because of documented patients variability in terms
of basal values of cell number and cartilage markers expression.

Fig. 5. Collagen type II immuno-staining on engineered constructs (80X).The image from
one representative sample shows that the protein is uniformly distributed and mainly
located inside the cells or in the peri-cellular matrix. Staining was developed using fast red
substrate (red is positive stain). Biomaterial fibers are indicated by arrows.
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3.3 Purity
Purity is typically required for drugs. For advanced cell therapy medicinal products it
means elimination or decrease of undesired cells. The unique type of cells in cartilage is
chondrocyte. However cartilage biopsy should carry possible contaminants arising from
fragments of the synovial membrane or from bone. These contaminants could be maintained
during culture and thus become a part of the final products. To minimize these risks we
standardized biopsy collection (data not shown) and developed a chondrocyte-specific
culture method. Nevertheless, to be fully compliant with GMPs, we had to give evidence
that our final products were free of cell contaminants. Therefore we analyzed the engineered
tissues for the presence of two markers, one typical of fibroblasts (collagen type I) and one of
bone phenotype (osteocalcin).

Fig. 6. Proteoglycans immuno-staining on engineered constructs (40X). The image from one
representative sample shows that proteoglycans were homogenously distributed
throughout the whole extra-cellular matrix. Staining was developed using fast red substrate
(red is positive stain).
3.3.1 Materials and methods
The same procedure described for potency validation was utilized (see Section 3.2.1). The
following primary antibodies were used: mouse monoclonal anti-human collagen type I
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(Chemicon International) diluted 1: 20 and Mouse anti-human osteocalcin (R&D Systems,
Inc., Minneapolis, MN, U.S.A.) diluted 1:40. Slides for collagen type I determinations were
treated with 0.1 % hyaluronidase (Sigma) in PBS at 37°C for 5 minutes for epitope
unmasking.
3.3.2 Results
Engineered constructs were negative for collagen type I (Figure 7,) and osteocalcin (Figure
8) immuno-staining both in the cells and in the newly synthesized matrix.

Fig. 7. Collagen type I immuno-staining on engineered constructs (40X). The image from one
representative sample shows that the protein is not present (no red areas were observed
using fast red substrate). Biomaterial fibers are indicated by arrows.
3.3.3 Discussion
This validation is a further evidence of a defined identity of our products. Collagen type I
absence is particularly meaningful: on one hand it indicates that synovial cells or tissues
were not present at biopsy harvest and/or were not carried on with cultures; on the other
hand it highlightes that chondrocytes within this biomaterial had reverted back to their
original phenotype that was lost in monolayer culture.
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3.4 Yield
Yield can be defined as the number of cells obtained for each medicinal product. GMPs
guidance requires yield validation, but in our experience this can be difficult to perform. In
fact, yield is, more than the other specifications, subjected to variables that make quite
problematic the required standardization. Intrinsic variability due to patient, cartilage
quality or cell growth capacity do not completely depend from operators or process
conditions and cannot be totally controlled. When we started our process we had yield
validation data allowing a cell seeding onto the biomaterial of 1x106 cells per cm2. Lately,
after more than 90 cultures, this initial specification has been replaced by a range of values:
0.1 ÷ 1.1x106 cells per cm2. To accept and apply this new yield scale we had to re-validate the
process and the products verifying that each value of the range was able to guarantee the
development of viable and cartilage-like engineered tissues.

Fig. 8. Osteocalcin immuno-staining on engineered constructs (20X). The image from one
representative sample shows that the protein is not present (no red areas were observed
using fast red substrate). Biomaterial fibers are indicated by arrows. Biomaterial fibers are
indicated by arrows.
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3.5 Stability
Process validation ensures the manufacturing of standardized products displaying defined
characteristics. But what happens after product release? A critical point is product stability
over time: cell manufacturers should find the best storage conditions and times ensuring
maintenance of products specifications. To define a product “shelf life” we performed a
research in the literature and in the Companies/Institutions already producing this type of
cells. Then we evaluated our products for each specification (see section 3) at release and at
different times after. As expected, quality products started to decrease from the first day, but
we found that after 4 days each specifications was preserved for at least 70% of the initial
value. Therefore we chose that period of time as the shelf life of our products.

4. Cryopreservation phase
Chondrocyte manufacturing process may require a cryopreservation step in liquid nitrogen
if, for any reason (technical or clinical) the ACI intervention is delayed or if a reservoir of
cells is requested by the surgeon for other future treatments in the same patient. In both
cases it is required that aliquots of cells are stored as “intermediate products” in proper and
defined conditions. A validation step should be performed in order to demonstrate that the
freezing/cryopreserving/thawing process does not alter all the cell properties needed for
implantation. Considering our experience and literature data we decided to use dimethyl
sulfoxide (DMSO) as cryo-protector agent.
4.1 Materials and methods
Three chondrocytes cultures (C Method isolation) at passage 1 were frozen and stored in
liquid nitrogen gases. The freezing solution utilized was: DMEM-GMP grade (Li StarFish)
supplemented with FBS-Pharma grade 40% and CryoSure-DMSO (Li StarFish) 10%.
Samples were then thawed and cells seeded in medium supplemented with 20% FBS. After
seven days, cultures returned to usual standard medium conditions (10% FBS).
Chondrocytes were then seeded and cultured onto collagen biomaterial as described above.
The final products were the checked for viability, yield, potency, purity and stability.
4.2 Results
In the three cultures analyzed the thawing process allowed a survival of 70, 92 and 70% of
the cells, respectively. Cells were able to proliferate in monolayer and to reach a number
sufficient for the seeding onto the collagen-based biomaterial. The final products revealed to
be similar to the ones obtained without the cryopreservation step (data not shown). In
particular, cells were viable, and expressing only typical cartilage markers.
4.3 Discussion
We developed a cryopreservation phase that can be included in ACI procedures without
altering characteristics of final cartilage constructs.

5. Conclusion
The transfer technology described in this chapter allowed the development and validation
of a safe, effective and robust GMPs compliant process articulated in different steps and
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including a potential stand-by phase in liquid nitrogen. This process results in chondrocytebased medicinal products (a combination of cells and collagen-based membranes) with
defined identity and stability that make them suitable for ACI therapeutical option in
patients with articular cartilage damages. The Authors haver three main comments to
disclose, based on this experience. The first is about the use of FBS in culture which, besides
animal origin related problems, may imply immune responses in patients. We justify our
choice to use FBS in monolayer conditions because it allowed a better cell growth
standardization. However, since its potentially dangerous action could not be ignored, we
decided to avoid FBS presence in the final products. This resolution was supported by
validation data that were showing that the engineered tissues were cartilage-like also
without this supplement. These results revealed to be in line with the literature and with
data obtained by the Authors themselves with other chondrocyte constructs. Only the
ability to grow inside the collagen-based biomaterial was importantly reduced, even if
viability was consistently maintained. Therefore, considering implications due to FBS
presence, our choice could be a good compromise for patient’s safety. The second comment
is about the validation procedure itself. GMPs Guidance gives strict indication on how to
carry on process and product validation thus minimizing contamination risks and variable
elements. However such a standardization could be difficult to apply for cells. It is known
that cell characteristics in culture are labile and subjected to modulation due non only to
culture conditions (times, culture media, supplements an scaffolds) but also to patients (age,
gender and pathology). In particular, quantification of some cell properties can become
really hard to perform, thus hampering standardization. Therefore validation of a cell-based
medicinal product, should mediate between the required “drug rules” and the intrinsic well
known cell biological variability that is impossible to eliminate. The last comment is a
consideration that cell therapy for cartilage regeneration is under vast exploration and there
are now emerging other possibilities as well as improvement in this application. Allogeneic
implantation, unexpanded chondrocytes, cell combination with new scaffolds and the use of
pre-committed or undifferentiated precursors or mesenchymal stem cells from different
sources are some examples of recent advancement in this field. In any case, Country
legislation must be applied and our system can be also assumed as a valid model for the
compliant GMPs development of other new products suitable for clinical purposes.
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1. Introduction
Tendons are soft connective tissues, which connect muscle to bone forming a musculotendinous unit, whose primary function is to transmit tensile loads generated by muscles to
move and enhance joints stability.
Adult tendons have relatively low oxygen and nutrient requirements, low cell density, and
poor regenerative capacity.
The biomechanical properties of tendons are mainly attributed to the high degree of
organization of the tendon extracellular matrix, primarily composed of collagen type I,
arranged in triple-helical molecules bundles that have different dimensions and which are
aligned in a parallel manner in a proteoglycan matrix (Fig. 1).

Fig. 1. Hierarchy of tendon structure.
Tendon injuries produce considerable morbidity and affect the quality of life, the disability
that they cause may last for several months despite what is considered appropriate
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management. The basic cell biology of tendons is still not fully understood, and the
management of tendon injury poses a considerable challenge for clinicians.
Clinical approaches to tendons rupture often involve surgical repair, which frequently
implies working with degenerative, frayed tendon tissue, unable to sustain the rigors of
normal activities, and may fail again.
After an injury, the healing process in tendons results in the formation of a fibrotic scar and
it is accompanied by an increased risk of further damage. (Longo UG et al. 2010)
The structural, organizational, and mechanical properties of this healed tissue are
insufficient as tendons possess a limited capacity to regenerate.(Wong JK et al. 2009) (Woo
SL et al.2006)
Adhesion formation after intrasynovial tendon injury poses a major clinical problem.
Disruption of the synovial sheath at the time of the injury or surgery allows granulation
tissue and fibroblasts from the surrounding tissue to invade the repair site. Exogenous cells
predominate over endogenous tenocytes, allowing the surrounding tissue to attach to the
repair site, resulting in adhesion formation. (Wong JK et al. 2009) (Woo SL et al.2006)
Despite remodeling, the biochemical and mechanical properties of healed tendon tissue
never match those of intact tendon. It is well demonstrated that mechanical loading plays a
central role in tenocyte proliferation and differentiation, and that the absence of mechanical
stimuli leads to a leak of cellular phenotype. (Wang JH 2006) (Woo SL et al.2006)
While certain tendons can be repaired by suturing the injured tissue back together, some
heal poorly in response to this type of surgery, necessitating the use of grafts.(Kim CW &
Pedowitz RA 2003)
Unfortunately, finding suitable graft material can be problematic and biological grafts have
several drawbacks. Autografts from the patient are only available in limited amounts, they
can induce donor site morbidity, while allografts from cadavers may cause a harmful
response from the immune system besides also being limited in supply. In both cases, the
graft often does not match the strength of the undamaged tissue.(Goulet F et al. 2000)
For this reason, obtaining tendinous tissue through tissue engineering approaches becomes
a clinical necessity.
Tissue engineering is a multidisciplinary field that involves the application of the principles
and methods of engineering and life sciences towards i) the fundamental understanding of
structure-function relationships in normal and pathological mammalian tissues and ii) the
development of biological substitutes that restore, maintain or improve tissue function.
The goal of tissue engineering is to surpass the limitations of conventional treatments based
on organ transplantation and biomaterial implantation. It has the potential to produce a
supply of immunologically tolerant, 'artificial' organs and tissue substitutes that can grow
within the patient. This should lead to a permanent solution to the damage caused to the
organ or tissue without the need for supplementary therapies, thus making it a costeffective, long-term treatment.
The tissue-engineering approach involves the combination of cells, a support biomaterial
construct, and micro-environmental factors to induce differentiation signals into surgically
transplantable formats and promote tissue repair, functional restoration, or both.
The earliest clinical application of human cells in tissue engineering, started around 1980,
was for skin tissue using fibroblasts, and keratinocytes, on a scaffold. During the last 30
years, many innovative approaches have been proposed to reconstruct different tissues:
skin, bone, and cartilage. The field of tendon tissue engineering is relatively unexplored due
to the difficulty in in vitro preservation of tenocyte phenotype, and only recently has
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mechanobiology allowed a better understanding of the fundamental role of in vitro
mechanical stimuli in maintaining the phenotype of tendinous tissues. This chapter analyzes
the techniques used so far for the in vitro regeneration of tendinous tissues.

2. Scaffolds requirements for tendon tissue engineering
The scaffold should encourage cellular recruitment and tissue ingrowth. Early in the repair
process, the scaffold should maintain its mechanical and architectural properties to protect
cells and the new, growing tissue from strong forces and early inflammatory events.
Subsequently, the scaffold should be gradually reabsorbed allowing a controlled exposure
of the regenerating tissue to the local cellular, biochemical and mechanical environment.
This will allow the tissue to develop more naturally and function more efficiently.
In order to avoid stress shielding, the scaffold should ideally degrade at the same rate that
the new tissue is created. In order to ensure final clinical use, neither the scaffold nor its
degradation products should be harmful to the surrounding tissue and they should not
result in unresolved inflammation or other deleterious biological responses.
The tendon tissue engineering aims to repair tendon lesions in situ by integrating
engineered, living substitutes with their native counterparts in vivo (Fig. 2). For this
purpose, scaffolding materials are needed, and these ideally should fulfill the following
requirements (Liu Y et al. 2008):
Biodegradability with adjustable degradation rate.
Biocompatibility before, during and after degradation.
Superior mechanical properties and maintenance of mechanical strength during the
tissue regeneration process.
Bio-functionality: the ability to support cell proliferation and differentiation, ECM
secretion, and tissue formation.
Processability: the ability to be processed to form desired constructs of complicated
structures and shapes

Fig. 2. Overview of tissue engineering approaches employing cell-polymer constrcuts.
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In response to these varied criteria, a number of scaffold materials have been examined as
scaffolds: porcine small intestine submucosa, (Musahl V at al. 2004) (Rodeo SA et al. 2004)
silk fibers,(Altman et GH al. 2002) (Chen J at al. 2003) (Altman GH et al. 2003)
semitendinosus tendon (Martinek V 2002), fibronectin/fibrinogen fibres. (Ahmed Z et al.
2000)
In addition to these, historically, three major categories of scaffolding materials have been
employed. These are polyesters, polysaccharides, and collagen derivatives.
However, approaches to mimic the native extracellular matrix of tendon have limitetd to
their inappropiate mechanical strength or the lack of cell adhesion sites. The use of an
acellular graft may prevent the initial cell necrosis observed when autografts and allografts
are used wich leads to the deterioration of mechanical strength following implantation.
Natural tissue scaffolds have the advantage of preserved ECM proteins important for cell
attachment and the desired mechanical properties.
Natural scaffolds are composed of extracellular matrix proteins that are conserved among
different species and wich can act as scaffolds for cell attachment, migration and
proliferation.
Natural scaffolds have been decellularized in order to reduce their immunogenicity, a major
hurdle to overcome in acellular scaffolds is their capacity for recellularization and
regeneration with cellular components in vitro or in vivo, in order to achieve optimal
biological and biochemical functions.(Gilbert TW 2006)
2.1 Collagen scaffolds
Collagen derivatives have been intensively investigated for use in tendon tissue engineering
applications. Tendon extracellular matrix are mainly composed of type I collagen, so scaffolds
based on collagen derivatives are highly biocompatible, then collagen derivatives also exhibit
superior bio-functionality: they better support cell adhesion and cell proliferation.
Cells cultured in collagen gels produce extracellular matrix and align longitudinally with
the long axis of the tissue equivalent, thereby mimicking cell alignment in ligaments in
vivo.(Goulet F et al. 2000) (Huang D 1993)
Fibroblasts seeded in collagen gels change their shape and orientation over time (Huang D
1993) (Bell E at al. 1979) (Klebe RJ et al.1989) (Nishiyama T et al. 1993) and these
organizational changes have been correlated with cell proliferation, protein synthesis, and
matrix morphogenesis. (Ben-Ze’ev A et al. 1980) (Harris AK et al. 1981) (Maciera-Coelho A
1971) Fibroblast-seeded collagen scaffolds have been investigated with regard to their ability
to accommodate cell attachment, proliferation, and differentiation. (Goulet F et al. 2000),
(Huang D 1993) (Bellincampi LD et al. 1998) (Dunn MG et al. 1995)
Collagen gel has been reported to augment the quality of tendon repair, but collagen gel
does not possess sufficient mechanical strength, it is often accompanied by a high-strength
component. For instance, Awad et al. (Awad HA et al. 2003) studied collagen gels in
combination with a polyglyconate suture for patellar tendon repair. The biomechanical
properties of the resulting tendon tissues were significantly better than those of naturally
healed tendons, yet still much inferior to those of uninjured tendons.
Compared with collagen gel, collagen sponges exhibit greater mechanical competence.
Given that collagen gels exhibit superior cell-seeding efficiency, a combination of collagen
gels with collagen fibres or sponges represents a promising strategy. Juncosa-Melvin et al.
(Juncosa-Melvin N et al. 2006) showed that gel–collagen sponge constructs could greatly
enhance functional tendogenesis.
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Another study, (Gentleman E et al. 2006) provided further evidence that a combination of
collagen gels and sponges could bolster development of tendon-like tissue.
Despite its superior bio-functionality and biocompatibility, remaining several limitations to
collagen. First, its processability is limited, the degree to which collagen scaffolds can be
characterized is restricted. Then, the mechanical strength of collagen scaffolds is much lower
than other materials such as the polyesters.
2.2 Polyesters scaffolds
A vast majority of biodegradable polymers for tendon tissue engineering applications are
polyesters, such as polyglycolic acid (PGA), polylactic acid (PLA) and their copolymer
polylactic-coglycolic acid (PLGA).These polymers are attractive, because their degradation
products, glycolic acid and lactic acid, are natural metabolites that are normally present in
the human body. Moreover, their good mechanical properties and their processability
increase their appeal.
PLGA scaffolds have been reported to improve tendon regeneration considerably. Ouyang
et al. (Ouyang, H.W. et al. 2003) found that knitted PLGA scaffolds augmented the tendon
healing, both histologically and mechanically. These scaffolds facilitated production of
collagen type I and type III fibrils and contributed to the improved mechanical properties.
PGA was also reported as a scaffolding material, Cao et al. (Cao Y.et al. 2002) developed a
PGA scaffold that could successfully restore the mechanical capacity of tendons in a hen
model. Moreover, Wei et al. (Wei X. et al. 2005) found that woven PGA scaffolds were
particularly suitable for tendon tissue engineering because they surpassed the unwoven
PGA in mechanical performance and at the same time degraded more slowly.
The cellular responses to these materials, as well as their individual degradation profiles,
appear to be very different. Lu et al. (Lu HH et al. 2005) compared scaffolds based on three
different materials, PGA, poly-Llactic acid (PLLA) and PLGA. Although the PGA-based
scaffolds showed the highest initial strength, they suddenly lost mechanical strength owing
to the bulk degradation profile of PGA, and this resulted in a matrix disruption and a loss of
integrity. Regarding cellular responses, it was reported that, when using PLLA and PLGA,
the morphology of attached cells resembled that of tendons and ligaments, whereas the best
cell proliferation was reported for surface-modified PLLA scaffolds.
Despite their advantages, polyesters also suffer from several limitations. First, owing to their
hydrophobic nature, poly-a-hydroxyesters do not support a high level of cell adhesion (Wan
YQ et al. 2003) which is the initial and crucial step to engineer functional tendons.
Fortunately, this limitation can be overcome by means of surface modification with adhesive
agents such as fibronectin (Qin TW et al. 2005)
Second, although degradation products of PGA, PLA and PLGA are natural metabolites,
they are also acidic. The presence of these metabolites in large concentrations can therefore
give rise to significant systematic or local reactions (Bostman OM et al. 2000)
When the sizes of scaffolds are smaller, the occurrence of such adverse biological reactions is
greatly reduced. Therefore, in general, polyesters are more used for repair of smaller defects,
which need smaller scaffolds.
2.3 Polysaccharides scaffolds
Polysaccharides have also been applied in the field of soft tissue engineering, and chitosan
in particular has been used to regenerate tendons.

374

Biomaterials Science and Engineering

Chitosan, a deacetylation product of chitin, is a linear polysaccharide composed of
randomly distributed b-(1–4)-linked D-glucosamine (the deacetylated unit) and N-acetyl-Dglucosamine (the acetylated unit), it is hydrophilic and exhibits good cell adhesion and
proliferation characteristics (Suh JKF & Matthew, HWT 2000)
Moreover, the N acetylglucosamine present in chitosan is a structural feature that is also
found in glycosaminoglycan, which is involved in many specific interactions with growth
factors, receptors and adhesion proteins. Chitosan as a glycosaminoglycan analogue might
therefore also exhibit similar bio-functionality. Furthermore, chitosan can create highly
porous structures that make it especially suitable for a scaffolding material used in tendon
tissue engineering (Kumar MNVR et al. 2004)
The bio-functionality of chitosan, such as supporting of cellular attachment and
proliferation, and the ability to induce cells to produce ECM has been demonstrated. In a
study conducted by Bagnaninchi et al. (Bagnaninchi et al. 2007), porous chitosan scaffolds
with microchannels were designed to engineer tendon tissues.
Hyaluronan (HA) is a uniformly repetitive linear GAG composed of disaccharides of
glucuronic acid and N-acetylglucosamine: [-b (1,4)- GlcUA- b (1,3)-GlcNAc-]n (Toole BP
2001) It is an essential component of ECM. Anionic hyaluronan interacts with other
macromolecules, such as link proteins and proteoglycans, to facilitate tissue morphogenesis,
cell migration, differentiation and adhesion (Toole BP 2001), whereas cationic chitosan can
elicit electrostatic interactions with anionic glycosaminoglycans and other negatively
charged species. (Kumar MNVR et al. 2004)
Hybridization of hyaluronan and chitosan is expected to augment the mechanical properties
and bioactivities of tendon tissue engineering scaffolds. Funakoshi et al. (Funakoshi et al.
2005a) demonstrated that scaffolds composed of hybridized chitosan–hyaluronan exhibited
enhanced mechanical competence. In another study, Funakoshi et al. (Funakoshi et al.
2005b) reported that the chitosan–hyaluronan scaffold improved the biomechanical
properties of the regenerated tendon tissue in the rotator cuff and bolstered production of
collagen type I.
Alginate, another type of polysaccharide that can be used for hybridization with chitosan, is
an anionic polysaccharide composed of homopolymeric regions of glucuronic acid and
mannuronic acid interspersed with mixed sequences (M-G blocks). Because it contains Dglucuronic acid as the main sugar residue in the repeat unit, alginate is often considered to
have similar biological activity to glycosaminoglycans. However, owing to its anionic
nature, cell adhesion to alginate is often unsatisfactory (Rowley JA et al. 1999) (Genes NG et
al. 2004)
Adding cationic chitosan to alginate would augment the bio-functionality of the scaffold
because the ionic interactions between alginate and chitosan are expected to facilitate
retaining and recruiting of cells and growth factors, as well as cytokines (Madihally SV &
Matthew HWT 1999) (Hsu SH et al. 2004)
It was reported that an alginate–chitosan hybrid scaffold showed significantly enhanced cell
adhesion to tenocytes. (Majima et al. 2005)
2.4 Decellularized scaffolds
In order to be utilized successfully as a biomaterial, native extracellular matrix must first be
decellularized to remove any allogenic cells and to prevent adverse immunological
reactions. Native scaffolds are bioactive and promotes cellular proliferation and tissue
ingrowth.

Regenerative Medicine for Tendon Regeneration and Repair:
The Role of Bioscaffolds and Mechanical Loading

375

An ideal cell removal method would not compromise graft structure and mechanical
properties.
Cartmell JS & Dunn MG (Cartmell JS & Dunn MG 2000) compared the effects of three
extraction
chemicals
[t-octyl-phenoxypolyethoxyethanol
(Triton
X-100),
tri(nbutyl)phosphate (TnBP), and sodium dodecyl sulfate (SDS)] on tendon cellularity, structure,
nativity, and mechanical properties.
Treatment with 1% SDS for 24 h or 1% TnBP for 48 h resulted in an acellular tendon matrix
with retention of near normal structure and mechanical properties, cell removal using SDS
and TnBP, suggested these treatments are potentially useful for removing cells from tendon
allografts or xenografts without compromising the graft structure or mechanical properties.
In order to function as a living tissue, it is essential that the acellular scaffold is
recellularized either in vivo or in vitro prior to implantation, so that remodeling of the
scaffold to maintain the correct ultrastructural and physical properties can occur.
Recellularization in vitro allows for further conditioning of the graft prior to implantation,
and hopefully a more successful outcome.
Several approaches have been developed to reseed scaffolds that are used in tissue
engineering, including static culture, pulsatile perfusion and centrifugal force. However, the
recellularization in most cases was not homogenous or required large numbers of cells.
Harrison RD Gratzer PF (Harrison RD & Gratzer PF 2005) developed a decellularized boneanterior cruciate ligament, demonstrating that Triton-X-and TnBP-treated ligaments were
more receptive to cellular ingrowth than SDS-treated samples.
Woods T & Gratzer PF (Woods T & Gratzer PF 2005) reported that TnBP treatment slightly
decreased the collagen content of the anterior cruciate ligament, but did not alter its
mechanical properties.
In a study, Ingram JH et al. (Ingram JH et al. 2007) have decellularized a porcine patella
tendon scaffold with hypotonic buffer, 0.1% (w/v) sodium dodecyl sulfate (SDS), then used
an ultrasonication treatment in order to produce a microscopically more open porous
matrix; cells seeded onto the fascicular scaffolds penetrated throughout the scaffold and
remained viable after 3 weeks of culture.
Deeken CR et al. (Deeken CR et al. 2011) decellularized the central tendon of the porcine
diaphragm with several treatments but only 1% TnBP was effective in removing cell nuclei
while leaving the structure and composition of the tissue intact.

3. Cells
An important prerequisite for current tendon engineering is the successful isolation and
selection of functionally active cells, the cells have to retain the ability to proliferate rapidly
in vitro to provide adequate numbers for in vivo implantation.
The most common cell types employed are fibroblasts, tenocytes and mesenchymal stem
cells/marrow stromal cells. (Doroski DM et al. 2007)
The main cell type found in tendon tissue is the fibroblast, which is responsible for secreting
and maintaining the extracellular matrix. Hence, fibroblasts are the predominant cell type
used for tissue engineering applications. (Doroski DM et al. 2007)
Two different fibroblast populations can be found in the tendon: the elongated tenocytes
and the ovoid-shaped tenoblasts.(Li F et.al 2008) Elongated tenocytes proliferate well in
culture and have optimal morphology in terms of expression of collagen type 1, which is a
major component of normal tendons. (Li F et.al 2008) Tendon cells are usually isolated from
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human tendon samples by tissue dissociation techniques.(Bagnaninchi PO et al. 2007) (Yao L
et al 2006) (Cao D et al 2006)
After two or three cell culture passages and before they lose their phenotype, they are
seeded into collagen gels or into scaffolds at an appropriate cell density (10 6 cells/mL).
(Bagnaninchi PO et al. 2007) (Yao L et al 2006) (Cao D et al 2006)
Anyway the use of tenocytes have some drawbacks such as limited availability of donor
sites for cell harvest, the requirement for lengthy in vitro culture to expand the number of
cells, and donor-site morbidity limit the practicality of this technique. (Hankemeier S et al.
2005) (Awad HA et al. 2000)
Stem cells may represent the ideal source for tendon engineering.There are 2 types of stem
cells: embryonic stem cells and adult stem cells, embryonic cells are totipotent, but their
practical use may be limited because of ethical issues and concerns regarding cell regulation.
Adult stem cells, also known as mesenchymal stem cells, show excellent regenerative
capacity, the ability to proliferate rapidly in culture, and the ability to differentiate into a
wide variety of cell types.( Gao J and Caplan AI 2003) (Alhadlaq A & Mao JJ 2004)
(Bosnakovski D et al. 2005) (Grove JE et al. 2004)
The ability of human marrow derived adult mesenchymal stem cells that have tendinogenic
differentiation already has been documented in several studies: mesenchymal stem cells can
be stimulated to differentiate into fibroblasts when exposed to mechanical stress, (Ge Z et al.
2005) and their rates of proliferation and collagen excretion have been shown to be higher
than those of fibroblasts, so they may be a viable alternative to fibroblasts. (Li F et.al 2008)
The ideal source of autologous stem cells would be one that is easy to obtain, results in
minimal patient discomfort, and provides cell numbers substantial enough to obviate
extensive expansion in culture.
Studies have shown that raw adipose tissue contains a population of adult stem cells that
can differentiate into bone, fat, cartilage, or muscle in vitro.( Lee RH et al. 2004) (Zuk PA et
al. 2001) (Lee JA et al. 2003)
These adipose-derived stem cells are easily accessible and unlike marrow are available in
large quantities with acceptable morbidity and discomfort associated with their harvest.
The autologous nature of these stem cells together with their putative multipotentiality and
ease of procurement may make these cells an excellent choice for many future tendonengineering strategies and cell-based therapies.( Young RG et al. 1998)
Tissues treated with these cells showed a markedly larger crosssectional area and contained
collagen fibers that were better aligned than those in matched controls. (Awad HA et al.
1999)
Compared with their matched controls the MSC-mediated repair tissue showed marked
increases in maximum stress, modulus, and strain energy density. Morphometrically,there
were no marked differences in microstructure between the experimental and the control sides.
Kryger et al.( Kryger et al. 2007) compared tenocytes and mesenchymal stem cells for use in
flexor tendon tissue engineering. They studied four candidate cell types for use in reseeding
acellularised tendon constructs. Specifically, they compared epitenon tenocytes, tendon
sheath fibroblasts, bone marrow-derived mesenchymal stem cells (BMSCs), and
adipoderived mesenchymal stem cells (ASCs) with respect to their in vitro growth
characteristics, senescence and collagen production, as well as the viability of reseeded
constructs.( Kryger et al. 2007) They also studied the in vitro viability of tendon constructs
after reseeding and after in vivo implantation in a clinically relevant model of rabbit flexor
tendon grafting. Results showed that epitenon tenocytes, tendon sheath cells, bone marrow
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and adipo-derived stem cells have similar growth characteristics and can be used to
successfully reseed acellularized tendon grafts.( Kryger et al. 2007) Constructs using the four
cell types were also successfully implanted in vivo and showed viability after six weeks
following implantation. ( Kryger et al. 2007) The most relevant novel finding is that adipoderived mesenchymal stem cells showed higher proliferation rates at later passages when
compared with epitenon tenocytes. adipoderived mesenchymal stem cells have been shown
to have multipotency and may be driven toward tenocyte differentiation when seeded into
tendon constructs and exposed to the appropriate environment and mechanical forces. (
Kryger et al. 2007) As confirmed by immunocytochemistry analysis, these stem cells also
produce collagen, suggesting that they would contribute to in vivo tendon matrix
remodeling. In conclusion, these results suggest that adipoderived mesenchymal stem cells
have a practical advantage when compared with epitenon tenocytes and sheath fibroblasts,
given that it is easier to harvest large amounts of fat tissue.

4. Local delivery of growth factors and gene therapy
Numerous growth factors that promote soft-tissue regeneration such as platelet-derived
growth factor (PDGF), epidermal growth factor, fibroblast growth factor, insulin-like
growth factor-I, bone morphogenetic proteins (BMPs) 2 to 7, growth and differentiation
factors 5 to 7, and transforming growth factors 1 to 3 have been studied. (Hankemeier S et al.
2005) (Lou J et al. 2001) (Abrahamsson SO et al. 1991) (Rickert M et al. 2001) (Wang XT 2004)
(Hsu C & Chang J 2004).
The results of in vitro studies have shown that growth factors can promote cell proliferation
and protein synthesis (Fu SC et al. 2003) (Jann HW et all 1999)Injured tendons treated with
growth factors show improved mechanical properties. (Aspenberg P & Forslund C 1999)
(Zhang F et al. 2003) (Chan BP 2000).
Gene therapy in tendon engineering is an attractive new approach to the treatment of
tendon lacerations.
The challenge is to define optimal cellular targets and to identify genes that are of
therapeutic value and vectors that can deliver these genes with minimal side effects and
maximal efficiency and durability.
A variety of gene transfer techniques can be used to maintain local concentrations of growth
factor at the repair site by continuous expression of the exogene. (Dai Q et al 2003)
Vectors that enable the uptake and expression of genes into target cells are grouped into
viral and nonviral. Viral vectors are viruses that are deprived of their ability to replicate and
into which the genetic material can be inserted. These vectors are effective because host cells
into which they introduce their genetic material form part of their normal life cycle.(Lou J et
al. 1996)
Nonviral vectors such as liposomes are less pathogenic because of the absence of viral
proteins, but are less efficient than viral vectors in the transfer of DNA to cells. (Jayankura M
et al. 2003)
For effective tissue regeneration it is important to develop methods that will deliver genes to
the site of tendon injury. (Lou J 2000) (Hildebrand KA et al. 2004)
Two main strategies for gene transfer using vectors can be envisioned: (1) in vivo transfer
with a vector that is applied directly to the relevant tissue and (2) removal of cells from the
body, transfer of the gene in vitro, and after an additional intermediate step that involves
culture of the cells, reintroduction into the target site.
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Direct gene transfer is less invasive and technically easier than transfer to cells in vitro
because treatment can be started during the acute phase of injury. One disadvantage is the
possibility of nonspecific infection of cells that are adjacent to the injury site. This risk may
be complicated further by the fact that owing to the amount of extracellular matrix present
and the relative few cells, a vector with high transgenic activity is needed to transfer the
gene effectively to enough cells in vivo.
Furthermore BMP-12 gene transfer into a complete tendon laceration in a chicken model
produced a 2-fold increase in tensile strength and stiffness of repaired tendons. (Lou J et al.
2001)
Recombinant adenovirus-expressing green fluorescent protein or BMP-13 injected into
rabbit tendons showed efficient dosedependent transgene expression in all samples at 12
days after injection, although lymphocytic infiltration was noticed at the injection sites with
the highest dose of virus, suggesting that injected adenoviral vectors elicit a local
inflammatory response.
Although the ex vivo indirect technique includes the additional step of preparing cells and
maintaining them in vitro, it provides a greater margin of safety because modified cells can
be tested in vitro before administration, and viral DNA that is carried by these cells is not
administered directly to the host cells. In addition gene transfer in vitro allows the selection
of cells that express the trans-gene at high concentrations by using a selectable gene.
A variety of viral vectors such as adenovirus, retrovirus, adeno-associated virus, and
liposomes have been evaluated for their ability to deliver genes to tendon, ligament, and
meniscal cells. (Gerich TG et al. 1997)
Although adenovirus was the most effective vector in short-term experiments, transgene
expression was transient; although the retrovirus gave lower initial transduction efficiencies,
the percentage of transduced cells could be increased with a selectable marker gene.
The transfer of PDGF-B DNA to tenocytes increased the expression of PDGF and type I
collagen gene expression in cultured tendon cells.Bone-marrow mesenchymal cells
transfected with BMP-12 complementary DNA are placed into muscle in nude mice induced
a neo-tendinous tissue. (Wang XT 2004)
Furthermore type I collagen synthesis was increased in tendon cells that were transfected
with BMP-12 complementary DNA. Platelet-derived growth factor increased flexor tendon
cell proliferation in vitro. (Thomopoulos S et al. 2005)
The PDGF and insulin-like growth factor-I transduced cells stimulated collagen and DNA
synthesis in adjacent tendon cells. (Thomopoulos S et al. 2005)
The polymer that was seeded with tendon cells in vitro was used to repair a rotator cuff tear
and histological studies showed that the tissue-engineered construct restored tendon with
nearly complete repair of the tear. The restoration of normal tendon histology with
longitudinally aligned collagen fiber bundles in the experimentally treated animals was
shown.

5. Tendon engineering by the application of mechanical load
In vitro tissue development may include the application of mechanical loading to
precondition the engineered tissue for the in vivo mechanical environment. Mechanical
stress plays a significant role in modulating cell behavior and has driven the development of
mechanical bioreactors for tissue engineering applications.(Ingber DE 2006) (Barkhausen T
et al. 2003) (Brown RA et al. 1998) (Wang JH et al. 2004)
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Tendons transmit force from the muscle to the bone and act as a buffer by absorbing
external forces to limit muscle damage. Tendons exhibit high mechanical strength, good
flexibility, and an optimal level of elasticity to perform their unique role. Tendons are viscoelastic tissues that display stress relaxation and creep. The mechanical behavior of the
constituent collagen depends on the number and types of intramolecular and intermolecular
bonds.
Experiments have confirmed cell growth and function would be controlled locally through
physical distortion of the associated cells or through changes in cytoskeletal tension.
Moreover, experimental studies have demonstrated that cultured cells can be switched
between different fates including growth, differentiation, apoptosis, directional motility or
different stem cell lineages, by modulating cell shape. (Barkhausen T et al. 2003) (Brown RA
et al. 1998) (Wang JH et al. 2004) (Schulze-Tanzil G et al. 2004)
Externally applied cyclic strain under in vitro conditions has enormous effects on various
functions of tenocytes, such as their metabolism, proliferation, orientation and matrix
deposition (Screen HRC et al. 2005) (Yamamoto E et al. 2005)
Kessler et al. (Kessler et al. 2001) demonstrated that collagen fibres and tendon cells can be
oriented along the direction of the stress and can upregulate synthesis of tissue inhibitor
matrix metalloproteinases-1 and -3 as well as of collagen type I, the main component of
tendinous extracellular matrix.
It is known that cyclic strain can affect cell morphology and induce uniaxial cellular
alignment. It was observed that cyclic strain stimulation enhanced the cellular alignment
and changed the cellular shape.
Other experiments have demonstrated the beneficial effects of motion and mechanical
loading on tenocyte function. Repetitive motion increases DNA content and protein
synthesis in human tenocytes in culture.(Almekinders LC et al. 1995) (Sharma P and
Maffulli N. 2005) Even fifteen minutes of cyclic biaxial mechanical strain applied to human
tenocytes, results in improved cellular proliferation.(Sharma P and Maffulli N. 2005)
(Zeichen J et al. 2000)
Moreover, in vitro cyclic strain allows an increased production of TGF-β, FGF and PDGF by
human tendon fibroblasts.( Bagnaninchi PO et al. 2007) (Slutek M et al. 2001)
Cyclic stretching of collagen type I matrix seeded with MSCs for 14 days (8 h/day) resulted
in the formation of a tendon-like matrix. (Bagnaninchi PO et al. 2007) (Zeichen J et al. 2000)
Expression of collagen types I and III, fibrinonectin and elastin genes was found to have
increased when compared with nonstretched controls in which no ligament matrix was
found. (Bagnaninchi PO et al. 2007) (Yang G et al. 2004)
The model reproduces in vivo tendon healing by preventing differentiation of tenocytes into
fibroblasts.
In animal experiments, mechanical stretching has improved the tensile strength, elastic
stiffness, weight and cross-sectional area of tendons.( Sharma P & Maffulli N 2005) (Kannus
P et al. 1992) (Kannus P et al. 1997) These effects result from an increase in collagen and
extracellular matrix network syntheses by tenocytes. Application of a cyclic load to
wounded avian flexor tendons results in the migration of epitendon cells into the wound.(
Sharma P and Maffulli N 2005) (Tanaka H et al. 1995)
Also, Qin et al. (Qin et al. 2005) found that cyclic strain promotes cell proliferation, matrix
deposition and increased collagen production. In another study, Juncosa-Melvin et al.
(Juncosa-Melvin et al. 2007) showed that the application of cyclic strain elevated the gene
expression levels of collagen type I. Finally, cyclic strain can enhance mechanical

380

Biomaterials Science and Engineering

competence of the regenerated tendons (Juncosa-Melvin et al. 2006). The authors of this
study found that values for maximum force, linear stiffness, maximum stress, and linear
modulus for repaired tendons were close to those of natural patellar tendon. In terms of
restoration of key biomechanical parameters, these constructs appear to be the best
engineered tendons obtained so far.
Clinical studies have shown the benefit of early mobilization following tendon repair, and
several postoperative mobilization protocols have been advocated.(Buckwalter JA 1996)
(Chow JA et al 1988) (Elliot D et al. 1994) The precise mechanism by which cells respond to
load remains to be elucidated. However, cells must respond to mechanical and chemical
signals in a coordinated fashion. For example, intercellular communication by means of gap
junctions is necessary to mount mitogenic and matrigenic responses in ex vivo models. (
Sharma P & Maffulli N 2005)
Duration, frequencies and amplitude of loading directly influence cellular response and
behavior in many other tissues. Understanding the physiological window for these
parameters is critical and represents future challenges of research in tendon tissue
engineering.
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1. Introduction
Corneal allograft transplantation has a high success rate, but the clinical use of corneal
allografts is limited by an insufficient number of human donor corneas (Alldredge &
Krachmer, 1981; Sedlakova & Filipec, 2007). Artificial substitutes may serve as an alternative
to donor allograft use, but widely accepted substitutes are not currently available (Chen et
al., 2001; Griffith et al., 1999; Trinkaus-Randall et al., 1988). Porcine corneas may serve as a
reasonable alternative due to the ease of use and the potential for genetic engineering
(Auchincloss, 1988; Insler & Lopez, 1991; Ross et al, 1993). In porcine organ xenografts,
overcoming xenoantigene expression is of central importance to avoid graft rejection. Gal1α3Galß1-4GlcNAc (α-gal) on porcine tissues is one of the best known antigens involved in
xenograft rejection (Amano et al., 2003; Collins et al., 1995; Good et al., 1992). We previously
demonstrated that lyophilization of porcine corneas could eliminate the α-gal antigen by
removing antigen-expressing cells, and lyophilized acellular porcine corneas (APCs)
survived longer than fresh porcine corneas in pig-to-rat model (Lee et al., 2010). Though
decellularization using lyophilization appear favorable in reducing graft rejection, but the
early inflammation frequently encountered is another issue which requires resolution. The
lyophilization process based on glycerol and surgical manipulation might be responsible for
early inflammation, and the delayed healing caused by an acellular substrate graft is another
concern.
Recently, several studies have reported that corneal transparency is highly dependent on
corneal cells as well as the extracellular matrix (Meek et al., 2003; Mourant et al., 2000). Thus,
adequate recellularization of acellular substitute might not only extend graft survival, but
enhance optical transparency. Accordingly, we hypothesized that repopulation of
lyophilized APCs with cell grown in vivo before transplantation can enhance the survival of
the graft by reducing the damage caused by inflammation or apoptotic environment. To
address this issue, lyophilized APCs were transplanted under the limbus of rabbit corneas
in advance for repopulation with cells in vivo, then optical transparency and histologic
findings were compared with controls over the follow-up period. Furthermore, lamellar
keratoplasties were performed to evaluate the usefulness of lyophilized APCs with cells
grown in vivo in a rabbit model.
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2. Materials and methods
The animals in this study were treated according to the ARVO Statement for the Use of
Animals in Ophthalmology and Vision Research.
2.1 Preparation of lyophilized acellular porcine cornea
Adult porcine corneas were obtained from a slaughterhouse within 2 hours death, then
transported in a 4oC moist chamber to the laboratory. Using sterile techniques, the
epithelium of each pig cornea was removed and a 4.0 mm sized stromal button with a
thickness of 300 μm was created from the central pig cornea using a microkeratome
(Automated Corneal Shaper®; Chiron Vision, Claremont, CA, USA). The corneal button was
treated in a mixed solution consisting of 40 μ/ml Dnase and 40 μ/ml Rnase (Sigma-Aldrich,
St. Louis, MO, USA) for 30 minutes, followed by distilled water for 2 hours, three freezethaw cycles (-196C liquid nitrogen for 30 minutes, followed by rapid thawing at 37C for 30
minutes), and centrifuged (15000 ×g, 7 minutes) to removed all of the cellular components.
Then, the corneal button was treated in 100 % glycerol (Sigma-Aldrich) at 4 oC for 3 days,
stored at -80 oC for 48 hours, then lyophilized using a lyophilizer (SFDSM06; Samwon
Freezing Engineering Co., Busan, Korea) at -80 oC for 48 hrs. Finally, the corneal button was
irradiated with γ-rays (25 kGy) for sterilization.
2.2 Surgical procedure for in vivo recellularization
Forty-eight New Zealand white rabbits of either sex, weighing 2-3 kg were used for this
study. Rabbits were divided into 3 groups and anesthetized with an intramuscular injection
of mixture of Tiletamine and Zolazepam (Zolatil®, 12.5mg/Kg; Virbac Lab, Carros Cedex,
France) and xylazine (Rompun®, 12.5mg/kg, Bayer Korea, Ansan, Korea).
In 16 rabbits, the superior limbal conjunctivae of the left eyes were incised using Westcotts
scissors after topical anesthesia, and lyophilized APCs were inserted under the superior
conjunctivae. The conjunctivae were closed with 8-0 vicryl. One-half of the implants were
treated with substance-P (50 nmol/kg) for 1 hour before grafting. As controls, collagen
sheets (CSs) and 8 sheets of bovine amniotic membranes (AMs) were transplanted (4.0 mm
diameter) under the superior limbal conjunctivae in 16 rabbits using the same procedure.
One-half of the CSs and bovine AMs were also treated with substance-P for comparison. All
rabbits received topical levofloxacin (Cravit®, Santen, Osaka, Japan) three times daily until
the end of the study.
2.3 Assessment of lyophilized APC with in vivo recellularization
The implants were harvested, and transparency was assessed 3day, and 1, 2, and 3 weeks
after grafting in 2 rabbits per each time.
2.3.1 Optical property
The harvested lyophilized APC was placed on a numeric panel. A 0-4+ scoring system
was devised to describe the transparency semi-quantitatively according to the visibility of
a figure through the implants. Scoring was as follows: 0, clear figure image compared
with the next numeral; 1+, minimally blurred figure; 2+, half of the blurred figure
compared with the next numeral; 3+, intense opacity with the blurred image; and 4+,
complete opacification.
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2.3.2 Histological examination
The harvested implants were fixed in 4% paraformaldehyde, dehydrated in ethanol, and
embedded in paraffin. Cross sections (2-4 μm) were made along the longitudinal axis, and
serially-sectioned specimens were stained with hematoxylin and eosin. Sections were
examined under light microscopy and photographed for analysis of infiltrating cells on
graft. The number of infiltrating mononuclear cells and inflammatory cells per high power
field (HPF; 40×objective) was counted from three different regions of each sample for
comparison.
2.3.3 Reverse Transcription Polymerase Chain Reaction (RT-PCR)
The harvested implants were examined using RT-PCR to determine the ideal timing of
implant removal from recipients. The harvested implants were cut into small pieces by
blade, and total RNA was isolated using TRIZOL reagent (Invitrogen., Carlsbad, CA, USA),
according to the manufacture’s instruction. Briefly, harvested implants were homogenized
in 1 ml of TRIZOL reagent, then 200 ㎕ of chloroform were added. Samples were
centrifuged at 12,000 ×g for 15 min at 4 ℃ , and the aqueous phase was transferred to fresh
tubes. One ml of isopropanol was added and the mixture was placed at -20 ℃ for 8 hrs.
Sedimentation was performed by centrifugation at 12,000 ×g for 15 min at 4 ℃. The resulting
RNA pellet was suspended in 75% EtOH and centrifuged at 8,000 ×g for 10 min at 4 ℃. The
RNA pellet was dissolved in DEPC-treated RNase-free water. Complementary DNA
(cDNA) was made with AccuPowerTM RT Premix (Bioneer Co., Daejeon, Korea) in a total
volume of 20 ㎕ containing 250 mM Tris-HCl (pH 8.3), 375 mM KCl, 15 mM MgCl2, 50 mM
DTT, 1 mM dNTP, 10 U RNasin, and 20 U RTase. Total RNA (2 ㎍) and random primer (0.5
㎍) were added to the RT Premix. The RT reaction was started at 57 ℃ for 10 min to
denature RNA and reverse transcription took place at 42 ℃ for 1 hr, followed by RTase
inactivation at 94 ℃ for 5 min. The validity of the RT reaction was determined internally
using rabbit glyceraldehyde-3-phosphate dehydogenase (GAPDH) primers. PCR
amplification was performed with AccuPowerTM PCR Premix (Bioneer Co.) using 5 ㎕ of the
cDNA product in a total volume of 20 ㎕, containing 10 mM Tris-HCl (pH 9.0), 40 mM KCl,
1.5 mM MgCl2, 1 U DNA polymerase, 1 mM dNTP, and 10 pmole of each specific primers.
The reactions were run using a GeneAmp PCR System 2400 (Perkin Elmer Co., Waltham,
MA, USA). RT-PCR products were electrophoresed on 1.0% agarose gels in Tris-acetateEDTA (TAE) buffer, stained with ethidium bromide, and photographed under UV
transillumination.
2.4 Biocompatibility tests using lamellar keratoplasty
Five New Zealand white rabbits, weighing 2-3 kg, were used for this study. All rabbits
were anesthetized with an intramuscular injection of mixture of Tiletamine and
Zolazepam (Zolatil®, 12.5mg/Kg; Virbac Lab) and xylazine (Rompun®, 12.5mg/Kg, Bayer
Korea). The superficial corneas of rabbits were excised with a 4-mm punch. Lyophilized
APCs treated with substance-P, which were maintained under superior limbal
conjunctivae of rabbits for 7 days, were transplanted and fixed with 10-0 nylon (8 sutures)
into rabbit corneas. Therapeutic contact lens was applied and tarsorrhaphy was
performed. All rabbits received topical levofloxacin (Cravit®; Santen) eye drops three
times daily until the end of the study. Therapeutic lens and tarsorrhaphy were removed
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after complete corneal epithelial regeneration, and the sutures were removed when they
were loosened.
Slit lamp biomicroscopic examinations and photographs were done every week for 2
months for changes in transparency and neovascularization. A 0-4+ scoring system was
devised to describe the extent of opacification semi-quantitatively (Fantes et al., 1990).
Scoring was as follows: 0, totally clear; 0.5+, trace corneal haze seen only by indirect broad
tangential illumination; 1+, haze of minimal density seen with difficulty with direct
illumination ; 2+, mild haze easily visible with direct focal illumination; 3+, moderate dense
opacity that partially obscured the iris details; and 4+, severe dense opacity that obscured
completely the details of intraocular structures. A similar scoring system was developed to
assess the extent of neovascularization, as follows: 0, no vessels extending toward the graft;
1+, vessels reaching the graft margin; 2+, vessels invading the graft; 3+, many vessels
traversing the grafts (Konya et al., 2005; Jeong et al., 2009).
At 4 and 8 weeks, the rabbits were sacrificed, and the corneas were harvested under
anesthesia. H&E and vimentin staining were done to observe the stromal cells repopulated
in lyophilized APCs.
2.5 Statistical analysis
Data are expressed as the means±standard deviation. Statistical analysis was performed
using SPSS (version 17.0 for Windows; SPSS, Inc., Chicago, IL, USA). Intergroup
comparisons were analyzed using the Mann-Whitney U test. Statistical significance was set
at a p < 0.05.

3. Results
3.1 Assessment of lyophilized APC
3.1.1 Optical transparency
The lyophilized APCs were visually opaque initially. After subconjunctival implantation,
the lyophilized APCs were cleared with a transparency of 1+ by POD 7th; subsequently,
the APCs gradually became opaque over 21 days. However the CSs and 8 sheets of bovine
AMs were opaque, with scores of 3+~4+ over the entire examination point (Fig. 1). There
was no difference in visual transparency of each implant whether or not treated with
substance-P.
3.1.2 Histologic characterization
H&E staining of lyophilized APCs that were kept subconjunctivally for 7 days showed a
number of rounds or spindle-shaped mononuclear cells, suggestive of corneal stroma-like
cells, with an occasional inflammatory cell infiltration. Histologic analysis of lyophilized
APCs that were kept for 3 days subconjunctivally revealed rare corneal stroma-like cells
inside the graft, while APCs that were kept for 14 and 21 days subconjunctivally showed
significant inflammatory cell infiltration, including polymorphonuclear leukocytes, and
some monocytes (data not shown). Thus, lyophilized APCs that were kept for 7 days
subconjunctivally were chosen as the ideal implants with cells grown in vivo, and the
histologic appearance was compared with controls (Fig. 2).
The number of corneal stroma-like cells in lyophilized APCs and bovine AMs were
comparable (average, 16.2±2.1 cells per field for lyophilized APCs vs. 18±4.0 cells per field
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for bovine AMs; p=0.24), and were significantly greater than CSs (average, 9.6±1.7 cells per
field; p<0.05). In implants treated with substance-P, increased infiltration of corneal stromalike cells was observed, but there was no significant difference following treatment with
substance-P (p=0.23).

Fig. 1. Optical transparency of subconjunctival implants 7 days postoperatively.
The lyophilized acellular porcine cornea (A) and lyophilized acellular porcine cornea soaked
in substance-P (B) showed approximately one-third transparency compared to the
surrounding letter. Collagen sheet (C) and collagen sheet soaked in substance-P (D) were
visually opaque. Eight sheets of amniotic membrane were also visually opaque (E), but
single sheets of amniotic membrane was clear (F).
The average number of inflammatory cell in the lyophilized APC infiltrate was 11.4±1.1 cells
per field, which was much less than bovine AM and CS infiltrates (34.8±5.5 cells per field for
bovine AMs and 61.8±8.3 cells for CSs). Treatment with substance-P did not have an effect
on the inflammatory cell infiltrate in implants.
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Fig. 2. Hematoxylin-eosin staining of amniotic membranes (A, B), lyophilized acellular
porcine corneas (C, D), and collagen sheets (E, F) (B, D, F soaked in substance-P).
Amniotic membranes and lyophilized acellular porcine corneas had more keratocytes (black
arrow) than collagen sheets. Lyophilized acellular porcine corneas were shown to have less
inflammatory cells (black arrowhead) than amniotic membranes and collagen sheets.
Keratocytes were more visible in implants treated with substance-P. Original magnification:
x400.
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3.1.3 Expression of protein markers
The expression of protein markers was examined on implants that were kept for 7 and 14
days after surgery using RT-PCR (Fig. 3). The overall expression of protein markers was
more remarkable in implants that were kept for 7 days than 14 days post-operatively, which
is in agreement with the histologic results of stroma- like cells 7days after surgery.

Fig. 3. Expression of various markers in subconjunctival-inserted implants.
Most markers were more highly expressed in the implants 7 days after insertion than
implants 14 days after insertion. Also, stem cell markers (c-kit and VEGFR2) and protein
markers (aggrecan and laminin) were more expressed in implants treated with substance-P.
AM : Amniotic membrane, AMS : Amniotic membrane soaked in substance-P, LS :
Lyophilized acellular porcine cornea, LSS : Lyophilized acellular porcine cornea soaked in
substance-P, CS : Collagen sheet, CSS : Collagen sheet soaked in substance-P, 7 : Implant
which was kept for 7days after subconjunctival insertion, 14 : Implant which was kept for
14days after subconjunctival insertion
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The corneal protein markers, aggrecan and laminin, had significantly increased
expression in lyophilized APCs, especially APCs treated with substance-P. Among the
stem cell markers, CD34, CD29, and CD105 had a similar level of expression between each
implant, but c-kit was only expressed in lyophilized APCs. The expression of c-kit and
VEGFR2 was more prominent in the lyophilized APCs treated with substance-p.
Increased expression of the transcription and differentiation genes (Oct4 and Pax6,
respectively) was also observed in lyophilized APCs in comparison with AMs and CSs.
The expression of Oct4 and Pax6 was also more distinct in lyophilized APCs treated with
substance-P. The expression of type Ⅰ collagen was higher in CSs compared with AMs or
lyophilized APCs.
3.2 Biompatibility of lyophilized APCs treated with substance-P used in lamellar
keratoplasty
Although corneal haziness was initially observed and aggravated around the graft in
rabbits by 2 weeks, none of the lyophilized APCs showed signs of rejection or severe
inflammation. Corneal opacity and neovascularization began to improve 3~4 weeks after
surgery, and completely cleared after 6 weeks (Table 1, Fig. 4). The epithelium over the
graft was beginning to heal 1 week after surgery, and was usually completed 6 weeks
after surgery.

†
‡

Opacity scores

Neovacularization scores

1week

1.5±0.8†‡

1.4±0.5†‡

2weeks

2.8±1.0†‡

2.1±0.9†

3weeks

2.4±0.7†‡

2.8±0.7†‡

4weeks

1.4±0.7†‡

1.6±0.5†‡

5weeks

0.4±0.5‡

0.8±0.5†‡

6weeks

0.0±0.0

0.4±0.5‡

7weeks

0.0±0.0

0.0±0.0

8weeks

0.0±0.0

0.0±0.0

p<0.05 comparison with grade 0 (Mann-Whitney U test)
p<0.05 comparison with previous finding (Mann-Whitney U test)

Table 1. Comparison of corneal opacity and neovascularization in acellular porcine cornea
group after surgery.
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Fig. 4. Results of lamellar keratoplasty using lyophilized acellular porcine corneas.
Corneal opacities and neovascularization appeared 1 week post-operatively, which became
more severe 2 weeks after surgery. Opacity and neovascularization decreased 3~4 weeks
post-operatively, and corneas recovered transparency 5 weeks after surgery.
Based on H&E staining, corneal stromal cells were observed in lyophilized APCs with rare
infiltration of inflammatory cells 1 month after surgery. The lyophilized APCs were wellintegrated into the host tissues, showing indistinct borders with normal rabbit corneal
stroma on histology examination. These findings were more prominent 8 weeks after
surgery. Vimentin staining showed viable stromal cells in grafted lyophilized APCs and
recipient rabbit corneas, and a similar histologic pattern of grafted lyophilized APCs with
recipient rabbit corneas (Fig. 5).
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Fig. 5. Hematoxylin-eosin staining (A, C) and vimentin immune-histochemical staining (B, D)
of grafted lyophilized acellular porcine cornea.
Corneal stromal cells presented in lyophilized APCs with rare infiltration of inflammatory
cells 4 weeks after surgery (A). The lyophilized APCs were well-integrated into rabbit
corneas with indistinct borders, and incomplete epithelization was shown. At 8 weeks, the
number of corneal stromal cells increased and complete epithelization was observed (C).
The staining aspects of vimentin in porcine corneas were very similar to the host cornea (B, D).
(original magnification: x400)

4. Discussion
Porcine corneas have a well-organized structure similar to human corneas, and have now
been extensively studied as a supplement to corneal collagen (Kampmeier et al., 2000; Xu et
al., 2008). With respect to the use of porcine corneas, the most significant limitation is
hyperacute or acute rejection, mainly due to xenogenic antigen (Li et al., 1992; Tseng et al.,
2005). Several decellularization methods have been reported to decrease the antigenicity by
removing stromal cells, but the ideal method for graft survival has not been determined
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(Gilbert et al., 2006; Grauss et al, 2005; López-García et al, 2007). In the current study, we
used physical methods to decellularize the porcine cornea by a freeze-thaw technique in
combination with a centrifuge. In comparison with chemical methods destroying cells and
collagen microstructures, this freeze-thaw technique has the advantage in eliminating
stromal cells, while minimizing damage to the extracellular matrix (Gulati, 1988; Jackson et
al., 1991). Lyophilization makes tissues less immunogenic by removing antigen-expressing
cells and keeps the tissue sterilized for a longer period of time (Coombes et al., 2001; Pepose
et al., 1991; Rostron et al., 1988; Zavala et al., 1985). We have previously reported the
clinical and histological importance of lyophilization in producing less antigenicity and
longer survival after xenotransplantation in rabbits (Lee at al., 2010).
Although decellularization is an essential process to minimize immune rejection, but
transplantation of acellular lyophilized tissue alone might impede the healing process and
increase the risk of infection, especially in immune-privileged tissues, such as the cornea.
Efficient tissue regeneration usually needs repopulation of biologic decellularized scaffolds
with interstitial cells (Lichtenberg et al., 2006). In the cornea, the role of corneal cells in
optical transparency is already known. Accordingly, co-transplantation of acellular scaffolds
with viable corneal cells appears to be important for graft survival and optical transparency
in the cornea. In this study, we removed the stromal cells, and attempted in vivo cultivation
rather than direct seeding of cells to increase graft survival and rapid acceptance. In vivo
cultivation has been used for reconstruction of the ocular surface, and has advantage of
maintaining corneal cell characteristics due to cell mitosis in vivo (Kim et al., 2008). Direct
seeding of cells usually requires ex vivo cultivation, which is limited by facilities and
equipment, and has a higher risk of infection.
In the present study, we showed that lyophilized APCs recellularized for 1 week had better
optical transparency than APCs recellularized for different periods of time. The implants
that were kept > 2 weeks had severe fibrosis adherent to the recipient tissue. This result
indicates that implants in the limbus appear to serves as a medium for cultivation, and
lacking the immune privilege of the eye, were ultimately rejected by the immune response.
Nevertheless, it is remarkable that originally opaque APCs had better transparency after
recellularization process for 1 week. Histologic examination demonstrated an abundance of
stroma-like cells spreading into lyophilized APCs, which appear to be responsible for
implants transparency. The expression of aggrecan and laminin in RT-PCR of lyophilized
APCs implanted in the limbus of rabbits showed that cells grown in lyophilized APCs had
the specific activity of keratocytes. Aggrecan is main glucoprotein of the sclera, and laminin
is the main protein of the basement membrane, and thus has an important role in cell
proliferation, migration, and adhesion (Doege et al, 1991; Dunlevy & Rada, 2004; Filenius et
al., 2001; Yurchenko & Batton, 2009). These findings provide a plausible explanation as to
why recellularized APCs in rabbit eyes showed better transparency, and supported the
effectiveness of in vivo recellularization over the implants. Compared with lyophilized
APCs, excessive infiltration of cells (primarily inflammatory cells) were noted on the bovine
AMs and CSs. Multiple micropores on bovine AMs and CSs in comparison with the small
surface area of lyophilized APC could be responsible for over-infiltration of cells.
Substance-P is known to stimulate migration of bone marrow stem cells, and accelerate the
wound healing process (Hong et al., 2009). In this study, we attempted to evaluate the effect
of substance-P treatment on implants, and found that expression of mesenchymal stem cell
factors (CD 29 and CD105) was not affected by substance-P treatment. However, endothelial
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stem cell factors (VEGFR2 and c-kit, but not CD34) were highly expressed in lyophilized
APCs treated with substance-P. In addition, the increased expression of transcription and
differentiation genes (Oct4 and Pax6) and ocular specific proteins (aggrecan and laminin)
was also noted in lyophilized APCs treated with substance-P. The transcription factor Oct4
is critical for self-renewal and maintenance of embryonic stem cells, which has a role in
controlling cellular phenotype (Zhou et al., 2010). Pax6, located on the short arm of
chromosome 11, is known to produce a protein which is very important in ocular
development (Ton et al., 1991; Glaser et al., 1992). It is difficult to validate the specific role of
mesenchymal and endothelial stem cells during the recellularization process in this study. It
is possible that the expression of stem cell factors might contribute to rejection in
coordination with higher cellularity and enhanced angiogenesis. Still, higher expression of
genes imperative for corneal development in lyophilized APCs treated with substance-P
implicated the substantiality and validity of substance-P treatment in xenografts.
To identify the usefulness of our methods in preparing APCs, we transplanted lyophilized
APCs with cells grown in vivo in rabbit corneas using lamellar keratoplasty. Previous
studies using APCs reported at least 8 weeks to accept porcine collagen, suggesting that
rejection could be inhibited by removing antigenicity, but failed to decrease the
inflammatory reaction caused by the graft itself (Xu et al., 2008; Lin et al., 2008). Our study
showed that corneal opacity improved within 4 weeks after the grafting, indicating that
corneal stromal cells surviving in APCs function immediately after transplantation. Also,
the histologic examination showed well-integrated implants with indistinct borders, and
viable corneal stroma-like cells in vimentin staining. It is interesting that corneal haziness
becomes aggravated immediately after transplantation, then improved 3~4 weeks after
transplantation. The improvement in corneal haziness was accompanied with
epithelialization over the implants, indicating the importance of tight junctions in the
epithelium that controls the flow of fluid into the cornea.
This study suggests that lyophilized APCs repopulated with recipient allograft cells might
be a physiologically functional tissue substitute in xenotransplantation. The rabbit cornea
recipients stayed clean after receiving a lyophilized APC. Although, additional experiments
are required to clarify the role of substance-P and the recellularization process, we believe
that our results might provide a valuable clinical input to tissue-engineered corneal
scaffolds using porcine corneas to facilitate the rapid restoration of the ocular surface.

5. Conclusion
The increase of ocular surface disease and shortage of cornea donors need the tissueengineered corneal equivalent. The lyophilized acellular pig corneal stroma, which is devoid
of α-gal epitope, is less antigenic than fresh pig corneal stroma, and might be a useful
alternative to corneal tissue. We previously demonstrated that lyophilized APCs survived
longer than fresh porcine corneas in pig-to-rat model, but the delayed healing and the risk
of infection caused by an acellular substrate graft in immune-privileged corneal tissue
require another resolution. In the present study, we investigated the effectiveness of
lyophilized APCs with cells grown in vivo and stimulated with substance-P. The results
showed that lyophilized APCs repopulated with cells grown in vivo for 1 week had better
optical transparency compared with controls. More infiltrated corneal stromal-like cells
observed in lyophilized APC in comparison with controls in histology might explain the
better optical transparency, and higher expression of stem cell markers (c-kit and VEGFR)
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and corneal protein markers (aggrecan and laminin) in lyophilized APCs repopulated with
cells grown in vivo for 1 week support the importance of recellularization of graft before
transplantation. These findings were more remarkable in lyophilized APC treated with
substance-P, which implicated the possible role of substance-P in stromal cell maturation in
cornea. Lamellar keratoplasty using lyophilized APC containing cells grown in vivo and
stimulated with substance-P had good graft survival without rejection for 8 weeks. These
results might provide a valuable clinical input to xenotransplantation using porcine cornea,
and lyophilized APC with cells grown in vivo might be useful for ocular surface
reconstruction.
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1. Introduction
The brain can be damaged by a wide range of conditions including infections, hypoxia,
poisoning, stroke, chronic degenerative disease and acute trauma. Some of the most
problematic forms of brain damage are those associated with chronic neurodegenerative
diseases or acute brain trauma as a result of contusive or penetrating injury. In these cases,
damage results in the loss of specific populations of neurons and the development of
defined psychiatric or neurological symptoms. Current treatments for these problems are
designed to pharmacologically modify disease symptoms; however, no therapies are yet
available that fully restores lost function or slow ongoing neurodegeneration in the brain.
Many promising therapies with growth factors has been implicated in brain regeneration,
repair and neuroprotection in the central nervous system produced interesting results, such
as vascular endothelial growth factor (VEGF) (Spuch et al. 2010) brain derived growth factor
(BDNF) (Malik et al., 2010) or nerve growth factor (NGF) (Sharma. 2010). However, the
critical problem is the way to deliver, in a continuous and localized manner, and more
important is to supply physiological amounts of growth factors into focus damage of the
brain tissue. One interesting approach is cell encapsulation, in which engineered somatic
cells are protected against immune cell mediated and antibody-mediated rejection through
immobilization in a polymer matrix surrounded by a semipermeable membrane. The latter
regulates the bidirectional diffusion of nutrients, allowing the controlled and continuous
delivery of therapeutic proteins in the absent of immunosupression in the proper
concentration and localization.
Encapsulated cells offer enormous potential for the treatment of human disease. Many
attempts have been made to prevent the rejection of transplanted cells by the immune
system. Cell encapsulation is promising machinery for cell transplantation and new
materials and approaches were developed to encapsulate various types of cells to treat a
wide range of diseases.
Cell microencapsulation holds promise for the treatment of many diseases by the
continuous delivery of therapeutic products. The complexity of many neurological diseases
needs the developing of new drugs and especially new pathways to deliver the drug at
proper concentration and into the correct localization. One critical problem is the way to
deliver, in a continuous and localized manner, physiological amounts of drugs. One
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promising technology is the developing of new biomaterial components with the capacity of
envelope drugs, cells or tissues, being able to distribute the drug therapy, and, at the same
time, to be isolated of immune system. The main goal of microcapsules technology is the
capacity to release growth factors, peptides, proteins or hormones in a precise location and
to keep isolated from immune system attack. This is the critical issue for the long-term
efficacy of this biotechnology, due the core of microcapsules is made of cells or tissue that
are able to regulate, by themselves, the release of the necessary drug at the implanted tissue,
and at the same time, the grafts are isolated from the immune system.
The objective of this chapter is to summarize the recent investigations and news related with
cell microencapsulation technology, and the possible therapeutic applications of growth
factors-secreting cells on brain impairment in different neurological disorders and brain
tumours. We will comment our investigations related last publications and patents in cell
microencapsulation and our findings confirming the evidence of a potential therapeutic
benefit of growth factors therapy in neuroprotection with VEGF and the last results with
BDNF microcapsules implants such as therapeutic value in the treatment and prevention of
brain damage.

2. Overview
Each year over 10 million people globally suffer from neurodegenerative diseases. This
figure is expected to grow by 20% over the next decade as the aging population increases
and lives longer. It is the fourth biggest killer in the developed world after heart, cancer and
stroke. There are millions of sufferers worldwide, and can occur at any age but it is more
common among the elderly. Many similarities appear which relate these diseases to one
another on a sub-cellular level. Discovering these similarities offers hope for therapeutic
advances that could ameliorate many diseases simultaneously. Gene defects play a major
role in the pathogenesis of degenerative disorders of the nervous system; however a feature
observed in the most common neurodegenerative disorders is the dichotomy between
familial forms and seemingly non-familial or sporadic forms characterized by the persistent
and progressive loss of neuronal subtypes.
The most common neurodegenerative diseases are Alzheimer disease, Parkinson disease,
Lewy body dementia, frontotemporal dementia, amyotrophic lateral sclerosis, Huntington
disease, and prion diseases. The most widely recognized are Alzheimer's disease and
Parkinson's disease, which are among the principal debilitating conditions of the current
century. Approximately 24 million people worldwide suffer from dementia, of which 60% is
due to Alzheimer’s disease occurs in 1% of individuals aged 50 to 70 years old and
dramatically increases to 50% of those over 70 years old [Ferri et al, 2005). Alzheimer’s
disease is typified clinically by learning and memory impairment and pathologically by
gross cerebral atrophy, indicative of neuronal loss, with numerous extracellular neuritic
amyloid plaques and intracellular neurofibrillary tangles found predominantly in the frontal
and temporal lobes, including the hippocampus (Morgan, 2011). The number of cases of
dementia was studied by European Community Concerted Action on the Epidemiology and
Prevention of Dementia group (EURODEM). The total cost of illness of dementia in the
European Union27 in 2008 was estimated to be EUR 160 billions, EUR 22.000 per person
with dementia per year. This study also estimated in the United Kingdom that 683.597
people suffered from dementia in 2005, with the total forecasted to increase to 940.110 by
2021 and 1.735.087 by 2051. The economists of United Kingdom calculate in £ billion in care
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costs and lost of productivity. This terrible estimation will be similar in the rest of European
countries (Brayne et al, 2011 and Virues-Ortega, 2011). Only in United States Alzheimer’s
disease is the sixth leading cause of all death and is the fifth leading cause of death in
Americans aged with more than 65 years-old. (Alzheimer’s association, 2011). Although
other major causes of death have been decrease, deaths because of dementia have been
rising dramatically, and the worst is that the true social impact is incalculable.
Few cases of dementia are diagnosed in early stages, as many of the associated symptoms,
e.g. memory loss, could be attributed to other conditions such as depression, diabetes,
thyroid abnormalities, delirium, alcoholism or simple ageing. This makes diagnosis
particularly difficult, such that it may take up to one year or longer for a final diagnosis to
be made. Formal testing for dementia requires mental ability tests, such as the Mini Mental
State Examination (MMSE), a review of medical history and current medications, an
examination of biological markers such as levels of abnormal proteins associated with
different dementias, and sometimes imaging scans such as magnetic resonance imaging
(MRI) scan to detect changes in the brain. Current treatment options for dementias leave
much to be desired. Existing medications, which either prevent the breakdown of
neurotransmitters or modulate key receptors in the brain, can temporarily ease some of the
cognitive decline associated with the disease, but they do nothing to halt or reverse its
progression. And although scientists are developing new therapeutics that target the cause
of the different dementias more directly, even these latest experimental drugs might do little
to help patients. To make headway, some neuroscientists and neurologist experts now argue
that the research community must fundamentally change how it diagnoses the disease and
designs clinical trials.
There is still no cost-effective method of identifying people with dementia through
population screening. Early diagnosis of dementia is important, allowing those with
dementia and their carers to plan better for their future and to start treatments that may
slow disease symptoms. Nowadays, pharmaceutical agents that are used to treat brain
disorders are usually administered orally, such as donepezil, memantine, rivastigmine,
galantamine and tacrine for Alzheimer’s disease (Pasic et al, 2011); or levodopa, entacapone,
pramipexole and ropinerole for Parkinson´s disease (Morley & Hurtig, 2010). However,
most of the ingested drugs does not target the brain in full conditions and is, instead,
metabolized totally or partially by the liver. This inefficient utilization of drug may require
ingestions of higher drug concentrations that can produce toxic effects such as
cardiotoxicity, hepatotoxicity and nephrotoxicity. Also, many therapeutic agents are poorly
soluble or insoluble in aqueous solutions. These drugs provide challenges to delivering
them orally or parentally, however these compounds can have significant benefits when
formulated through nanoparticles or microcapsules technology. More efficient use of the
drug can be realized both by eliminating liver metabolism and directly targeting the brain.
Notwithstanding these difficulties, the nanotechnology may provide a solution to overcome
the diagnostic and neurotherapeutic challenges for neurodegenerative and neurological
diseases. Nanotechnology employs engineered materials or devices with the smallest
functional organization on the nanometre scale (1–100 nm) that are able to interact with
biological systems at the molecular level. Nanoparticles are able to penetrate the blood brain
barrier of in vitro and in vivo models. Nanotechnology can therefore be used to develop
diagnostic tools as well as nano-enabled delivery systems that can bypass the blood brain
barrier in order to facilitate conventional and novel neurotherapeutic interventions such as
drug therapy, gene therapy, and tissue regeneration. Nanotechnology is currently being
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used to refine the discovery of biomarkers, molecular diagnostics, drug discovery, and drug
delivery, which could be applicable to the management of serious neurodegenerative
diseases such as Alzheimer’s disease or Parkinson’s disease.
The other great promise in the treatment of neurodegenerative diseases is the
microencapsulation of cell types secreting bioactive substances locally in the damage area of
the brain. The main handicap for the delivery of potentially therapeutic drugs to the brain is
hindered by the different blood brain barriers, which restricts the diffusion of drugs from
the vasculature to the brain parenchyma. One means of overcoming the blood brain barrier
is with cellular implants that produce and deliver therapeutic molecules. Polymer
encapsulation, or immunoisolation, provides a means of overcoming the blood brain barrier
to deliver therapeutic molecules directly into the central nervous system region of interest.
Immunoisolation is based on the observation that xenogeneic cells can be protected from
host rejection by encapsulating, or surrounding, them within an immunoisolatory, semi
permeable membrane. Cells can be enclosed within a selective, semi permeable membrane
barrier that admits oxygen and required nutrients and releases bioactive cell secretions, but
restricts passage of larger cytotoxic agents from the host immune defence system. The
selective membrane eliminates the need for chronic immunosuppression of the host and
allows the implanted cells to be obtained from nonhuman sources.

Nutrient
Drug

Living
Microcapsul

Immune

Fig. 1. Scheme of microcapsules containing living cells.
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Likewise, a detailed understanding of their genetic and molecular basis will be essential for
the development of effective strategies aimed at the early prediction and early
prevention/treatment of these devastating diseases. In this review, microencapsulation
technology for treating CNS diseases is updated from considerations of device
configurations, membrane manufacturing and characterization in different preclinical
models of neurodegenerative diseases.

3. Nanotechnology
The most promising aspect of pharmaceuticals and medicine as it relates to nanotechnology
is currently drug delivery. Nanotechnology will play a key role developing new diagnostic
and therapeutic tools. Nanotechnologies use engineered materials with the smallest
functional organization on the nanometre scale in at least one dimension. Some aspects of
the material can be manipulated resulting in new functional properties.
Nanoparticles hold tremendous potential as an effective drug delivery system. In this
chapter we discuss recent developments in nanotechnology and especially in
microencapsulation cell technology for drug delivery, image diagnostics and new
therapeutic treatments. To overcome the problems of gene and drug delivery,
nanotechnology has gained interest in recent years. Nanosystems with different
compositions and biological properties have been extensively investigated for drug and
gene delivery applications. To achieve efficient drug delivery it is important to understand
the interactions of nanomaterials with the biological environment, targeting cell-surface
receptors, drug release, multiple drug administration, stability of therapeutic agents and
molecular mechanisms of cell signalling involved in pathobiology of the disease under
consideration. Several anti-cancer drugs including paclitaxel, doxorubicin, 5-fluorouracil
and dexamethasone have been successfully formulated using nanomaterials. Quantom dots,
chitosan, Polylactic/glycolic acid (PLGA) and PLGA-based nanoparticles have also been
used for in vitro RNAi delivery. Brain cancer, neurological and neurodegenerative diseases
are one of the most difficult diseases to detect and treat, mainly because of the difficulty in
getting imaging and therapeutic agents past the blood-brain barrier and into the brain.
Anti-cancer drugs such as loperamide and doxorubicin bound to nanomaterials have been
shown to cross the intact blood-brain barrier and released at therapeutic concentrations in
the brain.

4. Process of microencapsulation
The process of microencapsulation has been used for many years, with the introduction of
many diverse applications of the basic principle. Microencapsulation is a process by which
very tiny droplets or particles of liquid or solid material are surrounded or coated with a
continuous film of polymeric material. Most microcapsules have diameters between a few
micrometers and a few millimetres. The idea was based on natural subcellular organelles
which contain proteins, growth factors or enzymes. The first suggestion was made in 1964
about that encapsulation could be used to replace cells or cell products lost due to genetic
defects (Chang, 1964). Although, microencapsulation as a viable procedure to
immunoisolate cells for transplantation was introduced more than twenty years ago (Lim &
Sum, 1980), it has had a slow progress towards clinical application. Microencapsulation
technology holds promise methodology for the treatment of many diseases by the
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continuous delivery of therapeutic products, for example, due to slow production rates and
the appearance of fibrotic overgrowths around the capsules, which can result in endotoxin
contamination, e.g., oxygen and nutrient deprivation of the enclosed cells. However, when
we talk about how to apply this promising technology in the treatment of neurological and a
neurodegenerative disease presents a major problem, how to introduce this therapeutic
agent into the brain in a safe an undamaged manner.
The biocompatibility of the microcapsules and their biomaterials components are a critical
issue for the long-term efficacy of this technology. Microcapsules are polymers that can
carry multiple therapeutic agents such as cells, drugs or proteins. The method of producing
and designing these polymers is one of the most important steps in the developing of
microencapsulated pharmaceutical products. Polymers are usually formulated using
hydrophobic synthetic polymers and copolymers such as PLA and PLGA, polyacrylates and
polycaprolactones or natural polymers such as albumin, gelatine, alginate, collagen and
chitosan (Orive et al, 2003a). PLA and PGLA are the biomaterials most investigated for
microencapsulation for drug delivery (Jain, 2000 and Langer, 1997). The alginate
composition and purification, the selection of the polycation, the interactions between the
alginates and the polycation, the microcapsule fabrication process, the uniformity of the
devices and the implantation procedure are key factors for the correct developing of
biocompatible microcapsules.
Microcapsules comprise a wall which surrounds an encapsulated material.
Microencapsulation includes bioencapsulation which is more restricted to the entrapment of
a biologically active substance generally to improve its performance or enhance its shelf life.
Chemical and physical methods for cell immobilization are fairly diverse, and a large
number of systems have been created that entrap catalytically active cells in various
matrices, such as carrageenan, alginate, polyacrylamide and polyethylene glycol gels, as
well as polyurethane foams (Orive et al, 2009). A novel polymeric methodology for
microencapsulation based on immobilized living cells has been developed and now is
available for different applications. This methodology is based on the formation of gel
structures during the process of cooling and subsequent freezing of cell suspensions in
polymer solutions.
The wall of the microcapsules should protect the material from external environment and
is mainly made by polymers. The polymer used in the encapsulation art has to be
biocompatible and biodegradable polymer (Mulqueen et al, 2010). The molecular weight
of a polymer is important because influences the biodegradation rate although any
desired molecular weight can be used, depending of the properties for the microparticles
desired. In certain aspects a high strength polymer is need it to meet strength
requirements, or low molecular weight polymers when resorption time is priority. For a
diffusional mechanism of bioactive agent release, the polymer should remain intact until
all of the drug is released from the polymer and then degrade. In some aspects, the time
interval to degrade the polymer within a wanted time can be from about less than one day
to months or years. Also, the selection of the polymer can influence the desired lapse time
after the implantation. For example, a recent patent disclose a microencapsulation process
using epoxy resin is able to change this properties (Cen et al, 2010). An improvement in
this process of generation of new polymers was described by a new patent, where new
emulsions and solvents it was generated better walls for the microcapsules (Raiche et al,
2010).
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After designing the right biodegradable polymers, microencapsulation has permitted
controlled release delivery systems. These revolutionary systems allow controlling the rate,
duration and distribution of the active drug. With these systems, microparticles sensitive to
the biological environment are designed to deliver an active drug in a site-specific way. One
of the main advantages of such systems is to protect sensitive drug from drastic
environment and to reduce the number of drug administrations for patient (Spuch &
Navarro, 2010).

5. Cell microencapsulation implants to treat brain diseases
Drugs agents that are used to treat central nervous system are usually administered orally.
However, the penetration of drug into brain decrease exponentially with the distance from
cerebrospinal fluid surface, it is necessary to administer high concentrations of drug into
cerebrospinal fluid compartment. The ependymal surface is exposed to very high drug
concentration, which can have toxic side effects. The treatments with growth factors are very
promising; however there are side effects due to the route of administration. It was
demonstrated the beneficial effects of different growth factors for the treatment of various
brain diseases. For example, it was published the beneficial effects of IGF-I (insulin growth
factor-I) associated to a significant increase in brain amyloid-beta complexed to protein
carriers such as albumin, apolipoprotein J or transthyrretin, supporting a therapeutic use of
IGF-I in neurodegenerative diseases (Carro et al, 2006a, 2006b). Moreover, it was showed the
intracerebroventricular (icv) administration of NGF (nerve growth factor) resulted in axonal
sprouting and Schwann cell hyperplasia on the ependymal or arachnoids surface (DayLollini et al, 1997). The icv administration of fibroblast growth factor (FGF)-2 results in
periventricular astrogliosis (Yamada et al, 1991). Also, the icv administration of glial-derived
neurotrophic factor (GDNF) in Parkinson’s disease, resulted in no penetration of the GDNF
into substance nigra or into the caudate putamen nucleus, but did result in high incidence of
adverse events (Nutt et al, 2003). Conversely, it is sometime desirable to deliver high
concentrations of drug to the meningeal surface of the brain, such as in the treatment of
meningeal infiltration of leukemia cells, and this can be achieved with intrathecal drug
administration through microcapsules implants.
However, most of these drugs does not target the brain because does not across the blood
brain barrier. This inefficient utilization of drug can produce toxic effects in other organs.
More efficient use of the drug can be realized both by elimination liver metabolism and
directly targeting the brain. Based on these premises, the promising features of
microencapsulation technology belong to the direct administration of microencapsulated
drug into the brain (Dou et al, 2006).
The microcapsules to be an implantable drug delivery device has to contain a carrier fluid
the will dissolve the drug when freed from the capsule, a drug releaser for freeing the
microencapsulated drug from the capsule, a reservoir in which the carrier fluid dissolve the
drug. An example of the first problems in the microencapsulation technology was the
therapeutic use of NGF in the prevention and treatment of many neurodegenerative
diseases, such as Alzheimer’s disease, degeneration of cholinergic neurons or the natural
effects of aging in the brain. The first evidences showed that icv administration of NGF
directly or with osmotic pumps prevented the degeneration of these neurons (Cleland et al
2007); however NGF infusion into the brain may be complicated due to stability and
degradation in some implants (Schecterson & Bothwell, 2010). The first improvements were
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made with the NGF microencapsulation, increasing the stability and controlling the release
of recombinant NGF, however this type of microcapsules was not enough.
There are various potential micro-implants employed for the treatment of neurological and
neurodegenerative disorders, such as polymeric nanoparticles, microcapsules, hydrogels, or
liposomes.
5.1 Nanoparticles
The advent of nanotechnology can provide a solution to overcome the future diagnostic and
new neurotherapeutic challenges for neurodegenerative diseases as Alzheimer’s disease and
Parkinson’s disease. This technology employs engineered materials with the smallest
functional organization on the nanometre scale that are able to interact with biological
systems at the molecular level. Nanoparticles are able to penetrate the blood brain barrier
of in vitro and in vivo models disrupting the temporally the barrier and allowing the
incorporation the therapeutic agents into the brain (Rempe et al, 2011). One interesting
pathway to reach introduce drugs with nanoparticles into the brain can be with previous
phagocytise using immune cells that are able to across the blood brain barrier. For example,
there is an invention where involves delivering a drug by using macrophages present in the
patient’s cerebrospinal fluid that are capable to reaching the brain transporting the drug.
This particular mode of delivery utilizing macrophages needs of previous uptake by the
macrophages of nanoparticles loaded with the drug. The great advantage of this
methodology is that these cells are not limited to macrophages, it is possible the use of
monocytes, granulocytes, neutrophils, basophils and eosinophils.
Major future and promising uses of nanoparticles can therefore be to develop diagnostic
tools. For example, amyloid plaques are one of the pathological hallmarks of Alzheimer's
disease, the visualization of amyloid plaques in the brain is important to monitor the
progression of this disease and to evaluate the efficacy of therapeutic interventions.
Recently, many groups are developing new contrast agents to detect amyloid plaques in vivo
using ultrasmall superparamagnetic iron oxide nanoparticles, chemically coupled with
amyloid-beta (1-42) peptide to detect amyloid deposition (Yang et al, 2011). Further,
nanoparticles are currently being used to refine the discovery of biomarkers and molecular
diagnostics, which could be applicable to the management of neurodegenerative and
neurological diseases (Sahni et al, 2010). Current pharmacotherapies for neurodegenerative
diseases that have been successfully encapsulated in nanoparticles are polyphenolic
compounds, (EGCG, apolipoprotein E containing curcumin or resveratrol), hormones
(estradiol, melatonin, vasoactive intestinal peptide) and amyloid targeted drugs (thioflavinT and S, coenzyme Q10, amyloid or gold).
5.2 Microcapsules
The technology of cell microencapsulation represents a strategy in which cells that secrete
therapeutic products are immobilized and immunoprotected within polymeric and
biocompatible devices (Orive et al, 2003b). One of the main advantages of cell
microencapsulation is for the treatment of neurological disorders, where some drugs have
potential therapeutic possibilities, such as growth factors or peptides, however only at low
and constant concentrations. These microcapsules implants are able to secrete only the drug
required by the damaged tissue, because the implants with microencapsulated cell are
formed by live cells. These immobilized live cells that over-express the drug are able to
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regulate themselves for the endeavour. One potential impact of this drug delivery approach
is that administration of immunosuppressants and implementation of strict
immunosuppressive protocols can be reduced or eliminated, therefore the serious risks
associated with these drugs can also be avoided.

Fig. 2. Light microscopy (upper) and fluorescence microscopy (bottom) of encapsulated
cells.
Based on this concept, a wide spectrum of cells and tissues may be immobilized, enhancing
the potential applicability of this strategy to the treatment of numerous diseases. The
therapeutic use of immortalized lines appropriately modified is employed as a medicinal
product in different microcapsules for future treatments in brain disease. Last year, our
group has patented one methodology to treat neurodegenerative diseases based in the cell
microencapsulation of VEGF (vascular endothelial growth factor) overexpression cells. One
goal of theses findings was to develop the therapeutic methodology without alter the blood
brain barrier and to reduce the damage of the brain increasing the vascularity at cortical
levels and reducing the amyloid-beta deposits (Spuch et al, 2010). Other example using
encapsulation procedures are the case of microencapsulation of PC12 cells (dopaminergic
cell line) and also embryonic grafts of dopaminergic cells were able to ameliorate behaviours
in rat and primates after the implants these microcapsules in experimental parkinsonian
models (Cherksey et al, 1996). Recently, based on a previous patent for the treatment of
brain tumours with microcapsules, it was published a promising therapy against
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Alzheimer’s disease with the local and long term administration of CNTF (ciliary
neurotrophic factor) using recombinant cells encapsulated with alginate secreting this
neurotrophin factor (Orive et al, 2010 & Keunen et al, 2011).
In recent years microencapsulation technology and gene therapy was combined to be use as
new therapy to deliver specific substances to target cell in brain tumours. The treatment of
brain tumours represents one of the most challenges in oncology. Many anti-cancer drugs
developed the last years did not provide effects in brain tumours due to impossibility of
cross the blood brain barrier. In particular, the developing of microcapsules loaded with
anti-cancer drug implanted into brain allows the treatment of tumours directly in the origin
of target cells. Some years ago, it was patented a new system for therapy of malignant brain
tumours (Keunen et al, 2011). This methodology used alginate-encapsulated H528 cells
releasing antibodies stabilized potentially inhibit a heterogeneous glioma cell population.
These microcapsules were implanted into brain and after slow and controlled distribution
within all cerebrospinal fluid compartments of the antibodies during 9 weeks, the glioma
were significantly reduced. This example can be apply for other potential anti-cancer drugs
combined with different producer cells increasing the specificity of the treatment and the
potential delivery system for specific brain tumours (Thorsen et al, 2000). Further, new
biomaterials are playing an increasingly important role in developing more effective brain
tumour treatments. This new biomaterials can also serve as targeted delivery devices for
novel therapies including gene therapy, photodynamic therapy, anti-angiogenic and
thermotherapy playing key roles in the diagnosis and imaging of brain tumours by
revolutionizing both preoperative and intraoperative brain tumour detection.
Monoclonal antibodies have been envisioned as useful agents for human therapeutic and
diagnostic applications in vivo. Recent results from human clinical trials suggest that this
potential is becoming a reality. Attention is now shifting to the development of methods to
produce monoclonal antibodies of a quality acceptable for widespread human use and in
sufficient quantity to be a commercially viable product. Microencapsulation technology has
been demonstrated to be suited to the large-scale production of both human and murine
monoclonal antibodies of high purity and activity, for use in applications in vivo. It was
previously comment the possibility of encapsulate antibodies for the treatment of brain
tumours. The same technology using anti-VE-cadherin monoclonal antibodies allowed open
a new alternative for the inhibition of angiogenesis and demonstrates the feasibility of using
microencapsulated cells as a control-drug delivery system (Orive et al, 2001). Also, it was
recently patented the use of human IgM antibodies encapsulated in alginate with
demonstrated activity in the treatment of demyelinating diseases as well as other diseases of
the central nervous system that are of viral, bacterial or idiopathic origin, including neural
dysfunction caused by spinal cord injury (Rodriguez et al, 2009).
Currently, there is ongoing several clinical trial where it is implicated the
microencapsulation technology. There is an interesting clinical trial to treat Parkinson’s
disease with the product named Spheramine. This product, developed by Titan
Pharmaceuticals, is currently under safety and efficacy study. This product consists on
cultured human retinal pigment epithelial cells on microcarriers. These microcarriers are
implanted stereotaxically into both hemispheres of Parkinson’s disease patients, and will be
evaluated during 24 months (NCT00206687 & NCT00761436). Another two clinical trials are
the work from Neurotech Pharmaceuticals to look at the safety and effectiveness of CNTF
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implants on vision in participants with atrophic macular degeneration (NCT00447954) and
retinitis pigmentosa (NCT00447980). The implant is a small capsule that contains human
retinal pigment epithelium cells. These cells have been given the ability to make CNTF and
release it through the capsule membrane into the surrounding fluid.
5.3 Hydrogels
The microencapsulation technique might to solve different problems with the implantation
in several tissues. The brain sometime does not allow the implantation of structures into the
brain because there is not enough space. However, one solution to this problem can be the
use of hydrogels. In this case, cell clusters are immobilized in hydrogel microspheres.
Typically, the semipermeable membranes formed at the microsphere surface, the most
common chemical system of the capsule membrane is by ionic or hydrogen bonds between
two weak polylectrolytes such as acidic polysaccharides (alginic acid) and cationic
polysaccharides (poly-lysine) (Bronich et al, 2006 & Bontha et al, 2006). The entrapment of
the cells is obtained by the gelation. These types of microcapsules were developing for new
therapies to treat diabetes. However, this technology is more promising for neurological and
neurodegenerative diseases. Recently, it was published that the administration of VEGF as a
potential neuroprotective strategy following cerebral stroke (Emerich et al, 2010) or
Alzheimer’s disease (Spuch et al, 2010). VEGF has a short half time life and limited access to
the brain parenchyma following systemic administration. Previously, we commented the
administration of VEGF in cell microcapsules implants, now we describes the incorporation
of VEGF into a sustained release hydrogel delivery system located directly to the site of
infarction.
5.4 Liposomes
Liposomes are vesicular structures composed of uni- or multi-lamellar lipid bilayer
surrounding internal aqueous compartments. The main advantage of these structures is the
relatively large quantities of drug can be incorporated into compartment. However,
liposomes structures present various problems related to administration pathway. Orally
administration is difficult related to the low pH of the stomach and the presence of bile salts
tends to destabilize the liposome complex. Also, liposomes are highly susceptible to
destruction via uptake by reticulo-endothelial system of the macrophages. A way of
protecting liposomes was studied increasing stable bilayers and regulating the release
profile of the liposome.
Between all the applications of this technology, the developing of suitable liposomal carrier
to encapsulate neuroactive compounds is very promising. These liposomes are stable
enough to carry them to the brain across the blood brain barrier with the appropriate surface
characteristics for an effective targeting and for an active membrane transport. It was
described the formulation of liposomes with monosialoganglioside allowing the brain
uptake of these liposomes and of course making then good candidates as drug delivery
system to the brain (Mora et al, 2002).
A novel liposome delivery system was developed for directed transport into olfactory
epithelium cells with polyethylene glycol (PEG)ylated (stealth) immunoliposomes directed
against human gliofibrillary acidic protein (GFAP). The handicap of theses liposomes are
being incapable of penetrating the unimpaired blood brain barrier, nevertheless, may be
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useful in delivering drugs to glial brain tumours (which continue to express GFAP) or to
other pathological loci in the brain with a partially disintegrated blood brain barrier
(Chekhonin et al, 2005 & Chekhonin et al, 2008). Furthermore, this transport system
mediating liposomes holds promise for the delivery of bioactive substances to olfactory
epithelial cells and modulation of their capacity to stimulate axonal regeneration.
Microencapsulation technology has proven to have great potential for providing neurotherapeutic modalities to limit and reverse the neuropathology of neurodegenerative
diseases. Based on this concept our group is working in the establishment of new synapses
in the peripheral and central nervous system activating the long-distance retrograde
neurotrophin signalling. It is well known that target derived NGF is necessary and sufficient
for formation of post-synaptic specialization on dendrites of sympathetic neurons. Based on
this concept, we are working with microencapsulation technology to releases NGF with
implants outside of brain and induce the formation of new synapses in brain region
damaged by ictus and neurodegenerative diseases.
5.5 Exosomes
Recently it has developed a new method for delivering complex drugs directly to the brain.
This new way to get effective drugs from blood to the brain it is the possibility to overcome
the obstacle utilizing exosomes. New studies demonstrated that exosomes are tiny particles
produced naturally by the body and the last investigations adapted them to deliver a gene
therapy.
Exosomes are small capsules that are produced by most cells in the body in varying
amounts. These natural nanoparticles are thought to be one of the ways cells communicate
with each other and the body’s immune system. When exosomes break off from the outer
walls of cells, they can take various cellular signals and genetic material with them,
transporting this material between different cells. The exosomes, injected into the blood, are
able to ferry a drug across the normally impermeable blood-brain barrier to the brain where
it is needed. Lately, it was published that exosomes endogenous vesicles that transport
RNAs and proteins can deliver short interfering RNA to the brain mice. The therapeutic
potential of exosome mediated short interfering RNA delivery was demonstrated by the
strong messenger RNA and protein knockdown of BACE1, a therapeutic target in
Alzheimer's disease, in wild-type mice (Alvarez-Erviti et al, 2011).
Also, it was report that exosomes can deliver anti-inflammatory agents, such as curcumin, to
activated myeloid cells in vivo to treat inflammation-related autoimmune/inflammatory
diseases and cancers. The specificity of using exosomes as a drug carrier creates
opportunities for treatments of many inflammation-related diseases without significant side
effects due to innocent bystander or off-target effects (Sun et al, 2010).

6. Conclusions
The natural barrier exists to protect the brain, preventing bacteria from crossing over from
the blood, while letting oxygen through. However, this has also produced problems for
medicine, as drugs can also be blocked. Currently, less than 5% of drugs are able to cross
the barrier; one example is temozolomide, which is the only chemotherapy available for
treating brain tumours such as glioblastoma multiforme and progressive anaplastic
astrocytoma. These tumours have a poor prognosis and continue to grow, even after

The Therapeutic Potential of Cell Encapsulation
Technology for Drug Delivery in Neurological Disorders

415

treatment with temozolomide. Notwithstanding these difficulties, we expect that cell
microencapsulation technology will have a key role in the systemic application of new
drugs, such as, growth factors, peptides or hormones. Recent advances in the field have
provided novel drugs to fight against neurological or metabolic disorders. Nowadays is
impossible to treat correctly many diseases mainly for the localization of damaged tissue
or the complexity of tissue affected. The complexity of the disease, and many times, the
localization of the tissue damage, difficult the possible treatment, for example, the brain
are isolated by the blood brain barrier. Likewise, it is very important a detailed
understanding of their genetic basis. Future genetic and cellular studies will be essential
for the development of effective strategies aimed at the early prediction and early
prevention/treatment of these devastating diseases. Therefore, new therapies for these
hard to treat brain diseases are needed urgently alongside brain malfunctions such as
Alzheimer's, Parkinson's and more.
Nanoparticles technology is currently being used to refine the discovery of biomarkers,
molecular diagnostics, drug discovery, and cell microencapsulation technology for drug
delivery, which could be applicable to the management of neurodegenerative diseases. It
well demonstrated that the application of neurotrophic factors is able to modulate neuronal
survival and synaptic connectivity and it is a promising therapeutic approach for many
neurodegenerative diseases. However, it is very difficult to ensure long-term administration
into the brain, this technology allow us to use recombinant cells secreting different
neurotrophic factors encapsulated in alginate polymers. The implantation of these
bioreactors in the damage region of the brain is another handicap to be solved; the correct
implantation is associated with the robust improvement of cognitive performances.
One of the most important handicaps for the clinical application of cell
microencapsulation technology may represent an improvement of the monitoring and
biosafety of encapsulated cells. A significant breakthrough to overcome these problems
associated with cell therapy was solved recently by Pedraz’s group. They are developing a
promising method where demonstrated the simultaneous monitoring and
pharmacological control of myoblasts-containing alginate microcapsules. They introduced
in the cells the SFG(NES)TGL triple reporter retroviral vector, which contains green
fluorescence protein (GFP), firefly luciferase and herpes simplex virus type 1 thymidinekinase (HSV1-TK). With this reporter they are able to follow up by luminometry if the cell
is alive. Also, the treatment with the thymidine-kinase substrate ganciclovir caused death
of microencapsulated myoblasts. Hence, they conclude that incorporation of the
SFG(NES)TGL vector into microencapsulated cells represents an accurate tool for
controlling cell location and viability in a non-invasive way. Moreover, cell death can be
induced by administration of ganciclovir, in case therapy needs to be interrupted. This
system may represent a step forward in the control and biosafety of cell- and genetherapy-based microencapsulation protocols (Catena et al, 2010).
The development of novel therapeutic strategies for neurodegenerative and neurological
diseases represents one of the biggest unmet medical needs today. The rapid developing of
cell microencapsulation technology may provide a solution to overcome these diagnostic
and neurotherapeutic challenges for neurodegenerative diseases such as Alzheimer’s
disease and Parkinson’s disease. Although this is a significant and promising result, there
are a number of steps to be taken before this new form of drug delivery can be tested in
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humans in the clinic. Nanotechnology can therefore be used to develop diagnostic tools as
well as enabled delivery systems that can bypass the blood brain barrier in order to facilitate
conventional and novel neurotherapeutic interventions such as drug therapy, gene therapy,
and tissue regeneration.
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1. Introduction
Clinical needs to have a ready-to-use small-diameter vascular prostheses are very
remarkable and cover different fields of surgery: plastic and reconstructive surgery
(microvascular transfer of free flaps), heart surgery (treatment of ischemic heart diseases),
vascular surgery (distal revascularization of lower limbs), neurosurgery (substitution of
intracranial arteries), paediatric vascular surgery. In particular, there is a substantial need
for tissue-engineered, living, autologous replacement materials with the potential for
growth in paediatric applications and for substitute small diameter vessel that up to now are
defined the “holy grail” of vascular biology. Completely bio-resorbable vascular prostheses
with the capacity for induce regeneration and growth of a new vascular segment may
overcome the limitations of contemporary artificial prostheses that are nonviable, artificial,
or allogenic materials lacking the capacity of growth, repair, and remodelling. These
intrinsic properties limit their long-term function, posing the substantial burden of graft
failure and related re-operations, particularly on paediatric patient population. Moreover,
these synthetic materials are not suitable for the reconstruction of the coronary, carotid, or
femoral arteries as well as other small diameter vessels (< 6 mm). Autologous native vessels,
i.e., the saphenous vein and mammary artery, are the most currently used material for
small-diameter arterial replacement. Immune acceptance is a major advantage offered by
this technique of “ready to use” conduits. However, the availability of suitable native
replacements is limited when multiple conduits are required, especially in patients with
diffuse vascular disease. The need for a prosthetic graft that performs as a small diameter
conduit has led investigators to pursue many avenues in vascular biology (Figure 1). There
are four main approaches currently being investigated, all of which satisfy an apparent
prerequisite to biocompatibilty of a small-diameter graft—that no permanent synthetic
materials are used. One approach is acellular, based on implanting decellularized tissues
treated to enhance biocompatibility, strength, and cell adhesion/invasion leading to
cellularization with host cells. The other three approaches involve implantation of constructs
possessing some degree of cellularity. The most recent of these is based on the concept of
self-assembly, wherein cells are cultured on tissue culture plastic in medium inducing high
ECM synthesis. This leads to sheets of neotissue that are subsequently processed into
multilayer tubular form. The other two approaches rely on a polymeric scaffold. One is
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Fig. 1. The ideal micro-vascular prostheses should orchestrate the sequential regeneration of
different vascular components: the intimal layer to avoid acute thrombosis, the smooth
muscle vascular cell layer to respond to mechanical stimuli and finally the adventitial layer
to obtain a long-term vascular patency.
based on forming a tube of a synthetic biodegradable polymer and then seeding the cells
(which would not survive the conditions of polymer synthesis), relying on active cell
invasion or an applied force to achieve cellularity. The other is based on a tube of a
biopolymer, typically a reconstituted type I collagen gel, formed with and compacted by
tissue cells, where an appropriately applied mechanical constraint to the compaction yields
circumferential alignment of fibrils and cells characteristic of the arterial media. It is this last
feature that is most attractive about a biopolymer-based tissue-engineered artery. This
follows from two axioms, (i) that native artery function, particularly mechanical function,
depends on structure (particularly alignment of the smooth muscle cells and collagen fibers
in the medial layer) as much as it depends on composition, and (ii) that the tissueengineered artery should serve as a functional remodelling template, so that while
providing function during the remodelling, the artificial tissue also provides a template for
the alignment of the remodelled tissue. To some extent, all these approaches rely on the
ability of cells (transplanted or host) to adhere to and migrate within the construct, and to
remodel its composition and/or structure. This last point is key, as remodelling confers
biocompatibility, in principle, by virtue of complete resorption of the initial scaffold. Of
course, the initial scaffold must be replaced by functional cell-derived ECM on the same
time scale. Remodelling also determines the ultimate mechanical, transport, and biological
properties.
The aim of this chapter is to investigate all the materials commonly studied to create small
diameter vascular prostheses. In particular, absorbable biomaterials are also reviewed in
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depth, for better understanding of the properties of the biomaterials used until now in
vascular engineering. A brief analysis of their two main features is necessary: surface
properties (haemocompatibility/endothelialisation) and mechanical properties (tensile
force/compliance).

2. Material surface
Thrombosis of vascular substitutes is the main mechanism of obliteration and subsequent
failure of most vascular conduits. Various methods have been recorded to avoid this
phenomenon, such as coatings with antithrombotic drugs, e.g., heparin, hirudin, aspirin, or
tissue factor pathway inhibitor (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al
1996). There have been attempts to emulate the endothelial cellular surface which, coated
with heparan sulphate proteoglycan, produces a negative surface charge which helps to
prevent platelet adherence. Some prostheses are therefore coated internally with heparan
sulphate, which is quickly degraded, and some materials with an electronegative surface
have been created, with uncertain results (Guidoin R et al 1993).
So far, many researchers have described seeding endothelial cells in conduits. A recent
study reported a patency rate of 90% in 27 months for ePTFE prostheses used in coronary
bypass, after additional incubation with endothelial cells which allowed them to adhere to
the material (Laube HR et al 2000). The major limitation of this method is the need for cell
cultures and withdrawal of tissue from the patient, and in any case it remains a two-step
procedure. A tubular structure of ePTFE is also left in place, with the risk of later infection.
Constructs composed entirely of cells (Tissue Engineered Blood Vessels: TEBV) have been
devised to overcome these complications (Mooney DJ et al 1996; Kim BS et al 1998; Wake
MC et al 1996). Although the method promises amazing results, it is time-consuming and
very expensive.
To avoid the cost of cell cultures, many researchers have tried to improve endothelial
coverage of prostheses by coating them with endothelial-friendly compounds with good
haemocompatibility. For example, e-PTFE prostheses have been coated with perlecan (Zenni
GC et al 1993) and endothelial-specific adhesion proteins such as fibrin–gelatin (Kumar TR
et al 2002) and hirudin (Salacinski H et al 2002). Fibronectin coating seems to be a successful
method, apart from loss of lining at high flow rates. This is why a functional ligand for
fibronectin was used, with covalent binding of short peptide sequences (Arg-Gly-Asp, RGD)
to improve cell adhesion (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al 1996).
Instead of coating prostheses with the above substances, another possibility would be to use
absorbable, already biocompatible biomaterials, to make entire prostheses (Kannan RY et al
2005).
In spite of all these experiments, endothelialisation in various types of vascular prostheses
has been shown in animals but never satisfactorily in humans. The type of material is not
the only essential point in favouring endothelialisation. In order to clarify this, we need to
go back a little and recall the physiopathology of endothelialisation, which today takes place
in three main ways:
Trans-anastomatic endothelialisation;
Transmural endothelialisation;
Endothelialisation due to 'fall-out' of circulating pluripotent cells.
Therefore, trying to enhance endothelialisation means acting on each of these three
modalites of cell growth.
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Trans-anastomotic endothelialisation (TAE) appears to be very difficult in humans. Early
studies on synthetic prostheses report that they cannot be longer than 0.5 cm, even after
prolonged implantation. In spite of a long period of observation, internal endothelialisation
has not been observed in humans, except in sites of anastomosis (Berger K et al 1972).
Several factors have been observed to influence this, such as species, senescence, anatomic
dimensions of the vessel, and prosthetic materials (Zilla P et al 2004), but even in animals
TAE is limited (Zhang Z et al 2004).
Study of endothelial cells, both human and canine, compared in vitro, suggest that human
cells have a greater potential for migration but a lower capacity for adhesion, which may
explain the lack of re-endothelialisation in vivo, when blood flow may obstruct cell adhesion
(Dixit P et al 2001).
Instead, the transmural pathway seems to enhance rapid endothelialisation, according to
recent studies on materials with sufficient porosity. Pore size takes on importance in these
studies, since the prosthesis must be sufficiently large to allow cell growth, but not too large
to cause loss of intercellular adhesion (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et
al 1996). Materials with differently sized pores inside and outside the conduit have even
been experimented, in order to obtain an ecocompatible surface internally and a colonisable
one externally (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al 1996).
Pore size also alters the haemocompatibility of biomaterials, as well as their compliance and
degradation time. An optimal pore size for vascular engineering has been hypothesised,
ranging from 30 to 50 microns. It appears that smaller pores would not allow growth of
endothelial cells, and larger ones would cause excessive leakage of blood (Matsuda T et al
1996). Pores in the walls of prosthetic materials can also avoid intimal hyperplasia. It has
been hypothesised that a thrombus initially deposited on the walls of the prothesis later
organises itself into muscle-like tissue, which then gives rise to intimal hyperplasia. The
precocious growth of endothelial tissue would avoid thrombosis and thus the consequent
cascade of events leading to intimal hyperplasia (Mooney DJ et al 1996; Kim BS et al 1998;
Wake MC et al 1996). Increased pore size causes increased radial compliance of the material.
Several studies have shown that vascular implants with fibers organised in a circular
fashion do not cause dilation (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al 1996).
This is local, since cells undergo mechanical stress and are thus conditioned in their spatial
orientation.
‘‘Fall-out healing’’ leads to the formation of endothelial islands, with no connection with the
formation of trans-anastomotic or transmural tissue. This is a late phenomenon, not of great
importance in materials such as Dacron and e-PTFE grafts, and thus it does not play a
central role in present-day prostheses (Zilla PD et al 2007), but it appears to be the
mechanism for repairing small vascular lesions (Roberts NM et al 2005). However, recent
studies show how this mechanism may be enhanced, by attracting EPC cells to participate
(Avci-Adali MG et al 2010).

3. Mechanical properties of biomaterials
Before describing the mechanical properties of vascular replacements, we must digress to
describe those of vessels. Arteries are mechanically anisotropic, i.e., their elasticity and
resistance (maximum pressure tolerated before bursting) varies according to the direction
along which they are measured. The capacity for distension of the arterial wall is generally
called compliance (radial elasticity), or the difference in diameter obtained by varying
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pressures inside the artery itself (ΔD/DP) X 100). The two main structural proteins, collagen
and elastin, confer several properties, enabling arteries to distend more at low pressure and
become less elastic at high ones. Both properties are extremely important, since inadequate
resistance may lead to rupture, and absence of elasticity may disturb flow, leading to
thrombosis. In detail, the velocity of propagation (v) of pressure waves depends on the
elasticity of vessel walls (E), their thickness (s) and diameter (D), and on the density (P) of
blood, as described by the Moens-Korteweg equation, v= Es/ P D. When a section of artery
and a replacement conduit have different radial elastic properties, two consequences may
ensue. Discontinuity in the speed of propagation of pressure waves leads to turbulence in
the area between the natural and artificial vessels which, in turn, leads to local overpressure,
the cause of new aneurisms. Apart from the different degree of distension of arterial sections
(original artery/prosthesis), this may put greater stress on sutures.
Different compliance has been associated with intimal hyperplasia in an arterial
replacement and the artery itself (Stewart SF et al 1992).
Synthetic tissues are far less elastic than arteries, but absorbable materials which could be
replaced by the normal vasal extracellular matrix are believed to avoid this problem.
Resorption does very often trigger a response similar to that of a foreign body, which leads
to the formation of scar tissue which may deprive the original construct of its elasticity (Zilla
PD et al 2007).
From the viewpoint of experimental models, elastic components are more or less the same in
various species, in spite of changing sizes. Wolinsky and Glagov (1967) have shown that,
whereas the total circumferential tension in the vascular wall of the aorta increases 26 times
from mouse to pig, defined by Laplace's law as T=PR, tension per lamellar unit (elastic
lamina) is similar, being about 1/ 3Nm-1 in various animal aortas, but unfortunately the
above study does not compare peripheral vessels. Arterial elasticity causes a reduction in
the pressure gradient generated during cardiac systole/distole (Wolinsky et al 1967;
Shadwick RE 1999). In peripheral vessels, flow is continuous, thanks to the reservoir role
played by the large vessels during cardiac systole. In humans, the ratio between flow
gradient and mean flow falls from a value of 6 near the aortic arch to 2 distal to the femoral
artery (Wolinsky et al 1967; Shadwick RE 1999). There is therefore a difference between the
elasticity of vessels in relation to their size and position within the circulatory system which
may influence the design of ideal replacements for them.
According to the above, and in view of the complexity of the cardiocirculatory system and
interactions with blood flow, some components are essential for neovessels if they are to
guarantee sufficient resistance and compliance and, at the same time, avoid thrombosis and
intimal hyperplasia (Mitchell SL et al 2003). At the present time, always in terms of totally
absorbable products, there are many approaches involving heterologous tissues, synthetic
polymers, biopolymers and totally engineered products (Isenberg BC et al 2006). Every
experiment leads to different conclusions, and associations between materials to exploit
desired properties while avoiding problems have also been proposed. For example, PGA is
a generally stiff product and is frequently associated with other substances to achieve the
necessary elasticity (Shinoka T et al 2008).

4. Materials
Many research groups all over the world have approached the problem of developing the
ideal prosthesis in a variety of ways. As in all tissue engineering fields, research ranges round
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the triad Scaffold/Cells/Growth Factor (Figure 2). Scaffolds are ideal biomaterials for
conduits, and cells can be seeded and cultivated on them, after preconditioning with various
growth factors. Very many materials have been used to make scaffolds, generally subdivided
into four main categories: biological materials (allografts, xenografts, and derived products),
natural proteins, and both permanent and absorbable synthetic polymers.

Fig. 2. The traditional vascular tissue engineering approach.
TEBV (Total Engineered Blood Vessels)
Although this review covers biomaterials used as scaffolds in vascular tissue engineering,
mention must be made of the methods for reconstructing small diameter vessels which do
not use scaffolds. These mass-produced cell laminae are called TEBV (total engineered blood
vessels). They have proven mechanical properties comparable with those of the saphenous
vein until 8 months after implant. Their anatomic integration is excellent, showing the
formation of vasa vasorum histologically in context and the presence of viable endothelium.
Results have been so promising that the first studies for clinical application are under way
(Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al 1996). However, TEBV can only be
produced in the laboratory over a total period of about 3 months, which does not make them
suitable for urgent procedures; they are also extremely expensive. Of the studies examined,
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only 4 dealt with this method. One significant publication was a multi-centre cohort study
illustrating the results of implanting TEBV in access routes in patients under dialysis.
Although the cohort was composed of high-risk patients, primary patency of 76% was
reported in the first 3 months (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al 1996).
Biological materials
The first attempt at vascular replacement was made in 1908 with an allograft in dog, which
earned its inventor the Nobel Prize for medicine (Carrel et al 1906). Since then, biological
materials have been tested in various species (xeno- and allotransplants) and after various
types of preparatory procedures (decellularisation to reduce the immune response,
derivation of material for homogenisation, cryoconservation). These biomaterials are widely
available and they are of course excellent substrates for cell adhesion. In addition, the
processing method can retain all their advantageous mechanical properties (tensile strength,
elasticity) (Schmidt CE et al 2000). As the main disadvantages are possible residual
antigenicity and infection after implant (Chlupac JE et al 2009), techniques for their
decellularisation and sterilisation have been refined. Articles on TEBV published in the last 5
years (biological materials) mainly deal with materials already nautually present as tubular
structures in the body (arteries, veins, urethers) and submitted to decellularisation. They are
often studied as allo- or xenografts, and enriched with cells (Mooney DJ et al 1996; Kim BS et
al 1998; Wake MC et al 1996), bFGF (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al
1996), heparin [42] and VEGF (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al 1996)
to improve patency in the long term. Of special interest for the physiopathology of tissue
healing after implant is one study reporting trends after implants of decellularised porcine
arteries in rat, concluding that the initial inflammation due to integration in tissues does not
interfere with long-term modelling (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al
1996). One in vitro study examines the creation of a biotube produced by reaction to a foreign
body (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al 1996). Other studies examine
the use of SIS (Small Intestinal Submucosa), already amply employed in clinical management
of wounds. These studies show the good mechanical properties of this biomaterial (Hinds
MT et al 2006), but also the poor long-term patency of conduits (Pavcnik D et al 2009).
Permanent materials
To replace large diameter vessels, synthetic materials are now routinely used in clinical
practice, but synthetic polymers such as e-PTFE and Dacron have not given good results in
small diameter vessels (<6 mm). In view of the enormous number of works on the subject, the
problems of permanent synthetic polymers are clearly difficult to overcome. Many works
report variable results in terms of long-term vasal patency, with consequent infection of the
operation site (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al 1996). During
experimental studies, variable patency turned out to be considerable. These materials have
been implanted in humans, but do not develop an endothelialised surface (Mooney DJ et al
1996; Kim BS et al 1998; Wake MC et al 1996), thus causing platelet adhesion and the
development of a fibrin layer which may lead to thrombosis. Later failure may also be due to
thrombosis after stenotic occlusion of the vessel consequent upon the development of
endothelial hyperplasia. Several methods have been applied in the past to reduce thrombosis
after surgery (e.g., anti-thrombotic drugs in their surface or surface ligands (Kidane AG et al
2004). Results were better, although clinically satisfactory criteria were not achieved. In the
articles examined – that is, those published in the last 5 years – the main non-degradable
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biomaterials were PTFE and polyurethanes. A total of 20 articles on PTFE were found, 16 of
which described coating surfaces to avoid thrombosis or tissue hyperplasia. This approach is
normally followed by endothelialisation of prostheses, and 8 articles described techniques for
this (cell cultures). One review (Bordenave L et al 2005) illustrates how this procedure, in time,
has moved from one-stage to two-stage techniques although, in spite of discouraging results,
not much space was devoted to clinical practice, mainly because of its three most serious
limitations: the impossibility of executing these techniques in emergencies; the need for prior
withdrawal of cells; and the need for a GLP laboratory to treat human cells.
The remaining approaches for surface coating do not involve cell cultures, and may be
interesting as regards future applications of these products in combination with
biodegradable materials. Fibrin has been proposed as a coating: results have been either
discouraging (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al 1996) or encouraging
as regards anti-adhesive action in platelets and perlecan (Mooney DJ et al 1996; Kim BS et al
1998; Wake MC et al 1996); one article reported an elastin-like recombining protein [84, 85,
88]. Single peptides like RGD, cyclic RGD (Mooney DJ et al 1996; Kim BS et al 1998; Wake
MC et al 1996) have also been proposed, but only in vitro studies are available (Walpoth BH
et al 2007; Lord MS et al 2009; Jordan SW et al 2007; Tang C et al 2009; Larsen CC et al 2007).
Polyurethane materials
Polyurethanes are polymers composed of chains of organic units joined by urethane bonds,
formed by polymerisation, generally with reagents like monomers containing al least 2
hydroxyl groups (diol), dioisokyanate, and a chain extender. They react to form linear
copolymers, segments consisting of alternating stiff and soft segments. The soft segments
are derived from polyols such as polyester and the hard ones from isocyanate and chain
extenders (e.g., lactic acid/ethylenglycol) (Atala et al 2008). These polymers are
biocompatible and highly versatile, since their tensile strength and radial compliance vary
according to segment composition (Tiwari et al 2003), stiff segments being responsble for
tensile strength and soft segments for elasticity (Kannan et al 2005). Originally produced as
permanent biomaterials, they do deteriorate in vivo, due to oxidation and enzymatic and
cell-mediated degradation, with the result that their biostability is under revision (Mooney
DJ et al 1996; Kim BS et al 1998; Wake MC et al 1996). Oxidation of PU is initiated by
oxidase, free radicals and enzymes. The phenomenon of environmental stress cracking is
also due to oxidation, a process in which the surface of the biomaterial is coated with
proteins which recall adhesion by macrophages, which release oxidising factors (Stokes KR
et al 1995). These discoveries were made in the early 1990s and led to the classification of PU
as a new category of absorbable materials (Santerre JP et al 2005).
The differing composition of PU segments may lead to products with various degrees of
biostability. As regards dioisokyanates/, the aromatic forms are more stable than the
aliphatic ones (Fromstein JDW et al 2006; Mooney DJ et al 1996; Kim BS et al 1998; Wake MC
et al 1996), although the former were abandoned after it was noted that they release toxic
substances with carcinogenic effects (hepatocarcinoma) in laboratory animals (Gunatillake
et al 2003). PU have been combined with highly crystalline segments such as polycarbonates
and silicon oligomers to inrease their stability (Atala et al 2008). Degradable polyesters such
as PLA, PGA and PCL have also been associated as weak segments. Carbonate PU have
shown good resistance to hydrolysis and oxidative stress (Salacinski HJ et al 2002). In one in
vivo study, such prostheses were implanted in the aorto-iliac segment of dog, where they
remained viable for more than 36 months (Mooney DJ et al 1996; Kim BS et al 1998; Wake
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MC et al 1996). PU have excellent radial compliance, but are structurally weaker than the
others, being more rapidly degraded due to their typical ester bonds (Guan J et al 2002). As
well as biodegradability, PU have shown good biocompatibility in in vivo tissue studies
(Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al 1996).
The development of small diameter vascular prostheses in the last 5 years revealed a total of
22 articles on polyurethanes, 14 in vitro, 4 on production of material and and its medical
properties, and only 4 in vivo. The cellular compatibility of several PU (associated with
other substances) has also been studied according to method of preparation, e.g., the use of
porous structures.
Electrospinning has been applied to other materials in the field of vascular engineering
(Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al 1996), and produces small diameter
fibers with good tensile strength on the final material. However, this method is difficult to
apply when large pores are required. In theory, the immersion-leaching technique (Pan S et al
2005) should not create interconnected pores and thus not be favourable to cell growth,
whereas phase inversion (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al 1996) may
fail in both interconnections and pore size. One in vivo study examined the PU produced by
induction of thermal phase separation, but the resulting biomaterial had poor tensile strength
and the overall results in terms of implant viability, presence of aneurisms and vessel
functionality were mediocre (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al 1996).
As regards chemical composition, PU has been combined with silk fibroin, showing better
histocompatiblity of pure PU after implant in rat muscular tissue (Wang W et al 2010). Many
experiments have also been made on the mixed-composition PU PDMS
(polydimethylsiloxane), a silicon-based polymer (Mooney DJ et al 1996; Kim BS et al 1998;
Wake MC et al 1996). In this case, PDMS not only increased biostability but also increased
haemocompatibility and immunocompatibility (Mooney DJ et al 1996; Kim BS et al 1998;
Wake MC et al 1996). In in vivo studies (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC
et al 1996) show encouraging long-term viability: in one (Khorasani MT et al 2006), a
PEUU/PDMS polymer was created with the spray phase inversion technique in a tubular
form with two-phase porosity: a highly porous internal wall (mean interfibrillar distance 40
microns) and an only slightly porous outer one (mean interfibrillar distance 30 microns). It
showed good re-endothelialisation 24 months after implant, with remodelling of the vessel
parallel with digestion of the material, without aneurismatic dilation or calcification.
However, the sample size was very small, and the prostheses showed uniform dilation over
time.Another in vivo study in this series used poly(ester urethane)urea (PEUU) combined
with a thrombogenic polymer not similar to a phospholipid, poly(2-methacryloyloxyethyl
phosphorylcholine-co-methacryloyloxyethyl butylurethane) (PMBU), to create a fibrillar
scaffold by electrospinning, with good tensile strength and compliance. In addition, the
association with PMBU made the PU less prone to platelet deposition and hypertrophy of
muscle cells. The in vivo patency of 1.3-mm conduits implanted in rat aorta after 8 weeks
varied from 40% for pure PU to 67% for PU PMBU (Hong Y et al 2009).
Bioresorbable materials
In the last five years, most research groups have concentrated on testing absorbable/
biomaterials to achieve the ideal vascular conduit. As already mentioned, the materials in
question may be synthetic or biopolymers already constituting the extracellular matrix.
The most common absorbable biomaterials are polyesters. This category contains poly(αhydroxylester poly(L-lactic acid) (PLLA), poly(-glycolic acid) (PGA), polylactone
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polyorthoesters (POE) and polycarbonates. When these materials are implanted in living
tissues, their polymeric structure is subject to hydrolysis and the resulting products, such as
lactic and glycolic acids, are metabolized. Their safety and biocompatibility are now
established (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al 1996).
It is generally difficult to examine the use of these biomaterials separately, as they are all
linked in the field of vascular tissue engineering. The first to be examined was polyglcolic
acid, an asborbable polyester, which has shown good biocompatibility and is chosen for
many applications (Mooney DJ et al 1996; Kim BS et al 1998; Wake MC et al 1996).
Polyglycolic acid was the first biodegradable polymer to be used in vascular engineering
[84, 85, 88]. It was tested in combination with cultivated bovine muscle cells and then
preconditioned in a pulsatile flow bioreactor. After 8 weeks, this construct revealed collagen
and had good mechanical properties. Its tensile strength is comparable to that of a vein.
However, it also begins to lose its mechanical resistance within 4 weeks of implant and is
completely degraded at 6 months. Degradation speed can be controlled by associating it
with other polymers such as poly-L-lactic acid (PLLA), polyhydroxyalkanoate (PHA),
polycaprolactonecopolylactic acid, and polyethylene glycol (Mooney DJ et al 1996; Kim BS
et al 1998; Wake MC et al 1996).
However, the mechanical resistance of these products does not reach the desired levels – an
anticipated outcome, as PGA was originally in the form of a non-woven fabric, and thus
does not have measurable tensile strength (Sodian R et al 2000). Most studies have therefore
concentrated on preconditioning methods to increase resistance, e.g., use of pulsatile flow
bireactors, alternative techniques of cell culture, and administration of various growth
factors (Niklason LE et al 1997).
Another substantial problem with PGA is its stiffness, which does not confer the elastic
properties typical of arterial tissues (Sodian R et al 2000). In this case too, the use of
copolymers has improved results. A fibrillar scaffold based on polyglycolic or polylactic
acid coated with a 50:50 L-lactate or L-caprolactone (PCLA/PGA or PCLA/PLA) copolymer
has been specifically tested for vascular repair, resulting in compliance closer to that of the
original vessel with better surgical handling (Watanabe M et al 2001).
One study showed how PGA-based matrices have greater cellularity and production of
proteins of extracellular matrices based on PHAV and P4HB. The authors explained this
phenomenon as due to the higher porosity of PGA (> 90%), yielding a contact surface
greater than that of cells (Sodian R et al 2000).
To support the remodeling process in vivo, a biomaterial that functions only as a temporary
absorbable guide, similar to an in vivo “Artery-Bioregeneration Assist Tube” (ABAT), which
can promote the sequential and complete regeneration of vascular structures at the
implantation site, entirely made of Hyaluronic Acid was used in different in vivo
experimental model (Lepidi et al 2006; Pandis L et al 2010; Zavan B et al).

5. Conclusion
Critical reading of researches in the field of microvascular tissue engineering gave the general
impression of progress in the search for an ideal replacement for small diameter vessels.
Most studies indicate the use of absorbable biomaterials, in view of their good integration,
with the hope of developing autogenous vessels to replace prostheses. However, not one of
these products has yet been approved for clinical experimentation, unlike TEBV and
products of biological origin. Degradability is one of the characteristics which tend to
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Fig. 3. Regenerative medicine is based on “intelligent” biomaterials able.
dissuade surgeons at the crucial moment of implant. In addition, other variants have been
added, making the subject a spiny one. For example, on one hand, the porosity or fibrillar
form of these materials not only alters their biostability but also their mechanical
characteristics, which are today believed to be essential for implant success. On the other
hand, the variability of clinical applications, which may differentiate the desired
characteristics of each type of material, requires reflection.
There are many gaps in the examined articles. The first problem, already examined by many
authors, is variability in animal models, which hinders direct comparison of results.
Homogeneous studies on mechanical studies are also lacking, since so many of them focus
on tensile strength, and neglect compliance, which is an essential feature of vessels.
An effective model of an artificial vessel is very far from being achieved, and its
development must take into account the context in which it could be applied. Experimental
models have already been super-ceded, if we think that the application of a bio-absorbable
prosthesis means that cells must be able to reconstruct a new artery and that, in clinical
practice, this must be achieved in already damaged arteries.
In elective vascular surgery (e.g., arterial insufficiency in the lower limbs), cellularised
replacements are possible, tailored to suit single patients according to their tissue biopsy.
However, the procedures are time-consuming and very expensive, requiring dedicated
laboratories able to guarantee sterility and suitability for in vivo re-implantation of cell
cultures.
As regards urgent procedures, such as revascularisation of all types, the cell culture step
should be avoided. The ideal choice would be ready-to-use materials (Figure 3).
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1. Introduction
The pericardium is a biological tissue widely used as a biomaterial for tissue engineering
applications, including the construction of a variety of bioprostheses such as vascular grafts,
patches for abdominal or vaginal wall reparation and, more frequently, heart valves.
However, despite significant advances, some drawbacks have been found in these
bioprostheses such as biological matrix deterioration and tissue degeneration associated
with calcifications, even though xenopericardium or glutaraldehyde-treated autologous
pericardium were used.
In non-autologous pericardial processing, the pericardium must be decellularized in order
to remove cellular antigens and procalcific remnants while preserving extracellular matrix
integrity. A large variety of decellularization protocols exist, such as chemical, physical or
enzymatic methods. Additional cross-linking processing must be carried out to render the
tissue non-antigenic and mechanically strong.
So far, almost all bioprosthetic materials made of pericardium, and used in clinical practice,
are glutaraldehyde-treated bovine or porcine xenopericardium. However, long-term reports
are raising issues concerning their durability, especially highlighting the high risk of
calcification. Regarding heart valves, calcification currently represents the major drawback
leading to potential failure of the bioprosthesis.
The aim of this review is to present current issues, challenges, outcomes and future
prospects of pericardial processing, including decellularization and cross-linking steps.
Understanding current issues and improving pericardial processing will allow refining
bioprosthesis conception and patients’ safety.

2. Characteristics of the pericardium
2.1 Localization and composition
The pericardium is a connective tissue sac surrounding the heart. It is composed by two
layers: a deeper layer closely adherent to the heart, the visceral serous pericardium, or
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epicardium, and an upper layer: the parietal pericardium. The two layers are separated by
the pericardial cavity. The parietal pericardium can be excised and easily tested without
causing major complications such as contracture or ischemia (Fomovsky et al., 2010).

Fig. 1. Histology of ovine pericardium showing the collagen organization (arrows).
Hematoxylin-Eosin staining.
The pericardium is composed of a simple squamous epithelium and connective tissue. It is a
collagen-rich biological tissue containing mostly type I collagen, as well as glycoproteins
and glycosaminoglycans (GAGs) in addition to its constitutive cells (Figure 1). Collagen is
structured into different levels of organization ranging from fibrils to laminates, fibers and
fiber bundles (Allen & Didio, 1984; Lee & Boughner, 1981). This organization determines the
mechanical properties of the pericardial tissue (Sacks, 2003; Liao et al., 2005; Wiegner &
Bing, 1981; Lee & Boughner, 1985) and provides an anisotropic and non-linear mechanical
behaviour (Zioupos & Barbenel, 1994). Interestingly, depending on the location on the
pericardium, the thickness and mechanical properties vary (Hiester & Sacks 1998a, 1998b).
Thus, the location of the sample that will be harvested should be carefully selected when
designing a tissue engineering protocol.
2.2 Sources of pericardium
Currently marketed heart valve bioprostheses are prepared from bovine or porcine
pericardium (Vesely, 2005). Other pericardial tissues from different species have been
assessed or are currently used in clinical practice such as equine (DeCarbo et al., 2010;
Yamamoto et al., 2009; Sato et al.; 2008.), canine (Lee & Boughner ; 1981; Wiegner & Bing,
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1981; 1985), or, even more unusually, ostrich (Maestro et al., 2006) or kangaroo pericardium
(Neethling et al., 2000; 2002). However, those exogenous grafts raise several issues, and
especially the immune response against the bioprosthesis as well as the viral status of the
graft.
Human autologous pericardium is thus an interesting option, presenting several advantages
over allografts since it is free of donor-derived pathogens and does not induce any immune
response (Mirsadraee et al., 2007), is easily available, easily handled and of low cost.
Ultimately, these characteristics allow for shorter and less aggressive pericardial processing
before implantation of the bioprosthesis. However, because of intermittent reports of its
tendency to retract or become aneurysmal, the general opinion has been negative (Edwards
et al., 1969, Bahnson et al., 1970). For cusp tissue replacement or valve tissue replacement,
stabilization of pericardium is performed with a solution of 0,2% to 0,6% glutaraldehyde in
order to prevent secondary shrinkage (Duran et al., 1998; Al-Halees et al., 1998, 2005; Goetz
et al., 2002).

3. Processing of pericardium
As allografts have been the main source for pericardial bioprostheses currently in use,
significant processing steps have to be performed prior to clinical use. In particular, as
xenogeneic cellular antigens induce an immune response or an immune-mediated rejection
of the tissue, decellularization protocols are widely used to reduce the host tissue response
(Gilbert et al., 2006.). Once decellularized, the free-cell pericardial tissue is composed of
extracellular matrix proteins which are generally conserved among species, and thus can be
easily used as a scaffold for the host cell attachment, migration and proliferation (Schmidt &
Baier, 2000). This scaffold considerably accelerates tissue regeneration. Overall, tissue
decellularization aims at reducing tissue antigenicity and host response while preserving
the mechanical integrity, biological activity and composition of the ECM (Simon et al., 2006;
Gilbert et al., 2006).
3.1 Extracellular matrix decellularization methods
Most decellularization protocols include a combination of various methods, such as
physical, enzymatic or chemical treatments (Gilbert et al., 2006; Crapo et al., 2011). Physical
methods can either rely on snap freezing (Jackson et al., 1988; Roberts et al., 1991),
mechanical force (Freytes et al., 2004) or mechanical agitation (Schenke-Layland et al., 2003),
whereas enzymatic protocols employ nucleases, calcium chelating agents or protease
digestion (Teebken et al., 2000; Bader et al., 1998; McFetridge et al., 2004; Gamba et al., 2002).
Regarding physical decellularization processes, sonication, based on the use of ultrasounds
to disrupt the cell membrane, has been investigated. Such treatment considerably affects the
pericardial architecture and full decellularization cannot be achieved. Thus sonication has to
be carried out simultaneously with chemical treatments in order to fully decellularize the
pericardial tissue and remove cellular debris. However, this combination leads to alterations
of the extracellular matrix (ECM) architecture.
For the enzymatic procedure, the main enzyme employed is trypsin, cleaving peptide
bonds on the C-side of arginine and lysine and thus allowing separation of the cells from
the ECM.
Chemical protocols involve use of alkaline and acid treatments (Freytes et al., 2004), ionic
detergents, sodium dodecyl sulfate (SDS), sodium deoxycholate and Triton X-200 (Rieder et
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al. 2004; Hudson et al., 2004), non-ionic detergents, such as Triton X-100 (Grauss et al., 2003),
zwitterionic detergents (Dahl et al., 2003), tri(n-butyl)phosphate (Woods & Gratzer, 2005) as
well as hypertonic or hypotonic solutions (Goissis et al., 2000; Woods & Gratzer, 2005;
Vyavahareet al., 1997; Dahl et al., 2003). These modalities will either mediate lysis of the cells
or solubilization of the cellular components.
Overall, standard decellularization protocols for allografts consist of a multimodal process
starting with the lysis of the cell membrane using either ionic solutions or physical
treatments. This initial step is then followed by enzymatic treatments to separate any
cellular components from the ECM. Subsequently, detergents are used to solubilize the
nuclear and cytoplasmic cellular components. At the end of the procedure, all residual cell
debris is removed from the remaining ECM. A washing step must also be carried out
following the decellularization protocol to remove residual chemicals, thus avoiding any
host tissue response (Gilbert et al., 2006). The efficiency of the decellularization protocol and
the preservation of the ECM have to be assessed using histological tools.
Concerning pericardial decellularization, several protocols, which have provided interesting
results, can be found in the literature. (Courtman et al., 2004; Liang et al., 2004; Wei et al., 2005;
Chang et al., 2005; Mendoza-Novelo et al., 2010, Ariganello et al., 2011 ). Courtman et al.
proposed the use of a non-ionic detergent, Triton X-100 and an enzymatic extraction process.
After this treatment, the acellular matrix was shown to be composed of collagen, elastin and
glycosaminoglycans (GAG). Microscopy revealed that all cellular components were removed
and that matrix ultrastructure was intact. More recently, Mendoza-Novelo et al. compared the
surfactant tridecyl alcohol ethoxylate (ATE) and the reversible alkaline swelling (RAS)
treatments to Triton X-100 (Mendoza-Novelo et al., 2010 ). Histological results indicated a
significant reduction of cellular antigens with these three decellularization processes.
Nevertheless, the native GAG content varied significantly. It decreased from 88.6 ± 0.2% to
62.7 ± 1.1% and 61.6 ± 0.6% for RAS treatment, ATE and Triton X-100 respectively.
On human pericardial tissue, Mirsadraee et al. used a protocol employing hypotonic buffer,
SDS, protease inhibitors and nuclease solution. Following decellularization, the tissue is
decontaminated using a peracetic acid solution (Mirsadraee et al., 2006; 2007). With this
process, glycosaminoglycans and structural proteins, such as collagen, remained intact.
Finally, when dealing with autologous pericardium grafting, full decellularization might not
be necessary and thus, simpler protocols can be used. For instance, surgeons commonly
prepare autologous pericardium for heart valve replacement by mechanical friction. This
allows removing sub-pericardial fat before implantation while better preserving the
pericardial architecture stability. This mechanical treatment mainly removes superficial
cells, thus allowing 50% of viable pericardial cells to remain in the graft (personal data). The
preservation of the pericardial architecture as well as part of the pericardial cells, should
maintain a better integrity of the graft, while allowing re-cellularization of the superficial
layers.
3.2 Effects of decellularization
Depending on the protocol, decellularization may have an impact on the structural and
mechanical properties of the treated tissue (Gilbert et al., 2006). According to Zhou et al.,
decellularization protocols differ significantly in terms of alteration of ECM
histoarchitecture (Zhou et al., 2010). For instance, decellularization protocols have a strong
impact on the amount of GAGs remaining in a tissue (Badylak et al., 2009; Mendoza-Novelo
et al., 2010). Removing GAGs from a tissue leads to adverse effects on pericardial
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viscoelastic properties. This can be easily understood since water retention is an important
function of GAGs in tissues (Lovekamp et al., 2006). Moreover, GAG content plays a key
biological role in cellular signaling and communication. Thus, decreasing GAG content
leads to an impaired tissue response and repair. Therefore, the decellularization protocol has
to be carefully chosen depending on the tissue type as well as the targeted application.
Ideally, the process should remove all cellular antigens without compromising the structure
and mechanical properties of the tissue.
Liao et al. (Liao et al., 2008) investigated the effect of three decellularization protocols on the
mechanical and structural properties on porcine aortic valve leaflets. These protocols were
based on the use of SDS, Trypsin and Triton X-100. They showed that decellularization
resulted in collagen network disruption, and that the ECM pore size varied as a function of
the protocol used. For example, leaflets treated with SDS displayed a dense ECM network
and small pore sizes, characteristics that may have an impact on the recolonization of
interstitial cells.
It has been demonstrated that decellularization of bovine pericardium with SDS causes
irreversible denaturation, swelling and a decrease in tensile strength compared to native
tissue (Courtman et al. 1994; García-Paéz et al., 2000; Mendoza-Novelo et al., 2009). Because
of these deleterious effects on pericardial tissue, non-ionic detergents are preferred for
decellularization processes (Mendoza-Novelo et al., 2010 ). Nevertheless, some issues may
be encountered with the use of non-ionic detergents. Indeed, toxic effects (Argese et al.,
1994) and estrogenic effects (Soto et al., 1991; Jobling et al., 1993) have been reported after
the use of non-ionic detergents such as alkylphenol ethoxylates.
Decellularization mediates alterations of the structural and mechanical properties of the
tissue, but this impact varies depending on the protocol used. For instance, Mirsadraee et al.
(Mirsadraee et al., 2006) did not observe any significant changes using an SDS-based
decellularization protocol in the ultimate tensile strength compared to native tissue on
human pericardial tissue. They also observed an increased extensibility of the tissue when
cut parallel to collagen bundles.
Tissue decellularization reduces the cellular and humoral immune response targeted against
the bioprosthesis (Meyer et al., 2005). However, removing cells does not ensure adequate
removal of xenoantigens, nor mitigation of the immune response (Goncalves et al., 2005;
Kasimir et al., 2006; Simon et al., 2003; Vesely et al., 1995). For this reason, decellularization
protocols have turned to antigen removal protocols (Ueda et al., 2006; Kasimir et al., 2005). The
presence of cell membrane antigens, such as oligosaccharide beta-Gal has been reported to
lead to an immune response that can be prevented by effective decellularization (Badylak et
al., 2008). Interestingly, Griffiths et al. (Griffiths et al., 2008) used an immunoproteomic
approach to study the ability of bovine pericardium to generate a humoral immune response.
They identified thirty one putative protein antigens. Some of them, such as albumin,
hemoglobin chain A and beta hemoglobin have been identified as xenoantigens. Recently,
Ariganello et al. provided evidence that decellularized bovine pericardium induced less
differentiation of the monocytes to macrophages compared to polydimethylsiloxane or
polystyrene surfaces (Ariganello et al., 2010; 2011). Nevertheless, the effects of the host
immune response to acellular pericardium remain to be fully characterized. Understanding
this phenomenon is necessary to develop new pericardium preparations and thus improve
biological scaffold integration and clinical safety (Badylak & Gilbert, 2008).
Overall, no optimal decellularization treatment has been identified so far, but depending on
the target tissue as well as the implantation site, the protocol can be adapted to provide the
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best decellularization efficiency / functional characteristics ratio. Moreover, some additional
treatment can be performed following the decellularization step in order to improve the
mechanical and biological features of the graft.

4. Pericardial extracellular matrix treatment
The decellularization process will lead to important alterations of the biomaterial. Its
mechanical strength will be diminished and after implantation it will undergo rapid
resorption. Hence, approximately 60% of the mass of the ECM is degraded and resorbed
between one and three months after in vivo grafting (Badylak & Gilbert, 2008). It has also
been noted that acellular pericardial tissue, mostly made of type I collagen, is highly
thrombogenic (Keuren et al., 2004). Finally, preventing calcification of the graft is also a
priority to ensure the long-term benefit of the implantation.
To optimize the features of the bioprosthesis before its clinical grafting, several treatments
have been developed and are summarized in Table 1.

Cross-linking
treatment

Reagents
Acyl azide
Carbodiimides
Cyanimide
Dye-mediated photooxidation
Epoxy compound
Formaldehyde
Genepin
Glutaraldehyde
Glutaraldehyde acetals
Penta-golloyl glucose
Phytate
Proanthocyanidin
Reuterin
Tannic acid

Coating
treatment

Post-fixative
treatment

Chitosan
RGD polypeptides
Silk fibroin
Heparin sodium
Titanium
Amino acids
Glycine
Heparin
Hyaluronic acid
L-arginine
L-glutamic
Lyophilization
Sulphonated poly(ethylene oxide)

Table 1. Pericardial processing.

References
(Petite et al., 1990)
(Sung et al., 2003)
(Pereira et al., 1990)
(Moore et al., 1994)
(Sung et al., 1997)
(Nimni et al, 1988)
(Sung et al., 1999, 2003; Wei et al., 2005)
(Huang-Lee et al, 1990; Jayakrishnan et al.,
1996; Thubrikar et al., 1983)
(Yoshioka et al., 2008)
(Tedder et al., 2008)
(Grases et al., 2006, 2008)
(Han et al., 2003)
(Chen et al., 2002)
(Cwalina et al., 2005; Jastrzebska et al., 2006;
Wang et al., 2008)
(Nogueira et al., 2010)
(Dong et al., 2009)
(Nogueira et al., 2010)
(Lee et al., 2000)
(Guldner et al., 2009)
(Jorge-Herrero et al., 1996;
Moritz et al., 1991)
(Lee et al., 2010)
(Lee et al., 2000, 2001)
(Ohri et al., 2004)
(Jee et al., 2003)
(Grimm et al., 1991; Leukauf et al., 1993)
(Santibáñez-Salgado et al., 2010)
(Lee et al., 2001)

Pericardial Processing: Challenges, Outcomes and Future Prospects

443

4.1 Cross-linking treatment of pericardial tissue
Cross-linking processing must be carried out to render the tissue non-antigenic,
mechanically strong and to minimize xenogeneic tissue degradation (Eliezer et al., 2005;
Love, 1997). Nevertheless, degradation should not only be considered as a negative
phenomenon, as low molecular weight peptides formed during ECM degradation may
have a chemo-attractant potential for several cell types (Badylak & Gilbert, 2008). It is thus
the degradation rate of the scaffold that should be primarily considered and evaluated.
Depending on the application and cells involved, the degradation rate has to be
investigated to ensure proper host cell recruitment and tissue remodelling. The pathways
of the immune response involved in this process remain to be fully described (Badylak &
Gilbert, 2008).
Introducing cross-links between the polypeptide chains of the ECM has been shown to
reduce immunogenicity of the pericardium (Mirsadrae et al., 2007) as well as its
biodegradability (Taylor et al., 2006) by increasing its resistance to enzymatic degradation.
Until now, glutaraldehyde (GA)-fixed bovine pericardium has been preferred as a substitute
to autologous human pericardium. GA was first introduced by Carpentier et al. (Carpentier
et al., 1969) as a cross-linking reagent to chemically modify the collagen and render the
tissue immunologically acceptable in the human host. Fixation was shown to increase
stability and strength of the pericardium (Jayakrishnan & Jameela, 1996). GA remains the
gold standard as a cross-linking reagent despite its well-known drawbacks. Indeed, GA has
been reported to accelerate the calcification process, which considerably limits its
application. Calcification is thus the main cause of long-term failure of GA-fixed pericardial
valves (Gallo et al., 1985; Grabenwoger et al., 1996). Furthermore, a GA-treated pericardium
has a poor ability to regenerate in vivo due to the cross-linking of the tissue. Moreover GA
residues display cytotoxic effects preventing host cell attachment, migration and
proliferation (Huang-Lee et al., 1990).
It is now accepted that GA cross-linking increases tissue stiffness (Thubrikar et al., 1983)
with the possibility of tissue buckling (Vesely et al., 1988). Standard use of GA cross-linking
leads to a high risk of calcific degeneration as well as tissue fatigue (Grabenwoger et al.,
1992). This is mostly due to inflammatory and cytotoxicity changes (Huang Lee et al., 1990),
and continuous wear and tear leading to collagen fiber fragmentation.
Besides glutaraldehyde, several cross-linking compounds have been reported in the
literature such as genipin (Wei et al., 2005) or epoxy compound (Sung et al., 1997). These
alternative methods are used to bridge hydroxylysine residues of different polypeptide
chains or amino groups of lysine by oligomeric or monomeric crosslinks (Sung et al., 2003).
Because of the adverse effects of cross-linking with glutaraldehyde or other aldehyde
treatments such as formaldehyde (Nimni et al., 1988) or dialdehyde starch (Rosenberg,
1978), numerous non-aldehyde treatments have been proposed, such as carbodiimides
(Sung et al., 2003), glycerol (Ferrans et al., 1991), glycidal ethers (Thyagarajanet al., 1992)
including poly(glycidylether) (Noishiki et al., 1986), acyl azide (Petite et al., 1990), cyanimide
(Pereira et al., 1990), genipin (Wei et al., 2005), or dye-mediated photo-oxidation, phytate
(Grases et al., 2008).
Genipin, obtained from the fruits of Gardenia jasminoides ELLIS (Fujikawa et al., 1987; Tsai et
al., 1994), exhibited better results than glutaraldehyde regarding its cytotoxicity (Sung et al.,
1999), inflammatory response, ability to prevent calcification and tissue-induced mechanical
properties (Wei et al., 2005). Epoxy compound, initially proposed by Noishiki et al. (Noishiki
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et al., 1989), was shown to be less cytotoxic, superior in pliability and to better inhibit
calcification than glutaraldehyde (Sung et al., 1997).
Carbodiimides generate amide-type crosslinks via direct cross-linking of the polypeptide
chains. Use of carbodiimide cross-linking leads to the activation of the carboxylic acid
groups of glutamic or aspartic acid residues to obtain O-acylisourea groups. Hydroxyline
residues or free amino groups of lysine generate a nucleophilic attack which allows crosslink formation (Timkovich, 1977). It was noted that adding N-hydroxysuccinimides to
carbodiimides considerably increases cross-link number (Olde Damink et al., 1996). In
addition, the use of carbodiimides displayed increased stability towards enzymatic
degradation on collagen-based tissue such as pericardium (Sung et al., 2003).
Glutaraldehyde acetal cross-linking reagent has been developed with glutaraldehyde in acid
ethanolic solution (Yoshioka & Goissis, 2008), protecting free aldehydic reactive groups and
minimizing the polymeric formation of glutaraldehyde. This reduces superficial effects with
glutaraldehyde cross-linking on pericardial tissue.
Crosslinking of the pericardial tissue with a dye-mediated photo-oxydation process
provides chemical, enzymatic and in vivo stability as well as biomechanical integrity of the
treated tissue (Moore et al., 1994). Penta-golloyl glucose, a collagen-binding polyphenol,
stabilizes collagen, preventing its degradation, and allows progressive host cell infiltration
as well as ECM remodeling. An in vivo study has shown that porcine pericardium does not
calcify with such treatment at 6 weeks when implanted subdermally in rats (Tedder et al.,
2008). Reuterin, an antimicotic and antibacterial compound obtained from Lactobacillus
reuteri (Axelsson et al., 1989), has been studied as a crosslinking reagent (Chen et al., 2002). It
is a three-carbon aldehyde reacting, as formaldehyde, with free amino groups. Reuterin
cross-linked pericardium exhibits comparable results to glutaraldehyde in terms of
resistance against enzymatic degradation, denaturation temperature and free amino group
content, while decreasing cytotoxic effects (Chen et al., 2002). Tannic acid has been studied
on pericardial tissue and was shown to crosslink proteins by creating multiple hydrogen
bonds due to its hydroxyl groups (Cwalina et al., 2005; Jastrzebska et al., 2006). It exerts an
anti-inflammatory effect, especially on macrophages, as well as an anti-calcification effect on
glutaraldehyde-fixed bovine pericardium (Wang et al., 2008). Proanthocyanidin, a natural
crosslinking reagent with polyphenolic structures, has the potential to create a stable
hydrogen-bonded structure and to increase collagen synthesis, generating
nonbiodegradable collagen matrices (Han et al., 2003). Proanthocyanidin-treated pericardial
tissues are non-cytotoxic and resist against enzyme digestion, and have been shown to be
compatible with cell attachment and proliferation. Phytate has been suggested as an anticalcification reagent (Grases et al., 2006, 2008) and has achieved promising results, to be
validated by further studies. Other amide-type crosslinks, based on the activation of
carboxyl groups, have been studied, such as diphenylphosphorylazide or
ethyldimethylaminopropyl carbodiimide. It appears, according to Jorge-Herrero et al., that
these two chemical treatments are not a good alternative compared to glutaraldehyde.
Indeed, pericardial tissues treated with those reagents are less resistant to calcifications and
proteolytic attacks (Jorge-Herrero et al., 1999).
Numerous alternative treatments to glutaraldehyde cross-linking have been developed and
investigated over the years. However, most of them were mainly evaluated in vitro and
compared only to glutaraldehyde. A comprehensive comparative study of the different
reagents remains to be conducted in terms of benefits regarding the tissue properties as well
as their potential toxicity or deleterious effects.
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4.2 Coating of the pericardium
Another possible post-decellularization treatment resides in the coating of the bioprosthesis.
This procedure should allow improvement of graft integration at the site of implantation as
well as decreasing degradation of the pericardial tissue.
Coating bovine pericardium with biopolymeric films, either chitosan or silk fibroin, has
been investigated by Nogueira et al. (Nogueira et al., 2010). These methods are interesting
approaches and both treatments appear to be non-cytotoxic. Nevertheless, chitosan does not
allow endothelialisation and silk fibroin-coated bovine pericardium calcifies in vivo. Further
investigation has to be performed to tackle these major concerns.
In their study, Dong et al. suggested treating bovine pericardium with acetic acid coupled
with RGD polypeptides (Dong et al., 2009). Acetic acid increases pericardial scaffold pore
size and porosity while RGD peptides is meant to improve cell adhesion and growth.
Hence, RGD polypeptides have been identified in fibronectin (Pierschbacher & Ruoslahti,
1984), collagen, vitronectin and membrane proteins (Ruoslahti & Pierschbacher, 1987). These
sequences have an impact on integrins, which display cell adhesion receptor roles
controlling cell signaling pathways.
4.3 Pericardium anti-calcification treatments
The mechanism of calcification on glutaraldehyde-treated pericardium is not well
understood because of its complexity. Nevertheless, there is evidence that pericardial tissue
residual antigens, free aldhehyde groups of glutaraldehyde and phospholipids are involved
in this mechanism.
Thus, circulating antibodies can contribute to pericardial calcification due to a possible
immune response. Free aldehyde groups of glutaraldehyde can attract host plasma calcium,
increasing tissue calcification. Phospholipids may bind calcium and play an important role
in the calcium phosphate crystal formation. Several strategies have been investigated to
tackle these major issues.
Suppression of residual antigenicity has been proposed to prevent calcification and it has
been shown to be effective. This was performed by fixation treatments using a broad range
of high concentrations of glutaraldehyde (Trantina-Yates et al., 2003; Zilla et al., 2000). To
remove free aldehyde groups, a large number of amino acids or amino compounds were
studied. Post-fixation treatments with amino acids displayed an improved spontaneous
endothelialisation in vivo of glutaraldehyde-fixed bovine pericardium (Moritz et al., 1991;
Jorge-Herrero et al., 1996). The use of L-glutamic acid did reduce residual and unbound
aldehyde groups, on glutaraldehyde-fixed bovine pericardium and significantly decreased
the risk of calcification (Grimm et al., 1991; Leukauf et al., 1993). Post-treatment with Larginine also resulted in decreased calcium deposition (Jee et al., 2003). Recently, Lee et al.
proposed a post-fixation treatment with glycine (Lee et al., 2010). Early results are promising
but require further investigation on larger studies.
Alcohol solutions, including ethanol, have been investigated as a treatment to remove tissue
phospholipids, thus preventing calcification (Pathak et al., 2004; Vyavahare et al., 1998).
Besides, other techniques have been proposed to minimize the side effects of glutaraldehyde
residues on GA-treated pericardium. Lyophilization has been shown to decrease aldehyde
residues, decreasing the risk of calcification and cytotoxicity (Santibáñez-Salgado et al., 2010).
Moreover, treatments with heparin or sulphonated poly(ethylene oxide) following
glutaraldehyde pre-treatment have been proposed (Lee et al., 2000, 2001). Both methods block
side effects of GA residues and thus prevent calcification of the pericardium. Finally, a
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modified adipic dihydrazide hyaluronic acid has been proposed to be grafted on to
glutaraldehyde-treated bovine pericardium (Ohri et al., 2004). Calcifications decreased
considerably with this post-treatment compared to the control group at two weeks following a
subcutaneous implantation in mice.

5. Applications of the pericardium as a biomaterial
So far, the pericardium has been mostly used for cardio-vascular applications, i.e. vascular
grafts (Schmidt & Baier, 2000; Chvapil et al., 1970; Matsagas et al., 2006; Menasche et al.,
Pericardium
source

Surgical fields

Product

Soft tissue repair
-Peripatch Implantable
Hernia repair
surgical tissue
Abdominal & thoracic -TutoMesh
wall defects

Strip reinforcement
Orbital repair

-Veritas Peristrips Dry
-Tutopatch
-Ocugard

-Lyolem r All BP
-Peripatch biologic
vascular patch
Cardiac reconstruction -Peripatch Implantable
Surgical Tissue
Bovine or and repair
-PercevalS aortic valve
porcine Heart valve
replacement
-Mitroflow pericardial
aortic valve
-Freedom solo
-Carpentier-Edwards
PERIMOUNT Magna
EaseAortic Heart Valve
-Carpentier-Edwards
PERIMOUNT Magna
Mitral Ease Heart Valve
-Carpentier-Edwards
PERIMOUNT Theon
Aortic Heart Valve
-Carpentier-Edwards
PERIMOUNT Theon
Mitral Replacement
System
Tendon repair
Equine
-OrthADAPT
Valvuloplasty
-Xeno or (tissue bank) or
Human
Heart valve
autologous grafts
Dural repair
Perivascular Patch

Table 2. Applications of pericardium as medical devices.

Company
Neovasc,
Maverick Biosciences PTY Limited,
Tutogen medical GmbH, RTI Biologics,
Med&Care,
Biovascular Inc,
Novomedics
Synovis Life Technology
Tutogen medical GmbH, RTI Biologics,
Med&Care,
Biovascular Inc,
Novomedics
National tissue Bank Malaysia
Neovac
Neovasc, Maverick Biosciences PTY
Limited
Sorin group
“
“
Edwards Life Sciences

“

“
“

Synovis Life Technologies Inc
Lausberg et al, 2006
Mirsadaee et al, 2006
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1984; Moon & West; 2008), and heart valves (Ishihara et al., 1981; Schoen & Levy, 1999;
Flanagan & Pandit, 2003; Vesely, 2005). Pericardial bioprostheses have also been described
for the treatment of acquired cardiac pathologies, including postinfarction septal defects
(David et al., 1995), reconstruction of mitral valve annulus (David et al., 1995a, 1995b) or
outflow obstruction (Sommers & David, 1997).
Additionally, pericardium has also been used for the construction of bioprostheses in noncardiac treatments such as patches for vaginal (Lazarou et al., 2005) or abdominal wall
reparation (Limpert et al., 2009), dural repair (Cantore et al., 1987) or tracheoplasty (Dunham
et al., 1994).

6. Conclusion
For clinical application, pericardial tissue has to be decellularized to prevent an immune
responses or immune-mediated rejection of the pericardium. Various decellularization
protocols have been largely reviewed here. The choice of the decellularization strategy has an
impact on the mechanical properties, the scaffold pore size, the scaffold tissue integration and
the development of long-term calcification. All these considerations should be carefully taken
into account when designing new pericardial-based biomaterials. Currently, glutaraldehyde
is the gold standard for pericardial treatment used in clinical practice. Nevertheless, it has
important drawbacks including cytotoxic effects, prevention of host cell attachment,
migration and proliferation (Huang-Lee et al., 1990), and a high propensity to calcify.
Alternative treatments to replace or complement glutaraldehyde crosslinking of the
pericardium have been investigated using other crosslinking reagents, decellularization,
lyophilisation or coating with biopolymers (Nogueira et al., 2010). Despite many studies, it is
still difficult to know which strategy to adopt regarding pericardial treatment. First, we do
not have enough follow-up to permit evaluation of most of these alternatives and treatments.
Second, every new treatment proposed is generally compared only to glutaraldehyde. It is
thus not possible to classify these treatments by efficiency. Finally, the protocol for an optimal
treatment depends largely on the final application targeted. In addition, there have been
recent advances in tissue regeneration with the emergence of cell therapy and new
pericardial treatments with cellular growth factors promoting recellularization (Chang et al.,
2007). However, further improvements need to be achieved to transform these techniques
into clinical applications. The use of autologous pericardium in cardiac valvular therapy is
also a challenging alternative. Nevertheless, it still currently requires the development of
local pericardial treatments aiming to favor the valvular remodelling. The understanding of
current issues and the improvement of pericardial processing may have a huge impact for
bioprothesis conception and patient safety.
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