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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. Constantly improving of 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 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 example-
biomaterials 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 which often shares
technologies and applications with the field of biomaterials — 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 research articles and
experimental reports from eminent experts from all over the word, who have been
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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 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.

Biomaterial constructs and supramolecular assemblies have been explored for drug
and protein carriers, cell engineering and tissue scaffolds, or to manage the
interactions between artificial devices and the body, just to make some examples of the
more recent developments.

In this volume of the Biomaterial series have been in particular assembled 21 review
articles and papers focusing on the application of new and already known
macromolecular compounds to nanotechnology.

The first section of the book deals with chemical and mechanical processing and
engineering of biomaterials, tailored towards specific biomedical purposes. The
second section presents 6 chapters reporting novel applications of biomaterials to
nanomedicine and drug delivery. Finally, 9 chapters have been gathered to show the
potential applications of classical and novel biomaterials in different therapeutic and
clinical areas.

I am sure that you will find the selected contributions of a great interest and that they
will inspire you to broaden your own research within the exciting field of biomaterials
development and applications.

Prof. Rosario Pignatello

Department of Pharmaceutical Sciences
Faculty of Pharmacy

University of Catania

Italy
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Bioactive Ceramics as Bone Morphogenetic
Proteins Carriers

Sayed Mahmood Rabiee
Babol University of Technology
Iran

1. Introduction

Bone tissue is the component of the skeletal system that provides the supporting structure
for the body. Bone has a complex morphology; it is a specialized connective tissue
composed of a calcified matrix and an organic matrix. The tissue can be organized in either
the dense (compact) or spongy form (cancellous), with pore sizes within the wide range of 1-
100 pm (Lane et al., 1999). Although the shape of bone varies in different parts of the body,
the physicochemical structure of bone for these different shapes is basically similar. The
biochemical composition of bone is precisely composed of two major phases at the
nanoscale level namely, organic and inorganic as a good example for a composite. These
phases have multiple components which consist of, in decreasing proportions, minerals,
collagen, water, non-collagenous proteins, lipids, vascular elements, and cells (Murugan &
Ramakrishna, 2005). An overall composition of the bone is given in Table 1.

Inorganic Phases Wt% Bioorganic phases Wt%
Calcium
Phosphates ~ 60 Collagen type I ~20
(biological apatite)
Water -9 None'—collagenous -3

proteins

Carbonates ~4 Primary bone cells Balance
Citrates ~0.9 Other traces Balance
Sodium ~0.7
Magnesium ~05
Other traces Balance

Table 1. The biochemical composition of bone (Murugan & Ramakrishna, 2005).

The mineral fraction of bone consists of significant quantities of non-crystalline calcium
phosphate compounds and predominantly of a single phase that closely resembles that of
crystalline hydroxyapatite (Caio(PO4)s(OH)2) (Hench & Wilson, 1993; Dorozhkin, 2010a).
Biological hydroxyapatite also contains other impurity ions as Cl, Mg, Na, K, and F and
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trace elements like Sr and Zn (LeGeros, 2002). The apatite in bone mineral is composed of
small platelet-like crystals of just 2 to 4 nm in thickness, 25 nm in width, and 50 nm in length
(Dorozhkin & Epple, 2002). Bone mineral non-stoichiometry is primarily due to the presence
of divalent ions, such as CO32- and HPO42, which are substituted for the trivalent PO,3- ions.
Substitutions by COs2 and HPO,? ions produce a change of the Ca/P ratio, resulting in
Ca/P ratio which may vary between 1.50 to 1.70, depending on the age and bone site
(Raynaud et al., 2002). When a loss of bony tissue occurs as a result of trauma or by the
excision of diseased, healing requires the implantation of bone substitutes. There is a high
clinical request for synthetic bone substitution materials, due to the drawbacks such as a
prolonged operation time and donor site morbidity in about 10-30% of the cases associated
with biological bone grafts (Giannoudis et al., 2005; Beaman et al., 2006; Chu et al., 2007).
Biological grafts are generally associated with potential infections. In order to avoid the
problems associated with biological bone grafting, there has been a continuous interest in
the use of synthetic bone substitute materials. Bioactive ceramics such as calcium
phosphates offer alternatives to synthetic bone substitute (Vallet-Reg1 & lez-Calbet, 2004;
Best et al., 2008; Rabiee et al., 2008a). These biomateials with a porous structure not only
possess good biocompatibility but also allow the ingrowth of tissues and penetration of
biological fluids and form a chemical bond with bone (Lu & Leng, 2005; Rabiee et al. 2008b).
Moreover, the Calcium phosphates are freely formed and easily fabricated to satisfy the
demands for huge bone and large quantities of bone for bone substitute. For these reasons,
the Calcium phosphates have been considered as useful materials for bone repair and
replacement. To fabricate a bioactive ceramic bone substitute with various porous
configuration, the evidence of tissues ingrowth and biological responses provide obvious
advantages in tissue-implant fixation and controlled biodegradation rate for both short-term
and long-term implantation purposes (Karageorgiou & Kaplan, 2005, Rabiee et al. 2008b).
Many processing technologies have been employed to obtain porous calcium phosphates as
bone filler (Rabiee et al., 2007; Best etal. 2008). For example, porous calcium phosphates can
be obtained by merging the slurry with a polymer sponge-like mold or polymer beads
before sintering. During the sintering, the polymer is completely burnt out, which results in
a porous structure. The use of highly porous calcium phosphate induces bone formation
inside the implant and increases degradation. Cortical bone has pores ranging from 1 to 100
pm (volumetric porosity 5 to 10%), whereas trabecular bone has pores of 200 to 400 pm
(volumetric porosity 70 to 90%). Porosity in bone provides space for nutrients supply in
cortical bone and marrow cavity in trabecular bone. Microporosity covers pores sizes
smaller than 5 pm for penetration of fluids and Pores larger than 10 pm can be considered
as macropores. Macroporous dimensions are reported to play a role in osteoinductive
behavior of bone substitutes (Karageorgiou & Kaplan, 2005; Rabiee et al., 2009). Because of
the influence of bioactive ceramics on cell behaviour, the bone forming cells are often
introduced into these porous ceramics to speed-up tissue ingrowth. The surface of bioactive
ceramics is a good substrate for seeding cells (Cao et al., 2010; Rungsiyakull et al., 2010).
Bone Tissue engineering typically involves coupling osteogenic cells and/or osteoinductive
growth factors with bioactive scaffolds (Buma et al.,, 2004; Mistry & Mikos, 2005). Some
studies have investigated the bone forming capacities of growth factors loaded synthetic
bone substitutes. In terms of growth factors, most research has focused on the use of the
bone morphogenic proteins (BMPs) (Mont et al. 2004; Termaat et al., 2005). They are
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signalling molecules which can induce de novo bone formation at orthotopic and
heterotropic sites (Boix et al.,, 2005). Current examination of alternatives to grafting
techniques suggests three possible new approaches to inducing new bone formation:
implantation of certain cytokines such as BMPs in combination with appropriate delivery
systems at the target site (Liu et al., 2007; Niu et al., 2009); transduction of genes encoding
cytokines with osteogenic capacity into cells at repair sites; and transplantation of cultured
osteogenic cells derived from host bone marrow (Chu et al., 2007). BMPs have crucial roles
in growth and regeneration of skeletal tissues (Nie & Wang, 2007). One primary role of
BMPs is to regulate the key elements in the bone induction cascade required for
regeneration of skeletal tissues (Schneider et al., 2003). BMPs are bone matrix protein that
stimulate mesenchymal cell chemotaxis and proliferation, and promotes the differentiation
of these cells into chondrocytes and osteoblasts (Calori et al., 2009; Nie & Wang, 2007). This
osteoinductive action of BMPs is well established to be beneficial during the repair bone
defects (Termaat et al., 2005). BMPs act locally and therefore must be delivered directly to
the site of regeneration via a carrier (Hartman et al., 2005, Chu et al., 2007). Bioactive
ceramics can act as vehicle for factor delivery to the surrounding tissues. Future research
should be investigated the potentials of these constructs to find a successful alternative for
biological bone substitute.

2. Bioactive ceramics

Bioactive ceramics are used in a number of different applications in implants and in the
repair and reconstruction of diseased or damaged body parts. Most medical applications of
bioactive ceramics relate to the repair of the skeletal system and hard tissue. They include
several major groups such as calcium phosphate ceramics, bioactive glasses and glass-
ceramics.

2.1 Calcium phosphate ceramics

Calcium phosphate ceramics are very popular implants for medical applications because
of their similarity to hard tissue. These bioceramics have been synthesized and used for
manufacturing various forms of implants, as well as for solid or porous coatings on other
implants. Calcium phosphate compounds exist in several phases. Most of these
compounds are used as raw material for synthesis of bioactive ceramics. Different types
of calcium phosphate are employed to fabricate implants to accommodate bone tissue
regeneration. Table 2 lists the main Ca-P compounds for biomedical applications (Vallet-
Reg1 & lez-Calbet, 2004). The atomic ratio of Ca/P in calcium phosphates can be varied
between 2 and 1 to produce compounds ranged from calcium tetraphosphate(TTCP)
CasP20y, hydroxyapatite (HA) Caio(PO4)s(OH)2, octacalcium phosphate (OCP)
CagH(PO4)6.5H20, tricalcium phosphate (TCP) Ca3(PO4)2 to dicalcum phosphate
dihydrate (DCPD) CaHPO4.2H>O or dicalcum phosphate anhydrus (DCPA) CaHPOs.
(Raynaud et al., 2002; Vallet-Reg1 & lez-Calbet, 2004; Dorozhkin, 2010b). Due to their high
solubility, the calcium phosphates compounds with a Ca/P ratio less than 1 are not
suitable for biological implantation. Hydroxyapatite with Ca/P ratio of 1.667 is much
more stable than other calcium phosphates. Under physiological conditions, calcium
phosphates degrade via dissolution-reprecipitation mechanisms (Raynaud et al., 2002).
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When the dissolution of calcium phosphate is higher than the rate of mineral
reprecipitation and tissue regeneration, it is not suitable as a good bone substitute. The
dissolution process is dependent on the nature and their thermodynamic stability of
calcium phosphate substrate, for example (in order of increasing solubility), HA > TCP >
OCP > DCPD or DCPA (Bohner, 2000; Dorozhkin, 2010a). In an ideal situation, a
biodegeradable bone substitute is slowly resorbed and replaced by natural bone. TCP
with Ca/P ratio of 1.5 is a biodegradable and more resorbed than HA. The use of a
mixture of HA and B-TCP, as biphasic calcium phosphate (BCP), has been attempted as
bone substitute. The dissolution and resorption rate of BCP can be controlled with ratio of
B-TCP/HA (Detsch et al., 2008; De Gabory et al., 2010).

Name Ca/P Formula Acronym
Calcium Dihydrogen Phosphate 0.5 Ca(H,PO4).H,O MCP
Dicalcum phosphate dihydrate 1 CaHPO4.2HO DCPD
Dicalcum phosphate anhydrous 1 CaHPO, DCPA
Octacalcium phosphate 1.33 CagHz(PO4)6.5HO OCP
Tricalcium phosphate 1.5 Caz(POqy)2 TCP
Hydroxyapatite 1.67 Cai9(PO4)s(OH)2 HA
Tetracalcium phosphate 2 CaO(POy)> TTCP

Table 2. Varius calcium phosphate with their respective Ca/P atomic ratios (Vallet-Reg: &
lez-Calbet, 2004).

The major limitation to use calcium phosphates is their mechanical properties. Calcium
phosphates are used primarily as fillers and coatings (Ooms et al., 2003) because they are
brittle with poor fatigue resistance (Teoh, 2000).

2.2 Calcium phosphate cements

Calcium phosphate cements (CPCs) are of interest for bone tissue engineering purposes.
Different studies with CPCs have shown that they are highly biocompatible and
osteoconductive materials, which can stimulate tissue regeneration (Bohner, 2000; Carey et
al., 2005; Ginebra et al., 2006). The main difference between cements when compared to
other bioactive ceramics, in the form of ceramic granules or bulk materials, is the
injectability and in-situ hardening. Calcium phosphate cements consist of a powder phase
and an aqueous liquid, which are mixed together to form a paste that sets after being
implanted within the body. Brown and Chow prepared the first CPBC in 1985 contained
TTCP and DCPA or DCPD as the solid phase (Brown & Chow, 1985). After mixing with
water, the cement components results precipitation of apatite (AP: Cajox (HPO4)x(PO4)s.
x(OH)2.x , where 0< x <2) (Ginebra et al., 2006; Rabiee et al., 2010). There are a variety of
different combinations of calcium compounds which are used in the formulation of these
bone cements. In general there are two types of CPC: apatite cements and brushite cements.
Brushite cement has a lower mechanical strength but a faster biodegradability than the
apatite cement. Both types of cement can be applied for bone tissue engineering purposes.
(Carey et al., 2005; Rabiee et al., 2010). CPCs as drug delivery systems, where the drugs can
be incorporated throughout the whole cement volume. CPCs are suitable materials for local
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delivery systems in osseous tissue since they can simultaneously promote bone regeneration
and prevent infectious diseases by releasing therapeutic agents. Recent advances in CPC
technology have resulted in the enhancement of the handling, application and
osteoconductive properties of these cements. These improvements have permitted CPCs to
be assayed as carriers for local delivery of drugs and biologically active substances (Ginebra
et al, 2006). Drugs, such as antibiotics, antitumors, and growth factors, have been
administered to defect regions to induce therapeutic effects (Ginebra et al., 2006; Chu et al.
2007). The success of this idea was favored by the easy incorporation of pharmaceutical and
biological substances into the cement solid or liquid phases, the intimate adaptation of the
cement paste to bone defects and permits the release of the entrapped substance to the local
environment.

2.3 Bioactive glasses & glass-ceramics

Bioactive glasses and glass-ceramics have the ability to bind to hard tissues as was
discovered by Hench in 1969 (Hench, 2006). They are used as implants to repair or replace
parts of the body; long bones, vertebrae, joints, and teeth. Their clinical success is due to
formation of a stable, mechanically strong interface with bone (Hench & Wilson, 1993; Cao
et al., 2010). Bioactive materials are typically made of compositions from the Na>O-CaO,
MgO-P,05-5i0; system. The composition of the first bioglass Hench made was in weight
percent 25% NayO, 25% CaO, 5% P>Os and 45% SiO, and noted as Bioglass 45S5. Melting
and sol- gel processing are two methods for producting glasses. Sol-gel processing has been
successfully used in the production of a variety of materials for both biomedical and
nonbiomedical applications (Hench, 2006; Ravarian et al., 2010). Sol-gel processing, an
alternative to traditional melt processing of glasses, involves the synthesis of a solution (sol),
typically composed of metal-organic and metal salt precursors followed by the formation of
a gel by chemical reaction or aggregation, and lastly thermal treatment for drying, organic
removal, and sometimes crystallization (Saravanapavan & Hench, 2003). Sol-gel-derived
bioactive glasses were used because they exhibit high specific area, high osteoconductive
properties, and a significant degradability. The sol-gel approach to making bioactive glass
materials has produced glasses with enhanced compositional range of bioactivity. When in
contact with body fluids or tissues, bioactive glasses develop reactive layers at their surfaces
resulting in a chemical bond between implant and host tissue (Hench, 2006). Hench has
described a sequence of five reactions that result in the formation of a hydroxy-carbonate
apatite (HCA) layer on the surface of these bioactive glasses (Hench, 2006). The dissolution
of the glass network, leading to the formation of a silica-rich gel layer and subsequent
deposition of an apatite-like layer on the glass surface, was found to be essential steps for
bonding of glass to living tissues both through in vivo and in vitro studies (Cao et al., 2010).
The use of bioactive glass for load-bearing applications is restricted because of its brittleness.
One possibility to overcome this drawback is to crystallize the glass to obtain a glass-
ceramic. Glass- ceramics are polycrystalline ceramics made by transformation of the glass
into ceramic. The formation of glass ceramics is influenced by the nucleation and growth of
small crystals. The nucleation of glass is carried out at temperatures much lower than the
melting temperature. Professor Kokubo and his coworkers developed a glass-ceramic
containing apatite and wollastonite in a glass matrix (Kokubo et al., 1986). Apatite-
wollastonite (A-W) glass-ceramic is one of the most important glass ceramics for use as a
bone substitute. The apatite crystals form sites for bone growth; the long wollastonite
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crystals reinforce the glass (Liu et al. 2004). Drug and growth factor loading of bioactive
glasses and glass ceramics is possible using the sol-gel method. Ziegler et al. introduced
Growth factors into a bioactive glass and observed an initial burst of 10%, followed by a
delayed boost between day 3 and 8, depending on the type of growth factor (Ziegler et al.,
2002).

3. Bone morphogenetic proteins

Bone morphogenetic proteins (BMPs) induce new bone formation by directing
mesenchymal stem cells. They are biologically active osteoinductive cytokines that with
significant clinical potential. The key steps are proliferation of cells, and finally
differentiation into cartilage and then bone. Proliferation was maximal on day 3,
chondroblast differentiation was on day 5, and chondrocytes were on day 7. The cartilage
hypotrophied on day 9 with vascularization and osteogenesis. On days 10 to 12 maximal
alkaline phosphatase activity, a marker of bone formation was observed. Hematopoietic
differentiation was observed in the ossicle on day 21. BMP were first characterized in 1965
by Urist as a biologically activator and he has led to various studies for identification of a
variety of growth factors that play roles in osteogenesis. The most studied of these are the
insulin-like growth factor (IGF), epidermal growth factor (EGF), fibroblast growth factor
(FGF), platelet-derived growth factor (PDGF), and the transforming growth factor (TGF)
group, of which, the BMPs form a subgroup. There are 15 members of BMPs family in table
3 and Among members of the BMPs, BMP2, 4, and 7 possess a strong ability to induce bone
formation (Termaat et al., 2005; Nie & Wang, 2007; Calori et al., 2009).

BMP designation Generic Name

BMP1 bone morphogenetic protein 1

BMP2 bone morphogenetic protein 2

BMP3 bone morphogenetic protein 3 (osteogenic)

BMP4 bone morphogenetic protein 4

BMP5 bone morphogenetic protein 5

BMP6 bone morphogenetic protein 6

BMP7 bone morphogenetic protein 7 (osteogenic protein 1)
BMPSA bone morphogenetic protein 8a

BMP8B bone morphogenetic protein 8b (osteogenic protein 2)
BMP9 growth differentiation factor 2 (GDF2)

BMP10 bone morphogenetic protein 10

BMP11 growth differentiation factor 11 (GDF11)

BMP12 growth differentiation factor 7 (GDF7)

BMP13 growth differentiation factor 6 (GDF6)

BMP14 growth differentiation factor 5 (GDF5)

BMP15 bone morphogenetic protein 15

Table 3. The BMPs Family. (Termaat et al., 2005).
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4. Bioactive ceramic as carrier for bone marrow cells: case study

This experiment focuses on a tissue engineering strategy for bone regeneration using bone
marrow carried by a bioactive ceramic scaffold. To fabricate a bioactive ceramic with porous
configuration, the evidence of tissues ingrowth and biological responses provide obvious
advantages in tissue-implant fixation and controlled biodegradation rate for both short-term
and long-term implantation purposes (Klein et al., 1984; Rabiee et al., 2008c). Many
processing technologies have been employed to obtain porous bioceramics as bone
substuitute. The method of casting foams has shown suitability to manufacture strong and
reliable macro-porous bioceramics that have great potential to replace bone tissue (Rabiee et
al., 2007, 2008c). Results obtained with bone substitutes are currently less reliable than with
autologous cancellous bone grafting which remains the preferred method for healing bone
defects. Bone marrow stromal cells haved proved their ability to induce bone formation (Liu
et al., 2007b). So the association of autologous bone marrow and porous bioceramic might be
a successful hybrid biomaterial for bone substitute (Liu et al., 2007). The porous sample was
fabricated by polyurethane foam reticulate method. The macrostructure of the scaffold was
controlled by the porous structure of the polymer substrate. After sintering the ceramic
resembled the polymer matrix texture, giving rise to a structure characterized by several
macropores, whose size (100 pm <macropores size<200 pm) can assure osteoconduction
after implantation (Fig. 1). The total porosity of the porous body was evaluated from the
density value calculated as weight/volume and amounted to 64+5%. Details of the
preparation method can be found in Ref. (Rabiee et al., 2009).

L= SEl EHT= 20.0 KV WD= 24 mm

Fig. 1. SEM micrograph of a macropore in sintered bioactive ceramic.

Synthetic porous ceramic were supplied in the form of cylindrical specimens with a mean
diameter of 3.4 0.5 mm and a mean length of 6.3£0.7 mm. Under general anesthesia, bone
marrow was harvested from one medullar midshaft of the rabbit femur and diluted with 1
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cc of saline. The porous ceramic were immersed in the solution for 5 min before
implantation. A cavity of 3.5 mm in diameter and 7 mm in depth was drilled manually in
the femoral condyles under general anaesthetic conditions and antibiotic protection. After
carefully washing with a physiological saline solution, the cavities were filled with porous
bioactive ceramic (BC) on one side and with porous bioactive ceramic contain Bone marrow

(B)

Fig. 2. Histological section of implants were harvested 3 months after implantation and
stained with hematoxylin and eosin at 100x magnification. (A) bioactive ceramic, (B)
bioactive ceramic with bone marrow cells. BC=bioactive ceramic, NB= newly formed bone.



Bioactive Ceramics as Bone Morphogenetic Proteins Carriers 11

(BCBM) on the other side. After 1, 2, 3 and 6 months, animals were killed by an overdose of
thiopental sodium and the femoral condyles were removed. Experiments were performed
according to the European Guidelines for Care and Use of Laboratory Animals (European
Directive 86/609/CEE). During the experiment, all rabbits remained in good health and did
not show any wound complications. No inflammatory signs or adverse tissue reaction could
be observed. After 3 months, revealed the bridging of the BC and BCBM by host bone. Fig. 2
shows in vivo test results after 3 months. Histological investigations show a higher presence
of newly formed bone and a higher osteogenesis in BCBM compared to BC after 3 & 6
months. In general, osteoblasts occurred evidently one month postoperatively, bone
marrows began to develop in new bone tissues two months postoperatively, and bone
tissues tended to be mature with the development of osteocytes and bone marrows over
three months postoperatively.

Ideally, an implant, when placed in an osseous defect, should induce a response similar to
that of fracture healing, where by the defect is initially filled with a blood clot which is
invaded by mesenchymal cells, osteoblasts and fibroblasts within 2 weeks, followed by
extensive bone and osteoid formation at 6 weeks, with complete healing/repair of the
cancellous structure by 12 weeks (Orr et al., 2001). [

An equivalent amount of host bone was found in the BC and BCBM treated sites (Fig. 3). No
significant difference was seen between BCBM and BC, at month 1 and month 2, but in
Group 3 and 6 months, osteoid surface was higher in BCBM than in BC alone (p<0.05).
BCBM have a stable biomechanical environment conducive to the formation of callus. Data
from several sources show the exact effect of bone ingrowth on compressive strength and
elastic modulus (Orr et al.,, 2001; Rabiee et al., 2008b). The porous implant with tissue
ingrowth acts a composite structure. The implanted block consists of the mineral matrix of
the block, fibrovascular tissue and bony tissue. All of these parameters effect on the
compressive strength and modulus.
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Fig. 3. Histomorphometry of the amount of bone coverage in BC and BCBM at 1, 2, 3 and 6
months after implantation. *p<0.05.
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Results from mechanical compressive strength and elastic modulus of implanted specimens
are presented in Table 4. BC specimens possessed an elastic modulus of 299+21 MPa prior to
implantation. Elastic moduli of BC and BCBM became weaker after implantation (Table 4).
BC moduli were significantly higher than those of the control at all time points, but no
significant difference was apparent between BCBM and control 3 and 6 months after
implantation. One example of the influence of a high modulus of elasticity of an implant
material on surrounding bone is the dramatic bone loss around certain joint replacement
prostheses. This bone loss has been attributed to the stress shielding resulting from the large
disparity between the stiffness of the implant and the host bone (Orr et al., 2001).

Time of implantation | Compressive strength (MPa) Elastic modulus (MPa)
BC BCBM BC BCBM

Before implantatiom 6(0.5) - 299(21) -
1 months 5.2(0.94) 5.73(1) 268(33) 232(21)
2 months 4.8(0.9) 5.56(1.02) 232(20) 205(19)
3 months 5(0.3) 5.96(0.62) 206(22) 188(16)
6 months 5.1(0.5) 5.76(1.05) 195(17) 171(14)

AC 47(0.6) 169(23)

Table 4. Mechanical properties of BC and BCBM. BC= Bioactive ceramic without bone
marrow; BCBM= Bioactive ceramic with bone marrow; AC= anatomic control.

After implantation, BC and BCBM were partly degraded and their compressive mechanical
properties decreased or remained at the same level. This could have resulted from two
opposing reactions, with the matrix degrading slowly at the same time the amount of bone
related to the reduced implant size was increasing. The first results of in vivo tests on rabbits
showed good biocompatibility and osteointegration of the synthetic bioactive ceramic with
bone marrow, with higher osteoconductive properties and earlier bioresorption, compared
to similar synthetic bioactive ceramic without bone marrow samples. Bone marrow
improved mechanical properties and bone growth. Bone ingrowth and degradation of the
bioactive ceramic allow bone remodeling, which is a prerequisite for a good bone substitute.

5. Acknowledgments

The author would like to thank Prof. Moztarzadeh and Dr Mortazavi for their technical
assistance, and Dr Sharifi for organizing the surgery.

6. References

Beaman, F.D., Bancroft, L.W., Peterson, J.J. & Kransdorf, M.]. (2006). Bone Graft Materials
and Synthetic Substitutes. Radiologic Clinics of North America, Vol. 44, No. 3, pp. 451-
461.



Bioactive Ceramics as Bone Morphogenetic Proteins Carriers 13

Best, S.M., Porter, A.E., Thian, E.S. & Huang, J. (2008). Bioceramics: Past, present and for the
future. Journal of the European Ceramic Society, Vol. 28, No. 7, pp. 1319-1327.

Bohner, M. (2000). Calcium orthophosphates in medicine: from ceramics to calcium
phosphate cements. Injury. Vol. 31, pp. 37-47.

Buma, P., Schreurs, W. & Verdonschot, N. (2004). Skeletal tissue engineering from in vitro
studies to large animal models. Biomaterials, Vol. 25, No. 9, pp.1487-95.

Boix, T., Gémez-Morales, J., Torrent-Burgués, J., Monfort, A. Puigdomeénech, P. &
Rodriguez-Clemente, R. (2005). Adsorption of recombinant human bone
morphogenetic protein rhBMP-2m onto hydroxyapatite. Journal of Inorganic
Biochemistry, Vol. 99, No. 5, pp. 1043-1050

Brown,W.E., Chow,L.C. (1985). Dental restorative cement pastes. U. S. Patent No. 4518430.

Calori, G.M., Donati, D., Bella C.D. & Tagliabue, L. (2009). Bone morphogenetic proteins and
tissue engineering: future directions. Injury, Vol. 40, pp. 67-576

Cao, B., Zhou, D., Xue, M,, Li, G,, Yang, W,, Long, Q. & Ji, L. (2010). Study on surface
modification of porous apatite-wollastonite bioactive glass ceramic scaffold. Applied
Surface Science, Vol. 255, No. 2, pp. 505-508.

Carey, L.E.,, Xu, HH.K,, Simon Jr, C.G., Takagi, S. & Chow, L.C. (2005). Premixed rapid-
setting calcium phosphate composites for bone repair. Biomaterials, Vol. 26, pp.
5002-5014.

Chu, TM.G.,, Warden, S.J., Turnera, C. H. & Stewart, R.L. (2007). Segmental bone
regeneration using a load-bearing biodegradable carrier of bone morphogenetic
protein-2. Biomaterials, Vol. 28, pp. 459-467.

De Gabory, L., Bareille, R., Stoll, D., Bordenave, L. & Fricain, J. (2010). Biphasic calcium
phosphate to repair nasal septum: The first in vitro and in vivo study. Acta
Biomaterialia, Vol., No. 3, pp. 909-919.

Detsch, R., Mayr, H. & Ziegler, G. (2008). Formation of osteoclast-like cells on HA and TCP
ceramics, Acta Biomaterialia, Vol. 4, No. 1, pp. 139-148.

Dorozhkin, S.V. & Epple, M. (2002). Biological and medical significance of calcium
phosphates. Angewandte Chemie International Edition, Vol. 41, pp. 3130-3146.
Dorozhkin, S.V. (2010a). Amorphous calcium (ortho)phosphates. Acta Biomaterialia, Vol. 6,

No. 12, pp. 4457-4475.

Dorozhkin, S.V. (2010b), Bioceramics of calcium orthophosphates. Biomaterials, Vol. 31,Vol.
7, pp. 1465-1485.

Giannoudis, P.V., Dinopoulos, H. & Tsiridis, E. (2005). Bone substitutes: An update. Injury,
Vol. 36, No. 3, pp. S20-527.

Ginebra, M.P., Traykova, T.& Planell, J.A. (2006). Calcium phosphate cements as bone drug
delivery systems: A review. Journal of Controlled Release, Vol. 113, No. 2, pp. 102-110.

Hartman, EM., Vehof, JW.M., Spauwen, PHM. & Jansen, J.A. (2005). Ectopic bone
formation in rats: the importance of the carrier. Biomaterials, Vol. 26, No. 14, pp.
Pages 1829-1835.

Hench, L.L. (2006). The story of Bioglass, Journal of Materials Science: Materials in Medicine,
Vol. 17, pp. 967-978.

Hench, L.L. & Wilson J. (1993). An introduction to bioceramics, World Scientific Publishing
Co.; Singapore. pp. 245-251.



14 Biomaterials Applications for Nanomedicine

Karageorgiou, V. & Kaplan, D. (2005). Porosity of 3D biomaterial scaffolds and osteogenesis.
Biomaterials, Vol. 26, No. 27, pp. 5474-5491.

Klein, C., Driessen, A.A. & De Groot, K. (1984). Relationship between the degradation
behavior of calcium phosphate ceramics and their physical chemical characteristics
and ultra structural geometry. Biomaterials, Vol. 5, pp. 157-160.

Kokubo, T., Ito, S., Sakka S. & Yamamuro, T. (1986). Formation of a high-strength bioactive
glass-ceramic in the system MgO-CaO-SiO»-P2Os, Journal of Materials Science, Vol.
21, No. 2, pp. 536-540.

Lane, J. M,; Tomin, E., & Bostrom, M.P.G. (1999). Biosynthetic bone grafting. Clinical
Orthopaedics and Related Research, Vol.65, pp. 107-117.

LeGeros, R.Z. (2002). Properties of osteoconductive biomaterials: calcium phosphates.
Clinical Orthopaedics and Related Research, Vol. 395, pp. 81-98.

Liu, X, Ding, C. & Chu, P.K. (2004). Mechanism of apatite formation on wollastonite
coatings in simulated body fluids. Biomaterials, Vol. 25, No. 10, pp. 1755-1761.

Liu, Y., Enggist, L., Kuffer, A.F., Buser, D. & Hunziker, E.B. (2007a). The influence of BMP-2
and its mode of delivery on the osteoconductivity of implant surfaces during the
early phase of osseointegration, Biomaterials, Vol. 28, pp. 2677-2686

Liu, Y., Cooper, P.R., Barralet J.E. & Shelton, R.M. (2007b). Influence of calcium phosphate
crystal assemblies on the proliferation and osteogenic gene expression of rat bone
marrow stromal cells. Biomaterials, Vol. 28, No. 7, pp. 1393-1403.

Lu, X. & Leng, Y. (2005). Theoretical analysis of calcium phosphate precipitation in
simulated body fluid. Biomaterials, Vol. 26, pp.1097-1108.

Mistry, A.S. & Mikos, A.G. (2005). Tissue engineering strategies for bone regeneration.
Advances in Biochemical Engineering/Biotechnology, Vol. 94, pp.1-22.

Mont, M.A,, Ragland, P.S., Biggins, B., Friedlaender, G., Patel, T., Cook S, Etienne, G.,
Shimmin, A., Kildey, R., Rueger, D.C. & Einhorn, T.A. (2004). Use of bone
morphogenetic proteins for musculoskeletal applications. An overview. (2004).
Journal of Bone and Joint Surgery, Vol. 86, pp. 41-55.

Murugan, R. & Ramakrishna, S. (2005). Development of nanocomposites for bone grafting.
Composites Science and Technology Vol.367, pp. 2385-2406.

Nie, H.,, & Wang, C. (2007). Fabrication and characterization of PLGA/HAp composite
scaffolds for delivery of BMP-2 plasmid DNA. Journal of Controlled Release, Vol. 120,
No. 1-2, pp. 111-121.

Niu, X., Feng, Q., Wang, M. Guo, X. & Zheng, Q. (2009). Porous nano-HA /collagen/PLLA
scaffold containing chitosan microspheres for controlled delivery of synthetic
peptide derived from BMP-2. Journal of Controlled Release, Vol. 134, No. 2, pp. 111-
117.

Ooms, EM., Wolke, J.G.C,, Van de Heuvel, M.T., Jeschke, B. & Jansen, J.A. (2003).
Histological evaluation of the bone response to calcium phosphate cement
implanted in cortical bone. Biomaterials, Vol. 24, No. 6, pp. 989-1000.

Orr, T.E., Villars, P.A., Mitchell, S.L., Hsu, HP. & Spector, M. (2001). Compressive
properties of cancellous bone defects in a rabbit model treated with particles of
natural bone mineral and synthetic hydroxyapatite. Biomaterials, Vol. 22, pp. 1953-
1959.



Bioactive Ceramics as Bone Morphogenetic Proteins Carriers 15

Rabiee, S.M., Moztarzadeh, F., Salimi-Kenari, H. & Solati-Hashjin, M. (2007). Preparation
and properties of a porous calcium phosphate bone graft substitute, Materials
Science- Poland. Vol. 25, No. 4, pp. 1019-1027.

Rabiee, S. M., Moztarzadeh, F., Solati-Hashjin, M. & Salimi-Kenari, H. (2008a). Porous
tricalcium phosphate as a bone substitute. American Ceramic Society Bulletin, Vol. 87,
No.2, pp.43-45.

Rabiee, S.M., Mortazavi, S.M.]., Moztarzadeh, F., Sharifi, D., Sharifi, Sh., Salimi-Kenari, H.,
Solati-Hashjin, M. & Bizari, D. (2008b). Mechanical behavior of a new biphasic
calcium phosphate bone graft. Biotechnology and Bioprocess Engineering. Vol. 13, pp.
204-209.

Rabiee, S.M., Moztarzadeh, F., Salimi-Kenari, H., Solati-Hashjin, M. & Mortazavi, S.M.].
(2008¢). Study of Biodegradable Ceramic Bone Graft Substitute, Advances in Applied
Ceramics, Vol.107, No.4, pp.199-202.

Rabiee, S.M., Mortazavi, S.M.]., Moztarzadeh, F., Sharifi, D., Fakhrejahani, F., Khafaf, A.,
Houshiar Ahmadi, S.A., Ravarian, R. & Nosoudi, N. (2009). Association of a
Synthetic Bone Graft and Bone Marrow Cells as a Composite Biomaterial.
Biotechnology and Bioprocess Engineering. Vol. 14, pp. 1-5.

Rabiee, S.M., Moztarzadeh, F. & Solati-Hashjin, M. (2010). Synthesis and characterization of
hydroxyapatite cement. Journal of Molecular Structure, Vol. 969, pp. 172-175.
Ravarian, R., Moztarzadeh, F., Solati-Hashjin, M., Rabiee, S.M., Khoshakhlagh, P. & Tahriri,
M. (2010). Synthesis, characterization and bioactivity investigation of
bioglass/hydroxyapatite composite, Ceramics International, Vol. 36, No. 1, pp. 292-

297.

Raynaud, S., Champion, E., Bernache-Assollant, D. & Thomas, P. (2002). Calcium phosphate
apatites with variable Ca/P atomic ratio I. Synthesis, characterisation and thermal
stability of powders. Biomaterials, Vol. 23, pp. 1065-72.

Rungsiyakull, C., Li, Q. Sun, G., LiW. & Swain, M.V. (2010). Surface morphology
optimization for osseointegration of coated implants. Biomaterials, Vol. 31, No. 27,
pp. 7196-7204.

Schneider, A., Taboas, J.M., McCauley L.K. & Krebsbach, P.H. (2003). Skeletal
homeostasis in tissue engineered bone. Journal of Orthopaedic Research, Vol. 21,
No. 5, pp. 859-864.

Saravanapavan, P. & Hench, L.L. (2003). Mesoporous calcium silicate glasses. II.
Textural characterisation. Journal of Non-Crystalline Solids, Vol. 318, No. 1-2,
pp- 14-26.

Teoh, S.H. (2000). Fatigue of biomaterials: a review. International Journal of Fatigue, Vol. 22,
No. 10, pp. 825-837.

Termaat, M.F., Den Boer, F.C., Bakker, F.C.,, Patka, P. & Haarman, H.J. (2005). Bone
morphogenetic proteins. Development and clinical efficacy in the treatment of
fractures and bone defects. Journal of Bone and Joint Surgery, Vol. 87, No. 6, pp.1367-
78.

Vallet-Regi, M., lez-Calbet, ].M.G. (2004). Calcium phosphates as substitution of bone
tissues, Progress in Solid State Chemistry, Vol. 32, pp. 1-31.



16 Biomaterials Applications for Nanomedicine

Ziegler, J., Mayr-Wohlfahrt, U., Kessler, S., Breitig, D. & Giinther K.P. (2002). Adsorption
and release properties of growth factors from biodegradable implants. Journal of
Biomedical Materials Research, Vol. 59, pp. 422-428.



2

Collagen- vs. Gelatine-Based
Biomaterials and Their Biocompatibility:
Review and Perspectives

Selestina Gorgieva! and Vanja Kokol!?2

University of Maribor, Institute for Engineering Materials and Design, Maribor
2Center of Excellence NAMASTE, Ljubljana,

Slovenia

1. Introduction

Selection of a starting material, which will somehow mimic a naturally-existing one, is one
of the most important points and crucial elements in biomaterials development. Material
biomimetism is one of those approaches, where restoration of an organ’s function is
assumed to be obtained if the tissues themselves are imitated (Barrere et al., 2008). However,
some of the biopolymers as e.g collagen can be selected from within a group of biomimetic
materials, since they already exist, and have particular functions in the human body.
Collagen is one of the key structural proteins found in the extracellular matrices of many
connective tissues in mammals, making up about 25% to 35% of the whole-body protein
content (Friess, 2000; Muyonga et al., 2004). Collagen is mostly found in fibrous tissues such
as tendons, ligaments and skin (about one half of total body collagen), and is also abundant
in corneas, cartilages, bones, blood vessels, the gut, and intervertebral discs (Brinckmann et
al., 2005). It constitutes 1% to 2% of muscle tissue, and accounts for 6% of strong, tendinous
muscle-weight. Collagen is synthesized by fibroblasts, which originate from pluripotential
adventitial cells or reticulum cells. Up to date 29 collagen types have been identified and
described. Over 90% of the collagen in the body is of type I and is found in bones, skins,
tendons, vascular, ligatures, and organs. However, in the human formation of scar tissue, as
a result of age or injury, there is an alteration in the abundance of types I and III collagen, as
well as their proportion to one another (Cheng et al., 2011).

Collagen is readily isolated and purified in large quantities, it has well-documented
structural, physical, chemical and immunological properties, is biodegradable,
biocompatible, non-cytotoxic, with an ability to support cellular growth, and can be
processed into a variety of forms including cross-linked films, steps, sheets, beads, meshes,
fibres, and sponges (Sinha & Trehan, 2003). Hence, collagen has already found considerable
usage in clinical medicine over the past few years, such as injectable collagen for the
augmentation of tissue defects, haemostasis, burn and wound dressings, hernia repair,
bioprostetic heart valves, vascular grafts, a drug -delivery system, ocular surfaces, and
nerve regeneration (Lee et al., 2001). However, certain properties of collagen have adversely
influenced some of its usage: poor dimensional stability due to swelling in vivo; poor in
vivo mechanical strength and low elasticity, the possibility of an antigenic response (Lynn et
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al., 2004) causing tissue irritation due to residual aldehyde cross-linking agents, poor patient
tolerance of inserts, variability in releasing kinetics, and ineffectiveness in the management
of infected sites (Friess, 1998). In addition, there is the high-cost of pure type I collagen,
variability in the enzymatic degradation rate when compared with hydrolytic degradation,
variability of isolated collagen in cross-link density, fibre size, trace impurities, and side-
effects, such as bovine spongeform encephalopathy (BSF) and mineralization. The above-
mentioned disadvantages must be considered during collagen use in medical applications
(Pannone, 2007).

In this review collagen will be presented and compared to its degradation product, gelatine,
taking into account their molecular and submolecular structural properties, possibilities to
overcome common problems related to their usage as biomaterial, i.e. the solubility and
degradation rate mechanisms, as well as their applications in combination with other types
of (bio)polymers.

2. Molecular and submolecular structure of collagen vs. gelatine

2.1 Collagen

The collagen rod-shape molecule (or tropocollagen) is a subunit of larger collagen fibril
aggregates. The lengths of each subunit are approximately 300 nm and the diameter of the
triple helix is ~1.5 nm. It is made up of three polypeptide a-chains, each possessing the
conformation of a left-handed, polyproline II-type (PPII) helix (Fig. 1). These three left-
handed helices are twisted together into a right-handed coiled coil, a triple-helix which
represent a quaternary structure of collagen, being stabilized by numerous hydrogen bonds
and intra-molecular van de Waals interactions (Brinckmann et al., 2005) as well as some
covalent bonds (Harkness, 1966), and further associated into right-handed microfibrils (~40
nm in diameter) and fibrils (100-200 nm in diameter), being further assembled into collagen
fibres (He et al., 2011) with unusual strength and stability.

The primary structure of collagen shows a strong sequence homology across genus and
adjacent family line (Muyonga et a., 2004), thus a distinctive feature of collagen is the
regular arrangement of amino acids in each of the three chains of collagen subunits. The
sequence of amino acids is characterized by a repetitive unit of glycine (Gly)-proline (Pro)-X
or Gly-X- hydroxyproline (Hyp), where Gly accounting for the 1/3 of the sequence, whilst X
and Y may be any of various other amino acid residues. However, the X-position is
occupied almost exclusively by Pro, whereas Hyp is found predominantly in the Y-position
(Gorham, 1991), both constitute of about 1/6 of the total sequence. This kind of regular
repetition and high Gly content is found in only a few other fibrous proteins, such as silk
fibroin and elastin, but never in globular proteins. Thus the super-coil of collagen is
stabilized by hydrogen bonds between Gly and Pro located in neighbouring chains and by
an extensive water-network which can form hydrogen bonds between several carbonyl and
hydroxyl peptide residues (Brinckmann et al., 2005). Furthermore, amino acids in the X- and
Y-positions are able to participate in intermolecular stabilization, e.g. by hydrophobic
interactions or interactions between charged residues, mostly coming from Pro and Hyp
residues steric repulsion (Brinckmann et al., 2005). This helical part is further flanked by
short non-helical domains (9-26 amino acids), the so called telopeptides, which play an
important role in fibril formation and natural cross-linking. After spontaneous helix
formation, cross-links between chains are formed within the region of the N-terminal
telopeptides (globular tail portion of the chains), and then the telopeptides (containing the
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cysteine (Cys) and tyrosine (Tyr) of pro-collagen) are shed leaving the rod-like ca. 3150
amino acid containing triple helix. These collagen rods assemble together with a quarter-
stagger to form the collagen fibre and the fibres are stabilised by further cross-links.

Type I (Fig. 2) collagen, the predominant genetic type in the collagen family being the major
component of tendons, bones and ligaments, is a heterotrimeric copolymer composed of two
al (I) and one a2 (I) chains, containing approximately 1050 amino acids each. This collagen
type contains one-third of Gly, contains no tryptophan (Trp) or Cys, and is very low in Tyr
and histidine (His) (Muyonga et al., 2004). Its molecule consist of three domains: amino-
terminal nontriple helical (N-telopeptide), central triple helical consisting of more than 300
repeat units and represent more than 95% of polypeptide, and carboxy-terminal nontriple
helical (C-telopeptide) (Yamauchi & Shiiba, 2008). New data show that besides the
telopeptides, tropocollagens still contain the N- and C-terminal propeptide sequences, called
non-collagenous domains (Brinckmann et al., 2005), which are responsible for correct chain
alignment and triple helix formation. The propeptides are removed before fibril formation
and regulate the fibril formation process. Tropocollagens are staggered longitudinally and
bilaterally by inter- and intra-molecular cross-links into microfibrils (4 to 8 tropocollagens)
and further into fibrils. This periodic arrangement is characterized by a gap of 40 nm
between succeeding collagen molecules and by a displacement of 67 nm. The fibrils organize
into fibres which, in turn, can form large fibre bundles, being both stabilized by
intermolecular cross-links (Friess, 1998).
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Fig. 2. Structure of type I collagen molecule. (Yamauchi & Shiiba, 2008) and
(http:/ /www.kokenmpc.co.jp/english/support/tecnical/ collagen/index.html).

Collagen types I, II, III, and V (Fig. 3) are called fibril- forming collagens and have large
sections of homologous sequences independent of species, among which first three types are
known to be chemotactic (Chevallay & Herbage, 2000). Type II collagen, the main
component of a nose cartilage , the outside of the ears, the knees and parts of larynx and
trachea, is a homotrimer composed of three al (II) chain (Shoulders and Rains, 2009), whilst
type III collagen, present in skin and blood vessels is homotrimer, composed of three a1l (III)
chains (Gelse et al., 2003). In type IV collagen, being present in basement membrane, the
regions with the triple-helical conformation are interrupted with large non-helical domains,
as well as with the short non-helical peptide interruption. Types IX, XI, XII and XIV are
fibril associated collagens with small chains, which contain some non-helical domains. Type
VI is microfibrillar collagen and type VII is anchoring fibril collagen (Samuel et al., 1998).

Type I

U"‘ N,
s

wprd/

4 .r =

H™
on
Type V
. Type VI
A=
X .

¢ * O @ ° #

NC1 domain Glycosylated C-Terminal N-Termmnal Disulfide Triple
of type IV hydroxylysin globular globular bond helix
collagen domain domain

Fig. 3. Schematic presentation of main structural differences between the most abundant
collagen types of extracellular matrix in human tissues (Belbachir et al., 2009).

From among all the known collagen types, three-dimensional (3D) model of fibril-forming
type II collagen was proposed for the development of synthetic collagen tissues and the
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study of the structural and functional aspects of collagen (Chen et al., 1995) due its orderly
arrangement of triple helix tropocollagen molecules, results in a formation of fibrils having a
distinct periodicity. Thus this system also allows the studies of the stereochemistry of all the
side-chain groups and specific atomic interactions, and further evaluation of its therapeutic
effects on collagen related diseases.

2.1.1 Antigenicity of collagen

A chemical compound that stimulates an immune response is called an antigen, or an

immunogen. A host’s immune response is not directed toward the entire antigen molecule,

but rather to specific chemical groups called epitopes, or antigenic determinants on the
molecule, which are responsible for the immunogenic properties of the antigen. Two
important characteristic of antigens are immunogenicity (specific immune response) and
reactivity (ability to react with specific antigen) where “complete antigen” possess both
characteristics, whilst, “incomplete antigen” do not show immunogenicity, but is able to
bind with antibodies (Kokare, 2008). The status of collagen as an animal-derived
biomaterial raise concerns regarding its potential to evoke immune response. Its ability to
interact with secreted antibodies (antigenicity) and to induce an immune response-process
that includes synthesis of the same antibodies (immunogenicity), are connected with
macromolecular features of a protein, uncommon to the host species, such as collagen with
animal origin. When compared with other proteins, collagens are weakly immunogenic, due
to evidences of its ability to interact with antibodies (Gorham, 1991). Clinical observations
indicate that 2-4 % of the total population posses an inherent immunity (allergy) to bovine

type collagen (Cooperman & Michaeli, 1984).

According to Lynn (Lynn et al., 2004), antigenic determinants (epitopes, macromolecular

features on an antigen molecule that interact with antibodies) of collagen can be classified

into following categories (Fig. 4):

1. Helical- recognition by antibodies is dependent on 3D conformation (i.e., the presence
of an intact triple helix).

2. Central- recognitions are located within the triple helical portion of native collagen, but
recognition based solely on amino acid sequence and not on 3D conformation. They are
often hidden, only interacting with antibodies when the triple helix has unwound, e.g.
in denaturated state.

3. Terminal- recognitions are major antigenic determinants (Lee et al., 2001), located in the
non-helical terminal regions (telopeptides), but can be eliminated by pepsine treatment
leading to atelocollagen (Fig. 5) (Chevallay & Herbage, 2000; Hsu et al., 1999; Kikuchi et
al., 2004). Telopeptide cleavage results in collagen whose triple-helical conformation is
intact, yet as both the amino and carboxyl telopeptides play important roles in cross-
linking and fibril formation, their complete removal results in an amorphous
arrangement of collagen molecules and a consequent loss of the banded-fibril pattern in
the reconstituted product, and significant increase in solubility (Lynn, 2004).

The possible use of recombinant human collagen (although more expensive) could be a way

of removing concerns of species-to-species transmissible diseases (Olsen et al., 2003).

However, complete immunogenic purification of non-human proteins is difficult, which

may result in immune rejection if used in implants. Impure collagen has the potential for

xenozoonoses, a microbial transmission from the animal tissue to the human recipient

(Canceda et al., 2003). Anyhow, although collagen extracted from animal sources may
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present a small degree of antigenicity, it is widely considered acceptable for tissue
engineering on humans (Friess, 1998). Furthermore, the literature has yet to find any

significant evidence on human immunological benefits of deficient-telopeptide collagens
(Wahl & Czernuszka, 2006).
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So, atelocollagen produced from type II collagen has demonstrated its potential as a drug
carrier, especially for gene delivery (Lee et al., 2001). However, collagen type IV possesses a
strong immunogenic character, even after pepsin treatment (Chevallay & Herbage, 2000).
Another approach for rendering the reduction of collagen antigenicity and the immune
reaction, has been presented, where the amino and carboxyl side groups are blocked by
glutarladehyde cross-linking (Hardin-Young et al., 2000). However, data from studies using
glutaraldehyde as the cross-linking agent are hard to interpret because glutaraldehyde
treatment is also known to leave behind cytotoxic residues. It is, therefore, possible that the
reduced antigenicity associated with glutaraldehyde cross-linking is due to nonspecific
cytotoxicity rather than a specific effect on antigenic determinants.

2.2 Gelatine

Gelatine is the product of thermal denaturation or disintegration of insoluble collagen
(Gomez-Gullien et al., 2009) with various molecular weights (MWs) and isoionic points
(IEPs) depending on the source of collagen and the method of its manufacturing process of
recovery from collagen. Collagen exists in many different forms, but gelatine is only
derived from sources rich in Type I collagen thet generally contains no Cys. Collagen used
for gelatine manufacturing can be from different sources, among which anyhow bovine and
porcine gelatines are more-widely used. Alternative sources of collagen for gelatine
production have been studied in last decade, such as fish skins, bones and fins (Nagai &
Suzuki , 2000), sea urchin (Robinson, 1997), jellyfish (Nagai et al., 2000) and bird feet from
Encephalopat (Herpandi et al., 2011). However, the amino acid compositions are slightly
different among all types of gelatine from different sources. Amino acids from pigskin
gelatine and bone gelatines do not contain Cys, but fish scale and bone gelatine instead,
which has less content of Gly in comparison with mammalian sources (Zhang et al., 2010).
With the exception of gelatine from pigskin origin, all other gelatines do not contain aspartic
acid (Asp) and glutamic acid (Glu).

During the denaturation-hydrolysis process (Fig. 6), collagen triple-helix organization is
hydrolyzed at those sites where covalent cross-links join the three peptides, which in case of
type B gelatine produced by partial alkaline hydrolysis of collagen, leads to polydisperse
polypeptide mixture with average MW of 40-90 kDa, instead of MW ~ 100 kDa as related to
collagen a-chains; the collagen denaturation in its passage to gelatine can be followed
polarimetricallly by reduction of specific optical rotation [a]p of collagen (Cataldo et al.,
2008).

As the collagen matures, the cross-links become stabilised, because e-amino groups of lysine
(Lys) become linked to arginine (Arg) by glucose molecules (Mailard reaction), forming
extremely stable pentosidine type cross-links. During the alkaline processing, the alkali
breaks one of the initial (pyridinoline) cross-links and as a result, on heating the collagen
releases, mainly, denatured a-chains into solution. Once the pentosidine cross-links of the
mature animal have formed in the collagen, the main process of denaturation has to be
thermal hydrolysis of peptide bonds, resulting in protein fragments being from below 100
kDa to more than 700 kDa, and with IEP between 4,6 and 9. During the acid process, the
collagen denaturation is limited to the thermal hydrolysis of peptide bonds, with a small
amount of a-chain material from acid soluble collagen in evidence. Based on this, gelatine is
divided into two main types: Type A, which is derived from collagen of pig skin by acid
pre-treatment with IEP of 7 - 9, and Type B, which is derived from collagen of beef hides or
bones by liming (alkaline process) with IEP of 4.6 - 5.4.
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Fig. 6. Two methods for gelatine extraction from tissues containing collagen (Ikada, 2002).

Type A gelatine (dry and ash free) contains 18.5 % nitrogen, but due to the loss of amide
groups, Type B gelatine contains only about 18% nitrogen. Amino acid analysis of gelatine
is variable, particularly for the minor constituents, depending on the raw material and
process used, but proximate values by weight are: Gly 21 %, Pro 12 %, Hyp 12 %, Glu 10 %,
alanine (Ala) 9 %, Arg 8 %, Asp 6 %, Lys 4 %, serine (Ser) 4 %, leucine (Leu) 3 %, valine (Val)
2 %, phenylalanine (Phe) 2 %, threonine (Thr) 2 %, isoleucine (Ile) 1 %, hydroxylysine (Hyl)
1 %, methionine (Met), His <1 % and Tyr < 0.5 %. It should be remembered that the peptide
bond has considerable aromatic character; hence gelatine shows an absorption maximum at
ca. 230 nm.

Collagen is resistant to most proteases and requires special collagenases for its enzyme
hydrolysis. Gelatine, however, is susceptible to most proteases, but they do not break
gelatine down into peptides containing much less than 20 amino acids (Cole, 2000).

Gelatine forms physical gels in hydrogen-bond friendly solvents above a concentration
larger than the chain overlap concentration (~ 2 % w/v). The gelatine sol undergoes a first
order thermo-reversible gelation transition at temperatures lower then Tg with is ~30°C,
during which gelatine molecules undergo an association-mediated conformational
transition from random coil to triple helix. The sol has polydisperse random coils of gelatine
molecules and aggregates, whereas in gel state there is propensity of triple helices stabilized
through intermolecular hydrogen bonding, during which, three dimensional (3D)
interconnected network connecting large fractions of the gelatine chains is formed (Mohanty
& Bohidar, 2003, 2005).

On cooling, gelatine chains can rewind, but not within the correct register, and small triple-
helical segments formed may further aggregate during gel formation. The lateral
aggregation of gelatin triple helix that give rise to collagen fibrils in vivo, does not occur in
gelatine gels (Chavez et al., 2006). Hydrogel formation, accompanied by a disorder-order
rearrangement in which gelatine chains partially recover the triple helix collagen structure,
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leads to forming of renaturated gelatine with amorphous main regions of randomly-coiled
gelatine chains interconnected with domains of spatially-ordered microcrystallites,
stabilized by hydrogen bonds between N-H of Gly and C=O from Pro. Stabilization of
molecular conformation and inter-helix interactions are a consequence of the existence of a
highly-ordered hydration shell with water bridges linking two groups within the same or
different gelatine chains. Hydrogen bond formation is responsible for the increase in
denaturation temperature of the fixed tissue; when compared to the pig-skin and bovine
gelatines, which have ~30% Pro and Hyp, fish gelatines possess a lesser percentage of Pro
and Hyp (~20 %), the impact of which is thermal stability and shifting by 5-10°C to lower
gelling and melting temperatures (Farris et al., 2009) and gel strength (Herpandy et al.,
2011).

Despite gelatine being one of the polymers recognized for millennia, questions about its
structure and functionality are still being discussed today. The 3D network of gelatine has
been defined by several authors using “fringed micelle” model in which there are micro-
crystallites interconnected with amorphous regions of randomly-coiled segments, whilst
other authors propose the existence of local regions of protein quaternary structure, self-
limiting in size, which can be triple-helical, only partially triple-helical or also include p-turn
and B-sheet motifs (Pena et al., 2010).

2.2.1 Antigenicity of gelatine

Due to modern manufacturing sites and the use of highly advanced, controlled
manufacturing processes with numerous purification steps (washing, filtration), heat-
treatments including a final ultra-heat treatment (UHT) sterilization step followed by a
drying of the gelatine solution, gelatine with highest quality can be prepared in regard to
physical, chemical, bacteriological and virological safety.

During Bovine Spongiform Encephalopathy (BSE), all products of bovine origin were under
suspicion as being possible transmitters of disease to humans. Thus several studies have
been done to demonstrate the capability of certain steps during gelatine production to
inactivate BSE infectivity, showing a reduction of SE infectivity for acid demineralization
and lime-treatment of 10 and 100 times, respectively. The combined reduction has been
found to be 1000 times.

The classical UHT sterilization used in gelatin manufacture should also reduce any residual
infectivity 100 times, or more probably 1000 times (Taylor et al., 1994). Washing, filtration,
ion exchange and other chemicals or treatments used in the manufacture of gelatine would
reduce the SE activity even further (by an assumed ratio of 100 times).

However, it is also a known fact that gelatine is a non-immunogenic material, yet very little
research has been done on this theme, thus most knowledge is based on early experiments
(Hopkins & Wormall, 1933), where this gelatine property was described to be connected
with the absence of aromatic ring. Gelatine non-antigenicity has attracted attention by
(Starin, 1918) who, in particular, carried out an extensive investigation, using the precipitin,
anaphylactic, complement fixation and meiostagmin reactions, and decided that the
injection of gelatine into rabbits, guinea-pigs and dogs failed to produce antibodies by
gelatine. This failure of gelatine to incite antibody production has been interpreted in
several ways, but the view most commonly held suggests that the non-antigenicity, in this
instance, is due to the absence of aromatic groupings, as gelatine is deficient in Tyr and Trp,
and contains only a very small amount of Phe. A similar explanation for gelatin’s non-
immunogenic property was given by (Kokare, 2008), where is stated that gelatine is non-
antigenic because of the absence of aromatic radicals.
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3. Cross-linking of collagen vs. gelatine and their immuno response effect

Collagen isolation by pepsin digestion involves de-polymerization of collagen by removing
amino and carboxyl- terminal telopeptides containing the intermolecular cross-links. The
isolated collagen thus exhibits poor thermal stability, mechanical strength and water
resistance, due to the destruction of natural cross-links and assembly structure by neutral salt,
acid, alkali, or proteases during the extraction process (Sisson et al., 2009). In order to increase
their strength and enzyme resistance, and to maintain their stability during implantation,
especially for long term application, collagenous matrices are usually stabilized by cross-
linking (Yannas, 1992; Tefft et al., 1997). In addition, cross-linking permits a reduction in the
antigenicity of collagen and, in some forms, decreases its calcification (Damnik, 1996).

Method Collagen Gelatine
Chemical cross-linking
Aldehydes Charulatha et al., 2003; Sisson et al.; 2009, Farrist et
e.g. glutaraldehyde (GTA) Kikuchi et al., 2004; Mu et al., al.; 2009
2010, Ma et al., 2003
Dialdehide starch (DAS) Mu et al., 2010 Martucci & Ruseckaite, 2009
Acyl azide Charulatha et al.; 2003,
Friess; 1999,
Diphenylphosphorylazide Khor, 1997, Roche et al.; 2001
(DPPA)
Carbodiimides, e.g.1-ethyl-3- Park et al.; 2002, Pieper et al.; Barbetta et al.; 2010, Natu et
(3 dimethylamino- 1999, Kim et al., 2001, Song al.; 2007, Chang et al.; 2007,
propyl)(EDC) et al., 2006 Kuijpers et al.; 2000
Hexamethylene diisocyanate Friess, 1999
Ethylene glycol diglycidyl Vargas et al.; 2008
ether
Polyepoxy compounds Friess, 1999; Khor, 1997,
Zeeman et al., 1999
Phenolic compounds Han et al.; 2003; Jackson et ~ Kim et al.; 2005; Zhang et al.;
al., 2010 2010; Pena et al.;2010
Genipin Ko et al.; 2007; Yan et al., Yao et al.; 2005, Lien et al.;
2010 2010, Bigi et al., 2002; Chiono
et al., 2008; Mi et al., 2005
Citric acid derivative (CAD) Saito et al., 2004
Enzymatic crosslinking
Transglutaminase Jus et al.; 2011 Bertoni et al., 2006; Fuchs et
al., 2010, Sztuka &
Kolodziejska, 2008
Tyrosinase Jus et al.; 2011 Chen et al., 2003
Laccasse Jus et al.; 2011
Physical crosslinking
Dehydrothermal treatment Pieper et al., 1999; Dubruel et. al.; 2007
(DHT) Tangsadthakun, et al., 2006
UV irradiation Torikai & Shibata, 1999 Bhat & Karim, 2009
y-radiation Labout , 1972 Cataldo et al.; 2008

Table 1. Overview over cross-linking methods for collagen vs. gelatine materials
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Different ways of collagen (as well as gelatine) cross-linking, either chemical, enzymatic or
physical, have been carried out and often the method is prescribed by the target application
(see Table 1).

Aldehydes have a long tradition as cross-linking reagents. Treatment with glutaraldehide
(GTA), in particular, is intensively used. Besides its good efficiency, this cross-linking
method is fast, inexpensive and mechanical properties are enhanced (Friess, 1999). Cross-
linking reaction occurs between carboxyl groups on the Glu and amine groups of Lys, or
Arg forming a Shiff-base as presented on Fig. 7. However, due to the polymerization of
GTA, cross-linking is sometimes restricted to the surface of the device and a heterogeneous
cross-linking structure can then occur (Cheung et al., 1984). Additionally, GTA is
incorporated into the new linkage and unreacted GTA can cause local incompatibility,
inflammation or calcification (Luyn et al., 1995), along with limited cell ingrowth
(Jayakrishnan et al.; 1996) and cytotoxicity (Sisson et al., 2009) even at concentrations of 3.0
ppm after being released into the host as a result of collagen biodegradation. From other
side, glutaraldehide-based cross-linking is the current standard procedure for the
production of heart valves, providing the prosthesis with low incidences of thrombo-
embolism and satisfactory haemodynamic performance (Everaerts et al., 2007).
Reconstituted collagen membranes cross-linked with 3,3'-dithiobispropionimidate (DTBP)
and diimidoesters-dimethyl suberimidate (DMS) (Fig. 8) are shown to be more
biocompatible than those treated with GTA (Charulatha & Rajaram, 2001).

Non-toxic, water soluble substances which only facilitate the reaction, without becoming
part of the new linkage, are acyl azides and carbodiimides. Carbodiimides, e.g. EDC,
couple carboxyl groups of Glu or Asp with amino groups of Lys or Hyl residues, thus
forming stable amide bonds (Fig. 9). Reaction efficacy is increased by addition of N-
hydroxysuccinimde (NHS) which prevents hydrolysis and rearrangement of the
intermediate (Friess, 1999; Gorham, 1991; Olde Damink et al., 1996), thus causing the
formation of a coarse structure instead of tougher microstructure, in its absence (Chang &
Douglas, 2007). Because EDC can only couple groups within a distance of 1 nm, this
treatment enhances intra- and interhelical linkages within or between tropocollagen
molecules (Sung et al., 2003), without an inter-microfibrillar cross-links (Zeeman et al., 1999).
EDC cross-linked collagens show reduced calcification, with no cytotoxicity and slow
enzymatic degradation (Khor, 1997; Pieper et al., 1999).

Some natural non-toxic and biodegradable molecules with favourable biocompatibility have
been exploited as protein cross-linkers, such as D,L-glycceraldehyde (Sisson et al., 2009),
oxidized alginate (Balakrishnan & Jayakrishnan, 2005), dialdehyde starch (DAS (Mu et al,,
2010), Fig. 10) and genipin.
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Fig. 7. Crosllinking of collagen with glutaraldehyde (GTA)
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Fig. 8. Structure of cross-links obtained by (a) DTBP, (b) DMS and (c) acyl azide treatments
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Fig. 10. Cross-linking of collagen with DAS involving Schiff’s base formation between e-
amino groups from Lys or Hyl side-groups of collagen and aldehyde groups in DAS (Sission
et al., 2009)

Recently, polyphenols, such as procyanidin (He, 2011), proanthocyanidin (Kim et al., 2005;
Han et al., 2003), caffeic and tannic acids (Zhang et al., 2010), epigallocatehin and epicatehin
gallates (Jackson et al., 2010), and other tannins (Pena et al., 2010) have also been used for
this purpose, additionally bringing antioxidant activity, pharmacological activity, and
therapeutic potential to the biomaterial due their free-radical scavenging capacities. Not
only the antioxidant activity of polyphenols, but also their other physiological properties,
such as anti-allergenic, anti-inflammatory, antimicrobial, cardioprotective, and anti-
thrombotic make these compounds very interesting raw materials for medical applications
(Pena et al., 2010). It has been shown that some of them are able to stabilize collagen and
protect the chains from collagenase degradation more effectively than glutaraldehyde and
carbodiimides, thus extend the implanted material over a longer period, using very low
concentration (Jackson et al., 2010). The interactions between protein and polyphenol can
involve hydrogen bond, covalent linkage, ionic and hydrophobic bonding. The reaction
mechanism involves an initial oxidization of phenolic structures to quinones, which can
readily react with nucleophiles from reactive amino acid groups in protein: sulfuhydryl
group in Cys, amino group of Lys and Arg, amide group from Asp and Glu, indole ring of
Trp and imidazole ring from His (Zhang et al., 2010). Nevertheless, the effect of polyphenol
on the microstructure of collagen, i.e. from triple-helixes to fibrils, remains largely unknown.
In reaction mechanism between gelatin and tannin are involved hydrogen bonds between
hydroxyl groups of tannin and polar groups of gelatin, and hydrophobic interactions
between pyrrolidine ring of Pro and pentagalloyl glucose from tannin (Obreque-Slier et al.,
2010; Pena et al., 2010).

Anti-inflammatory properties are added values during genipin-induced cross-linking,
showing to be 10, 000 times less cytotoxic then glutaraldehide which may produce weakly
clastogenic responces in CHO-K1 cells (Tsai et al., 2000; Sisson et al., 2009). Moreover, the
minimal calcium content of genipin-fixed tissue was detected (Chang, 2001). Genipin is a
natural product, being obtained from an iridoid glucoside, geniposide abundantly present
in Genipa Americana and Gardenia jasminoides Ellis. Although the cross-linking mechanism of



30 Biomaterials Applications for Nanomedicine

genipin with gelatine (or collagen) is insufficiently understood, it is known that genipin
reacts with free amino groups of proteins (Fig. 11), such as Lys, Hyl and Arg, forming dark
blue colour, thus acting as monomeric or oligomeric bridge which results in a comparable
mechanical strength and resistence against enzymatic degradation as the glutaraldehyde-
fixed tissues (Mi et al., 2005; Bigi, et al., 2002); the maximum cross-linking percentage when
using genipin as a cross-linker enriched in gelatin films, is about 85% (Bigi et al., 2002).
Touyama group (Touyama et al., 1994) proposed a mechanism for the reaction of genipin
with a methylamine, were, reaction occurred through a nucleophilic attack of the primary
amine on the C3 carbon of genipin, causing an opening of the dihydropiran ring. An attack
then followed on the resulting aldehyde group by the secondary amine group. The final step
in formation of the cross-linking material is believed to be dimerization produced by radical
reactions, which indicate that genipin form intra- and intermolecular cross-links that have
heterocyclic structure with primary amino group-containing proteins. During cross-linking
reaction, genipin introduce intermicrofibrilar cross-links between adjacent collagen
microfibrils, which affect the mechanical properties (Sung et al., 2003). The sizes of the
interfibrilar cross-links can vary by pH variation, during cross-linking reaction, which is pH
dependent: under basic conditions, genipin undergoes ring-opening polymerization, thus
enlarging the spaces between fibrils, whilst under basic and neutral conditions, reaction
with primary amines occur (Mi et al., 2005). Studies have been also have been conducted
using material composed of genipin cross-linked gelatine and tricalcium phosphate,
showing no inflammation and biocompatibility of such a composite (Yao et al., 2005). In
addition, genipin cross-linking in certain polyelectrolyte multy-layer systems is shown to
increase cell-adhesion and the spreading on polymeric films, thus improving tissue-implant
interfaces (Hillberg et al., 2009).

Citric acid derivative (CAD) prepared by modification of citric acid carboxylic groups with
NHS was introduced for cross-linking of gelatine through its amino groups leading to
amide bonds formation (Saitoa et al., 2004).

Several components of polyepoxy family have been reported, between which ethylene
glycol diglycidyl ether, with two epoxide functional groups located on both molecule’s
ends, most reactive due to the high energy is associated to the considerable strains that exist
within the three-membered ring. For these type of cross-linking agent, the opening of the
epoxide ring happen simultaneously to the occurrence of the cross-linking reaction, which
can occur within acidic and basic media (Vargas et al., 2008).
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Fig. 11. Reaction between collagen and genipin proposed by (Mi, 2005).



Collagen- vs. Gelatine-Based Biomaterials and Their Biocompatibility: Review and Perspectives 31

Enzymatic cross-linking was introduced in an attempt to overcome some problems with
traditional chemical approaches. The oxidative enzymes tyrosinase and laccase (Jus et al.,
2011), as well as acyltransferase-transglutaminase, are capable of creating covalent cross-
links in proteinaceous substrates (Fig. 12). Tyrosinases and laccases are capable of
converting low-molecular weight phenols or accessible Tyr residues of proteins into
quinones-reacitve species capable for non-enzymatic reactions with nucleophiles, such as
reactive amino groups of other amino acid residues, without disruption of gelatines coil to
helix transitions because of only 0,3% of Tyr residues in gelatine and their location outside
of the Gly-X-Y tripeptide repeat region being responsible for gelatine’s helix formation
(Chen et al, 2003), and thus forming quiet weak gels because of the same reasons.
Transglutaminase catalyses the cross-linking of gelatine by formation of isopeptide bonds
between the y-carbonyl group of a Glu residue and e-amino group of Lys residue, and one
molecule of ammonia per cross-link as by-product (Chen et al., 2003; Bertoni et al., 2006;
Crescenzi et al.,, 2002). Presumably transglutaminase-catalyzed cross-linking occurs in the
tripeptide repeat region that is responsive for gelatine’s helix forming ability (Chen et al.,
2003). The acyl-transfer enzyme catalyzes transamidation reactions that lead to the
formation of N-e-(y-glutamyl)lysine cross-links in proteins (Crescenzi et al., 2002).

TRANSGLUTAMINASE
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Fig. 12. Chemical cross-linking of Glu-carboxyl and Lys (Hyl)-amino groups in collagen and
formation of iso-peptide bond, promote by transglutaminase (Crescenzi et al., 2002).

The treatment by UV irradiation only modifies the surface rather than the bulk of the
collagen (Mu et al., 2010). Cross-linking of gelatine by UV-irradiation method involve pre-
modification of gelatine amino groups (from Lys and Hyl side chains) (Dubruel et al., 2007),
commonly by metacrilyc-anhydride (Fig. 13) (Vlierberhe et al., 2009). In subsequent step,
water-soluble gelatine-methacrylamide can be cross-linked not only by UV treatment, but,
also by a number of suitable polymerization processes, such as redox, thermal, y-irradiation
or e-beam curing (Van Den Bulcke et al., 2000). Prolonged exposure to UV-rays can cause
also the denaturation of molecule, which can be minimized by performing the irradiation in
deaerated (oxygen-poor) solutions of the gelatine derivatives (Schacht, 2004). Cross-linkage
by electron beam and x-ray irradiation additional perform sterilization of the substrate.
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Fig. 13. Derivatization of gelatine amino groups with metacrilycanhydride (Schacht, 2004).
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4. Collagen vs. gelatine as biomaterials

Collagen was first employed as a biomaterial in medical surgery in the late 19th century
(Burke et al., 1983; Silver et al., 1997). Subsequently, it was used in many other medical
applications, e.g. as wound dressings, hemostats or in cardiovascular, plastic or
neurosurgery. Most commonly, collagen type I is used in medical devices (Silver et al.;
1997). Device production is uncomplicated and is performed in water without applying high
temperatures, resulting in a variety of matrix forms, such as coatings, fibres, films, fleeces,
implants, injectable solutions and dispersions, membranes, meshes, powders, sheets,
sponges, tapes and tubes. Additionally, its properties can be adapted to desired
requirements by additional cross-linking, although shape-instability due to swelling, poor
mechanical strength, and low elasticity in vivo, may limit its unrestricted usage. Further
limitations are possible antigenic responses, tissue irritations and variations in release
kinetics (Sinha & Trehan, 2003). On the other hand, gelatine was employed as biomaterials
more recently, i.e. tissue engineering from ~ 1970s and in recent years as a cell-interactive
coating or micro-carrier embedded in other biomaterials (Dubruel et al.,, 2007). A non-
exhaustive overview of the most recent publications, subdivided by application, for either
collagen or gelatine alone or in a combination of other biopolymers is summarized in Table
2 which clearly indicates that gelatine has a wider- application range within the field of both
soft and hard-tissue engineering.

Speciality Collagen application Gelatine application

Cardiology heart valves (Everaerts et al., 2007, heart valves- electrospun
Taylor et al., 2006; Cox et al., 2010; gelatine-chitosan- polyurethane
Tedder et al., 2010) (Wong et al., 2010)

aortic valve -gelatine
impregnated polyester graft

(Langley et al., 1999)
cardiac tissue engineering
(Alperin et al., 2005)
Dermatology soft tissue augmentation (Spira et  artificial skin (Choi et al., 1999;
al., 2004) Lee et al., 2003)

skin replacement (Lee et al., 2001)  soft tissue adhesives (McDermott
artificial skin dermis (Harriger et et al., 2004)

al., 1998)

skin tissue engineering (Ma et al.,,

2003; Tangsadthakun et al., 2006)

Surgery hemostatic agent (Cameron, 1978;  small intestine ( Chiu et al., 2009)
Browder & Litwin, 1986) liver - chitosan/ gelatine scaffold
plasma expander (Jiankang et al., 2007)
suture wound dressing (Tucci & Ricotti,
wound dressing and repair (Rao, ~ 2001)
1995) nerve regeneration -
skin replacement (artificial skin) chitosan/ gelatin scaffolds
nerve repair and conduits (Chiono et al., 2008)

blood vessel prostheses (Auger et  blod vesels( Mironov et al., 2005)
al., 1998; McGuigan et al., 2006,
Amiel et al., 2006)
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Orthopaedic

Ophthalmology

Urology

Vascular

Others

born, tendon and ligament repair
cartilage reconstruction - collagen
(Stone, 1997), composite of collagen
type II/chondroitin/hyaluronan
(Jancar et al., 2007)

articular cartilage -
collagen/chitosan (Yan et al., 2010)

corneal graft (Lass et al., 1986)
vitreous implants

artificial tears (Kaufman et al., 1994)
tape and retinal reattachment
contact lenses

eye disease treatment (http.....)

dialysis membrane

hemodialysis (Kon et al., 2004)
sphincter repair (Westney et al.,,
2005)

vascular graft (Yoshida et al., 1996)
Vessel replacement, electrospin
collagen (Li, 2005 )

angioplasty

biocoatings

cell culture

organ replacement

skin test

protein , drug and gene delivery
(Mahoney & Anseth , 2007)
vocal cord regeneration (Hahn et
al., 2006)

treatment of faecal incontinence
(Kumar et al., 1998)

bone substitute -
gelatine/hydroxyapatite
(Chang et al., 2007)

hard tissue regeneration -
gelatine/hydroxyapatite ( Kim et
al., 2005)

cartilage (Lien et al., 2010)
cartilage defects regeneration -
chitosan/ gelatine (Guo et al.,
2006), ceramic/ gelatine (Lien et
al.; 2009)

bone substitute -

gelatine/ tricalcium phosphate
(Yao et al., 2005)

ocular inserts (Natu et al., 2007)
carriers for intraocular delivery
of cell/tissue sheets (Lai et al.,
2010)

contact lens - chitosan/ gelatine
(Yuan & Wei, 2004)

eye disease treatment (Lai, 2010)

plasma substitutes (Kaur et al.,
2002)

drug delivery -
gelatine/chrodroitin sulphate
(Kuijpers et al., 2000)

adipose tissue engineering for
soft tissue remodelling (Hong et
al., 2005)

Table 2. Medical applications of collagen and gelatine

Different research groups have separately evaluated collagen/gelatine-based biomaterials
that differ in the applied collagen/gelatine type, cross-linking agents, additives (in the case
of composites), pore size, pore geometry, and pore distribution. Beside, only a limited
number of cell types have been included in most studies, which makes a meaningful
understanding of how one type of (collagen/gelatine) scaffold, with its specific properties,
can be applied as a suitable substrate for a variety of cell types, rather difficult. In addition,
since the collagen/gelatine-based biomaterial used as scaffolds for in vivo tissue
engineering in the form of gels, sponges and woven meshes are required disappear by



34 Biomaterials Applications for Nanomedicine

resorption into the body after accomplishment of tissue regeneration, different tissues needs
may demand biodegradable scaffolds with different physical and chemical characteristics.

4.1 Combination with other biopolymers

Fabrication of scaffolds from single-phase biomaterial with homogeneous and reproducible
structures presents a challenge, due their generally-poor mechanical properties, which limit
their use. Combination with different natural or synthetic polymers in composites or by
introducing of e.g. ceramics is one of today’s approaches for overcoming above mentioned
limitations.

Along with hydroxyapatite (HA), collagen is one of two major components of the bone,
making up 89% of the organic matrix and 32% of the volumetric composition of bone
(O’Brien, 2011). HA, being similar to bone mineral in physicochemical properties, is well
known for its bioactivity and osteoconductivity in vitro and in vivo. Thus, gelatine/HA
composite is a potential temporary biomaterial for hard tissue regeneratation, in view of
combining the bioactivity and osteoconductivity of HA with the flexibility and hydrogel
characteristics of gelatine (Chang & Douglas, 2007; Kim et al., 2004; Narbat et al., 2006;
Wahl & Czernuszka, 2006). Both, collagen and HA devices significantly inhibited the growth
of bacterial pathogens, being the most frequent cause of prosthesis-related infection (Carlson
etal., 2004).

Modification of the collagen/gelatine scaffold materials by glycosaminoglycans
(hyaluronan and chondroitin sulphate) was introduced in order to enhance cells migration,
adhesion, proliferation and differentiation, and to promote preservation of the differentiated
states of the cells, as compared to collagen/gelatine alone (Jancar et al., 2007), as well as for
control release of antibacterial agents (van Wachem et al.,, 2000). Hyaluronic acid is a
component of the extracellular matrix of some tissue (cockscomb and vitreous humour) and
possesses high capacity lubrication, water-sorption and water retention, whilst chondroitin
sulphate is sulfated glycosaminoglycan and is important structural component of cartilage,
which provides its resistance to compression (Baeurle et al., 2009).

The better collagen delivery systems, having an accurate release control, can be achieved by
adjusting the structure of the collagen matrix or adding other proteins, such as elastin or
fibronectin (Doillon & Silver, 1986). Thus, a combination of collagen with other polymers,
such as collagen/liposome (Kaufman et al., 1994) and collagen/silicone (Suzuki et al., 2000),
has been proposed in order to achieve the stability of a system, and the controlled release
profiles of incorporated compounds.

The addition of collagen to a ceramic structure can provide many additional advantages to
surgical applications: shape-control, spatial adaptation, increased particle and defect wall-
adhesion, and the capability to favour clot-formation and stabilisation (Scabbia and
Trombelli, 2004).

cross-linked collagen/chitosan (Kim et al, 2001, Ma et al., 2003; Wang et al., 2003;
Chalonglarp et al., 2006) as well as gelatine/chitosan (Kim et al., 2005; Chiono et al., 2008)
matrices were presented as a promising biomaterial for tissue engineering, to be used in
several specific areas, such as drug delivery, wound dressings, sutures, nerve conduit, and
matrix templates for tissue engineering. Human connective tissues do not contain chitosan,
but it has structural similarity to glucosaminoglycan (GAG), mostly components of ECM.
GAG attached to the core protein of proteoglycan consist of repeating disaccharide unit,
usually includes an uronic acid component (e.g., D and L-gluconic acid) and a hexoamine
component (e.g., N-acetyl-D-glucosamine, which, together with glucosamine build the
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copolymer structure of chitosan and N-acetyl-D-galactosamine). Chitosan, because of it
cationic nature, can promote cell adhesion, can act as modulator of cell morphology,
differentiation, movements, synthesis and function. It is reported that chitosan induces
fibroblasts to release interleukin-8, which is involved in migration and proliferation of
fibroblasts and vascular endothelial cells, but, also promotes surface-induced thrombosis
and embolization, which limits its application in blood-containing biomaterials (Wang et al.,
2003). Chitosan addition enhances poor mechanical properties of gelatine and influence on
more controllable biodegradation rate. Chitosan, with higher Degree of deacetilation (DD),
modified with gelatine, possess more intensive cytocooplatibility, enhance cell proliferation
and decline cell apoptosis. From the other hand, a flexible gelatine complex with a rigid
chitosan weakens the adhesion via neutralizing cationic sites of chitosan, with suitable
negative-charges borne by the gelatine, and as a consequence, a gelatine/chitosan product
shows improved cell mobility, migration and multiplication (Mao et al., 2004; Yuan et al,,
2004). Thus, networks composed of gelatine and chitosan have been studied extensively due
its excellent ability to be processed into porous scaffolds with good cytocompatibility and
desirable cellular response (Mao et al., 2004; Wang et al., 2003).

The advantageous properties of collagen for supporting tissue growth have been used in
conjunction with the superior mechanical properties of synthetic biodegradable polymers
to make hybrid tissue scaffolds for bone and cartilage. Collagen has also been used to
improve cells” interactions with electrospun nanofibers of poly (hydroxyl acids), such as
poly(lactic acid), poly(glycolic acid), poly(e-caprolactone), and their copolymers (Pachence
et al., 2007).

Novel gelatine/alginate sponge serving as an drug carrier for silver sulfadiazine and
gentamicin sulphate, used for wound healing (Choi et al., 1999). Alginate is known as a
hydrophilic and biocompatible polysaccharide, and is commonly used in medical
applications, such as wound dressing, scaffolds for hepatocyte culture, and surgical and
dental materials. It's content in the above-mentioned sponge cause increasing in porosity,
resulting in enhanced water uptake ability.

4.2 Mechanism of collagen degradation

4.2.1 In vitro degradation

Degradation of collagen requires water and enzyme penetration, and the digestion of
linkages. Collagen swells to a certain extent by exposure to water, but due to its special
sterical arrangement (triple helical conformation), native collagen can only be digested
completely by specific collagenases and pepsin-cleaving enzymes being able to cleave
collagen in its undenatured helical regions at physiological pH and temperature
(Harrington, 1996; Sternlicht & Werb, 2001). Included are collagenases which cleave once
across all three chains, such as tissue collagenases, as well as collagenases making multiple
scissions per chain, such as collagenase from Clostridium histolyticum (CHC) (Seifter et al.,
1971) whilst non-specific proteinases, such as pepsin, which can only attack the telopeptides
or denatured helical regions of collagen (Weiss, 1976) are responsible for further
degradation down to amino acids.

CHC types of collagenase are only present in tissue at very low- levels and tightly- bound to
collagen (Woessner, 1991), while tissue collagenases cleavie to all types of collagen, with no
preference for a special collagen substrate (Welgus et al.,; 1983). Depending on the collagen
type, about 150-200 cleaves per chain can be made (Seifter et al., 1971).
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To date, seven forms of CHC are known (Mookhtiar et al., 1992). All seven enzymes contain
zinc and calcium and consist of one polypeptide chain with one active site. The zinc (II)
atom is located in the active site and is therefore essential for catalysis, whereas the calcium
(IT) atoms are required to stabilize the enzyme conformation and, consequently, the
enzymatic activity (Bond et al., 1984). On the basis of their primary and secondary
structures, their substrate specifities and their method of attack, CHCs can be divided into
two classes. Class I contains a-, #-, y-, and n-collagenase, and firstly attacks the collagen
triple-helix near the ends. After cleavage at the C-terminal end, a cut near the N-terminus
follows, before collagen is successively degraded into smaller fragments. Class II consists of
6-, e- and (- collagenase and cleaves the tropocollagen in its centre, to producing two
fragments. Further digestion of the bigger fragment follows (Mookhtiar et al., 1992).
Consequently, class II CHC better resembles tissue collagenases, which cleaves collagen into
TCA and a TCB fragment (Seifter et al., 1971; Welgus et al., 1980).

Collagen fibrils are degraded in a non-specific manner, with no preferential cleavage site in
the interior or at the ends of fibrils (Paige et al.; 2002). It was concluded that collagenase is
too large to penetrate into the fibrils, so digestion can only occur at the fibrils® surface
(Okada et al., 1992; Paige et al., 2002). Hence, the degradation rate is directly correlated to
those substrate molecules available on the surface. If collagen forms fibres and fibre-
bundles, and the tropocollagens within becomes inaccessible, the degradation rate is
reduced even more (Steven, 1976).

4.2.2 In vivo degradation

In vivo, degradation of collagen is more complex than in vitro. Collagen implants are
infiltrated by various inflammatory cells, e.g. fibroblasts, macrophages or neutrophils,
which cause contraction of the implant and secret collagen-degrading enzymes, activators,
inhibitors, and regulatory molecules. Infiltration depends on properties of the implant, such
as collagen nature, shape, porosity and degree of cross-linking, implantation site and
individual enzyme levels (Gorham, 1991). Collagen is degraded by endopeptidases from the
four major classes (Table 3): mettaloproteinases, serine proteases, cysteine proteases and
aspartic proteases, although, non-enzymatic degradation mechanisms, e.g. hydrolysis,
participate in collagen breakdown (Okada et al., 1992). Connective tissue, for example, is
digested by the interplay between four different classes of proteinases, which are either
stored within cells or released when required, while for degradation of the extracellular
matrix, MMPs are mainly responsible. Cystein and aspartic proteinases (cathepsins) degrade
connective tissue intracellularly at acidic pH (3-5) values, whereas serine and matrix
metalloproteinases (MMP) act extracellularly at neutral pH values (Shingleton et al., 1996).
Anyhow, cathepsins also play a major role in intracellular digestion of phagocytosed
material, by cleaving telopeptide containing cross-links, and under certain conditions they
can also act extracellularly by cleaving triple-helical regions, which is followed by
denaturation of solubilised triple-helix and further degradation by proteases (such as
gelatinases type MMP-2 and 9), due to susceptibility of individual a-chains (Baley, 2000).
MMP enzymes represent a family of structurally and functionally related zinc- and calcium-
containing endopeptidases which degrade almost all extracellular matrix and basement
membrane proteins (Wall et al., 2002; Bailey, 2000). To date, 24 different MMPs and 4 tissue
inhibitors of metalloproteinases (TIMP) are characterized (Yoshizaki et al., 2002). According
to their primary structure and substrate specify, MMPs are divided into five sub-classes.
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Five major MMPs have been identified in humans, namely fibroblast collagenase (MMP1),
gelatinase A (MMP-2), gelatinase B (MMP-9), neutrophil collagenase (MMP-8) and
stromelysine (MMP-3) (Netzel-Arnett et al., 1991). Besides collagenase 4MMP-8, which is
stored in specific granules of neutrophils, and membrane-type MMPs (MT-MMP), which are
integral membrane cell glycoproteins, all other MMPs are synthesized if required (Imai et
al., 1998) and able to cleave native triple-helical fibrilar collagens.

Enzyme class Cellular source Substrate Activator
Matrix metalloproteinases
Collagenases
e MMP-1 Connective tissue cells ~ Native triple helix =~ MMP-3
Monocytes/macrophages Plasmin
o MMP-8 Neutrophilis Native triple helix MMP-
3/NE
e MMP-13 as MMP-1 as MMP-q plus Plasmin
(Rodent MMP-1) telopeptides MMP-2/3
MT-MMP
Gelatinases Most cell types Native type IV
o MMP-2 gelatin MMP-1/2
Connective tissue cells MT-MMP
o MMP-9 Neutriphilis/monocytes as MMP-2 Plasmin
MMP-2/3
Stromelysins Connective tissue cells
o MMP-3 Macrophages Collagen types IILIV  Plasmin
and Cathepsin
IX G
Macrophages Aggrecan
e MMP-10
Cystine proteinases as MMP-3 as MMP-3
e Cathepsins Lysosomal

¢ BLCHNandS
oK Telopeptide Cathepsin
Bone/triple helix D

Serine proteinases plus telopeptides Low pH

¢ Neutrophil elastase Granulocytes

e Cathepsin G Eeippeptides /triple
Aspartic proteases elix
¢ Cathepsin D Telopeptide
Telopeptide

Table 3. Major collagen degrading enzymes (Bailey, 2001).

The mechanism of collagen degradation by MMPs is not totally resolved. One of hypothesis
is that collagen is actually unwound by MMPs (Chung et al., 2004). Collagenases bind and
locally unwind the triple-helical structure before hydrolysing the peptide bonds. According
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to these, MMP-1 preferentially interact with the Gly-Leu on a2 (I) chain residues and with
Gly-Ileu on al chain and cleaves the three a chains in succession, generating two triple-
helical fragments of % and %: the molecule length, which show lower denaturation
temperature then physiological one, and they both denaturate, producing random
polypeptide gelatine chains (Baley, 2000), which are further degraded by gelatinases (MMP-
2 and MMP-9) and other nonspecific enzymes as schematically presented on Fig. 14.

T fg %
—t
Z I
/I j SERINE { AND LYSOSOMAL
PAOTEASE

CATHEPSINS )

= N e L

=
1. denaturation 1. Denaturation
2. Gelatinases 2, Gelatinases
PEPTIDES PEPTIDES
AND AMINO ACIDS AND AMINO ACIDS

Fig. 14. Dual degradation mechanism of cross-linked fibers in the collagen implant. These
mechanism include (left) neutral collagenase cleaving the three chains of the triple-helix and
(right) the acid cathepsins and neutral serine proteases cleaving the nonhelical terminal
regions (telopeptides) containing the intermolecular cross-links (Bailey, 2001).

Existence of locally unfolded states in collagen molecule has been also suggested (Escat,
2010), according to which, folded structure of collagen cannot fit into the catalytic site, since
collagen triple-helix has a diameter of approximately 15 A, whiles catalytic domain of
MMPs has a catalytic site of only 5 A wide. Beside, scissile bond, cleaved by collagenases is
buried in collagen structure when collagen is exposed to solvent, which make it inaccessible
for scission. Local unfolding is collagen triple-helix property, which occur without presence
of collagenases, but necessary for collagen degradation in collagenase presence. In addition,
immino-poor regions in collagen are thought to carry biological information, such as cell
recognition or protein binding sites (Brodsky & Persikov, 2005), but may play also an
important role in collagen degradation (Fields, 1991).

MMP expression is induced by various cytokines, e.g. interleukin-1, and growth factors
(Shingleton et al., 1996). MMPs are secreted as latent inactive pro-enzymes (zymogens)
which have to be activated before they have complete proteolytic activity (Overall, 1991).
Four amino acids (three His and one Cys) are coordinated to the zinc atom in the active
centre of zymogens (Birkedal-Hansen et al., 1993), being proposed by a “cysteine switch
model”. The linkage to the Cys residue is thought to be cleaved and a water molecule,
which must be the fourth substituent in the active enzyme can bind (Nagase et al., 1999). In
vivo, zymogens are activated by removal of a pro-peptide by proteinases, like plasmin or
stromelysin, followed by a second activation step provoked by proteinases or autocatalysis
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(Shingleton et al., 1996). Additionally, activation is controlled by TIMPs, which can prevent
activation of zymogens and/or action of activated MMPs. In vitro, trypsin and
organomercurials can be used for activation as well (Overall, 1991). Physical agents unfold
the structure, the zinc-cysteine contact breaks and the propeptide is cleaved auto-
catalytically (Woessner, 1991).

Tissue collagenases cleave tropocollagen at one single site, producing TCA and TCB
fragments about three-quarters and one-quarter of the original molecule size. After this
initial cleavage, the helical fragments spontaneously denature at body temperature and are
subsequently further digested by other proteinases (Mallya et al., 1992). This secondary
degradation can take place extracellularly or intracellularly after phagocytosis (Harris, et al.,
1974). Apart from collagenases, gelatinases play an important role in collagen degradation.
Besides, with any further degradation of initially-cleaved collagen, gelatinases can degrade
native collagen type I, IV, V and VII (Overall, 1991). Furthermore, levels of gelatinases are
considered to be a good index whether inflammation is present or not, because high
concentrations are only available when a normal remodeling process is disrupted (Trengove
etal., 1999).

4.2.3 Immunological response of collagen-based biomaterials

As already mentioned, the implantation of biomaterials often initiates acute inflammatory
responses, which sometimes can cause chronic inflammatory response. Measuring the
intensities and duration of the immune responses against implanted biomaterials is
important for biocompatibility evaluation. The tissue response towards implanted
biomaterials (also called the foreign body reaction) is influenced by morphology and
composition of the biomaterial and the place where biomaterial is implanted (Ye et al., 2010;
Jansen et al., 2008; Wang et al., 2008). Inflammation reaction is manifested by secretion of
large amount of antibodies (secreting B cells and T cells with cytotoxic activity) and
cytokines, in presence of foreign materials (as scaffolds) or pathogens. The
microenvironment of the implant further changes, so, determination of immunological
response after in vivo implantation is based of measuring the level of pro-inflammatory
cytokine secretions and antibody secretions, and monitoring the population changes of
immune cells ( Song et al., 2006; Hardin-Young et al., 2000).

According to (Luttikhuizen et al., 2007), collagen-based scaffolds are mainly infiltrated by
Giant cells that phagocytose and degrade the collagen bundles, until the material is
completely disposed of. This is a chronic inflammatory reaction, which last until the
material is completely degraded, after which the cells that are involved disappear.

As an alternative for collagens isolated from calf skin and bond, as a risk-carry materials of
bovine spongiform encephalophaty and transmissible spongiform encephalopathy, novel
forms of acid-soluble collagen, extracted from jellyfish was proposed (Song et al., 2006),
because of their differences in amino acid composition: jellyfish collagen had higher content
of Gln (glutamine) and Glu, lower Pro content, small Tyr content, comparing with bovine
and also contains Cys, which is not common for bovine collagen.

4.2.4 New sources of gelatine

Currently gelatine for food and used by the pharmaceutical industry is derived almost
exclusively from animal products. About 55,000 tons of animal-sourced gelatine is used
each year. Recently, an advance toward turning corn plants into natural factories producing
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high-grade gelatine in a safe and inexpensive manner has been introduced as an alternative,
enabling the development of a variety of gelatines with specific MWs and properties
tailored to suit various needs. Beside, plant-derived recombinant gelatine would address
concerns about the possible presence of infectious agents in animal by-products and the lack
of traceability of the source of the raw materials currently used to make gelatine. Resourcing
plant materials to recover and purify recombinant gelatine has remained a challenge
because only very low levels accumulate at the early stages of the development process.
Furthermore, since recently, gelatines are also produced biotechnologically by the use of
recombinant DNA technology, which opens the possibility to manipulate the amino
acid sequence of gelatines, and thereby to functionalize them for specific purposes. The
biotechnological production of recombinant gelatine also eliminates the risk of prion
contaminations, which are possible, present in non-recombinant animal source gelatines (
Sutter et al.,, 2007). Thus, many commercial recombinant collagens already exist on the
market and are becoming commonly used in the development of medical soft and hard
tissue repair applications (Pannone, 2007).

5. Conclusion

This review presents the characteristic properties of both fibrous proteins including
biocompatibility, non-immunogenicity, their capacities for modification at the molecular
level, thus rendering or tuning their functional (surface/interfacial, mechanical, topological
and morphological) properties, characteristic gelation (sol-gel transition) and gel-forming
abilities and, finally, their bio-absorbability and biodegradability. In addition, their
expanding applications for biomaterials are compared, with emphasis on the importance of
understanding their suitability, as defined biomaterials with specific properties, for certain
cell types. Finally, new perspectives for further study and development indicated, providing
satisfactory interaction and imitation of biological functions.
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1. Introduction

Hyaline cartilage shows only a limited response to self-repair (Hunter, 1743). Many people
are stricken with degenerative osteochondral defects. Modern therapies of osteochondral
defects are focused (for example) on the transplantation of osteochondral autografts, rushed
spongiosa with collagen, chondrocytes and many others. The insertion of a crushed
autologous bone graft has been reported as a possible therapy. However, the regenerative
biomechanical (material) quality was less than 70% of healthy cartilage for fragments and
controls (Kleemann et al., 2006). The transplantation of autologous osteochondral 3D-
cylinders is one of several surgical therapies (Horas, 2003). During operations osteochondral
defects are filled with material of a natural histological structure. However, the subchondral
bone plates are interrupted and the biomechanical stability between the original tissue and
the transplanted tissue is different. Provision of a long-term functional stability of inanimate
implants in live surroundings is a complex and quite uneasy task. The development of
replacements for a human subchondral bone and articular cartilage follows the path of a
proposal and investigation of such materials whose mechanical properties are very similar
to the biomechanical properties of a bone/cartilage tissue and whose biophysical and
biochemical interactions with the surrounding living tissue neither cause necroses, nor lead
to any initiation of other pathological processes. The biophysical and biochemical fixation of
replacements and/or scaffolds to the tissue depends dominantly: (a) on the biomechanical
properties and biochemical environments of the implants and the tissue; (b) on the stress-
strain distributions in the tissue and the replacement, (c) on the organization and stability of
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collagen molecules adsorbed to modified surfaces of COC-blend replacements and (d) on
the chondrogenesis on the hydrogel scaffold.

Our activities were aimed at forming new articular cartilage and subchondral bone using
biocompatible and bioconductive polymer replacements.

2. Methods

Finding the optimal biomechanical, biophysical and biochemical conditions for
chondrogenesis is a very complicated and difficult task. The aim of our research is to assess
the principal conditions improving the treatment of osteochondral defects. We have been
focused preferentially on the application of biomaterials with material properties close to
the natural properties of the relevant tissue. Special attention has been focused on the
surface modification of the COC-blend by the action of nitrogen and/or oxygen microwave
plasma, the application of type I collagen, the application of chitosan and the influence of
the vertical position of replacements in the localities of osteochondral defects.

Fig. 1. Bi-component replacement of the subchondral bone (in the distal part,
nontransparent material) and the articular cartilage scaffold (partly, in the proximal part,
transparent hydrogel)

The presumed concept applies a substitute consisting of two supporting polymer components
(see Fig. 1.). One of them (the lower element) is composed of a polycycloolefinic (blend)
material (with the modulus of elasticity E = 0.5-3 GPa, the diameter of 8 mm, and the length of
10-12 mm, Krulis et al., 2006), while the upper hydrogel scaffold element of poly (2-
hydroxyethylmethacrylate) has the relative modulus of deformation E,q = 1.5 MPa, the
diameter of 8 mm and the thickness of the upper plate of 1.1- 1.3 mm, Fig. 2. The COC-blend
substance was made with spherical/ellipsoidal pores (with a diameter of 0.6-1.5 pm), Fig. 3.
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Fig. 3. Surface of COC-blend with designed pores with diameters ranging from 0.6 to 1.5 pm

In order to improve the bonding between the polymer blend and collagen, the surface of the
polymer matrix was modified by the action of a nitrogen and/or oxygen microwave plasma.
The plasmatic modification resulted in a significant increase of surface hydrophilicity
demonstrated by a decrease of water contact angle.
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Fig. 4. Spectra of C 1s electrons of (1) unmodified and (2) plasma-modified surface of
polymer blend

The plasma modification was carried out in a MW reactor equipped with the SLAN I OV
425 (Plasma Consult) magnetron operand at 300 W, 80 Pa, a gas flow of 15 scm/min and
with exposure times of 15 min. For water contact angle measurements, the SEE System was
used (Milli-Q water droplet volume 2 pL).

After optimizing conditions for the surface modification with regard to achieving the
highest hydrophilicity of the surface, the samples were examined by the XPS method with
the aim of identifying their chemistry and the population of individual chemical groups
present on the surface. After plasmatic treatment (Spirovova et al., 2007), the components
with higher values of binding energy occurred in the C 1s spectra of electrons (see Fig. 4.).
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The aging of modified surfaces was also studied by XPS and by water contact angle
measurements. The adsorption of collagen I on untreated and treated polymers was studied
by XPS and AFM methods. XPS measurements were carried out using the ESCA 310
spectrometer. Electrons were excited by Al Ka monochromatized radiation. For the
visualization of surface topography, the AFM Nanoscope Illa (Digital Instruments) in the
tapping mode was used.

The upper components of the replacement were made of poly-hydroxyethylmethacrylate
with chitosan without any additional plasma surface treatment. Osteochondral defects
(depth: 12 mm, diameter: 8 mm) were created in each lateral and medial tibial condyle of the
right and left knees in 6 adult pigs. Histological analyses of the cartilage matrix were
accomplished after 6 and 4 months.

Fig. 5. Total operative time was less than eight minutes per two osteochondral defects in
knee joint
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Fig. 6. Implantation of replacements. The lower hydrogel scaffold has been allocated
approximately 1 mm under the articular surface and the upper one has been allocated ca 2.5
mm under the articular surface

3. Results

The replacements developed and plasmatically modified/unmodified under in vivo
conditions have been proven as bioactive, bioconductive and biotolerant materials. It is well
known that collagen adsorption promotes cell adhesion and proliferation.

The measured spectra of C 1s electrons showed the presence of components belonging to C-
O, C=0 and O-C=0 functionalities (see Fig. 4.). For examining the collagen adsorption,
table samples whose surface composition did not change with time were used. The presence
of adsorbed collagen was indicated by the presence of the spectrum of N 1s electrons in the
spectrum and its morphology was visualized by the AFM method. It was observed that on
untreated, hydrophobic smooth polymer surfaces comparable or larger amounts of collagen
are adsorbed than on hydrophilic surfaces, but immobilized collagen tends to form
aggregates on hydrophobic surfaces. On hydrophilic, plasma-modified surfaces, more
homogeneous coverage by collagen is observed.

The developed subchondral bone around the COC blend had the same quality as a natural
healthy one (Petrtyl et al., 2008). The new subchondral bone mineralized perfectly. The
mediator C+TGF films (made from type I collagen and from growth hormones TGF-f)
applied on the COC-blend surface contribute to the creation of stable encapsulation (Fig. 7.,
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Fig. 8.). Verifying the C+TGF films on the COC surface (in vitro) showed very good cell
proliferation and cell differentiation. The modified surface exhibits enhanced adsorption of
collagen and improvement of its adhesion. Stronger bonding explains a higher quantity,
better organization and better stability of collagen molecules adsorbed on oxidized surfaces.
The polymer replacements installed into artificially executed osteochondral defects of
porcine tibial condyles, including both modified and non-modified implants, demonstrated
a perfect tolerability and appeared to heal into the existing subchondral bone without any
displacement or evidence for necrosis. Histological findings and morphological changes of
osteochondral samples did not demonstrate any pathological features. The top surfaces of
the bi-component replacements were overgrown with viable new articular cartilage (Fig. 7.)
or with articular cartilage and partly with fibrocartilage (Fig. 9.).

Fig. 7. X-ray stability analyses of replacement + scaffold with the new articular cartilage.
Excellent stability of replacement in the subchondral bone without necrosis
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Fig. 8. X-ray analyses of the encapsulated COC-blend replacements in the subchondral bone
by collagen (I. type)
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Fig. 9. Tissue bridge from articular cartilage and subchondral/spongy bone across the
HEMA scaffold

The biomechanical in vivo environments have particularly potent regulatory effects on
chondrogenesis, both in terms of proliferation and the new matrix synthesis. The matrix
synthesis is regulated by mechanical stimuli and depends on the initial high stability of
subchondral bone COC-blend replacements.

Fig. 10. Top surfaces of the hydrogel scaffold were overgrown with subchondral bone (the

lower layer), with viable new articular cartilage (the medial layer) and partly by
fibrocartilage (the upper small part)
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4. Discussion

The leading strategies in the treatment of osteochondral defects are to minimize the
operative trauma by minimally invasive procedures, to stimulate chondro/osteogenesis
and/or to regenerate the tissues. Operative approaches are becoming ever smaller. Current
and future concepts are based on a better understanding of biomechanical conditions and
local mechanisms of healing, tissue regeneration and prophylaxis.

The local application of growth factors is investigated in clinical practice and has a great
potential in treatment. The reason for a limited acceptance in clinical use may be that the
applied proteins are expensive and with limited availability, and considerable quantities
have to be implanted locally (Raschke, Fuchs & Stange, 2006).

=/

Fig. 11. New articular cartilage after 12-week chondrogenesis (the right tibial condyle) and
the control defect (the left tibial condyle)

Other relatively new innovative techniques include the stem cell therapy. The application of
autologous stem cells taken out and re-transplanted can also be used for healing (Raschke,
Fuchs & Stange, 2006). However, this manner of treatment depends on the appropriate
biomechanical and biochemical conditions of the tissue. The healing of osteochondral
defects is controlled both mechanically and Dbiologically. The processes of
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osteo/chondrogenic differentiation are slightly promoted by mechanical effects (Bader et al.,
2006). The cells are very sensitive to small strains. The physiological balance between the
microstrain magnitude and biochemical stimulation can be easily disrupted when the
subchondral/spongy bone is pathologically a soft one. In the case of an unstable
subchondral bone and spongy bone, the articular surface of cartilage is affected by small
sags (Petrtyl et al., 2008).

Fig. 12. Chondrogenesis after 20 weeks (in both the left and right tibial condyles). The
application of chitosan (0.3% liquid, pH 5.5), TGF-B (1.2 mg/1 ml PBS) type I collagen (0.3%),
surface plasmatic modification of COC-blend

The regeneration of osteochondral defects treated with crushed bone grafts is in verified
cases accompanied by the presence of soft regenerated tissue (Kleemann et al., 2006). The
regeneration of osteochondral defects treated with crushed bone grafts remains incomplete
still after three months. However, the inserted bone graft can be completely absorbed. After
six months, the connective tissue within the defect is transformed into a bone and
fibrocartilage tissue through enchondral ossification. The surface of the regenerated joint
area is rough and irregular. The regenerate mechanical quality was 61%-70% of healthy
cartilage for treatment and control, respectively. Although this method was reported as
successful in the clinical treatment, it failed to enhance the quality of regenerated defects in
the case of a sheep study (Kleemann et al.,, 2006). It must be noted that the stability of
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biomaterials substituting pathological subchondral/spongy bone tissues is the fundamental
condition for the regeneration of osteochondral defects.

Osteoarthrosis is the result of pathological biological processes and high biomechanical
effects that destabilize the natural tissue degradation and synthesis of articular cartilage
(Dieppe, 1998). The decrement of hyaluronic acid (HA, hyaluronate) concentrations and the
descent of its molecular mass are the principal causes of chondral defects. The application of
intraarticular injections of hyaluronan upgrades the quality of articular cartilage through the
synovial liquid (Balasz & Delinger, 1993). This is a therapeutic experiment for effective
temporary elimination of pains (Petrella, Di Silvestro & Hidebrandt, 2002; Dahlberg,
Lohmander & Ryd, 1994). Good clinical results have been obtained after the treatment of
deep chondral defects in the knee with autologous chondrocytes implantation using 3D
hyaluronan-based scaffolds (Hyalograft C), (Podskubka et al., 2010). Some scaffolds can
effectively increase the initial bearing capacity of newly created tissue. It is also the
fundamental condition for successful chondrogenesis.

From the previous small/non-invasive methods of treatments it is apparent that the quality
of microstructures and continuous biomechanical properties of the subchondral bone play
an important role in the morphology and the quality of chondrogenesis. Chondrogenesis
depends very sensitively on the initial stability of biomaterials implanted into the
subchondral bone. Vertical displacements and rotations of COC-blend replacements shortly
after implantations must be eliminated. The initial integrity of biomaterials substituting the
subchondral bone, the initial bearing capacity and the vertical position of these replacements
have a major influence on chondrogenesis. The initial biomechanical stiffness of materials
(substituting the subchondral bone) has a fundamental influence on the quality of new
articular cartilage.

5. Conclusion

With regard to these initial requirements, acceleration of the stability of COC-blend

replacements in the subchondral bone is a requisite of advisable conditions for the tissue

genesis.

The stability of COC-blend replacements in the subchondral bone can be ensured by:

1. plasmatic modification of the COC-blend surface by the action of a nitrogen and/or
oxygen microwave plasma;

2. surface spherical/ellipsoidal pores with the diameter of < 0.5, 1.5 > pm in the COC-
blend;

3. application of both type I collagen (0.3%) and growth hormones TGF-p (1.2 mg/1 ml
PBS) on the COC-blend surface;

4. application of chitosan (0.3% liquid, pH 5.5) on the hydrogel surface.

The bearing capacities of subchondral bone COC-blend replacements considerably

contribute to the genesis of a new extracellular cartilage matrix (Fig. 11. and Fig. 12.).

Histological analyses demonstrated the healing process with partial (12 weeks) or complete

(20 weeks) spongy bone + cartilage bridging (in vivo) (Fig. 9. and Fig. 10.).

The COC-blend copolymers and hydrogel [poly (2-hydroxyethylmethacrylate)] scaffolds can

be suggested as a reliable reconstructive alternative for local osteochondral defects and

effective support for the creation of new hyaline cartilage having an articular surface

without fibrillation.
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TREATED DEFECT

The top surface of replacement
-2mm under the articular surface

N ) ) new formed articular cartilage
original articular cartilage —_———

poly(2-hydroxyethyl methacrylate) subchondral bone

cycloolephin-blend
) cancellous bone

Fig. 13. New articular cartilage is formed over the hydrogel scaffold. Its surface is
approximately 1-1.5 mm above the tide

TREATED DEFECT

The top surface of replacement in
the level of subchondral bone tide

o ) ] new formed articular cartilage
original articular cartilage y
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cycloolephin-blend cancellous bone

Fig. 14. New subchondral bone and new articular cartilage are formed over the hydrogel
scaffold. The top plane of hydrogel surfaces is allocated approximately 0.5 mm under the
indigenous level of the tidemark
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Fig. 15. New subchondral bone and new articular cartilage with peripheral fibrocartilage are
formed over the hydrogel scaffold. The surface of hydrogel scaffold is allocated
approximately 2 mm under the indigenous level of the tidemark. The articular surface has a

sag profile

original articular cartilage

DEFECT WITHOUT

REPLACEMENT
(the state after healing)

fibrous tissue
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dl
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bored hole
(for control)

cancellous bone

Fig. 16. Control defects are filled with both fibrous and fibrocartilage tissues
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With regard to the conditions mentioned previously, the new articular cartilage is formed
over the hydrogel scaffold when its surface is approximately 1-1.5 mm above the tidemark
(see Fig. 13.). If the hydrogel surfaces are allocated approximately 0.5 mm under the
indigenous level of the tidemark, then a new subchondral bone and new articular cartilage
are formed over the hydrogel scaffold (Fig. 14.). A new subchondral bone and new articular
cartilage with peripheral fibrocartilage are also formed over the hydrogel scaffold when the
top surface of the hydrogel scaffold is allocated approximately 2 mm under the indigenous
level of the tidemark. The articular surface has a sag profile (Fig. 15.). Control defects are
filled with both fibrous and fibrocartilage tissues (Fig. 16.).
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1. Introduction

Bioactive glass is composed mainly of silica, sodium oxide, calcium oxide and phosphates.
The bone-bonding reaction results from a series of reactions in the glass and its surface
(Hench & Wilson, 1984). When granules of bioactive glass are inserted into bone defects,
ions are released in body fluids and precipitate into a bone-like apatite on the surface,
promoting the adhesion and proliferation of osteogenic cells (Ohtsuki et al., 1991; Neo et al.,
1993) which is partially replaced by bone after long time implantation (Neo et al., 1994). The
ion leaching phenomenon involves the exchange of monovalent cations from the glass, such
as Na+ or K+, with H30+ from the solution, and thus causes an increase in the pH of the
solution. It is known that osteoblasts prefer a slightly alkaline medium (Ramp et al., 1994;
Kaysinger & Ramp, 1998), but it is also known that severe changes in pH can inhibit
osteoblast activity and cause cell necrosis or apoptosis (Brandao-burch et al., 2005; Frick et
al., 1997; El-ghannam et al.,, 1997). Bioactive glass with a macroporous structure has the
properties of large surface areas, which are favourable for bone integration. The behaviour
of bioactive glass is dependent on the composition of the glass (Brink, 1997; Brink et al.,
1997), the surrounding pH, the temperature, and the surface layers on the glass (Andersson
et al., 1988; Gatti & Zaffe, 1991). The porosity provides a scaffold on which newly-formed
bone can be deposited after vascular in growth and osteoblast differentiation. The porosity
of bioglass is also beneficial for resorption and bioactivity (De Aza et al., 2003). In push-out
tests the strength of the chemical bond between bioactive glass and the host tissue has been
measured to be at least ten times higher than the contact osteogenesis (Anderson et al.,
1992). Its high modulus and brittle nature makes its applications limited, but it has been
used in combination with poly-methylmethacrylate to form bioactive bone cement and with
metal implants as a coating to form a calcium-deficient carbonated calcium phosphate layer.
Certain bioactive glass are strong enough to function in stress-bearing sites in the head and
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neck (e.g., mandible replacement); however, such implants cannot be easily contoured in the
operating room, and screws cannot be easily placed into bioactive glass blocks because they
defy drilling and have a tendency to fragment during creation of screw holes.

2. Bioactive glass materials

Legendary Prof. L. L. Hench of University of Florida, USA discovered in 1969 that some
compositions of glasses can bond chemically with bone when implanted to living tissues.
Many researchers later on discovered some other ceramics, glass-ceramics and composites
also have the same property (De Groot, 1983, 1988; De Groot et al., 1990; De Groot &
LeGeros, 1988; Ducheyne et al., 1980; Gross et al., 1988; Gross and Strunz, 1985; Hench, 1987,
1988; Hench & Ethridge, 1982; Hench et al., 1971; Hench & Wilson, 1984; Holand et al., 1985;
Hulbert et al., 1987; Jarcho, 1981; Kitsugi et al., 1989; Kokubo et al., 1986; Kokubo et al., 1982;
Nakamura et al., 1985; Wilson et al., 1981; Yamamuro et al., 1990b; Yamamuro et al., 1988;
Yoshii et al., 1988). He defined these glasses as ‘bioactive glass” and since then it has been
used mostly as a reconstructive material for damaged hard tissues such as bone (Hench,
2006; Hench et al., 1971). Some more specialized compositions of bioactive glass will bond to
soft tissues and bone (Wilson & Nolletti, 1990; Wilson et al., 1981; Yamamuro et al., 1990a).
General characteristics of these bioactive glasses are a time-dependent, kinetic modification
of the surface that occurs when implanted in vivo (Gross et al., 1988; Hench, 1988), the
surface forms biologically active hydroxycarbonate apatite (HCA) layer providing bonding
interface with tissues. The advantage is that it is possible to design this glass to get a
controlled rate of degradation and bonding to the tissue. The HCA phase that forms on
these implants is very similar chemically and structurally to the mineral phase in bone and
thus responsible for interfacial bonding. These bioactive materials develop an adherent
interface with tissues that resists significant mechanical forces. In some cases this interfacial
strength of adhesion is equivalent to or greater than the cohesive strength of the implant
material or the tissue bonded to bioactive implant. The rapid reaction at the surface leads to
a fast bonding with the living tissues, but, due to the mainly two-dimensional structure of
the glass network, the mechanical properties are relatively low. It may be noted that small
changes in the composition can lead to very different properties and thus has added
advantage of its versatility in contact with different living tissues, on range of properties
depending on the implantation site of the prosthesis.

Certain compositional range of bioactive glass containing SiO», Na2O, CaO, and P05 like
ordinary soda-lime-silica glasses in specific proportions shows bonding to bone (Table
1).Three key compositional features of these glasses distinguish them from traditional NaxO-
CaO-SiO; glasses: (1) less than 60 mol. % SiO», (2) high-NaO and high-CaO content, and (3)
high-CaO/P,0Os ratio. As known, SiOz/ Al;Os act as glass network former, CaO/MgO/P.0s
is the network modifier and Na,O/K;O is the fluxing agent. These compositional features
made the surface highly reactive when exposed to aqueous medium. Very popular 4555
bioactive silica glasses are based upon 45 wt. % SiO», S as the network former, and a 5 to 1
molar ratio of Ca to P. Glasses with very lower molar ratios of Ca to P (in the form of CaO
and P>Os) do not bond to bone (Hench and Paschall, 1973). Different substitutions in the
4555 compositions of 5-15 wt. % BoOj3 for SiO», or 12.5 wt. % CaF, for CaO or crystallizing
the various bioactive glass compositions to form glass-ceramics were found to have no
measurable effect on the ability of the material to form a bone bond (Hench & Paschall,
1973). But, addition of small 3 wt. % Al:Os; to the 4555 formula prevents bonding
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SL

No.

Name of the
composition

All are in weight %

SiOz

P05

CaO

Ca
(POs)2

CaF,

MgO

MgF,

NaxO

KO

AlOs

B20s

Tax0s
/ TiOy)

4555 Bioglass ®
(Hench et al.,
1971)

45

24.5

245

4555 4F Bioglass
® (Hench et al.,
1986; Hench et
al., 1971)

45

14.7

9.8

245

45B1555 Bioglass
® (Hench and
Paschall, 1974;
Hench et al.,
1975)

30

24.5

245

15

5254.6 Bioglass ®
(Hench and
Clark, 1982)

52

21

21

5554.3 Bioglass ®
(Hench and
Clark, 1982)

55

195

KGC Ceravital ®
(Gross et al.,
1988)

46.2

20.2

255

29

48

0.4

KGS Ceravital ®
(Gross et al.,
1988)

46

33

16

KGy213 Ceravital
® (Gross et al.,
1988)

38

31

135

6.5

A/W glass-

. |ceramic (Kokubo

et al., 1986)

34.2

16.3

449

0.5

4.6

10.

MB glass-ceramic
(Holand et al.,
1985)

19-52

4-24

9-3

5-15

3-5

3-5

12-33

11.

545P7
(Andersson et al.,
1988)

45

22

24

12.

S53P4 (Zehnder
et al., 2004)

53

20

23

13.

13-93 (Fu et al,,
2008)

53

20

12

14.

4-Mar (Zhang et
al., 2008)

50.5

225

15

15.

18-04 (Zhang et
al., 2008)

54.5

20

4.5

16.

23-04 (Zhang et
al., 2008)

56.25

20

45

11.25

17.

H2-02 (Munukka

et al.,, 2008)

53

22

4.5

11

0.5
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All are in mole %
Sl.| Name of the C Taz
No.| composition |SiOz | P20s| CaO 2 | CaFa MgO|MgF:|Na:O| K20 | ALOs |B2Os | Os/ | ZnO
(PO3): TiO»
CEL-2 (Vitale-
18.| Brovarone et al., | 45 3 26 - - 7 - 15 4 - - - -
2009)
555 (Loty etal.,
19. 2001) 55 | 4 | 41 | - S . .
H (Linati et al.,
20. 2005) 462 | 2.6 | 269 - - - - 1243 - - - - -
HZ5 (Linati et al.,,
21. 2005) 4441 25 259 - - - - 1234 - - - - | 38
HZ10 (Linati et
22. al,, 2005) 425| 24 | 48 - - - - 1225 - - - - 178
HZ20 (Linati et
23. al., 2005) 38822 [226 - - - - 1205 - - - - 1159

Table 1. Different compositions of bioactive glass materials

(Andersson et al., 1990; Greenspan & Hench, 1976; Gross et al., 1988; Gross and Strunz, 1985;
Hench & Clark, 1982; Hench & Paschall, 1973). Gross and co-workers found that a range of
low-alkali (0-5 wt. %), bioactive silica glass-ceramics (Ceravital ®) also bond to bone (Gross
et al., 1981; Gross et al., 1988; Gross et al., 1986a; Gross et al., 1986b; Gross & Strunz, 1985;
1980). Also small additions of AlOs, TaxOs, TiO», SbO; or ZrO» inhibit bone bonding (Table
1). A two-phase silica-phosphate glass-ceramic composed of apatite (Caio(PO4)s(OH1F>))
and wollastonite (CaO.SiO») crystals (termed A/W glass-ceramic by the Kyoto University
team, Japan) and a residual SiO, glassy matrix, also bonds with bone with very high
interfacial bond strength (Kitsugi et al., 1989; Kokubo et al., 1986, Kokubo et al., 1982;
Nakamura et al., 1985; Yamamuro et al., 1988; Yoshii et al., 1988). But, addition of A1,03 or
TiO; to the A/W glass-ceramic inhibits bone bonding, while a second phosphate phase, -
whitlockite (3Ca0O.P>Os) does not. Multiphase machinable bioactive silica phosphate glass-
ceramic containing phlogopite ((Na,K)Mgs(AlSi3On)F2), mica and apatite crystals, developed
by the Freidrich Schiller University, Jena, Germany, bonds to bone despite presence of
alumina in the composition (Holand et al., 1985). A13* ions incorporated within the crystal
phase did not alter the surface reaction kinetics of the material (Vogel et al., 1990). Some
other compositions of bioactive glass have been developed at Abo Akademi, Turku, Finland,
for coating onto dental alloys (Andersson et al., 1988; Andersson et al., 1990; Kangasniemi &
Yti-Urpo, 1990).

Prof. Hench has recently published the history leading to the development of bioactive glass
from the discovery of classical 45S5 Bioglass® composition to successful clinical applications
and tissue engineering (Hench, 2006). High amounts of Na,O and CaO as well as relatively
high CaO/P>Os ratio make the glass surface highly reactive in physiological environments
(Hench, 1991). Other bioactive glass compositions developed over few years contain no
sodium or have additional elements incorporated in the silicate network such as fluorine
(Vitale-Brovarone et al., 2008), magnesium (Vitale-Brovarone et al., 2005; Vitale-Brovarone et
al., 2007), strontium (Gentleman et al., 2010; O'Donnell & Hill, 2010; Pan et al., 2010), iron
(Hsi et al., 2007), silver (Balamurugan et al., 2008; Bellantone et al., 2002; Blaker et al., 2004;
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Delben et al., 2009), boron (Gorriti et al., 2009; Liu et al., 2009a; Liu et al., 2009b; Munukka et
al., 2008), potassium (Cannillo & Sola, 2009) or zinc (Aina et al., 2009; Haimi et al., 2009).
Introduction of AgyO into bioactive glass compositions minimize the risk of microbial
contamination by antimicrobial activity of the leaching Ag* ions has been reported (Blaker et
al., 2004; Saravanapavan et al., 2003). In the reports synthesis by sol-gel process also allowed
tailoring of the textural characteristics of the matrix in order to obtain a controlled Ag*
delivery system. Introduction of B>O; into the CaO-SiO, system on the other hand enhanced
the bioactivity, for more soluble boric compounds increased the supersaturating of Ca ions
in the SBF (simulated body fluid) solution and water-corrosive borosilicate glass forms Si-
OH groups that act as nucleation sites for the apatite layer (Ryu et al., 2003). Zn-substituted
bioactive glass creates a template for osteoblast proliferation and differentiation by the
interaction between the Zn and inorganic phosphate at the surface of the bioactive glass.
Addition of Zn has synergistic effect on cell attachment which also maintains the pH of SBF
within the physiological limit by forming zinc hydroxide in the solution. Limited amounts
of Zn in the bioactive glass system stimulate early cell proliferation and promote
differentiation as assessed by the in wvitro biocompatibility experimentation. Now,
compositional dependence of bone bonding and soft-tissue bonding for the NaO-CaO-
P>05-5iO; glasses (constant 6 wt. % of P2Os) is presented in Fig. 1. Compositions at the
middle of the diagram form a bond with bone (region A). Region A is termed as the
bioactive-bone bonding boundary. Silica glasses within region B (such as bottle, window or
slide glasses of microscope) behave as nearly inert materials and elicit a fibrous capsule at
the implant-tissue interface. Glasses within region C are resorbable and disappear within
maximum 1 day of implantation. Glasses within region D are not technically realistic and
have not been tested as implants. The collagenous constituent of soft tissues can strongly
adhere to the bioactive silica glasses which lie within the compositional range marked as E
(Fig. 1).

Very briefly, bioactive glass can be made either by conventional melt-quenching (Chen et al.,
2008b; Guarino et al., 2007, Hench & Polak, 2002; Hutmacher et al., 2007; Jones, 2007; Jones,
2009; Misra et al., 2006) or by modern sol-gel method (Balamurugan et al., 2007; Radha &
Ashok, 2008). Sol-gel process involves synthesis of solution (sol), typically composed of
metal-organic and metal salt precursors followed by formation of gel by chemical reaction
or aggregation and finally thermal treatment for drying, organic removal and sometimes
crystallization (Olding et al., 2001). This particular method is a low temperature preparative
method and glasses produced by this method may have some porous structure too with
high specific surface area (Sepulveda et al., 2001). There are diversified application potential
of different bioactive glass which have been discussed many authors and will be presented
in the subsequent sections. But, bone tissue engineering is a very exotic future clinical
application of these materials. Both micron-sized and nano-scale particles deployed recently
(Brunner et al., 2006; Delben et al., 2009; Vollenweider et al., 2007) are considered to be the
part of this application field which also include fabrication of composite materials, e.g.,
combination of biodegradable polymers and bioactive glass (Liu et al., 2008; Lu et al., 2003;
Misra et al., 2010a; Misra et al., 2010b; Misra et al., 2008; Yang et al., 2001). Bioactive glass-
ceramics on the other hand belong to the group of Class A bioactive materials which are
characterized by both osteoconduction (growth of bone at the implant surface) and
osteoinduction (activation and recruitment of osteoprogenitor cells by the material itself
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stimulating bone growth on the surface of the material) (Hench, 2006; Hench, 1998; Jones,
2007; Thompson & Hench, 1998). In contrast, Class B bioactive materials exhibit only
osteoconductivity. A recent review summarizing research on Ca-Si-based ceramics is also
available (Wu, 2009). As far as bioactive glass-ceramics are concerned, these are partially
crystallized glasses produced by heating the parent bioactive glass above its crystallization
temperature, usually at about 610-630° C (Boccaccini, 2005; Boccaccini et al., 2007; Brunner et
al., 2006; Jones, 2007). Glass-ceramics obtained by a sintering process, it is found that during
the incidence of crystallization and densification, the microstructure of the parent glass
shrinks, porosity is reduced and the solid structure gains mechanical strength (Thompson &
Hench, 1998). But, brittleness and low fracture toughness remain a major problem of these
materials. The limited strength and low fracture toughness (i.e., resistance to fracture crack
propagation) of bioactive glass has so far prevented their use for load-bearing implants
(Boccaccini, 2005; Hench, 2006; Thompson & Hench, 1998; Thompson, 2005). Subsequently,
the repair and regeneration of large bone defects at load-bearing anatomical sites remains a
clinical/orthopedic challenge (Fu et al., 2010; Kanczler & Oreffo, 2008).

Si0,

Ca0 Na,O

Fig. 1. Compositional dependence of bone bonding and soft tissue bonding of bioactive
glass and glass ceramics. All compositions in region A have a constant 6 wt. % of P>Os. A-
WGC (apatite-wollastonite glass-ceramic) has higher P,Os content (Table 1). Region E (soft
tissue boding) is inside the dashed line where I3>8 [* 4555 Bioglass ®, A Ceravital®, e
5554.3 Bioglass ®, and (---) soft-tissue bonding; Is=100/ to5pb, Where tospb is the time to have
more than 50% of the implant surface bonded to the bone and I is bioactivity index, i.e. the
level of bioactivity of a specific material can be related to the time for more than 50% of the
interface to be bonded (Hench, 1988; Hench, 1991)]
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2.1 Reaction kinetics

When a bioactive glass is immersed in an aqueous solution, like SBF (simulated body fluid)
or TBS (tris buffer solution), there are three distinguishing reactions could be identified

(Andersson et al., 1992; Hench, 1991, 1996, 1998; Hench & Andersson, 1993) (Fig. 2):

Bioactive glass surface

Exchange of alkali ions with H* ions from body fluids 1

" Network dissolution and formation of silanol (SIOH) bonds 2

| T Siwmemin sorsoiyses 3

® Absorption of amorphous Ca+P0O4+CO; 4

§ ) T mmmaoamy s
5 4 Boohemicalscsorption of grovth facors on HOAsyer _ 8
£ g0 ——— . fotorsofmavophages r |

? 0 ______ Atschmentofstemcsle '

T a0 ___ _ _ Offersfistonofstemcsls ?

e e o, o JOSNERAlOnOPmaAtt L 10

——__ _ _ (Crystalizationofmatix __ _ _ _ _ T

Proliferation and growth of bone 12

Fig. 2. Sequence of interfacial reactions kinetics involved in forming a bond between bone
and a bioactive glass [modified after (Hench, 1998) and (Gerhardt & Boccaccini, 2010)].

1. Leaching and formation of silanols: Glass network releases alkali or alkaline ea

Surface Reaction Stages

rth

elements exchanging cations with H* or H3O* cations proceeding from the solution.

These modifying ions lead to high values of the interfacial pH, usually more than 7
2. Dissolution of the glass network: -Si-O-S5i-O-Si- bonds break through the action

A,
of

hydroxyl ions. Breakdown of the silica network releases locally silicic acid [Si(OH)4]. If
there is more than 60% of silica, the dissolution rate decreases as this increases the
number of bridging oxygens in the structure of the glass. The hydrated silica (Si-OH)

formed on the glass surface by these reactions undergoes rearrangement
polycondensation of neighboring silanols, resulting in a silica rich gel layer.

by

3. Precipitation: Calcium and phosphate ions released from the glass together with those
from solution form a calcium-phosphate rich layer (CaP) on the surface. This phosphate
is initially amorphous, then crystallizes to a hydroxycarbonate apatite (HCA) structure
by incorporating carbonate anions from solution within the amorphous CaP phase. The
mechanism of nucleation and growth of HCA appears to be the same in vivo and in vitro
and is accelerated by the presence of hydrated silica. These stages do not depend on the
presence of the tissue and they are observed in distilled water as well as SBF or tris-
buffer solution. The following additional series of reactions is needed to get a bond with

the tissue:
Absorption of biological moieties in the SiO»-HCA layer
5. Action of macrophages

-
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Attachment of stem cells

Differentiation of stem cells

Generation of matrix

. Mineralisation of matrix

This model as proposed by Prof. Hench is widely accepted but has some limitations too. As
for example the first stage of the reaction relies on the rapid exchange of the Na* ions
released from the glass with the protons of the solution, although bioactive glass have been
produced without sodium. The index as given in Fig. 1 is also not predictive of the influence
of the silica mole fraction on the reactivity of the glass. Some parameters like network
connectivity based on the inorganic polymer model for glasses could be considered to
describe the behavior of a bioactive glass (Bovo, 2007). The closer the glass composition to
the boundary of Fig. 1, the slower is the bonding rate. Usually, the thickness of the bonding
zone is proportional to Is. As the thickness of this zone increases, the failure strength
decreases. Further, it was found that if they break after implantation and the broken
surfaces stay in contact with SBF, they may self-repair fusing themselves through their
apatite surface layers (Bovo, 2007). Again, bioactive glass produced by Ebisawa et al. with a
molecular formula of CaO.SiO, (Ebisawa et al., 1990) could not account for the bioactivity,
the model of which proposed by Prof. Hench (Hill, 1996).

Concepts such as cross-link density or network connectivity can be applied to describe their
structure if silicate glasses are considered to be inorganic polymers of silicon cross-linked by
oxygen (Ray, 1978). The network connectivity of a glass is defined as the average number of
additional cross-linking bonds (more than two) for elements other than oxygen that form the
network backbone. The calculation of network connectivity of a glass network is based on
the relative numbers of network-forming oxide species (those which contribute “bridging”
or cross-linking oxygen species) and network-modifying species (those which result in the
formation of “non-bridging” species) present (Wallace et al., 1999). The network
connectivity of a glass can be used to predict various physical properties of the glass,
including its solubility (Hill, 1996). The silicate structural units in a glass of low network
connectivity are probably of low molecular mass and are capable of going into solution.
Thus, glass solubility increases as network connectivity is reduced. So, glasses of low
network connectivity are potentially bioactive (Wallace et al., 1999). Lockyer et al
determined the effect of substituting sodium oxide for calcium oxide on some glass
properties (Lockyer et al., 1995). Most studies on bioactive glass systems have been carried
out on a weight per cent basis. But, mole per cent substitutions are known to have more
significance on a structural level. Weight percent basis has the effect of hiding the
composition-property relationships of bioactive glass as there is no account taken of the
degree of disruption of the glass network (Lockyer et al., 1995; Strnad, 1992). Fig. 3
represents a highly disrupted glass network. It can be seen that for every mole of calcium
oxide removed from the glass network, one mole of sodium oxide must be added in order to
maintain the same number of non-bridging oxygen species and, thus the same network
connectivity value. So, a substitution on weight per cent basis produces a change in the
relative number of non-bridging oxygen species and bridging oxygen species, with
consequent change in network connectivity. Work carried out by Wallace et al. uses the
concepts of network connectivity for the purposes of designing bioactive glass compositions
for control of the physical, chemical and biological properties of bioactive glass (Wallace et
al., 1999).

0 ® N



Development and Applications of Varieties of Bioactive Glass Compositions in Dental
Surgery, Third Generation Tissue Engineering, Orthopaedic Surgery and as Drug Delivery System 77

O—S8Si—QO—8&i O—Si— O0—28i
| I | |
o o o
+ + a+ a+
Ca? Ca? Na* Na*
O (03 O O
| | | |
O—Si—0O0—3Si O—Si—O0—3Si
| | | I
O (o} O (o}

Fig. 3. Representation of glass structure (Wallace et al., 1999)

2.2 Fabrication

Properties of bioactive glass and glass-ceramics are dependent on fabrication methods and
the heat-treatment used. Many scaffold fabrication techniques have been reported in the
literature, e.g., foam replication methods, salt or sugar leaching, thermally induced phase
separation, microsphere emulsification sintering, electrospinning for nano-fibrous
structures, computer aided rapid prototyping techniques (Yang et al., 2002; Yun et al., 2007),
textile and foam coating methods (De Diego et al., 2000; Francis et al., 2010; Mohamad
Yunos et al., 2008) and biomimetic approach (Oliveira et al., 2003; Taboas et al., 2003). All of
these methods were done to optimize the structure, properties and mechanical integrity of
scaffolds. The design and incorporation of nano-topographic features on the scaffold surface
architecture, in order to mimic the nanostructure of natural bone, is also becoming a
significant area of research in bone tissue engineering (Berry et al., 2006; Jones, 2009; Stevens
& George, 2005; Webster & Ahn, 2007). Also, comprehensive reviews of the general state-of-
the art in scaffold manufacturing and optimization are available (Boccaccini & Blaker, 2005;
Guarino et al.,, 2007; Hutmacher et al., 2007; Mohamad Yunos et al., 2008; Rezwan et al.,
2006; Yang et al., 2001).

Pores of bioactive glass and glass-ceramics could be formed by the addition of suitable
porogens, such as polymeric materials and foaming agents (Karlsson et al., 2000). Rainer et
al. prepared bioactive glass foams for mimicking bone tissue engineering scaffolds using in
situ foaming of bioactive glass-loaded polyurethane foam (Rainer et al., 2008). Inspired by
this fabrication technique, the bioactive materials were prepared with three-dimensional
processing and showed promising applications in reconstructive surgery tailored to each
single patient. Polyethylene glycol 4000 (HO(C.H4O)-nH) with particles sizes of 5-500 pm
was used as foaming agent for preparing porous bioactive glass ceramic (Lin et al., 1991).
This group has also reported the compatibility of porous bioactive glass ceramic with animal
tissues. The microstructures of the implant were distributed uniformly in the material,
which provided channels for bone in-growth and improved the microscopic bioresorption.
Organic polymers were found to be an alternate attractive choice for generating desired
pores and porosity due to the complete degradation at temperatures above 600° C. These
organic polymers are abundant in natural environment, also available as biomass such as
dry and wet woods and crops. This can be obtained from wastes in many related industries
too such as food processing and wood finishing manufactures (Sooksaen et al., 2008). It was
reported that textural properties (pore size, pore volume, pore structure) of biomaterials
may have complex influences on the development of the apatite layer in bioactive glass.
Increasing the specific surface area and pore volume of bioactive glass may greatly
accelerate the apatite formation and therefore enhance the bioactive behavior (Vallet-Regi et
al., 2003).
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Fabrication method

Particle size of

Sl. No.| Glass composition or system | Reference adopted starting glass
powder
(Ochoa et al., Polymer foam
1 4585 2009) replication <5 pm
. g : OV (Vitale-
5 SiOz CalOj ga_Fl\z/[ NSZO K0 Brovarone et P(;lyrlr;ertfioim <32 pm
205 VE al., 2008) cpucatio
(Vitale-
Brovarone et
Si0,-P,05-CaO-MgO-NayO- | al., 2009b; Polymer foam
3 KO Vitale- replication <30 pm
Brovarone et
al., 2007)
4 5i02-P>05-Ca0O-MgO-Na2O- | (Renghini et Polymer foam —do-
KO al., 2009) replication
(Chen et al., Polymer foam !
> 4585 2008a) replication 10-20 pm
(Vitale-
6 5i0,-NayO-CaO-MgO Brovarone et | Starch consolidation <100 pm
al., 2005)
7 | Si02P:05B:0s-CaO-MgO- |(Moimas etal., smi‘;?lpfftﬁgﬁdun 75 pm (fibre
K20-Na,O 2006) 8 p diameter)
fibers
5i0,-Ca0-NaO-KoO-P>0s- | (Baino et al., Polymer porogen
8 MgO-CaF, 2009) bakeout <106 pm
(Boccaccini et Polymer foam !
? 4585 al., 2007) replication 20-50 pm
Si0,-NayO-K;0-MgO-CaO- |  (Fuetal, . .
10 P,Os 2007) Slip casting 255-325 pm
Si0,;-NayO-K,0-MgO-CaO- | (Fuetal, Polymer foam
1 P,0s 2008) replication <510 pm
Si0,-NayO-K>0-MgO-CaO- | (Fuetal, .
12 P,Os 2010) Freeze casting <5pm
(Vitale Polymer porogen
13 Si0,-Ca0-K,0 Brovarone et ymer porog <106 pm
burn-off
al., 2006)
14 | SiOrTiOB0:-P:05-CaO- | (Haimi etal, Sini‘;;ﬁpfftﬁgﬁ‘gdun 75 pm (fibre
MgO-K,0-Na;O 2009) gﬁbers P diameter)
(Deb et al., Polymer porogen g
15 4555 2010) bakeout 45-90 pm
(Bretcanu et Polymer foam
16 4585 al., 2008) replication <Spm
. Densification and .
17 Si0,-NayO-K,0-MgO-CaO- | (Brown et al,, sintering of melt-spun 25-40 pm (fibre

P>Os; 4555

2008)

fibers

diameter)
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(Chen et al., Polymer foam -
18 4585 2006b) replication 5 pm
(Chenetal,, Polymer foam :
9 4555 2006a) replication 510 pm
(Chen et al,, Polymer foam -
20 4555 2007) replication 10 pm
Si05-P>05-Ca0-MgO-NaxO- |  VI#Ie | pory e burn-off
21 S K0 & z Brovarone et foaym ro lication’ Not applicable
2 al., 2010) P
(Vargas et al., Polymer foam
2 4585 2009) replication <5 pm
5i02-NaxO-CaO-P,05-B;03- | (Ghosh etal., | Polymer porogen .
23 TiO, 2008) bakeout Not applicable
Si0,-NayO-CaO-P>0s5-BOs- | (Nandietal,, | Polymer porogen .
2 TiO, 2009) bakeout Not applicable
e ) (Mahmood et | Manual free-forming | 8-30 pm (fibre
2 S10-Ca0-P205-AlOs al., 2001) of melt- spun fibers diameter)
5i0,-Ca0-NayO-P,05-K,0- | (Mantsos et Polymer foam .
26 MgO-B,0; al., 2009) replication Not applicable
oy | Si02-Ca0-Naz0-KL0-MgO- | (Miguel etal, sirft):rri‘;lﬁg?t;;’é‘l Egdun 75 pm (fibre
P,05-B,0s 2010) E e P diameter)

Table 2. Summary of recent studies performed on silicate bioactive glass-ceramic scaffolds

2.3 Clinical relevance

For bioactive glass-ceramics, recent developments related to bone tissue engineering
scaffolds have been used to remove the gap of load-bearing large bone defects by inter-
playing between architectures and components carefully designed from comprehensive
levels, i.e., from the macro-, meso-, micrometer down to the nanometer scale (Deville et al.,
2006), including both multifunctional bioactive glass composite structures and advanced
bioactive glass-ceramic scaffolds exhibiting oriented microstructures, controlled porosity
and directional mechanical properties (Baino et al., 2009; Bretcanu et al., 2008; Fu et al., 2010;
Fu et al.,, 2008; Vitale-Brovarone et al., 2010). As summarized in Table 2 [reproduced from
(Gerhardt & Boccaccini, 2010)], most of the studies have mainly investigated the mechanical
properties, in vitro and cell biological behavior of glass-ceramic scaffolds (Baino et al., 2009;
Boccaccini et al., 2007; Bretcanu et al., 2008; Brown et al., 2008; Chen et al., 2007; Chen et al.,
2006a; Chen et al., 2008a; Chen et al., 2006b; Deb et al., 2010; Fu et al., 2010; Fu et al., 2007; Fu
et al., 2008; Ghosh et al., 2008; Haimi et al., 2009; Klein et al., 2009; Kohlhauser et al., 2009;
Mahmood et al., 2001; Mantsos et al., 2009; Miguel et al., 2010; Moimas et al., 2006; Nandi et
al., 2009; Ochoa et al., 2009; Renghini et al., 2009; Vargas et al., 2009; Vitale-Brovarone et al.,
2009a; Vitale-Brovarone et al., 2010; Vitale-Brovarone et al., 2009b; Vitale-Brovarone et al.,
2008; Vitale-Brovarone et al., 2004; Vitale-Brovarone et al.,, 2005; Vitale-Brovarone et al.,
2007; Vitale Brovarone et al., 2006). Scaffolds with compressive strength (Baino et al., 2009;
Fu et al., 2010) and elastic modulus values (Fu et al., 2010; Fu et al., 2008) in magnitudes far
above that of cancellous bone and close to the lower limit of cortical bone have been
realized.
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3. Bioactive glass in dental surgery and cranio-maxillofacial augmentation

The increasing need for biomedical devices, required to face dysfunctions of natural tissues
and organs caused by traumatic events, diseases and simple ageing, has drawn attention
onto new materials that could be able to positively interact with the human body.
Biomaterials play a significant role in dental, craniofacial and maxillofacial reconstruction.
Their ever-increasing ease of use, long ‘shelf-life” and safety enables them to be used
efficiently and play an important role in reducing operating times (Gosain & Persing, 1999;
Chim & Gosain, 2009). The ideal biomaterial in such reconstruction should be biocompatible
with surrounding tissue without elucidating a foreign body reaction, radiolucent, easily
shaped or molded, strong enough to endure trauma, stable over time, able to maintain
volume, and osteoactive (Gosain & Persing, 1999; Damien & Parsons, 1991; Costantino et al.,
1992; Jackson & Yavuzer, 2000; Gosain, 2003).

Abnormality of the craniofacial skeleton may bring in from various causes, including tumor
resection, severe infection, trauma, or congenital deformity. Restoring appropriate contour
and support in the cranio-orbital region following loss or removal of bone may be quite
challenging to the Craniofacial and Neurosurgeons. Since the late 1800's when Muller
described using calvarial bone grafts for reconstruction, they have remained the gold
standard [Muller, 1890]. Autologous bone grafting provides a rich amount of native tissue
that has a high possibility of osseous integration with little risk of rejection or infection long-
term, in addition to safety and security (Manson et al., 1986). Although autogenous bone is
the ideal material to primarily reconstruct large skull bone defects (Barone & Jimenez, 1997;
Goodrich et al., 1992; Weber et al., 1987), it has some drawbacks in reconstruction including
donor site morbidity, prolonged operating times, limited availability, and difficulty to
contour (Nickell et al., 1972; Whitaker et al., 1979; Jackson et al., 1983). In the pediatric
surgery, bone grafts may be relatively easily contoured and curved while, in adults, it is
often difficult to achieve the precise three dimensional contours normally found in the
cranio-orbital region (Ducic, 2001). Research was then initiated by reconstructive surgeons
to find alternative means of reconstruction with alloplasts. In reality, alloplast reconstruction
of the calvarium dates back to the year 2000 B. C. in ancient Peru when a gold plate was
used to disguise a trephination defect (Grana et al., 1954). Since then, various alloplasts have
been used in craniofacial reconstruction. The most commonly utilized material has been
methylmethacrylate. Although, it suffers from several potential drawbacks including lack of
osseointegration, secondary infection, plate fracture, erosion of the underlying recipient
bone, necrosis of surrounding tissues during setting as it forms during an exothermic
reaction with temperatures reaching 110° C, and difficulty shaping once polymerization
occurs (Ducic, 2002; Costantino et al., 2000; Smith et al., 1999).

In the past century, other metallic materials, such as silver, tantalum, stainless steel or
titanium and calcium phosphate based materials like hydroxyapatite cement, calcium
orthophosphate cements, porous granular hydroxyapatite, marine coral-based calcium
carbonate were used for reconstruction purposes. The present endeavor deals with the
application of bioactive glass based material in dental, craniofacial and maxillofacial
reconstruction. Bioactive glass (BG) is biocompatible, osteoconductive, form a strong bond
with living tissue via the formation of a hydroxyapatite layer on their surface (Meffert et al.,
1985; Schepers et al., 1991; Hench et al., 1971) and have been used to repair hard tissues in a
variety of craniofacial, maxillofacial, and periodontal applications (Hench, 1991). It has also
been established that BG has good mechanical properties and a higher bioactivity in
comparison to hydroxyapatite (Mardare et al., 2003; Ghosh et al., 2008)
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BG particulate, for example, is used in a variety of dental procedures (Shapoff et. al., 1997),
and many BG compositions can be formed into scaffolds for tissue engineering (Jones et al.,
2007). Surface reactivity, however, is not their only mechanism of action as BG also releases
ions that promote the osteoblast phenotype (Effah Kaufmann et al., 2000; Jell et al., 2008). In
vitro studies have established that BG stimulates osteoprogenitors to differentiate to mature
osteoblasts that produce bone-like nodules (Tsigkou et al., 2007; 2009). Bioactive glass was
used in dentistry as a bioactive material in endosseous ridge maintenance implants (ERMI)
as early as in 1986. Dicor® was the first glass-ceramic that allowed the manufacture of inlays
and crowns where the major crystalline phase in the glass ceramic was mica (Grossman,
1991). A new glass-ceramic was developed by sol-gel technique having resemblance with
commercial leucite based fluorapatite dental glass-ceramic. The produced material has
prospective application in dental restorations and it is anticipated to exhibit better control of
composition, microstructure and properties due to the intrinsic advantages of the sol-gel
preparation method (Chatzistavrou et al., 2009). Recent studies indicated that rhenanite
glass-ceramics can be utilized in dentistry (Holand et al., 2006). In a study, bioactive glass
coated titanium alloy dental implants were compared with hydroxyapatite implants in
human jaw bone and observed that bioactive glass coated implants were as equally
successful as hydroxyapatite in achieving osseointegration and supporting final restorations
(Mistry et al., 2011). Bioglass was mixed with phosphoric acid and irradiated with CO(2)
laser could occlude the dentinal tubule orifices with calcium-phosphate crystals where the
application of CO(>) laser potentially improved the mechanical organization of these crystals
(Bakry et al., 2011). In another study, radio-opaque nanosized bioactive glass was used for
root canal application particularly for dressing or filling material (Mohn et al., 2010). A
modified bioglass formula was used as a pulp capping agent where the incidence of
properly positioned dentin bridge formation was higher and the incidence of extruded
dentin bridge formation was reduced (Stanley et al., 2001). A new treatment for localized
aggressive periodontitis using enamel matrix proteins and bioactive glass resulted in the
successful treatment of intrabony defects (Miliauskaite et al., 2007; Zietek et al., 1998).
Bioactive glass was used in the treatment of intrabony defects in patients with generalized
aggressive periodontitis (Mengel et al., 2006), in patients with moderate to advanced
periodontitis with excellent outcome in mandibular molar Class II furcations (Yukna et al.,
2001), molar furcation invasions (Anderegg et al., 1999), periodontal intrabony defects
(Zamet et al., 1997) and in experimental periodontal wound healing in animal model
(Karatzas et al., 1999). The effects of a recombinant mouse amelogenin (rM179) on the
growth of apatite crystals nucleated on a bioactive glass (45S5 type Bioglass) surface were
investigated with a view to gaining a better understanding of the role of amelogenin protein
in tooth enamel formation and of its potential application in the design of novel enamel-like
biomaterials (Wen et al., 1999). A fibre-reinforced bioglass composite is a promising material
for dental applications where fibre significantly increases strength and toughness (Gheysen
et al., 1983). PerioGlas, a silicate-based synthetic biomaterial was used for regeneration of
peri-implant infrabony defects where new bone eventually reaches the implant, and
osseointegration occurs with incorporation of the PerioGlas particles (Johnson et al., 1997).

Bioactive glass has been used in cranio-maxillofacial reconstruction especially on the repair
of periodontal and alveolar ridge defects (Quinones & Lovelace, 1997; Han et al., 2002; Sy,
2002; Throndson & Sexton, 2002; Norton & Wilson, 2002; Knapp et al., 2003) although its use
is also extended for successful reconstruction of other areas of the head and neck
(Scotchford et al., 2011). Bioactive glass has been utilized for the repair of orbital floor
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fractures with maintenance of globe position (Kinnunen et al., 2000; Aitasalo et al., 2001) and
elevation of the floor of the maxillary sinus floor (Tadjoedin et al., 2002) in combination with
autogenous iliac bone. Bioactive glass particles (Nova Bone, Porex Surgical) mixed with
autogenous bone particles has also been used to cranial vault reconstruction (Gosain, 2003),
in clinical studies in the treatment of cystic defects, ridge augmentations, apical resections,
extraction sites, periodontal osseous defects and sinus lifts and augmentation (Furusawa T,
Mizunuma, 1997, Low et al., 1997, Lovelace et al., 1998, Galindo-Moreno et al., 2008;
Klongnoi et al., 2006). Bioactive glass posed some complications when used as a ceramic
implant for contour restoration of the facial skeleton.

4. Bioglass as bone graft substitute

The management of fractures remains an incessant challenge for trauma and orthopedic
surgeons. Although, majority of fractures heal uncomplicated, 5-10% of patients meet
problems due to bone defects or impaired fracture healing, or a combination of both
(Einhorn, 1995). Bone grafts fill voids and offer support, and therefore may augment the
biological repair of the defect. Bone grafting is a widespread surgical procedure, carried out
in approximately 10% of all skeletal reconstructive surgery cases (Schnettler & Markgraf,
1997).

Bone healing differs from any other soft tissue since it heals through the generation of new
bone rather than by forming fibrotic tissue. Osteogenesis, osteoinduction, osteoconduction
and adequate blood and nutrient supply are the four critical elements of bone regeneration
along with the final bonding between host bone and grafting material which is called
osteointegration (Hing, 2004). Osteoprogenitor cells living within the donor graft, may
survive during transplantation, could potentially proliferate and differentiate to osteblasts
and eventually to osteocytes which represent the “osteogenic”” potential of the graft (Cypher
& Grossman, 1996; Giannoudis et al., 2005). “Osteoinduction’ conversely is the stimulation
and activation of host mesenchymal stem cells from the surrounding tissue, which
differentiate into bone-forming osteoblasts. This process is mediated by a cascade of signals
and the activations of several extra and intracellular receptors the most important of which
belong to the TGF-beta superfamily (Urist, 1965; Cypher & Grossman, 1996).
Osteoconduction describes the facilitation and orientation of blood-vessel and the creation
of the new Haversian systems into the bone scaffold [Burchardt, 1983; Constantino &
Freidman, 1994]. At last, “osteointegration” describes the surface bonding between the host
bone and the grafting material (Constantino & Freidman, 1994).

The most desirable form of bone substitute is the autologous bone graft for their superior
osteoconduction, ease of incorporation, lack of immunological reactions, contains living
bone cells that offer osteogenesis and growth factors that stimulate osteoinduction (Cypher
& Grossman, 1996; Naber et al., 1972; Marciani et al., 1977). However, massive replacements
of bone are not easily achieved by bone autografts as autogenous bone is limited in
availability, and may result in the donar site morbidity (Mankin et al., 1976). Moreover,
harvesting the autograft requires an additional surgery at the donar site that can result in its
own 8-39% risk of complications, such as inflammation, risk of extensive blood loss
infection, nerve and urethral injury, pelvic instability, cosmetic disadvantages and chronic
pain (Banwart et al., 1995; Constantino & Freidman, 1994; Patka et al., 1998; Younger &
Chapman, 1989; Summers & Eisenstein, 1989; Ross et al., 2000; Seiler & Johnson, 2000;
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Skaggs et al., 2000). Furthermore, autografting is normally not recommended for elderly or
pediatric patients or for patients with malignant or infectious disease (Bridwell et al., 1994;
Gau et al,, 1991; McCarthy et al., 1986). An allograft is preferred in some cases but the
possible immune response and disease transmission may be detrimental for the recipient
(Asselmeier et al., 1993; Stevenson & Horowitz, 1992; Chapman et al., 1997; Gazdag et al,,
1995), so their use is suboptimal.

Despite the benefits of autografts and allografts, the limitations of each have necessitated the
pursuit of alternatives biomaterials. The ideal bone composite material with composition
and mechanical properties equivalent to that of bone should have adequate
biocompatibility, tailorable biodegradability, ability to initiate osteogenesis; in short, the
graft should closely mimic the natural bone. Biodegradability together with biocompatibility
and suitable mechanical properties are found only in a small group of materials. The aim of
the present chapter was to provide a comprehensive overview of literature data of bioactive
glass as bone substitutes for use in trauma and orthopedic surgery.

Bioactive glasses exhibit osteoinductive and osteoconductive properties (Giannoudis et al.,
2005) and can be manufactured into microspheres, fibers and porous implants. They are
bioactive, as they interact with the body. Bioactivity depends upon the SiO2 content; the
bonding between bone and glass is most excellent if the bioactive glass contains 45-52%
SiO2 (Valimaki & Aro, 2006). The combination of hydroxyapatite with bioglass result in
better composite bioactivity and biocompatibility compared to hydroxyapatite alone
(Cholewa-Kowalska et al., 2009). They have significantly greater mechanical strength when
compared to calcium phosphate preparations. After contact with body fluids, a silicate- rich
layer is formed leading to mechanical strong graft-bone bonding. Above this, a
hydroxyapatite layer will form, which directs new bone formation together with protein
absorption. The extracellular proteins magnetize macrophages, mesenchymal stem cells and
osteoprogenitor cells. Consequently, the osteoprogenitor cells proliferate into matrix-
producing osteoblasts (Valimaki & Aro, 2006; Hench & Paschall, 1973). Mechanical
properties of bioactive glass are not optimal, and therefore other ceramic components are
sometimes added to the bioactive glass for reinforcement. Mechanical capability and
biological absorbability of SiO(2)-CaO bioactive glass may also be improved by
incorporating Na(2)O into bioactive glass, which can result in the formation of a hard yet
biodegradable crystalline phase from bioactive glass when sintered by sol-gel process (Chen
et al, 2010). In another study, mechanical properties of potassium fluorrichterite
(KNaCaMg(5)Si(8)O(22)F(2)) glass-ceramics may be improved by either increasing the
concentration of calcium (GC5) or by the addition of P(2)O(5) (GP2) that has potential as a
load bearing bioceramic for fabrication of medical devices intended for skeletal tissue repair
(Bhakta et al., 2010; Bandyopadhyay-Ghosh et al., 2010). A new porous bioactive glass has
been developed by foaming with rice husks and sintering at 1050 degrees C for 1 hour that
provides sufficient mechanical support temporarily while maintaining bioactivity, and that
can biodegrade at later stages is achievable with the developed 45S5 bioglass-derived
scaffolds (Wu et al., 2009).

In experimental cancellous bone defects in rat models, bioactive glass was found
biocompatible, and the filler effect was greater with bioactive glass than with autogenous
bone (Heikkila et al., 1995). Bioglass was found to trigger new bone formation by allogenic
demineralized bone matrix, and the biocompatibility of the glass was verified by the
absence of adverse cellular reactions (Erdemli et al., 2010; Pajamaki et al., 1993a, 1993b).
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Biocompatibility and osteogenesis of biomimetic bioglass-collagen composite scaffolds alone
and in combination with phosphatidylserine were also studied and confirmed that the
composite scaffolds fulfill the basic requirements of bone tissue engineering scaffold and
have the potential to be applied in orthopedic and reconstructive surgery (Marelli et al.,
2010; Xu et al., 2011). Addition of hyaluronic acid and mesenchymal stem cell in the
aforesaid scaffold further enhanced the healing of the bone defect (Xu et al., 2010). Bone-
bonding response significantly enhanced with the micro-roughening of the bioactive glass
surface, but the glass composition affected the intensity of the response (Itala et al., 2003).
Bioactive glass have shown no or only mild inflammatory responses in the surrounding
tissue in histological in vivo studies and in 6 months, the glass fiber scaffolds are completely
resorbed (Moimas et al., 2006). In an experimental critical size bone defect model in goat,
porous bioactive glass promoted bone formation over the extension of the defect and offers
interesting potential for orthopedic reconstructive procedures (Nandi et al., 2009). Bioglass
has been investigated extensively in bone tissue engineering but there has been relatively
little previous research on its application to soft-tissue engineering. In a study, bioactive
glass incorporated into scaffold was able to increase neovascularization that is extremely
beneficial during the engineering of larger soft-tissue constructs (Day et al., 2004).
Irrespective of soft and hard tissue healing necessitates enhanced neovascularization which
can be induced by localized low concentration bioglass delivery and may offer an
alternative approach to costly growth factors and their potential side-effects in bone
regeneration (Leu et al., 2009).

The first reports on clinical applications of bioactive glass materialize in the 1980s (Reck,
1981). Screw augmentation with bioactive glass was evaluated in 37 Weber type B ankle
fractures with no information of screw loosening within a period of 2 years (Andreassen et
al., 2004). Bioactive glass have been clinically used in vertebroplasty (Middleton et al., 2008;
Palussiere et al., 2005), treatment of an unstable distal radius fracture (Smit et al., 2005),
tympanoplastic reconstruction (Reck, 1983), as filling material in benign tumour surgery
(Heikkila et al., 1995), for reconstruction of defects in facial bones [Suominen & Kinnunen,
1996], for treatment of periodontal bone defects (Villaca et al., 2005; Leonetti et al., 2000), in
obliteration of frontal sinuses (Suonpaa et al., 1997; Peltola et al., 2000a, 2000b), in repairing
orbital floor fractures (Kinnunen et al., 2000; Aitasalo et al., 2001), in lumbar fusion (Ido et
al., 2000), reconstruction of the maxillary sinus (Scala et al., 2007), in cementless metal-
backed acetabular cups (Hedia et al., 2006) and for reconstruction of the iliac crest defect
after bone graft harvesting (Asano et al., 1994). The combination of a thermoplastic, viscous
carrier with a granular bioglass scaffold allowed for the delivery of allergenic mesenchymal
stem cells in a clinically manageable form that enhanced bone formation at early stages of
canine alveolar repair (Mylonas et al., 2007).

5. Bioactive glass in drug delivery system

In recent years wide spread research has been initiated with new advanced drug delivery
systems with better drug control and prolonged action. The drug delivery process is of
paramount importance in assuring that a certain molecule will reach without decomposition
or secondary reactions at the right place to perform its task with efficiency. The drug is
introduced as part of an inert matrix, from which it should be released in a controlled way
and where it should be distributed uniformly. Smart delivery systems that can be utilized
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for the delivery of antibiotics, insulin, anti-inflammatory drugs, anticancer drugs, hormones
and vaccines are yet to be developed, which are responsive to normal physiological process.
Significant consideration is paid on the use of microspheres as carriers for proteins and
drugs. The main benefit of microspheres over the more traditional macroporous block
orthopaedic scaffolds is that microspheres possess not only better drug-delivery properties,
but also the potential to fill the bone defects with irregular and complex shapes and sizes
(Wu et al., 2004). The interstitial space between the particles of the microspheres is
imperative for effective and functional bone regeneration (Malafaya et al., 2008; Luciani et
al., 2008; Hsu et al., 1999), as they permit for both bone and vascular ingrowths. Several
difficulties are encountered when macromolecules are incorporated in polymer devices e.g.
protein drugs when impregnated may denature within the polymer matrix causing a loss of
biological activity and probable changes in immunogenicity (Langer, 1990a, 1980b). This
may happen due to degradation of the drug by the solvents or the temperature involved in
the fabrication of the polymeric devices. Presently, ceramics have gained major recognition
as bone substitute materials in dentistry and medicine as ceramics are biocompatible,
resorbable and porous, attempts have been made to exploit them as delivery systems for
drugs, chemicals and biologicals (Bajpai & Benghuzzi, 1988; Bajpai, 1994; Lasserre & Bajpai,
1998).

5.1 Drug delivery of antibiotics for treatment of osteomyelitis

Treatment of orthopaedic infections with antibacterial agents by oral or intravenous route
often leads the clinicians to be distrustful about patient outcome (Walenkamp, 1997); as the
condition is frequently associated with poor vascular perfusion accompanied by infection of
the surrounding tissue (Mader et al., 1993). Subsequent to surgical debridement, it is
essential to maintain a highly effective concentration of the antibiotic in the infected area for
a sufficient period of time (usually 4-6 weeks) to allow the healing process to complete
(Kanellakopoulou & Giamarellos-Bourboulis, 2000).

Treatment of osteomyelitis with local biodegradable antibiotic delivery systems has become
a common practice in orthopaedic surgery. Biodegradable implants could provide high local
bactericidal concentrations in tissue for the prolonged time needed to completely eradicate
the infection and the likelihood to match the rate of implant biodegradability according to
the type of infection treated (Kanellakopoulou & Giamarellos-Bourboulis, 2000).
Biodegradation also makes surgical removal of the implant unnecessary. The implant can
also be used initially to obliterate the dead space and, eventually to guide its repair. Porous
block of bioactive glass has been studied for drug delivery applications of antibiotics for
treatment of osteomyelitis in animal model (Nandji et al., 2009; Kundu et al., 2011). The glass
ceramic block exists in two forms: one with porosity of 20-30 % and the other of 70 %.
Excellent results were observed in infected arthroplasty after 2 years of treatment and the
implanted material triggered osteogenesis so as to produce a complete radiological
replacement of the osseous defect (Kawanabe et al., 1998). It has been observed that locally
produced pure or bioglass reinforced plaster of Paris, hydroxyapatite and sodium alginate
with cephazoline antibiotic are promising biomaterials for treatment of osteomyelitis and
mainly because of economical reasons and availability, may be an alternative in clinical
practice, especially for developing countries (Heybeli et al, 2003). Glass reinforced
hydroxyapatite with sodium ampicillin, a broad spectrum antibiotic has been successfully
applied for treatment of periodontitis (Queiroz et al., 2001). Gentamicin sulfate impregnated
bioactive SiO2-CaO-P205 glass implants are good carriers for local gentamicin release into
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the local osseous tissue, where they show excellent biocompatibility and bone integration.
Moreover, these implants are able to promote bone growth during the resorption process
(Mes eguer-Olmo et al., 2006; Arcos et al.,, 2001). Antimicrobial activity of bioactive glass
(BG) as a controlled release device for tetracycline hydrochloride and an inclusion complex
formed by tetracycline and b-cyclodextrin has been investigated in mice model where there
is prolonged period of release of antibiotic due to presence of cyclodextrin. It has been
observed that there was an initial burst of 12%, followed by a sustained release over 80 days
and a total release of 22-25%. (Dominguesa et al., 2004). The effectiveness of a degradable
and bioactive borate glass has been compared with the clinically used calcium sulfate in the
treatment of osteomyelitis of rabbits, as a carrier for vancomycin and proved to have
excellent biocompatibility and to be very effective in eradicating osteomyelitis and
simultaneously stimulating bone regeneration, avoiding the disadvantages of vancomycin
loaded calcium sulphate (Zongping et al.,, 2009). Chitosan-bonded mixture of borate
bioactive glass particles with teicoplanin (antibiotic) combining sustained drug release with
the ability to support new bone ingrowth, could provide a method for treating chronic
osteomyelitis in vitro and in vivo (Wei-Tao et al., 2010; Xin et al., 2010). In another study,
well-ordered mesoporous bioactive glass impregnated with gentamycin has been carried
out in vitro as a bioactive drug release system for preparation of bone implant materials vis-
a-vis treatment of osteomyelitis (Xia & Chang, 2006; Zhu & Kaskel, 2009). Mesoporous
bioactive glass (MBGs) with different compositions impregnated tetracycline has been
prepared and their drug release behaviors have been studied (Zhao et al., 2008). Recently, an
unique multifunctional bioactive composite scaffold mainly 4555 Bioglass-based glass-
ceramic scaffolds has been investigated with the potential to enhance cell attachment and to
provide controlled delivery of gentamicin for bone tissue engineering (Francis et al., 2010).
Composite materials composed of borate bioactive glass and chitosan (designated BGC)
were investigated in vitro and in vivo as a new delivery system for teicoplanin in the
treatment of chronic osteomyelitis induced by methicillin-resistant Staphylococcus aureus
(MRSA) and demonstrated that this system is effective in treating chronic osteomyelitis by
providing a sustained release of teicoplanin, in addition to participating in bone
regeneration (Jia et al., 2010).

5.2 Bioactive glass delivery of growth factors

Bone regeneration is a coordinated cascade of events regulated by several hormones,
cytokines and growth factors (Carano & Filvaroff, 2003; El-Ghannam, 2005; Hsiong &
Mooney, 2000). Bioactive glass is regarded as high-potential scaffolds due to their
osteoconductive properties (Thomas et al., 2005). The bone bonding ability is based on the
chemical reactivity of the bioactive glass in which silicon bonds are broken and finally a
CaP-rich layer is deposited on top of the glass which crystallizes to hydroxycarbonate
apatite (HCA). To improve the biodegradability of this implant, porosity is introduced
(Karageorgiou & Kaplan, 2005) which also helps to bone ingrowth, though pore sizes should
be large enough. This porosity is occasionally called macroporosity while the bioglass
implants can encompass a micro or nanoporosity of their own. Interconnectivity of the pores
is of paramount necessity for tissue engineered bone constructs which implies generation of
overlapping pore connection into the scaffolds. In bone tissue engineering growth factors
are also introduced to accelerate tissue ingrowth. However, due to variation in potency and
efficacy of individual growth factors, each study claimed different levels of bone healing.
Growth factors like bone morphogenic protein-2&7 (BMP-2&7), transforming growth factor
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(TGF-B), basic fibroblast growth factor (bFGF), insulin like growth factor-1&2 (IGF-1&2) and
vascular endothelial growth factor (VEGF) are commonly introduced into these scaffolds
due to their osteoinductive properties and vascularization (Seeherman & Wozney, 2005;
Ginebra et al., 2006; Jansen et al., 2005). This increases the clinical significant amount high
above normal values inside the human body and increases the cost of a single implant
considerably, therefore diminishing a possible use of the material. The most appropriate
technique for growth factor delivery is still under debate. Bioactive glass stimulates
fibroblasts to secrete significantly increased amounts of angiogenic growth factors and can
induce infiltration of a significantly increased number of blood vessels into tissue
engineering scaffolds (Day, 2005; Day et al., 2004). Therefore it has a number of potential
applications in therapeutic angiogenesis (Keshaw et al., 2005).

PLGA polymeric system coated bioactive glass with VEGF has been investigated in the rat
critical-sized defect with resultant enhanced angiogenesis and additive bone healing effects
(Leach et al., 2006). An additional study in which BMP-4 and VEGF were concertedly
delivered confirmed that combination of two growth factors promoted greater bone
formation as compared to single factor treatment group (Huang et al., 2005). These results
delineate a promising approach to enhance bone healing in hypovascularized defects that
commonly occur after removal of bone tumors by radiation therapy. Sol-gel silica-based
porous glass (xerogel) was used as a novel carrier material for recombinant human
transforming growth factor-p1 (TGF-p1) and is capable of eliciting bone tissue reactivity that
may serve as an effective bone graft material for the repair of osseous defects (Nicoll et al.,
1997). A delivery system consisting of collagen Type I gel, Recombinant human BMP-2
(rhBMP-2) and 45S5 Bioglass microspheres seem to be a promising system for bone
regeneration (Bergeron et al., 2007). Bovine bone morphogenetic protein has been delivered
in bioactive glass on demineralized bone matrix grafts in the rat muscular pouch with
effective outcome (Pajamaki et al., 1993).

6. Bioglass as coating of implants

In the present days, metallic materials gained considerable dimension as medical and dental
devices due to their mechanical properties (Roessler et al., 2002). Implants are usually
prepared of metals such as titanium alloys, cobalt alloys and SS 316L (Garcia et al., 2004).
The need to diminish costs in public health services has constrained the use of SS as the
most economical option for orthopedic implants (Meinert et al., 1998; Fathi et al., 2003),
because of its comparative low cost, ease of fabrication, ready availability and reasonable
corrosion resistance. However, this material is prone to localized attack in long term use due
to the hostile biological effects (Yilmaz et al., 2005). Besides, the corrosion of the metallic
implants is imperative because it could adversely affect the biocompatibility and the
mechanical integrity. Large concentrations of metallic cations coming from the implant can
result in biologically unwanted reactions and might lead to the mechanical failure of the
implant. Titanium and Ti-alloys are commonly used materials for in vivo applications, due
to their good physical and mechanical properties such as low density, high corrosion
resistance and mechanical resistance. Nevertheless, titanium and other alloying metal ions
as aluminium and vanadium, release from the implants being accumulated in the nearby
tissues, due to the aggressive action of the biological fluids (Hodgson et al., 2002; Zaffe et al.,
2003; Yue et al., 2002; Finet et al., 2000; Milosev et al., 2000). The lack of interaction with the
biological environment prevents the implant from integrating with the surrounding hard
tissue.
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The perfection of the interface between bone and orthopaedic or dental implants is still
considered as a challenge because the formation and maintenance of viable bone closely
apposed to the surface of biomaterials are indispensable for the stability and clinical success
of non-cemented orthopaedic/dental implants. It has been addressed to create a suitable
environment where the natural biological potential for bone functional regeneration can be
encouraged and maximized (Carlsson et al., 1994; Wennerberg et al., 1996; Larsson et al.,
1996; Buser et al., 1998). Implant osseointegration depends on various factors viz. surface
structure, biomechanical factors and biological response (Carlsson et al., 1994; Chappard et
al., 1999). At the present time, osseointergation is defined not only as the absence of a
fibrous layer around the implant with an active response in terms of integration to host
bone, but also as a chemical (bonding osteogenesis) or physico-chemical (connective tissue
osteogenesis) bond between implant and bone (Branemark et al., 1983; Albrektsson, 1993)
which in turn, depends on the biomineralization into the surrounding tissue.
Biomineralization is normally happens when the bony injury or normal bone tissue in
cellular level takes place. The process starts with the osteolysis through the osteoclastic cells
from the vicinity as well as from the systemic source. This is instantaneously followed by
formation of a protein-rich matrix in the localized area (injury site) which ultimately being
mineralized with the inorganic ions viz. calcium and phosphorous from the serum and the
localized tissues. Once the nucleation of bone formation takes place at a very faster rate
(approx. 10 days), then routinely further bone formation with the incorporation of above-
mentioned inorganic ions are found from the serum (Weiner, 1986). Further, implant
loosening/migration is an unanswered complication associated with internal fixation. This
problem may be overcome by modifying the implant/bone interface for improved osseous
integration. Improved osseous integration may be obtained by the use of hydroxyapatite
(HAp), b-tri calcium phosphate (b-TCP) and their composite coatings as nominally HAp to
enhance the osteoconductivity of metallic implant (Thomas et al., 1987; Filiaggi, et al., 1991;
Rivero et al., 1988). These coatings have been shown to promote osseointegration by
stimulating bone growth onto the surface (Dey et al., 2011).

Apart from calcium phosphate coating of metallic implants, extensive research has been
initiated with bioglass as coatings for metallic implants because of their controlled surface
reactivity and good bone bonding ability (Hench and Andersson, 1993; Hench, 1993; Ferraris
et al., 1996). These coatings accomplish two purposes: improving the osseointegration of the
implants, and shielding the metal against corrosion from the body fluids and the tissue from
the corrosion products of the alloys. Unfortunately, most of the attempts to coat metallic
implants with bioactive glass have had poor success. The explanation behind is due to poor
adhesion of the coating and/or degradation of the glass properties during the coating
procedure (typically enameling, or flame or plasma spray coating) (Hench & Andersson,
1993). Bioactive glass can be used to coat titanium alloys by different methods such as
conventional enamelling, sputtering techniques, vacuum plasma spray and subsonic
thermal spraying technique (STS) (Ferraris et al., 1996; Verné et al., 2000; Jana et al., 1995;
Gomez-Vega et al., 2000; Li et al., 2007). These implants can offer several advantages, in
terms of the high mechanical properties of the metallic substrate combined with the
bioactivity of the coating aside from good protection of the substrate from corrosion.
Bioactive glass and nanohydroxyapatite (BG-nHA) on titanium-alloy orthopaedic implants
and surrounding bone tissue in vivo was evaluated and observed that these coatings could
enhance the osteointegration of orthopaedic implant (Xie et al., 2010). Bioglass coating of the
three-dimensional Ti scaffolds by the radio frequency magnetron sputtering technique
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determines an in vitro increase of the bone matrix elaboration and may potentially have a
clinical benefit (Saino et al., 2010). Biocompatible yttrium-stabilized zirconia (YSZ) in the
form of nanoparticles and bioactive Bioglass (45S5) in the form of microparticles were used
to coat Ti6Al4V substrates by electrophoretic deposition with potential applications in the
orthopedics (Radice et al., 2007). Fluorapatite glass LG112 can be used as a sputtered glass
coating on roughened surfaces of Ti6Al4V for possible future use for medical implants
(Bibby et al., 2005). However, the Ti-alloys used in the fabrication of prosthetic implants are
very reactive, and the glass/metal reactions that occur during firing are unfavorable to
adhesion and bioactivity. Thus, coating titanium with bioactive glass is challenging. Besides,
tremendous care should be taken in storing and/or shipping HA- or BG-coated Ti6A14V
implants due to loss of bonding strength in low and high humidity (Chern et al., 1993).
Bioactive glass comprising of SiO»-Na,O-KyO-CaO-MgO-P>0Os5 system has been formulated
to coat orthopedic metallic implants by enameling and now have been utilized for coatings
on commercial dental implants approximately 100 pm thick (Lopez-Esteban et al., 2003).
Due to the peculiar softening properties of these materials, bioactive glass and glass-
ceramics do imply a good alternative to hydroxyapatite, commonly used as bioactive
coating on metallic prostheses in order to improve their adhesion to the bone. Further,
bioglass coated implants exhibited greater bone ingrowth compared to hydroxyapatite
coated and control implants in animal model and they maintained their mechanical integrity
over time (Wheeler et al., 2001). In a study, multilayered bioactive glass-ceramic coatings on
a Ti6Al4V alloy screws was conducted for dental applications with layers of controlled
thickness (Verné et al., 2004). A biocompatible composite implant system was developed by
coating bioglass onto cobalt-chromium alloy substrates where thin, adherent bioglass
coating provides the ability of bonding directly to bone, while the underlying metal
substrate gives the composite implants adequate strength to be used in load bearing
applications (Lacefield & Hench, 1986). Improvement of the alumina/bone interface in
Alumina on alumina total hip arthroplasty can be done by coating with sol-gel derived
bioactive glass (Hamadouche et al., 2000). Polyurethane (PUR) and polyurethane/poly(d, 1-
lactide) acid (PUR/PDLLA) based scaffolds coated with Bioglass particles have potential to
be used as bioactive, biodegradable scaffolds in bone tissue engineering (Bil et al., 2007).

7. Bioactive glasses’ in biomolecular engineering with special referencing to
third generation biomaterials

Third generation biomaterials should be biocompatible, resorbable, and also bioactive
eliciting specific cellular responses at the molecular level (Hench & Polak, 2002). Three-
dimensional porous structures that stimulate cells” invasion, attachment and proliferation,
as well as functionalized surfaces with peptide sequences that mimic the ECM components
so as to trigger specific cell responses are being developed (Agrawal & Ray, 2001;
Hutmacher et al., 1996; Temenoff & Mikos, 2000).

Tissue engineering applications and development of third generation biomaterials emerged
at the same time. Tissue engineering is the promising therapeutic approach that combines
cells onto resorbable scaffolds for in situ tissues regeneration and has emerged as an
alternative potential solution to tissue transplantation and grafting. Tissue engineering is a
multidisciplinary field that applies principles of life sciences and engineering towards the
development of biological substitutes employing three fundamental “tools”, namely cells,
scaffolds and growth factors (GFs) for the restoration, maintenance or improvement of
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tissue form and function (Langer & Vacanti, 1993). The common limitations associated with
the application of allografts, autografts and xenografts include donor site insufficiency,
rejection, diseases transfer, harvesting costs and post-operative morbidity (Fernyhough et
al., 1992; Banwart et al., 1995; Goulet et al., 1997). Tissue engineering and regenerative
medicine has made a new horizon in repairing and restoring organs and tissues using the
natural signaling pathways and components such as stem cells, growth factors and peptide
sequences among others, in amalgamation with synthetic scaffolds (Hardouin et al., 2000).
Apart from the basic tissue engineering triad (cells, signaling and scaffold), angiogenesis
and nutrients delivery should be taken into account as they both play vital role to stimulate
tissue regeneration. Although tissue engineering emerged as a very dazzling option to
overcome many existing problems related to the current use of autografts, allografts and
xenografts, its implementation as part of a routine treatment for tissue replacement is
controversial. Despite such limitations, tissue engineering is a very promising approach that
opens newer vista of study and research in the field of regenerative medicine.
Scaffolds of three-dimensional porous structures need to achieve the following criteria in
order to be used in tissue engineering [Spaans et al., 2000; Boccaccini et al., 2008].
e must be biocompatible and bio-resorbable at a controllable degradation and resorption
rate as well as provide the control over the appropriation
e must possess well defined microstructure with an interconnected porous network,
formed by a combination of macro and micro pores to allow proper tissue ingrowth,
vascularization and nutrient delivery.
¢  must have proper mechanical properties to regenerate bone tissue in load-bearing sites.
e must keep its structural integrity during the first stages of the new bone formation.
The amalgamation of bioactivity and biodegradability is most likely the pertinent
characteristics that include third-generation biomaterials. The bioactivation of surfaces with
specific biomolecules is an influential means that allows cell guidance and stimulation
towards a particular response. The endeavor is to mimic the ECM environment and function
in the developed scaffold by coupling specific cues in its surface. Thus, cell behavior
including adhesion, migration, proliferation and differentiation into a particular lineage will
be influenced by the biomolecules attached to the material surface. In addition, pore
distribution, interconnectivity and size are of paramount significance in order to assurance
of proper cell proliferation and migration, as well as tissue vascularization and diffusion of
nutrients.
The concept of using bioactive glass substrates as templates for in vitro synthesis of bone
tissue for transplantation by assessing the osteogenic potential has been investigated (Xynos
et al., 2000; Phan et al.,, 2003; Chen et al., 2008; Brown et al., 2008) and confirmed that
Bioglass scaffolds have potential as osteoconductive tissue engineering substrates for
maintenance and normal functioning of bone tissue (Bretcanu et al., 2009). Human primary
osteoblast-like cells cultured in contact with different bioactive glass suggested that bioglass
not only induces osteogenic differentiation of human primary osteoblast-like cells, but can
also increase collagen synthesis and release. The newly formulated bioactive gel-glass seems
to have potential applications for tissue engineering, inducing increased collagen synthesis
(Bosetti et al., 2003; Jones et al., 2007). Bone marrow is a combination of hematopoietic,
vascular, stromal and mesenchymal cells capable of skeletal repair/regeneration with the
ability of bone marrow cells to differentiate into osteoblasts and osteoclasts which is
imperative in tissue regeneration during fracture healing, or for successful osteointegration
of implanted prostheses, and in bone remodelling. Bone marrow cell culture systems with
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bioactive glass seem to be useful and induce osteogenic differentiation and cell
mineralization (Bosetti & Cannas, 2005). In another study, bioglass granules in combination
with expanded periosteal cells in culture were investigated in rabbit large calvarial defects
with increased ossification (Moreira-Gonzalez et al., 2005).

Bioresorbable and bioactive tissue engineering composite scaffolds based on bioactive glass
(45S5 Bioglass(R)) particles and macroporous poly(DL-lactide) (PDLLA) and polylactide-co-
glycolide (PLAGA) with osteoblasts (HOBs) cells have tremendous potential as scaffolds for
guided bone regeneration (Roether et al., 2002; Lu et al., 2005; Yang et al., 2006; ), for
intervertebral disc tissue repair (Wilda & Gough, 2006; Helen & Gough, 2008). In another
study, the cellular response of fetal osteoblasts to bioactive resorbable composite films
consisting of a poly-D,L-lactide (PDLLA) matrix and bioactive glass 45S5 particles in the
absence of osteogenic factors stimulates osteoblast differentiation and mineralization of the
extracellular matrix, demonstrating the osteoinductive capacity of the composite (Tsigkou et
al., 2007).

Revision cases of total hip implants are complicated by the considerable amount of bone
loss. New materials and/or approaches are desirable to provide stability to the site,
stimulate bone formation, and eventually lead to fully functional bone tissue. Porous
bioactive glass have been developed as scaffolds for bone tissue engineering. The
incorporation of tissue-engineered constructs utilizing these scaffolds seeded with
osteoprogenitor cells or culture expanded to form bonelike tissue on the scaffold prior to
implantation has been conducted in large, cortical bone defects in the rat (Livingston et al.,
2002).

Bioglass-incorporated alginate hydrogels encapsulated with murine embryonic stem cells
have potential implications and applications for tissue engineering where bioglass
substrates could be used for the production of bioengineered bone both in vitro and in vivo
and bioglass-incorporated alginate hydrogels can be injected directly into the defect area
(Zhang et al., 2009). One of the major factors in the therapeutic accomplishment of bone
tissue engineered scaffolds is the capacity of the construct to vascularise after implantation.
For improving vascularization, porous bioactive glass-ceramic construct combination of co-
culture human umbilical vein endothelial cells (HUVECS) with human osteoblasts (HOBS)
may promote vascularization and facilitate tissue regeneration (Deb et al., 2010).

8. Conclusion

During the past decades, there has been a major breakthrough in development of
biomedical materials including various ceramic materials for bone and dental repair as well
as implantable drug delivery systems. Both increases in life expectancy and the social
obligations to provide a better quality of life appeared to be the vital factors to this
development. Significant attention has been paid towards the use of synthetic graft
materials in bone tissue and dental repair and development of new implant technologies has
led to the design concept of novel bioactive materials. Bioactive glass inducing active
biomineralization in vivo have been a high demand in the development of clinical
regenerative medicine. Originally, it was thought for bone repair and bone regeneration via
tissue engineering (TE), but eventually has become a very attractive biomaterials of choice
having implications in: dental, maxillofacial and ear implants, drug delivery system,
injectable for treatment of enuresis, to activate genes for maintaining the health of tissues as
they age, third generation TE scaffolds for soft connective tissue regeneration and repair,
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hybrid inorganic/organic bioactive scaffolds, anti-microbial effect for wound dressing,
molecular modeling of the interaction of surface sites with amino acids, coating of metallic
implants, effective carriers of growth factors, bioactive peptides etc.. In the coming future,
bioactive glass may be explored by the scientists/researchers/clinicians in a better way and
dimension for wellbeing of human kind.
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1. Introduction

Spider dragline silk (SDS), the main structural web silk regarded as the “spider’s lifeline",
exhibits a fascinating combination of high tensile strength and high extensibility (1). Its
toughness is over 10 times that of Kevlar, the material for making bullet-proof suits (2). In
addition, SDS has a unconventional sigmoidal shaped stress-strain curve and shape memory
capability after the tension and torsion test (3; 4) (Figure 1). All these intriguing properties
have aroused the broad interest of scientists to understand the underlying deformation
mechanism of SDS.

Leaving the open question of why SDS is that mechanically superb aside, people have already
started to produce artificial SDS for numerous applications. Various methods to spin artificial
SDS have been explored. These include conventional wet spinning of regenerated SDS
obtained through forced silking (5; 6), solvent spinning of recombinant SDS protein analogue
produced via bacteria and yeast cell cultures doped with chemically synthesized artificial
genes (6; 7), and spinning of silk monofilaments from aqueous solution of recombinant
SDS protein obtained by inserting the silk-producing genes into mammalian cells (6; 8).
The applications also cover a broad biomedical range. For example, the silk-silica fusion
proteins was used for bone regeneration by combining the self-assembling domains of SDS
( Nephila clavipes) as scaffolds and the silaffin-derived R5 peptide of Cylindrotheca fusiformis
that is responsible for silica mineralization (6; 9). Improved cell adhesion and proliferation
of mouse osteoblast (MC3T3-E1) cells was achieved with films composed of B. mori fibroin
and recombinantly produced proteins based upon N. clavipes SDS (incorporating the RGD
integrin recognition sequence) in vitro (6; 10). SDS based antibacteria materials was also
demonstrated by incorporating silk proteins with inorganic antibacteria nanoparticles such
as silver nanoparticles (11) and titanium dioxide nanoparticles (12). In addition, silk films are
promising candidates for biocompatible coatings for biomedical implants. For instance, gold
nanoparticles, silver nanoparticles, and transition metal oxides/sulfides were dip-coated by
SDS proteins and showed novel electrical, magnetic, optical properties, and at the same time,
biocompatibility (6; 13-16).

Going back to the fundamental question of the structure-property relation of SDS, several
experimental studies have been carried out to determine the supra-molecular structure of
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SDS (17-22). X-ray diffraction patterns showed that there are many well oriented beta-sheet
nanocrystals in the silk, with the long axis of the beta-sheet parallel to the silk axis (17-19).
And polarized FTIR spectroscopy and Raman spectroscopy revealed more structures beyond
the beta-sheet nanocrystal, including beta-coils, beta-turns, alpha-helices or the more compact
and left-handed 3(1)-helices, all of which have quite low orientation in un-stressed SDS (1; 23—
26). NMR data also suggested that there are two regions in SDS, a highly oriented beta-sheet
nanocrystal region and a poorly oriented polypeptide chain region (22; 27; 28).Furthermore,
these structural study results were confirmed by the protein sequence analysis (20; 29).
Based on all these results, it is generally accepted that SDS is semicrystalline polymer with
beta-sheet nanocrystals embedded in the amorphous region, which was a polypeptide chain
network (23; 24; 30) (Figure 2(a)). The beta-sheet nanocrystals were always highly oriented
to the axis of SDS, while the polypeptide chain network exhibited random orientation under
zero external stress (19). When SDS was subjected to external tension stress, the orientation
of the components in the polypeptide chain network was observed to increase significantly as
the strain increased (17; 25; 28).

A few models were proposed (18; 23; 30; 31) to understand the structure-property relation of
SDS based upon deformation theories of polymers and composite materials. For example, the
model by Termonia (23) treated SDS as a hydrogen-bonded amorphous matrix embedded
with stiff crystals as cross-links. In the interfacial region, an extremely high modulus is
required to get SDS’s overall behavior on deformation. While in the model of Porter and
Vollrath (30; 31), parameters linking to chemical compositions and morphological order
were used to interpret thermo-mechanical properties of SDS. But some parameters such
as ordered/disordered fractions are difficult to be obtained from experiments. A recent
model (18) connecting deformations on the macroscopic and molecular length scales still did
not consider the change of the orientation of nanocomposites during deformation. Especially,
as pointed out by Vehoff af al. recently (32), basic polymer theories such as the freely jointed
chain, the freely rotating chain and the worm-like chain, as well as a hierarchical chain model
of the spider capture silk (33) could not reproduce the sigmoidal shape or even the steep initial
regime of SDS (Fig. 2(a)) (32). While nonlinear polymer theories can give a general description
of the entire deformation process of the silk, some special conditions are invoked (30; 31) and
the uniqueness in SDS is not taken into account. In one word, a more natural and unified
description for the extraordinary properties of SDS as a model biomaterial still seems to be
lacking.

Quite a few works (4; 17; 19; 22; 34-37) have pointed out that SDS is liquid crystalline material
and liquid crystal (LC) phase plays a vital role in both its spinning process and mechanical
properties. In the spinning process, the spider’s ‘spinning dope’ is liquid crystalline, which
make it possible to efficiently spin a thread from large silk protein molecules (4; 38—40).
Specifically, in the spider’s gland and duct the molecules form a nematic phase (4; 38) — a
phase that makes the silk solution flow as a liquid but maintain some of the orientational order
characteristic of a crystal, with the long axes of neighboring molecules aligned approximately
parallel to one another. In the final extrusion stage of the spinning process, the liquid crystal
phase is even more enhanced and frozen into the beta-sheet structure of the silk: The forming
thread stretches, narrows and pulls away from the walls of the duct, which bring the dope
molecules into better alignment and into a more extended conformation to facilitate hydrogen
bonds formation to give the anti-parallel beta conformation of the final thread (4; 38). The
final silk contains 40 vol % anti-parallel beta-nanocrystals highly aligned to the silk axis as a
frozen LC phase from the spinning process (31).
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For the solid SDS, the LC phase transition is an important feature in SDS’s deformation process
and contributes a lot to the silk’s combination of high strength and high extensibility, as well
as the shape memory property. In the unstressed state of SDS, the polypeptide chain network
has random orientation (25) with many components present, such as beta-coils, beta-turns,
alpha-helices or the more compact and left-handed 3(1)-helices (1; 22-24; 26). All of these
structures have elongated shapes and the tendency to form LC phase (41). Under increasing
tensile stress, the orientations of the elongated components increase substantially as revealed
by polarized FTIR spectroscopy and DECODER (direction exchange with correlation for
orientation distribution evaluation and reconstruction) NMR (25; 28). The sigmoidal shape
of the stress-strain curve (Figure 1(a)) indicates that a LC phase transition takes place at the
yield point, resulting in the huge extensibility of SDS after the yield point.

Although some work proposed SDS to be a biological LC elastomer together with the
silkworm'’s silk (37), a detailed description of the deformation mechanism of SDS from the
LC point of view is lacking. We constructed an analytical LC model. The polypeptide chain
network is set to be in the isotropic state at the beginning with the tendency to transit into the
LC phase. Under external stress, the Maier-Saupe theory (42) of nematic LC is employed to
monitor the change of the orientation of the polypeptide chain network. We show that during
deformation SDS undergoes significant increase of the orientation of the chain network, with a
force-induced isotropic-nematic phase transition at the yield point which especially facilitates
the extension of the SDS after the yield point. The comprehensive agreement between theory
and experiments on the stress-strain curve strongly indicates SDS to belong to LC materials.
Especially, the remarkable yielding elasticity of SDS is understood for the first time as the
force-induced isotropic-nematic phase transition of the chain network. The present theory
also predicts a drop of the stress in supercontracted SDS, an early found effect of humidity on
the mechanical properties in many silks (30; 32; 43).

2. Model

Because the beta-sheet nanocrystal has high orientation along the silk axis as spun and
deforms much smaller than that of the bulk (17), we will neglect the deformation and
rotation of the beta-sheet nanocrystal under external stress and focus on the deformation
change of the amorphous polypeptide chain network in the current work. This assumption
is also supported by the observations that SDS’s high extensibility results primarily from the
disordered region (18; 20; 21), and that the deformation of the beta-sheet nanocrystal is at least
a factor of 10 smaller than that of the bulk (17).

We take the polypeptide chain network in the amorphous region of SDS as a molecular LC
field with each chain section corresponding to a mesogenic molecule (i.e. a molecule having
the tendency to form liquid crystal phase under specific conditions); see Fig. 2. Following the
LC continuum theory in the absence of forces, the potential of a mesogenic molecule takes the
Maier-Saupe interaction form (42)

Vicos®) = —a(3 cost0 - 3), g

where 6 is the angle between the long axis of the molecule and the silk axis (the z-axis), which
is also the direction of fi ( Fig. 2 (b)). a is the strength of the mean field. S is the orientation
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order parameter of the LC, defined as the average of second Legendre polynomial (41)

_ /3 2, 1
S—<§COSG 2>. (2)

We notice that the Maier-Saupe potential has been used by Pincus and de Gennes when
investigating LC phase transition in a polypeptide solution (44). Using the LC potential to
describe the interaction between the segments of the polypeptide chain network is a good
mean-field approach because a large part of the polypeptide chain network bears alpha helix
and beta coil structures (20; 24), which tend to form a LC phase due to their elongated
shape (41). When a uniform force field f along z-axis is applied, the potential of a molecule is
written as

U(cos®) =V — flcosb, 3)

where [ denotes the length of the mesogenic molecule.
From the definition of the order parameter S, we get a self-consistency equation

S = fil(%cos29 — %)exp(% cos? 6 + a cos 8)d cos O

4
/fil exp(23k"BST cos? 6+ acosf)dcos @, @)

with « = fI/kgT. The solution of the above equation may not be unique, in order to obtain
physically sound solution we need to apply the free energy minimization criterion (41) given

by
1 o
FMS = —kBTan + Eﬁs ’ (5)

where Z is the partition function Z = fil e~ U(cos8)/ksT j 0550, and the second term at the
right-hand side corrects for the double counting arising from the mean field method (45).
The orientation function S was calculated numerically at different temperatures T* = T/Ty;
and forces f, and the results were shown in Fig. 3(b). Here T; = a/(4.541kg) is the
isotropic-nematic transition temperature in the absence of forces (42). At temperatures below
Tpi the molecules have spontaneous nematic order, and the force does not induce further order
significantly. While for the molecules initially in paranematic state (i.e. an isotropic state close
to the nematic state), the applied force field will induce a first-order phase transition — S
jumps discontinuously to a higher value at a certain critical force fc(T*). At even higher
temperatures, nematic field is weaker and the effect of the force is less dramatic.

To compare with experiment data, we give the expressions of stress and strain in our model.
Apparently, the stress ¢ of the bulkis c = F/A = Nf: F is the force on the surface of the bulk,
A is the area of the surface, and N is the number of molecules per area. The strain ¢ of the
bulk is defined as ¢ = [L(f) — Lo]/Lo, where L(f) is the length of the bulk along z-axis when
the force field f is applied and we can take it as L(f) = (I|cos|), and Ly = L(f = 0) =1/2.
Then the strain ¢ is ¢ = 2(| cos0|) — 1. The curve of ¢ versus ¢ at different temperatures is
shown in Fig. 3(c). At temperatures below Ty;, the strain grows smoothly with the stress. For
temperatures just above T, the strain grows with the stress in an almost linear way under
small forces, then a jump in the strain occurs at the critical force fo(T*), after which the strain
increases smoothly with the stress again. At higher temperatures, the nematic field is weaker
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and the jump is replaced by a smooth increase in strain, with a plateau in a certain range of
force.

In our model, the reduced temperature T* is an essential parameter, which needs to be
chosen specifically in order to predict the stress-strain curve of SDS. Because the silk solution
is in LC state at ambient temperature (4; 34; 35) while for the solid silk the orientation of
the polypeptide chain network is very low (25), it is likely that the solid polypeptide chain
network still has a high tendency to form LC state and is in paranematic state under zero
loading. Namely, the isotropic-nematic transition temperature Tp; of the chain network is
slightly lower than the room temperature T,, i. e. T* is just above 1. Actually, the curves
of T* = 1.01 and 1.02 agree well with the experimental stress-strain curve of SDS, with a
steep linear relation at the beginning and more abrupt increase of the strain after the yield
point. Due to viscoelasticity (46), defects and polydomain effects (45), the real SDS exhibit a
smoother strain increase after the yield point, while the non-viscoelastic and defect-free LC
model predicts an abrupt increase of the strain. From the curves of T* = 1.01 and 1.02, we get
the estimation of the yield strain e, ~ 0.04, the yield stress 0, = aNkgT /I ~ 8.4MPa, and the
Young’s modulus at the linear region E = ¢y, /ey ~ 210MPa, given a ~ 0.2, N/I ~ 10nm 3,
and kgT, ~ 4.1pNnm. These estimations well agree with the experimental results for the
low reeling speed SDS, with the yield strain ¢, ~ 0.04, the yield stress ¢y, ~ 10MPa, and the
Young’s modulus at the linear region E ~ 250MPa (Fig. 3(d)) (19).

3. Discussion

The stress-strain curve of paranematic state in the LC model well explains the main features of
the stress-strain curve of SDS: With low loading, entropy is dominating and the polypeptide
chain network is isotropic. Mesogenic molecules only respond individually to the external
stress field by rotating a little bit to the stress direction on average, so the increase of the strain
is small and the Young’s modulus is high. As the stress increases, the competition between
the entropy and the mesogenic molecule potential (including the LC field and the external
force field) in the free energy expression (Eq. 3 and 5) begins to favor the potential field.
At the point when the potential begins to dominate over the entropy, the isotropic-nematic
phase transition of the mesogenic molecule network (i.e. the polypeptide chain network)
occurs. Mesogenic molecules start to rotate collectively to the stress direction to form the
nematic LC phase. Since all components in the polypeptide chain network tend to align
parallel to the silk axis, the length of the silk increases substantially under a constant stress,
resulting in the plateau following the transition initiation point which is called the yield point.
Due to viscoelasticity (46), defects and polydomain effects (45), the real SDS has a smoother
plateau in the stress-strain curve with the same fact that the majority of the SDS’s extensibility
results from the softening plateau after the yield point. When the stress increases further, the
orientation of the network grows rapidly, as observed by polarized FTIR spectroscopy and
DECODER (direction exchange with correlation for orientation distribution evaluation and
reconstruction) NMR (25; 28). Finally, the shape memory property of SDS in the tension test
can be understood as a reverse phase transition process when the external stress decreases to
zero.

In the LC model, we predict an isotropic-nematic phase transition at the yield point. Several
experimental observations do support a significant increase of the orientation of the elongated
components in the amorphous region with various strain. For example, a polarized FTIR
spectroscopy measurement (25) showed that the orientation of some components in the
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amorphous region increased by 0.3 when the strain reached 24%. A NMR study also
suggested the alignment of the components in the amorphous region became poor in the strain
relaxation process (28). Further experimental work needs be done to track the orientation
change of the polypeptide chain network in the deformation process of SDS in order to better
understand its LC character.

We notice that our results agree much better with the mechanical properties of the silks
produced by low reeling speed. That is because a high reeling speed will induce a low
orientation in the amorphous region, which is not taken into account in the current work.

In addition to describing the stress-strain relation of SDS, our LC model can also qualitatively
account for the drop of the stress in wet SDS, i.e. the supercontracted SDS. Take Ly and Ry
as the initial length and radius of the silk, and L and R as those under stress. Under the
assumption of volume conservation we have nR%LO = mR2L,s0 R/Ry = /1/(1+¢). The
free energy of the bulk can be written as

F =V — foxt(L—Lg) +27RL7y ©)
=V — fext(L — Log) + 2tRoLoyvV1 + ¢,

where V is the internal energy of the bulk, f.y; is the external force on the bulk and 7 is the
surface energy coefficient. Minimizing F with respect to €, we get

o= fext _ 1 1% Y

7R3 7R3Ly ¢  Roy/T+e

@)

When the silk is immersed in water, the surface energy coefficient <y increases, so with the same
stress ¢ we need a bigger strain. Thus our theory can predict the softening of supercontracted
silk, an effect observed in many experiments (30; 32; 43; 47; 48).
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Fig. 1. (a). The stress-strain curves of a spider silk in a deformation cycle and during strain to
break. (31) (b). Relaxation dynamics of a torsion pendulum for a spider silk thread. Inset:
zoom of the start of the self-relaxation dynamics. The red arrow indicates the end of the
excitation and the start of the free relaxation period. Blue line, new equilibrium position. (3)
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(a) z (b)

=

Fig. 2. (a). A schematic diagram of the structure of the dragline silk. The bold lines represent
the B-sheet crystals, and the thin lines represent the polypeptide chains in the amorphous
region. The z-axis is along the silk axis. (b). The coordinate system of the nematics. fi is the
director of the nematics, # is the director of the mesogenic molecule, and 6 is the angle
between the long axis of the molecule and the silk axis z.
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Fig. 3. (Color online.) (a) Comparison of a typical measured dragline silk’s stress-strain curve
(black solid line) with theoretical curves evaluated by the freely jointed chain (red dash dot
line) and the hierarchical chain model (olive dash line) [After T. Vehoff et al.]. (b) The
orientation order parameter S as a function of a(= f1/kgT). (c) The stress-strain curves at
different temperatures T*(= T /T ). Calculated with N/I ~ 10nm 3, and kg T, ~ 4.1pNnm.
(d) The stress-strain curve of the SDS spinned with the speed of Imms~? (19).
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4. Conclusion

In conclusion, we investigate the mechanical properties of SDS from the view point of LC
continuum theory. This LC approach is justified by the following considerations: 1) Solid
SDS is spined from a polypeptide LC solution and has well aligned beta-sheet nanocrystals
as a frozen-in LC phase (36). 2) A large part of the amorphous region (the polypeptide chain
network) of the solid SDS has alpha-helix and beta-coils secondary structures, which tend to
form LC phase due to their elongated shape (41). 3) By solving a self-consistent equation,
both the stress-strain relation and the orientation-reduced temperature relation are obtained
from the LC model. These curves agree well with the experimental curves quantitatively and
especially help to interpret the high extensibility behavior of SDS at the yield point. 4) The
LC model can also describe the shape memory and the supercontraction properties of SDS.
5) The major energy term, the Maier-Saupe potential (41), in the LC model shares the same
physical background with the essential energy contributor, the cohesive energy, in polymer
theory (31; 49). They both origin from van der Waals forces, although with different emphasis:
The LC model focuses on understanding the orientation change and the contribution of LC
phase transition to the high extensibility of SDS; while the conventional polymer theories
emphasize on either phenomenological descriptions (18) or molecular modelings with high
computation requirements (31).

Ongoing work is to develop the model to understand more of the fascinating properties of
SDS. More experimental work is highly needed as well to further verify the LC model.
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1. Introduction

Physical plasma is defined as a gas in which part of the particles that make up the matter are
present in ionized form. This is achieved by heating a gas leading to dissociation of the
molecular bonds and subsequently ionization of the free atoms. Thereby, plasma consists of
positively and negatively charged ions and negatively charged electrons as well as radicals,
neutral and excited atoms and molecules (Raizer, 1997; Conrads and Schmidt, 2000). On the
one hand, plasma is a natural phenomenon as more than 90 % of the universe is in the
plasma state, for example in fire, in the polar aurora borealis and perhaps most importantly
in the nuclear fusion reactions of the sun. On the other hand, plasma can be created
artificially and has found applications in technology like plasma screens or light sources.
The use of high temperature plasma for energy production is still the focus of ongoing
research.

For the modification of biomaterial surfaces, low temperature plasma which is sometimes
also called cold plasma is used. It is characterized by a low degree of ionization at low or
atmospheric pressure (Roth, 1995; Roth 2001; Hippler et al., 2008). To create low temperature
plasmas, a compound is first transformed into a gas and then ionized by applying energy in
the form of heat, direct or alternating electric current, radiation or laser light. Commonly
used plasma gas sources are oxygen, nitrogen, hydrogen or argon. Two typical research
plasma reactors for different applications are shown in Fig. 1. Depending on the nature and
amount of energy, low temperature plasmas are characterized by a non-equilibrium
between electron temperature and gas temperature. Thus the main parameters which define
the characteristics of a plasma and thereby its applicability are its temperatures, types and
densities of radicals and its level of ionization. In material science, possible applications of
low-temperature plasmas include the modification of surface properties like electrochemical
charge or amount of oxidation as well as attachment or modification of surface-bound
chemical groups. Consequently, properties like hardness, resistance to chemical corrosion or
physical abrasion, wettability, the water absorption capacity as well as the affinity toward
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specific molecules can be modulated specifically and precisely by the use of low-
temperature plasmas (Meichsner et al., 2011).

e |

Fig. 1. Laboratory-size low-temperature plasma reactors for argon / ethylenediamine
plasma (left) and pulsed magnetron sputtering (right)

Plasma treatments can be used to improve different aspects of the therapeutic characteristics
of medical implants (Ohl & Schroder, 2008; Schroder et al.,, 2011). Possible applications
include the incorporation of therapeutic agents into implants or the attachment of drug
molecules onto the material surface. This includes for example plasma processes used for
surface coupling of antibiotic substances or for integration of metal ions into biomaterial
surfaces to create implants which exhibit long-lasting antibacterial properties after
implantation. By creating such implants with antibacterial properties, the often devastating
effects of implant-related infections could be markedly reduced. Therapeutic agents for
other applications can be loaded onto implant surfaces via plasma treatment as well to
achieve their controlled release over time. Possible applications are drug-eluting stents and
vascular prostheses which release drugs to reduce blood coagulation and thombosis as well
as to prevent intima hyperplasia and restenosis.

Low-temperature plasma-modified surfaces were furthermore found to possess specific
bioactive properties in vitro and in vivo. For example, such surfaces influence the
attachment and growth of osteoblasts, fibroblasts and inflammatory cells which provides
the possibility to enhance implant ingrowth and tissue regeneration as well as to reduce
implant-related inflammation, thereby improving the biocompatibility. Another field of
application is plasma sterilization of prosthetic materials which is a gentle approach that can
be adapted for many different materials and which is especially advantageous over
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conventional methods regarding the required time. From a process technology point of
view, sterilization would also be a beneficial concomitant effect of other plasma treatments
aimed at modulating specific material properties. The range of materials which can be
treated with low-temperature plasma processes includes many materials with an established
track record in regenerative medicine, for example ceramics like hydroxyapatite, polymeric
materials like polyester, polypropylene, silicone and polytetrafluoroethylene, and metals
like titanium, titanium-based alloys and steel. Consequently, the possible utilization of
plasma treatments in the field of biomaterials includes a wide range of applications in
cardiovascular and reconstructive surgery, orthopaedics and dentistry. Therefore, low-
temperature plasma processes have great potential for improvement of medical implants. In
the following, a concise overview of the respective applications and the underlying plasma
processes is presented, putting an emphasis on recent developments. The main directions of
research in this developing field are reviewed in terms of the respective aims, the relevant
materials and the potential clinical applications.

2. Plasma-assisted creation of implants containing therapeutic compounds

The coating of implant surfaces with therapeutic agents is an interesting approach to improve
the clinical outcome of implantation. In this field, the treatment with plasma can be used to
either facilitate the surface attachment of the respective drug itself or to create a layer on top of
a coating with a therapeutic compound to modulate the kinetics of its release. Among the
multitude of possible applications, recent research activities are focused on two main
directions: the equipment of implants with antibiotics and other compounds with antibacterial
properties to prevent implant-related infections and the coating with anti-thrombogenic agents
to prevent the formation of blood clots and thrombosis for implants with blood contact like
vascular prostheses and stents. In principle, most of the plasma-based approaches used in
these areas could also be applied with other drugs which have already been examined for
drug-eluting implants, for example paclitaxel and everolimus (Butt et al, 2009),
dexamethasone (Radke et al.,, 2004) or trapidil, probucol and cilostazol (Douglas, 2007) all
aimed at reducing restenosis after implantation of vascular stents which is an emerging and
clinically promising field for controlled drug release in biomaterials research.

2.1 Implant surfaces with antibacterial properties

The equipment of implants with antibacterial properties can be achieved either by attaching
antibiotic substances or by creating surfaces which release metal ions which are known to
have anti-infective effects. Polyvinylchloride, a polymer which is used for endotracheal
tubes and catheters, was equipped with triclosan and bronopol, compounds with immediate
and persistent broad-spectrum antimicrobial effects, after the surface was activated with
oxygen plasma to produce more hydrophilic groups for effective coating (Zhang et al,,
2006). Experiments using Staphylococcus aureus and Escherichia coli demonstrated the
effectiveness of these surfaces. Similarly, polyvinylidenfluoride used for hernia meshes was
modified by plasma-induced graft polymerization of acrylic acid with subsequent binding
of the antibiotic gentamycin (Junge et al, 2005). In addition to the microbiological
examination of the gentamycin-releasing material, the in vitro and in vivo biocompatibility
was examined by cytotoxicity testing and implantation into Sprague-Dawley rats for up to
90 days, and no side effects on biocompatibility were observed. The fact that an implant
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coating with a sustained release of gentamycin is effective against bacteria with no adverse
effects on cellular proliferation was also confirmed by the evaluation of titanium implants
with gentamycin grafted onto the surface of a plasma sprayed wollastonite coating (Li et al.,
2008). Wollastonite was previously found to be a promising material for bone tissue repair
due to its high bonding strength to titanium substrates, its mechanical properties and its
bioactivity and biocompatibility (Liu et al., 2008).

Due to their well-known antibacterial effects, metals like silver, copper or tin are possible
alternatives to classical antibiotic compounds as an effective and sustained release from
coatings is possibly easier to achieve due to their small size. Similarly to gentamycin as
mentioned before, silver has been used as a powder added to a plasma-sprayed wollastonite
coating on titanium implants (Li et al., 2009). In comparison to a coating without silver, tests
with Escherichia coli confirmed the antibacterial activity of the silver while an examination of
osteoblast morphology revealed no obvious difference between both coatings. Furthermore,
the release of silver was also examined for amino-hydrocarbon plasma polymer coatings
(Lischer et al., 2011), after plasma immersion ion implantation into polyethylene (Zhang et
al., 2008) and for silver nanoparticles bound to an allylamine plasma polymer thin film
(Vasilev et al., 2010b). Similarly, the use of copper for antibacterial implant coatings has also
been studied by plasma implantation into polyethylene (Zhang et al., 2007). The use of
plasma immersion ion implantation is however not restricted to polymer materials as
demonstrated by recent work on the application of this process for equipment of titantium
surfaces with copper ions (Polak el al., 2010). Compared to controls, the implants created by
this Plasma immersion ion implantation of copper reduced the number of methicillin-
resistant Staphylococcus aureus cultivated on the respective surfaces (Schroder et al., 2010a).
Ion implantation can also be used for non-metals like fluorine which is of particular
relevance for dental applications. This was examined with titanium, stainless steel and
polymethyl methacrylate for fluorine alone (Nurhaerani et al., 2006) or with stainless steel
for a combination of fluorine with silver (Shinonaga & Arita, 2009).

2.2 Implant surfaces with reduced thrombogenicity

Another field of interest for plasma applications is the coating of implants with anti-
thrombogenic agents. This is of special importance for vascular prostheses and stents which
are in constant contact with blood. For these implants, thrombosis and blood clot formation
are severe and potentially life-threatening complications. Classical anti-coagulants used for
thrombosis prophylaxis and treatment include coumarin derivates like phenprocoumon for
oral application as well as heparin which is physiologically found in the body and extracted
for medicinal use from mucosal tissues of slaughtered meat animals and hirudin, originally
from the European medical leech Hirudo medicinalis, for parenteral use. The Plasma-based
attachment of heparin has for example been examined for stainless steel which is used in
stents (Yang et al., 2010). For this application, a pulsed-plasma polymeric allylamine film
with a high amino group density was created to subsequently immobilize heparin via its
carboxylic groups and established coupling chemistry using 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide and N-Hydroxysuccinimide. In a similar way, a
heparin coating of polystyrene surfaces was achieved by preadsorption with undecylenic
acid, a FDA-approved natural fungicide for skin disorders, followed by treatment with
argon plasma and covalent immobilization of an albumin-heparin conjugate (van Delden et
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al., 1997). Another example is the heparinization of polyurethane by low temperature
plasma and grafting of poly(acrylic acid), water-soluble chitosan and heparin (Lin et al.,
2005). In addition to well-established anti-coagulants, the endothelial membrane protein
thrombomodulin, a co-factor in the thrombin-activated anticoagulant pathway, has also
been examined regarding plasma-based attachment on biomaterial surfaces. This
application was studied for polytetrafluoroethylene, a common material for vascular
prostheses, via CO» plasma activation and subsequent vapour phase graft polymerization of
acrylic acid (Vasilets et al., 1997; Sperling et al., 1997). Another surface modification which
was examined for reduced thrombogenicity was plasma-induced graft polymerization of 2-
methacryloyloxyethyl phosphorylcholine on titanium alloy surfaces which resulted in
reduced deposition and activation of platelets in subsequent in vitro experiments with ovine
blood (Ye et al., 2009).

2.3 Regulation of drug release by barrier layers

In addition to plasma-assisted surface attachment of therapeutic compounds, plasma
processes can also be used to create an over-coating which acts as a barrier to regulate the
drug release. This application has for example been examined using daunomycin, an
antibiotic substance, and rapamycin, a compound with immunosuppressive and anti-
proliferative effects which is used for example in stents to prevent excessive tissue growth,
in combination with a plasma polymerized tetramethylcyclo-tetrasiloxane coating (Osaki et
al.,, 2011). Changing the deposition time length resulted in different coating thickness which,
like the molecular weight of the drug, was found to influence the drug-release rate. A
comparable approach was used on polyetherurethane onto which a plasma-deposited
poly(butyl methyacrylate) membrane with controlled porosity was applied to control the
release of ciprofloxacin (Hendricks et al., 2000). Adhesion and colonization of Pseudomonas
aeruginosa was evaluated to assess the antimicriobial effectiveness.

Furthermore, an over-coating can also be applied to surfaces which release metal ions. For
instance, the antibacterial surfaces created by plasma immersion ion implantation of copper
as mentioned before were also treated with an additional layer of plasma-polymerized
allylamine to regulate the Cu release and to modulate cellular adhesion and spreading. This
combination reduced the antibacterial effects of the surface to some extent but did not
completely disable it (Schroder et al., 2010a). On the other hand, the combined treatment
also led to lower local inflammatory reactions after implantation into rats (Schlosser,
unpublished data), highlighting the need to find an optimal balance between in vivo
biocompatibility and sufficient antibacterial effects. Another study demonstrated that
creation of thin films by plasma polymerization for controlled release of silver ions and
traditional antibiotics is applicable to the surface of many different medical devices (Vasilev
etal., 2010a).

The use of an over-coating to regulate the release rate is not only possible for antibiotics but
also for antithrombogenic agents. This has for example been studied for hirudin for which
an additional layer of 2-hydroxyethyl methacrylate created by glow discharge plasma
deposition on drug-loaded polyurethane matrices served as a diffusional barrier controlling
the hirudin release kinetics depending on the plasma coating conditions (Kim et al., 1998).
Of more general interest for the field of drug-releasing implants is a recent study which
describes the use of liposomes, artificial vesicles enclosed by a lipid bilayer. Liposomes can
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be used as drug containers by encapsulation of therapeutic compounds, in some cases
additionally targeted to their site of action by antibodies, and potentially offer a wide range
of applications. Covalent coating of liposomes onto stainless steel was achieved via
radiofrequency glow plasma assisted creation of a thin film of acrylic acid characterized by
surface carboxylic groups to which the liposomes were attached via formation of amide
bonds (Mourtas et al., 2011). While the study was considered by the authors to be a proof of
principle, the presented method seems to be a versatile approach due to possible changes of
process parameters for the liposome immobilization procedure as well as regarding the
choice of different drugs for encapsulation.

3. Plasma-based surface functionalization

Medical implants interact with their surrounding tissue in a complex manner. For example,
a so called neointima layer is formed over time at the inner surface of vascular prostheses.
Bone implants based on calcium phosphate possess osteoconductive and osteoinductive
properties. Most importantly, all biomaterials are foreign to the body and the aim of acute
and chronic inflammatory reactions which can persist for as long as the implant remains in
the body. While short-term temporary implants which are removed some time after
implantation should rather be inert, long-term implants intended for permanent presence in
the recipient’s body should ideally possess bioactive properties to facilitate proper tissue
integration. A multitude of different approaches has been examined with the aim to
influence the interactions between biomaterials and the host tissue, for example by
regulation of protein and cell attachment to improve the implant ingrowth and to reduce
implant-related inflammation. Possible methods include for example the coating with
different proteins, with biomembrane-derived phospholipids, with diamond-like carbon or
ceramics or the attachment of chemical groups to create surfaces with a specific electric
charge. Low-temperature plasmas have extensively been examined in vitro and in vivo for
these applications.

3.1 Creation of bioactive surfaces

The cell-material and tissue-material interactions can be influenced by modifying the surface
charge via chemical groups. For example, an enhanced osteoblast growth in vitro was
observed for surfaces modified with plasma-polymerized 1-aminoheptane (Zhao et al.,
2011). The plasma-based deposition of acetaldehyde and allylamine polymer coatings on
silicon and perfluorinated poly(ethylene-co-propylene) was found to influence the
outgrowth of bovine corneal epithelial tissue for up to 21 days (Thissen et al., 2006). A
treatment of Titanium samples with a comparable process called plasma-polymerized
allylamine, based on the polymerization of allylamine after activation with a continuous
wave oxygen-plasma, creates a positively charged amino group rich surface aimed at
improving attachment of the negatively charged matrix substance hyaluronan. This coating
was found to be advantageous concerning initial osteoblast adhesion and spreading (Nebe
et al., 2007) and to have beneficial effects in vitro on the formation of focal adhesions as well
as on cell morphology and spreading (Finke et al., 2007) and vinculin mobility (Rebl et al.,
2010) of osteoblasts. An in vivo examination in rats revealed no negative influence on the
number of total and tissue macrophages, T cells and MHC class II antigen-presenting cells in
the peri-implant tissue (Hoene et al., 2010). Furtheremore, it was demonstrated that the
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plasma parameters influence the surface properties and thereby the host response. Samples
with a lower plasma duty cycle (ratio of plasma on-time t,, divided by the overall pulse
duration ton + tofr) resulted in a higher layer thickness and protein absorption as well as a
lower oxygen uptake due to sonication in distilled water. Consequently, the hydrogel-like
character of the plasma-polymerized allylamine films was probably more developed for the
high duty cycle samples, resulting in an overall lower inflammatory response in vivo than
for the implants created with a low duty cycle (Hoene et al., 2010). Similar results regarding
enhanced cell adhesion were also obtained for a plasma consisting of a mixture of argon and
ethylenediamine (Finke et al., 2011). A treatment of a hip prosthesis with this plasma
process is exemplarily shown in Fig. 2.

Fig. 2. Hip joint implant in low pressure plasma using a mixture of argon and
ethylenediamine for cell adhesive coating

In contrast to these positively charged NH; films, a coating of Titanium implants with
acrylic acid after similar plasma activation, called plasma-polymerized acrylic acid, results
in a negatively charged COOH-group rich surface which was found to facilitate osteogenic
differentiation by stimulation of mRNA expression of early (ALP, COL, Runx2) as well as
late (BSP, OCN) bone differentiation markers (Schroder et al., 2010b). However, the long-
term inflammatory response in vivo caused by this coating were increased compared to
uncoated controls (Schroder et al., 2010b), highlighting the difficult balance that improving
one specific aspect of implant characteristics is often accompanied by adverse changes in
other parameters. Furthermore, it illustrates the problem that the results of in vitro
experiments on the one hand and in vivo studies on the other are often inconsistent due to
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the complex nature of reactions in a living organism which can only partially and often
inadequately be modelled using in vitro approaches.

Similar to metals and metal alloys, cell attachment on polymers can also be modulated by
plasma treatment. The application of glow-discharge plasma of mixed ammonia and oxygen
on polytetrafluoroethylene surfaces reduced the hydrophobicity and increased the
attachment of aorta endothelial cells (Chen et al., 2003). Furthermore, an oxygen plasma has
been shown to improve surface attachment of mouse fibroblasts L-929 on thermoplastic
polyetherurethane used for gastric implants (Schlicht et al., 2010).

Low-temperature plasma can also be used to achieve immobilization of bioactive molecules.
This was demonstrated for example by an oxygen plasma treatment to enhance the
immobilization of simvastatin, which stimulates bone formation, onto Ti surfaces (Yoshinari et
al., 2006). The deposition of thin film from ethylene plasma on Ti surfaces allows the chemical
attachment of hydroxyethylmethacrylate onto Ti to improve the in vitro adhesion of mouse
fibroblasts L-929 (Morra & Cassinelli, 1997). Albumin nanoparticles conjugated with a
truncated fragment of fibronectin were directly patterned onto polymers to elicit adhesion and
spreading of human mesenchymal stem cells and fibroblasts (Rossi et al., 2010). Stable coating
of collagen type I onto two different metal alloys (Ti6Al4V, X2CrNiMo18) was achieved using
a argon-hydrogen plasma and found to increase the viability and attachment of human
osteoblast-like osteosarcoma cells SAOS-2 (Hauser et al., 2010), and coating of collagen onto
silicone performed with an argon-oxygen plasma led to increased adhesion and viability of
mouse fibroblasts 3T3 (Hauser et al., 2009). Poly(lactide-co-glycolide), a biodegradable
polymer widely used as scaffold material for tissue engineering, was modified by oxygen
plasma treatment followed by anchorage of cationized gelatine for improved attachment and
growth of mouse fibroblasts 3T3 (Shen et al, 2007).

A popular material for bioactive coatings on implants for bone replacement is calcium
phosphate which is the main natural component in the bone matrix where it accounts for
more than half of the bone weight. It exists in a variety of different chemical preparations
differing in their atomic and ionic lattice configuration, their Ca:P ratio, the number and size
of pores, and their surface area. One calcium phosphate preparation commonly used for
biomaterials is hydroxyapatite (Caio(PO4)s(OH)2) which is generally considered to be
osteoconductive and osteoinductive (Walschus et al., 2009). Using a process called plasma
spraying, it is possible to deposit thin and dense layers of hydroxyapatite onto metal
implant surfaces (de Groot et al., 1987). Due to the well-established bioactive properties and
good biocompatibility of hydroxyapatite, these coatings have been clinically used in
dentistry and orthopedics since the mid 1980s (Tang et al., 2010). Furthermore, plasma
spraying can also be used to create other layers like Ca-Si-Ti-based sphene ceramics (Wu et
al., 2009), hydroxyapatite/ silica ceramics (Morks 2008), zirconia (Morks & Kobayashi 2008;
Wang et al., 2010), yttria-stabilized zirconia (Wang et al., 2009) or hydroxyapatite/ yttria/
zirconia composites (Chang et al., 1997; Gu et al., 2004). One important advantage of
plasma-sprayed coatings for biomaterials is the ability to precisely modify the
microstructure by modulating the parameters of the plasma process (Khor et al., 2004;
Huang et al., 2010) to study and improve microstructure-related tissue growth stimulation.

3.2 Plasma-assisted vapour deposition of inert diamond-like carbon layers

Another field of increasing interest which should be mentioned briefly in this chapter is the
plasma-based coating of implants with diamond-like carbon for which plasma-assisted
chemical vapour deposition is the most commonly used deposition method. Diamond-like
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carbon layers can exhibit the typical diamond crystalline structure, an amorphous structure
or a mixture of both (Schlosser & Ziegler, 1997). Furthermore, depending on the coating
procedure, they can consist of pure carbon or contain other elements. Overall, diamond-like
carbon films are characterized by an excellent mechanical stability and hardness, a high
corrosion resistance as well as reduced tissue-material interactions and no detectable
cytotoxicity (Schlosser & Ziegler, 1997). Particularly for implants where inertness of the
surface is required, they are therefore an attractive option for coating of medical implants in
a number of applications in reconstructive surgery and dentistry (Roy & Lee, 2007).
Diamond-like carbon coatings have for example been examined for ureteral stents (Laube et
al., 2007), orthodontic archwires (Kobayashi et al., 2007), joint implants (Thorwarth et al.,
2010) or cardiovascular stents (De Scheerder et al., 2000).

4. Plasma sterilization

Sterilization as the elimination of living microorganisms like bacteria, viruses and fungi,
especially pathogenic agents, is an important aspect in biomaterials applications to prevent
implant-related infections. Commonly used methods to achieve sterility include the treatment
with heat, chemicals and irradiation. Each of those methods has its specific disadvantages and
not all are equally usable for the sterilization of medical implants. For example, a heat
treatment can lead to irreversible modifications of heat-labile materials and to denaturation of
protein coatings. Irradiation with UV or gamma rays requires cost-intensive equipment with
high safety requirements and can also cause irreversible modifications of proteins such as
albumin and collagen used as sealing impregnation of vascular prostheses, as well as
biomaterials like polymers. Chemical sterilization using for example ethylene oxide could
result in residuals on the treated surface. Therefore, the application of low-temperature plasma
processes as an alternative sterilization technique which is a gentle process from a physico-
chemical point of view has been the focus of ongoing research since several years. It is known
that exposure to plasma effectively and irreversibly damages cells from different bacteria
species like for example Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Bacillus
cereus or Bacillus subtilis (Bazaka et al., 2011). Especially for modified or functionalized
biomaterials, sterilization with low-temperature plasma would therefore be an attractive
option as it could be achieved as a secondary effect of plasma treatment aimed at other surface
modification purposes (Bazaka et al., 2011).

The application of plasma sterilization of heat-sensitive silicone implants has recently been
demonstrated (Hauser et al.,, 2011). Similarly, sterilization of poly-L-lactide electrospun
microfibers which can be used to repair tissue defects can effectively be achieved by
hydrogen peroxide gas plasma which ensures sterility of the scaffolds and does not affect
their chemical and morphological features (Rainer et al., 2010). Biodegradable polyester
three-dimensional tissue engineering scaffolds which are particularly prone to
morphological degeneration by high temperature and pressure were successfully sterilized
with an argon-based radio-frequency glow discharge plasma (Holy et al, 2001),
demonstrating the usefulness of plasma sterilization for damageable materials. Similar
results were also obtained for starch based biomaterials for which a recent study found that
treatment with oxygen plasma resulted in more hydrophilic surfaces compared to UV-
irradiation (Pashkuleva et al., 2010). Furthermore, both methods gave comparable results
regarding osteoblast adherence, from which the authors concluded that plasma sterilization
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as well as UV-irradiation improved the biocompatibility and can be used as cost-effective
methods for sterilization.

For metal implants, it was found that rapid and efficient sterilization of different alloys like
X2CrNiMo18-15-3, Ti6Al7Nb und Ti6Al4V is possible with plasmas based on different gas
mixtures such as argon/oxygen, argon/hydrogen and argon/nitrogen (Hauser et al., 2008).
Sterilization of non-woven polyethylene terephthalate fiber structures for vascular grafts
with either ethylene oxide or low temperature plasma resulted in comparable fibroblastic
viability but a significantly higher TNF-a release, indicating activation of macrophages, for
macrophages incubated on the fibres which were treated with ethylene oxide (Dimitrievska
et al., 2011). Subcutaneous implantation into mice demonstrated inflammation accompanied
by a foreign body reaction with no difference after 30 days between the samples treated
with the two sterilization methods. A comparison of the effects of sterilization with gamma
irradiation, ethylene oxide treatment, electron beam irradiation and plasma sterilization on
the in vitro behaviour of polylactide fibres revealed that sterilization with both gamma and
electron beam irradiation caused a decrease of the intrinsic viscosity while treatment with
ethylene oxide and plasma sterilization had no pronounced effects on the sample properties
(Nuutinen et al., 2002). These results also highlight the potential of plasma sterilization as a
gentle alternative to other commonly used sterilization methods. However, it is not equally
suitable for all materials as it might have adverse effects on relevant material properties. For
example, demineralized bone matrix which was sterilized with low-temperature gas-plasma
sterilization lost its osteoinductive capacity (Ferreira et al., 2001).

Another application related to sterilization is the removal of surface contaminations. This is
particularly important for residues like prion proteins which have contagious and
pathogenic properties. The usefulness of plasma treatment for molecular-level removal of
proteinaceous contamination was recently demonstrated for silicon and surgical stainless
steel surfaces (Banerjee et al., 2010).

5. Conclusions and outlook

Low temperature plasmas offer a wide range of applications in biomaterials research to
improve the clinical performance of medical implants by modifying their surface
characteristics. In many cases, the use of plasmas facilitates modifications which are difficult
or unable to achieve by conventional physical or chemical methods, like for example the
stable attachment of molecules onto noble metal surfaces. The concise overview presented in
this chapter demonstrates the potential of low temperature plasma processes for the precise
modification of specific implant surface properties while retaining the overall characteristics
of the material. The main aims of research in this field are to reduce implant-related
complications like infections, thrombus formation and inflammation as well as to modulate
the cell-material and tissue-material interactions for improved implant ingrowth. Another
equally important area of research is the use of plasmas for sterilization. The studies which
were presented here indicate that plasma processes are applicable for practically all
commonly used biomaterials including metals, polymers, ceramics and composites, offering
a wide range of clinical applications in all fields of reconstructive medicine.

Given the versatility of low temperature plasma processes and the diverse nature of materials
and clinical applications, it is difficult to predict future developments in this field. If there is
any specific trend, then it is an increase in the number of studies which deal with
biodegradable materials, reflecting an overall surge of interest in biomaterials research for this
kind of materials. Another development is the use of increasingly sophisticated methods for
surface analysis, making it possible to draw precise conclusions regarding relationships



Application of Low-Temperature Plasma Processes for Biomaterials 137

between process parameters, surface characteristics and the biological response. Two
important aspects in need of more research are on the one hand the aging-related surface
changes of plasma-modified biomaterials and on the other hand their in vivo behaviour. Most
of the studies discussed here used only in vitro methods to assess the biocompatibility.
However, for the step from the lab into clinical practice it is essential to examine the in vivo
biocompatibility by using appropriate animal models. There are several aspects of
biocompatibility, both short- and long-term, which can not be adequately examined with in
vitro methods like cell culture techniques. More detailed in vivo testing together with a better
understanding of the influence of the plasma parameters on the physico-chemical material
properties and on the response of cells, tissues and living organisms will ultimately turn
currently promising research projects into clinical applications for improved implants. The
increasing interest in the application of low-temperature plasmas in biomaterials science is
illustrated by the formation of long-term and large-scale research projects, scientific centers
and institutional networks in recent years, for example the Plasma Physics and Radiation
Technology Cluster at the Eindhoven University of Technology in the Netherlands, the Center
for Advanced Plasma Surface Technology (CAPST) in Korea, and the Campus PlasmaMed at
the Leibniz Institute of Plasma Science and Technology Greifswald, the University of
Greifswald and the University of Rostock in Germany.
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1. Introduction

FoFi-ATPase is an exquisite nanomachines self-assembled by eight kinds of subunits, and
is ubiquitous in the plasma membrane of bacteria, chloroplasts and mitochondria as well
as uses the transmembrane electrochemical potential to synthesize ATP. The holoenzyme
is a complex of two opposing rotary motors, F, and F;, which are mechanically coupled
by a common central stalk (“rotor”), c,€7y, and b, subunits connecting two “stator”, a3f3
crown in F; and a in F,. The membrane embedded F, unit converts the proton motive force
(p.m.f.) into mechanical rotation of the “rotor”, thereby causing cyclic conformational change
of w3B3 crown (“stator”) in Fy and driving ATP synthesis. A striking characteristic of this
motor is its reversibility. It may rotate in the reverse direction for ATP hydrolysis and utilize
the excess energy to pump protons across the membrane(Ballmoos et al., 2009; Boyer, 1997;
Feniouk & Yoshida, 2008; Junge, 2004; Saraste, 1999; Weber & Senior, 2003).

The basic hypothesis, “binding change mechanism”(Boyer et al., 1973), however, had not been
confirmed until the direct observation of the rotation of F;-ATPase at single molecule level in
1997(Noji et al., 1997), although it was partly proven by the eccentric structure of 7y subunit
in 1994(Abrahams et al., 1994). Single molecule technologies have contributed very much
to the motor. For example, fluorescence imaging and spectroscopy revealed the physical
rotation of isolated F;(Adachi et al., 2007; Nishizaka et al., 2004; Noji et al., 1997; Yasuda et al.,
1998) and Fy(Dtiser et al.,, 2009; Zhang et al., 2005), or F;F, holoenzyme(Diez et al., 2004;
Kaim et al., 2002; Ueno et al., 2005). Magnetic tweezers also be employed to manipulate the
ATP synthesis/hydrolysis in F (Itoh et al., 2004; Rondelez et al., 2005), and proton translation
in Fo(Liu et al., 2006a). Recently, a membrane scaffold protein has been applied to observe the
stepping rotation of proton channels (c;;)(Ishmukhametov et al., 2010).

There are three catalytic sites localized three identical § subunits in F; respectively. However,
the three sites have different affinities for substrate at any given moment in time during
catalysis. On the other hand, with different technologies such as AFM, Electron density, and
laser-induced liquid bead ion desorption-MS(LILBID-MS) etc., the number of proton channels
have been revealed ranging from 10 to 15 for different species(Jiang et al., 2001; Meier et al.,
2007; Mitome et al., 2004; Pogoryelov et al., 2005; Seelert et al., 2000; Stock et al., 1999). Thus,
it seems reasonable that three ATP molecules will be generated/consumed in F; for every
cycle, at the same time 71(10 ~ 15) protons will be translated transmembrane in F,, because of
the tight coupling between the two motors. That is, the Ht /ATP ratio should be 3/7.

With the development of gene engineering, all subunits of the motor can be expressed in
E. Coli. such that the motor can be self-assembled in vitro into a nanodevice for different
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application(Choi & Montemagno, 2005; Liu et al., 2002; Luo et al., 2005; Martin et al, 2007;
Soong et al., 2000). For example, if the J subunit is removed from the motor, the two stators
are structurally uncoupled, thereby the F; stator only contact with the common rotor. This is
named é-free FoF; motor. Its stator is the a and by subunits, while the rotor is built by ¢, €,
v and «a3fB3 subunits. Furthermore, this motor can be embedded in a chromatophore which
functions as a battery recharged by illumination. Thus, the motor has been reconstructed into
a self-driven nanomachine in which the only power is the transmembrane p.m.f. Here, we
briefly review our works on the J-free F,F; motor including reconstituting, direct observation
of its rotation, developing as a biosensor and a activator, and so on. However, we begin with
the enzymatics of the holoenzyme to investigate the relation between the rotation speed and
substrate/product concentrations, transmembrane p.m.f. and damping coefficient etc. which
is of benefit to the quantitative analysis.

/

(a) Structure of F F1-ATPase  (b) Single-molecule experiment of isolated F;
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(d) The crystal structure of Fy

Fig. 1. The full-atom structure of the F,F;-ATPase(a)(Weber, 2006) and three main
breakthroughs including direct observation of rotation of F;(b)(Noji et al., 1997), basic
hypothesis of “binding change mechanism” for ATP synthase(c)(Boyer, 1997) and crystal
structure proving of the eccentric rotation of  subunit(d)(Abrahams et al., 1994).
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2. Enzymatics of the holoenzyme

From the viewpoint of enzymatics, conventional theory generally concerned with irreversible
reaction on a single substrate which can be described by the Michaelis-Menten kinetics. But
ATP can be reversibly synthesized and hydrolyzed in F,F;-ATPase, and the reaction involves
several substrates/products. In particular, ATP hydrolysis does spontaneously occur in Fy,
whereas the thermodynamically unfavorable reaction, ATP synthesis, has to be driven by
harnessing the transmembrane proton flow in F,. If it functions as a synthase, the two
substrates, ADP and Pj, are recombined into one product, ATP. Though it is well established
that the mechanical process, chemical reactions in F; and transmembrane proton transport in
F, are tightly coupled, that is, three ATP molecules will be generated in F; for every cycle with
n protons transmembrane translation in F,, the fundamental relation between the rotation

speed and substrate/product concentrations, transmembrane p.m.f. and damping coefficient
is still challenging.

2.1 Systematic kinetics of the holoenzyme

A few of theoretical approaches have been proposed aiming for a better understanding of
the operating mechanism of this reversible motor. Some work focused on the hydrolysis or
synthesis of F{. For example, Oster ef al. constructed a 43 states model for the couplings
among three catalytic sites and provided a physical view of the dynamics(Sun et al., 2004;
Wang & Oster, 1998; Xing etal., 2005). However, the model is too sophisticated to be
investigated analytically. Some other models studied the mechanism of torque generation
of F, with a turbine or all-atom model(Aksimentiev et al., 2004; Elston et al., 1998; Oster et al.,
2000). On the other hand, the kinetics of this motor has been investigated by Péanke et al.
with simulations or storage of elastic energy model(Panke & Rumberg, 1996; 1999). Here, we
focus on analytical investigation of the systematic kinetics of the holoenzyme. Furthermore,

presumably analytical results could allow for a deeper insight for the working principles of
the motor.
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Fig. 2. (a) Tri-site filled with random order binding model. Synthesis pathway runs from
right to left (red solid), whereas hydrolysis one runs from left to right (blue dash dots). (b)
Rotational speed of motor versus ATP concentration and p.m.f. Red or blue means that

motor works in synthesis or hydrolysis respectively, and yellow represents that motor is near
equilibrium(Shu & Lai, 2008).
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It is well established that the mechanical process in F, and the chemical reactions in F;
are tightly coupled. Therefore, it is possible to construct a theory which can systematically
describe the whole machine. Here, we propose a tri-site filled with random order of ADP and
P; binding model (shown in Fig.2(a)). The kinetics of this reversible reaction may be described
by the equations governing the probabilities(denoted by P, Per, Peoe, Pen, and Pgp) of these five
states:

I‘:’E = k;PET + kL;lpED + k;lpEP - (k;;[D] + k;q[P] +ki[T])PE

PET = ki[T]PE +kSPEDP - (kT_ +kh)PET

I‘:’EDP = thET + kpt[P]pED + kgz[D]PEP - (k;Z =+ kl’_2 + kS)PEDP ’ (1)
Py = k;szDP + kL;[D]PE - (kI;1 + k:;[P])PED

PEP :1_(PE+PET+PEDP+PED)

where the square bracket [ | denotes the concentration, T, D and P represent ATP, ADP and
P; respectively, and k™ (k™) is the binding(unbinding) constant. The steady-state reaction rate
has been derived to be of second degree in ADP and P; concentrations, and cannot be treated
in terms of a Michaelis-Menten form. However, if the bindings and unbindings of ADP and P;
are completely independent and there is no mutual interaction, i.e. ki =kt = k% and kI,i1 =
ki = ki, it can be put into an apparent Michaelis-Menten equation. In addition, clamped
ApH experiment(Kothen et al., 1995) has shown that binding and unbinding of a substrate
(at cosubstrate saturation) are rapid processes as compared to the synthesis/hydrolysis step
(mechanical rotation), which means that kg /, < k. = ki [P]1+ ki [D] + ks + ky . Within the
framework of steady-state conditions, the clockwise revolution rate of the motor at steady
state is given by %(kSPEDP — kp,Per) and can be computed to be
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The definition and meaning of various quantities in the above equation are given below: v,
and vlh} are the saturated rates of synthesis and hydrolysis and are given by

S = Ubnaxks ~ Utnaxks 3)
M ks + kp + Vhnax (1 — ks /kv) ks + vhax +kp”
N sk L
7)11\}1 = Umax*h — _ Ymax*h 4)

kp + Ulpnax[l — (kn —ks) /K] ky + Ulpnax

respectively, where the maximum rates are v3,, = k; and U}Ihax =k kp /(ky +kp ).
The corresponding Michaelis constants are given by
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The equilibrium constant is given by Ke = Kbe=AG/KT \where K& = K§/(K3K3) and
the dissociations constant are Ky = k; / k™ with the subscript I=T, D, P respectively. The
equilibrium constant varies exponentially with p.m.f.

The inhibitions between substrates and products are complicated because ATP or ADP/P;
binds competitively to the same “open” site no matter the motor functions as a synthase or
hydrolase. For convenience, we express the inhibitions in an uncompetitive hydrolysis form
with the parameter: ¢ = 1+ [P]/K[* + [D]/K[® + [D][P]/K"", where K[* = Kgxkg /ky,
K{® = Kgxky /ky, KP" = KgK3x/[1+ eAG/ksT) and x = eAG/kBTkL/vE.

Eq.(2) implies that the motor is a synthase if 7. > 0, a hydrolase if . < 0, and at equilibrium if
re = 0. Fig.2(b) shows the reversible rotational speed of the motor versus ATP concentration
and p.m.f. The motor functions as a synthase only if the ATP concentration is lower than a
critical value such as 100uM and p.m.f is higher than 175mV. On the other hand, it becomes
a hydrolase when [T]> 100uM and p.m.f< 175mV. The surface in Fig.2(b) also shows the
sigmoid kinetics with respect to ApH at different Q(Junesch & Gréaber, 1987; 1991). The
relation between kj, /ks and ApH and damping coefficient of “rotor” can be determined by a
stochastic mechanochemical coupling model(Li et al., 2009; Shu & Shi, 2004; Shu & Lai, 2008;
Shu et al., 2010)

2.2 Dynamics of system with rotary motor and battery

Recently, FoF1 motor is usually reconstituted in liposomes to investigate the H / ATP with pH
clamp(Steigmiller et al., 2008; Toei et al., 2007; Turina et al., 2003). The dynamics of the system
composed of motor and vesicle is urgent. Here we propose a possible experimental situation
to study the dynamics of the F,F; motor and vesicle system. In CF,F;-liposome experiments,
a single purified H*-translocating ATP synthase from chloroplast can be reconstituted on a
vesicle. If the F; is extended inside and the vesicle is impermeable except for the proton
channel in F,, how long does the system take to achieve equilibrium once the outside pH is
disturbed? This question involves the dynamics of the system and seems too complicated to
be solved. However, if the diffusions of the substrates and proton in buffer are rapid enough,
i.e., the time that the system takes to achieve steady concentrations of substrates and proton
inside is much less than the rate-limiting rotational step, the dynamics of this system can
be directly derived form Eqs.1 with different initial conditions as shown in Fig.3. Here, we
assumed that the rate-limiting rotational step is equal to the rate of ATP hydrolysis/synthesis
and may approximately be calculated from Refs(Shu & Lai, 2008; Shu et al., 2010)

Here, we only need to estimate the upper limit of the ATP diffusion time since ATP is the
biggest molecule involved with radius ~ 0.7 nm(Ravshan & Yasunobu, 2004). The distance to
be covered is, therefore, at most, the radius of the vesicle which has been taken to be Ry, = 350
nm. With a free diffusion coefficient of D = 0.3 x 10° nm? /s, The most diffusion time of ATP
may be estimated as f5 = R%/(6D ) = 0.06 ms. This is two orders of magnitude shorter than
the time spent for one ATP synthase even at maximum rate. Although this analysis describes
a three-dimensional free diffusion, it gives a reasonable estimate for the particular confined
geometry when ATP has explored the whole inside of the vesicle and found the corresponding
binding site.

Fig.3 shows the dynamics of F,F; in such a vesicle system calculated from our model.
The synthesis/hydrolysis rate achieves a maximum value at 0.1 ms for initial conditions
of Pgop = 1.0 or Pir = 1.0 respectively. After 10 ms, the system enters the steady state.
The dynamics is constant with the kinetics values (symbols) and is independent of initial
conditions. The rotational rate and inside pH decrease with time, while the ATP concentration
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Fig. 3. Dynamics of F,F; motor embedded in a vesicle system. (a) and (b): Evolutions of
rotational rates and probabilities with six different initial conditions before 0.02 seconds. (c)
Evolutions of pH and ATP concentrations inside. (d) Evolutions of rotational rates and
probabilities after 0.01 seconds. The outside pH is constant (=6), while initial inside pH=8,
[T]=100 nM, [D]=100 uM, and [P]=1 mM. The diameter of vesicle is 700 nm(Shu & Lai, 2008).

increases monotonically as expected. Here, we do not consider the influence of pH on the
activity of F;. These dynamical predictions can be tested in future experiments.

3. -free F,F; rotary motor

An important feature of the two coupled rotary motors is that their stators are rigidly united
by by and § subunits, in which § subunit connects b, and a3B3 crown. Once the ¢ subunit
is deleted, the a3pB3 crown stators is no longer constrained, while another stator is still
fixed in membrane. Therefore, the 383 crown will accompany the “rotor” on rotation, and
the transmembrane electrochemical energy is the only power. This is named § free FoFy
rotary motor. On the other hand, chromatophore vesicles are small lipid vesicles that are
differentiated to host only the photosynthetic apparatus. These vesicles are closed units,
separated from their environment. The the photosynthetic apparatus convert light energy
into transmembrane electrochemical energy. The chromatophore vesicle, thus, functions as a
rechargeable battery.

We had developed a method to reconstitute the ¢ free F,F; rotary motor into chromatophore
vesicle so that the motor is an ideal self-driven nano-machine(Moriyama etal., 1991;
Zhang et al., 2005). Employing a fluorescent actin filament attached to the p-subunits, we
have directly observed the light-driven rotation of ¢ free F,F; rotary motor at single molecule
level(Zhang et al., 2005). If the fluorescent actin filament is replaced by a propeller, the
motor becomes a self-propelled nano-machine and can serves for nano-submarine in artery
to promote thrombolysis. Furthermore, if we exchange an antibody for the fluorescent actin
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filament, the self-driven nano-machine can detect antigen because it will slowdown due
to damp increasing caused by antigen binding. The speed decreasing can be detected by
measuring the rate varying of inside pH of chromatophore. Thus, § free F,F; rotary motor
has a great potential to be developed into a biosensor and activator for different applications.

3.1 Reconstitution of /-free F,F; motor

Purification of the p-subunit, Fi (03P (10xphis-tag)37), and FoFi-ATPase: The Fi-ATPase
coding sequence was isolated from thermophilic bacterium PS3, site-directed mutations
of a cys193ser and gamaserl07cys were introduced, and a 10 histidine tag was inserted
downstream of the initiation codon. The mutated construct, pGEMMH, was then
cloned into the expression plasmid pQE-30, and the expression plasmid pQE-MH was
inserted into E. coli J]M103(uncB-UncD) in which a majority of F;-ATPase genes have been
eliminated. Thermophilic bacterium, Bacillus PS3f10xnis-tag Subunit (TF; ), and F;-ATPase
(3 B(10xhis-tag)3"y) Were expressed and purified as Ref.(Yang et al., 1998), in which the JM103
strain expressing F1-ATPase was cultured in 2x YT medium (AMP) for 3-4 h at 37°C. When
the Aggo increased to 0.6-0.8, the expression of the F;-ATPase was induced by addition of
1 mmol/L isopropylthio-B-D-galactoside for 3 h. Cells were harvested by centrifuging for
15 min at 4000g and cell extractions were prepared using lysozyme (1 mg/mL)/sonication
(5 min) in 50 mmol/L Tris-HCl (pH 8.0) buffer containing 0.5 mol/L NaCl and 1 mmol/L
phenylmethane sulfonyl fluoride. The extracts were incubated at 60 °C for 30 min, and TF;
was purified using Ni>"-NTA affinity chromatography at 4 °C. F;-ATPase (a3 B(10xhis-tag)37)
was purified as Ref.(Montemagno & Bachand, 1999) at 25 °C. The F,F;-ATP synthase from the
E. coli IM103(uncB-UncD) was purified as Ref.(Yang et al., 1998). The mutant ATP synthase
containing the His-tag could be isolated with Ni-NTA column. F,F;-ATPase was eluted with
buffer B containing 0.05% lysolecithin and 250 mM imidazole at 4 °C, and then further purified
by a gel filtration column (Superdex 200 HR 10/30 Pharmacia). The purified protein was
analyzed by SDS-PAGE.

00

Fig. 4. The procedure of reconstitution of J-free F,F;-ATPase motor. (A) FoF;-ATPase; (B)
FoFi-ATPase is treated by LiCl to remove ¢ subunit; (C) Rebinding of purified g and «
subunits; (D) The reconstituted é-free F,F;-ATPase motor(Zhang et al., 2005).
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The procedure of d-subunit deletion of F,Fi-ATPase is briefly shown in Fig.4. The
proteoliposome containing F,F;-ATPase and bacteriorhodopsins (BRs) was incubated with
2 M LiCl, 0.1 mM Tricine-NaOH, 10 mM MgCl,, and 1 mM ATP for 20 min at 4 °C. Then the
proteoliposome was washed and isolated by centrifuging. Because some « and B subunits
may be removed during ¢ delation, the LiCl-treated proteoliposome needs incubating with
purified a3 B3 (or ) subunits at 4 °C for 60 min (for each divided subunit of F; with buffer
0.1 mM Tricine-NaOH, 10 mM MgCl,, 50 mM KCl, 0.5 mM NaCl, and 1 mM ATP), and then
is cultured at 37 °C for 60 min (for reconstituting of J-free F,F;-ATPase). The proteoliposome
needs to be isolated to obtain the reconstituted J-free FoF-ATPase(Liao et al., 2009; Su et al.,
2006; Tao et al., 2008).

3.2 Direct observation of the light-driven rotation of the /-free F,F; motor

Preparation of motor and liposome: FyFi-ATPase from the E. coli JM103(uncB-UncD) was
purified as Ref.(Yang et al., 1998). The purified BR and F,F;-ATPase were co-reconstituted
into a liposome. The liposome was prepared by reverse-phase evaporation with the mixture
of soybean lipid and 1,2-dipalmitoyl-sn-glycero-3 phosphoethanolamine-N-biotinyl (molar
ratio:  7:0.001)(Matsui & Yoshida, 1995). The molar ratio of BR and F,F;-ATPase was
about 100:1, and that of lipids and protein was 30:1(w/w), so that it is possible for one
proteoliposome to contain one F,F;-ATPase and more than 20 BR molecules.

Preparation of fluorescent actin filaments: The G-actin was co-labeled with FITC and
Maleimido-C3-NTA-Ni2t in buffer (50 mM Hepes-KOH, pH 7.6, 4 mM MgCl,, and 0.2 mM
ATP) for one night at 4 °C. The free FITC and Maleimido-C3-NTA (Ni-NTA) were removed
by a desalting column. Then the labeled G-actin was polymerized in buffer containing 50
mmol/L Hepes-KOH (pH 7.6), 50 mmol/L KCI, 4 mmol/L MgCl,, and 2 mmol/L ATP.
Preparation for immobilization of proteoliposomes in the experimental system for
observation. Biotin-AC5-Sulfo-OSu was linked to the polylysine which had previously coated
on the bottom of the dishes, and then 100 ul of 10 nM streptavidin was added into the
dish bottom. After 5 min, the free streptavidin was washed. The proteoliposomes were
conjugated by lipid-biotin-streptavidin-biotin-polylysine to the glass surface. And then the
FITC-labeled F-actin filaments were attached to theB-subunit of F; part through the His-tag
with Maleimido-C3-NTA, as a marker of orientation for observation under an Olympus IX71
fluorescent microscope equipped with an ICCD camera.

To visualize the rotation of F, in proteoliposome, a fluorescent actin filament was attached to
B subunits through His-tag, while the proteoliposome was immobilized onto the glass surface
through the biotin- streptavidin-biotin complexes(Fig.5A). The sample was exposed under the
570 nm cool light for 30 min to initiate the rotation of the F, motor. Before illumination, the
buffer containing 2 mM NaNj3 and 2 mM ADP was infused into the chamber. The clockwise
rotation of actin filament was traced directly by an Olympus IX71 fluorescent microscope
equipped with an ICCD camera (Roper Scientific, Pentamax EEV 512x512 FT) viewing from
F, side to Fy. Fig.5B shows an example of the sequential clockwise rotation images with 100 ms
interval. We have selected six rotational data with different length filaments to show in Fig.5C.
The rotation displays occasional pause or even backwards due to Brownian fluctuation. The
rotation speed decreases with the length of filament increasing, which is in agreement with the
results of single molecule experiments of F1Noji et al. (1997); Yasuda et al. (1998) as expected.
In addition, several control experiments were performed to confirm that the observed
rotation is driven by transmembrane proton flow. As shown in Fig.5D, the rotation
stopped immediately once 5 ul of 10 yM CCCP was added. It was also found that if the
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Fig. 5. (A)The system used for observation of the F,, rotation in the proteoliposome which
was immobilized on the cover glass with biotin-streptavidin-biotin. (B)The sequential images
of a clockwise rotating fluorescent actin filament. Time interval is 100 ms. (C)Time courses of
the actin filament rotation with different length. The fluorescent filament was attached to the
B subunits through His-tag. The length of filaments denoted L1,L.2,1.3,L4,L5 and L6 are 1.7,
1.9, 2.0, 2.3, 2.8 and 3.3 um respectively. (D)The rotation was inhibited by adding CCCP,
which verified the motor was indeed driven by transmembrane ApH(Zhang et al., 2005).

sample is in dark or is incubated with DCCD before illumination, no rotation has been
observed (data are not shown) because CCCP destroyed the transmembrane p.m.f and DCCD
blocked the proton channels. Furthermore, if NaN3 and ADP disappeared in the bulffer,
no rotation of filament was found because NaN3 and ADP prevented the w33 crown from
sliding to  subunit(Muneyuki et al., 1993). These results demonstrated that the rotation of
filaments depended on the p.m.f produced in proteoliposome. It is interesting that the ApH
transmembrane of proteoliposome can persist for a long time. After the illumination, some
filaments rotated continuously more than 20 min. The proteoliposome function as a recharge
battery to supply energy to the rotary motor.

4. Biosensor developed by /-free F,F; motor

Light-driven electron transfer causes the proton gradient across the membrane and leads the
proton flux through n channels(c;) in F,. The interaction between a subunit and proton
flux generates the relative movement between a subunit and ¢ ring. Proton flux will
simultaneously alter the inside and outside pH of chromatophore. It is well established
that the rotational speed of motor is tightly coupled to the rate of proton transmembrane
transport, that is, the changing of speed is equivalent to the altering of proton transfer rate.
On the other hand, motor speed can be regulated by changing the load, while the pH altering
can be detected by pH-sensitive fluorescent probes such as QDs (quantum dots)(Deng et al.,
2007). Thus, the nanomachine can be developed as a sensitive biosensor if the rotor is linked
antibody/complementary strand and pH-sensitive probes are labeled outside (or inside)
chromatophore.
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5. Protein or virus detector

The first type of rotary biosensor was based on the antibody-antigen reaction to capture virus
or specific protein. The nanomachine was constructed as shown in Figure6(a): B subunit(1)
was linked by its antibody(2), while the antibody(4) of H9 avian influenza virus was connected
to B antibody(2) in series by biotin-streptavidin-biotin (3). The chromatophore(6) with FyF;
-ATPase was hold on glass surface(7) coated with chitosan. If H9 avian influenza virus(5) exist,
they will load to the motor through antibody-antigen reactions. Virus or protein loading,
therefore, change motor speed. The speed changing can be detected by monitoring the
fluorescent intensity indicated by pH-sensitive dye (or QDs). That is, the fluorescent intensity
altering can be used to indirectly detect virus or protein. Its signal-to-noise ratio can be
distinguished at single molecular level. Thus, this nanomachine may be a convenient, rapid,
and even super-sensitive for detecting virus/protein particles.

Omin  Imin Zmin _ 3min 4min  5min  6min Tmin _ 8min  9min  10min

(a) Cartoon of detector (b) The course of fluorescence intensity

Fig. 6. (a) Basic design of biosensor based on é-free FoF;. The fluorescence probe F1300
labeled inside of chromatophores was used as a proton flux indicator. 1 § subunit; 2 antibody
of B subunit; 3 the complex of biotin-streptavidin-biotin; 4 the antibody of H9 avian
influenza virus; 5 H9 avian influenza virus; 6 chromatophore; 7 glass surface coated with
chitosan. (b) Images of intensity change of fluorescence dots caused by pH changing inside
chromatophore in the course of 10 min. a with virus; b without virus; ¢ with two antibodies;
d without ADP(Liu et al., 2006b).

Preparation of H9 avian influenza virus: The avian H9 influenza were propagated in the
allantoic cavities of 11-day-old embryonated chicken eggs at 37 °C for 3 days. The allantoic
cavities were collected and centrifuged at 4000 rpm for 40 min and then the supernatant was
centrifuged again at 100,000g for 2 h. The viruses were resuspended in PBS buffer and used
in the experiments.

Labeling of fluorescence probe: The fluorescence probe F1300 was labeled into chromatophore
as follows: 3 wul F1300 (0.0015 mol/L, dissolved in ethanol) was added to 150ul
chromatophores and then was ultrasonicated in ice for 3 min to make the probe into inner
chromatophores. The free fraction was washed by centrifugation at 12,000 rpm for 30 min at
4 °C three times. The precipitate was resuspended in tricine-NaOH buffer.

6. DNA or RNA detector

The second type of rotary biosensor was based on base-pair reaction to capture nucleic acid
sequences such as DNA or RNA. Specific RNA/DNA probes, which are the complementary
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strand of target RNA/DNA, were linked to each 8 subunits of nanomachine. Once base-pair
reaction take places between two strands, the flexible probes will transform into a rigid rods
so that motor will slowdown because the damp of rigid rod is much larger than that of flexible
single chain. Detection of RNA/DNA was based on the proton flux altering induced by
light-driven rotation of J-free F,F; motor. The base-pair reaction was indicated by changing
in the fluorescent intensity of pH-sensitive CdTe quantum dots. Our results showed that
the assay was so sensitive (1.2 x 10~ '8M) that it can distinguish the target miRNA family
members. Moreover, the method could be used to monitor real-time base-pair reaction
without any complicated fabrication. The nanomachine has a great potential of clinical
application of RNA/DNA.
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Fig. 7. (a)Schematic diagram of the biosensor based on J-free FoF;-ATPase embedded
chromatophore. 1,2, 3, 4, 5, 6,7, 8, and 9 represent the antibody against  subunit, the linking
complex composed of [biotin-AC5-sulfo-OSu]-streptavidin-[biotin-AC5-sulfo- OSu], miRNA
probe, target miRNA, 535nm QDs, chromatophore, bacteriorhodopsins (BRs), the linking
system of lipid-biotin-streptavidin-[ biotin-AC5-sulfo-OSu]-Polylysine, and the glass surface,
respectively. (b)Results of different concentration of miRNA. RNA was extracted from
MCE-7 cells. a without RNA; from b to e the amounts of miRNA was summed from
10,102,10* and 10° cells respectively. Base-pair reaction was hold at 37°C(Liao et al., 2009).

The chromatophores (100 uL) were resuspended in buffer A (50mM tricine-NaOH, 5mM
MgCly, 10mM KCl, pH 6.5) and incubated for 3 h at room temperature with 100 pL
CdTe QDs (1x10%/ uL, dissolved in water)(Zhang et al., 2007). Free QDs were washed
away by centrifuging at 13 000 rpm for 30 min at 4 °C in three times. The precipitate
(QD-labeled chromatophores) was resuspended in 100 pL of 50mM tricine buffer (pH
6.5). Meanwhile, 2 uL of 2 uM biotin was added in 20 yL B subunit antibody at room
temperature for 30 min, followed by adding 2 uL of 2 uM streptavidin at room temperature
for 30 min. The streptavidin-biotinlabeled B-subunit antibody was incubated with 5 puL
QDs labeled chromatophores fixed on the glass slips at 37°C for 1 h. Redundant free
biotin-streptavidin-labeled B-subunit antibody was rinsed with 50mM TSM buffer (50mM
Tricine-NaOH pH 7.0, 0.25M sucrose, and 4mM MgCl,). Then 100 yL 10uM miRNA probe
labeled with biotin was added and incubated at room temperature for 30 min. Free probes
were washed out by 50mM TSM buffer. The J-free FoF-ATPase with chromatophore was
immobilized on the glass surface through the biotin-streptavdin-biotin. miRNA probe system
was hybridized with miRNA target in 100uL formamide hybridization solution at 37°C.
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Before the detection, the sample was exposed under the 570 nm cool light for one hour to
initiate the rotation of the FoFi-ATPase. During illumination, the buffer containing 2mM
NaN3 and 2 mM ATP was infused into the chamber to inhibit the hydrolysis activity of the
FoFi-ATPase and prevent relative sliding between a3 33 crown and -y subunit.

(a) Cartoon of submarine cruising in artery to promote thrombolysis. (b) Results of
experiment in vitro.

Fig. 8. (a) Cartoon of submarine cruising in artery to promote thrombolysis. (b) Results of
experiments in vitro. Left row (A-D) represents the course of fibrinolysis in 30 min with
lumbrokinase and J-free F,F; motor, while right row (E-H) does that of fibrinolysis in 30 min
only with lumbrokinase(Tao et al., 2008).

7. A potential activator to promote thrombolysis

Cardiovascular disease such as ischemic stroke is a substantial cause of morbidity and
mortality. The primary aim of thrombolysis in acute ischemic stroke is recanalization of an
occluded intracranial artery. Recanalization is an important predictor of stroke outcome as
timely restoration of regional cerebral perfusion helps salvage threatened ischemic tissue.
At present, intravenously administered tissue plasminogen activator (IV-TPA) remains the
only FDA-approved therapeutic agent for the treatment of ischemic stroke within 3 hours
of symptom onset. Recent studies have demonstrated safety as well as efficacy of IV-TPA
even in an extended therapeutic window. However, the short therapeutic window, low
rates of recanalization, and only modest benefits with IV-TPA have prompted a quest for
alternative approaches to restore blood flow in an occluded artery in acute ischemic stroke.
Although intra-arterial delivery of the thrombolytic agent seems effective, various logistic
constraints limit its routine use and as yet no lytic agent have not received full regulatory
approval for intra-arterial therapy. Mechanical devices and approaches can achieve higher
rates of recanalization but their safety and efficacy still need to be established in larger clinical
trials(Sharma et al., 2010). The J-free FoF; motor has a potential to be designed a self-driven
nanomachine, which serve as a submarine cruising in artery to promote thrombolysis. Our
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experiment in vitro has demonstrated that the motor may be one of alternative approaches to
restore blood flow in an occluded artery in acute ischemic stroke. However, the mechanism
of promoting thrombolysis has not been uncovered.

FITC Labeling on fibrinogen and fibrin formation: Fibrinogen (1 ml, 0.03 mM) was dissolved
in PBS buffered saline containing 137 mM NaCl, 3 mM KCl, 8 mM Na;HPOy, 1 mM KH;,POy,
pH 8.5. FITC was added to the fibrinogen solution under intensive stirring to a final
concentration of 50 mg/ml(Sakharov et al., 1996). The fibrin fiber obtained from fibrinogen
was polymerized with thrombin (0.5 U/ ul) and fixed on the glass surface. After incubation at
37 °C for 30 min, a fibrin network with an approximate length of 200 ym was formed.
Fig.8(b) shows the morphological features of the fibrinolysis process observed directly under
a fluorescence microscope. At the outset, two fibrin networks A and E, including fiber size,
density, and branch point density, were similar. However, promotion of the fibrinolysis by
o-free FoF1 motor can be observed by comparing left and right rows. After 30 min, the fibrin
almost disappear due to J-free FoF; motor (D), while the control one (H) still partly exist.
It can be imaged that the many self-driven nanomachines will specially bind to fibrin and
promote thrombolysis because of cooperative effect of collective propellers.

8. Self-assembly of ghost with the nanomachine

Nanotechnology aims to construct materials and operative systems at nanoscale dimensions.
Several potential applications can be envisioned: targeted drug delivery systems, tissue
engineering scaffolds, photonic crystals, and micro/nano fluidic and computational devices.
The fundamental challenge in nanotechnology is to construct systems with varied functional
features and predictably manipulate processes at the nanometer length scale. Conventional
construction methods based on photolithography can successfully generate two-dimensional
structures using a “top-down” approach, in which patterned surfaces are prepared by
etching with light. Feature sizes on the order of 50 nm are easily achieved with commonly
available technologies. Advances in specialized lithographic techniques (e.g. scanning probe
lithography) have extended the resolution to below 20 nm. Molecular self-assembly serves
as an alternative paradigm for preparing functional nanostructures, is perhaps one of the
most intriguing phenomena in the fields of chemistry, materials, and bioscience, as well as
is characterized by spontaneous diffusion and specific association of molecules dictated by
non-covalent interactions. There are numerous recent examples involving different molecular
entities: organic molecules, proteins, peptides, DNA and molecular motors(Kumar et al.,
2011; Lo et al., 2010; Rajagopal & Schneider, 2004; Tao et al., 2009; Yin et al., 2008; Zhao et al.,
2010).

A current challenge in molecular self-assembly is to achieve controlled organization in
three-dimensions, to provide tools for biophysics, molecular sensors, enzymatic cascades,
drug delivery, tissue engineering, and device fabrication. Ghosts (Erythrocyte membranes)
are promising bioactive materials and have a great potential of application in drug delivery.
The ghost is a kind of flexile membrane, composed of a lipid bilayer and cytoskeleton. One
of special shapes is concave disk with the diameter about 8 ym and the thickness about
1.7pum respectively. Ghosts loaded with drugs or other therapeutic agents have been exploited
extensively, owing to their remarkable degree of bio-compatibility, biodegradability, and a
series of other potential advantages. We have been motivated to design a novel self-organized
material using ghosts with J-free FoF; motor. A lot of interesting phenomena appear: Most
chromatophores combined with J-free F,F; motor arrayed in a filament-like fashion through
biotin-streptavidin-biotin interaction. The filament-like nanomachines were able to stick



158 Biomaterials Applications for Nanomedicine

around the surface of the ghost with the F; part against the ghost. Moreover, many ghosts,
which were stuck around by filament-like nanomachines, assembled spontaneously to a larger
scale complex with two or three layers. This sandwich structure may be useful for the
self-driven delivery of drugs or other therapeutic agents.
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Fig. 9. (a) Self-assembled filaments of J-free FoF1 motors observed by fluorescence
microscopy. (b) Possible mechanism of self-assembly of filament. Green ball represents
individual J-free FoF; motor with chromatophore. Green lines represent chromatophores
linked through biotin-streptavidin-biotin into filament structures. Scale bar represents 10 ym.
(c) Micrograph of larger scale assembly structure. Ghosts with fluorescence-labeled J-free
FoF1 motors aggregate together and self-assemble into a large structure about 0.6 mm x 1.2
mm in size, which is stable for more than one week.(Tao et al., 2009).

Here, we present a novel type of self-assembled complex consisting of filaments of
chromatophores with J-free FoFi-ATPases and ghost, the detailed structure of which was
observed by fluorescence microscopy and confocal microscopy. In the absence of light,
biotin-labeled chromatophores embedded F,F;-ATPase are joined together by streptavidin
to form filaments. These filaments can attach to ghost surface, such that the ghosts will
aggregate into a larger scale self-assembled complexes with two or three layers, held together
in head to head fashion between the rotary F;’s. However, if the complex is illuminated, it will
disassemble due to rotation of F; caused by light energy. The diameter of these macroscopic
complexes is more than 1 mm. J-free FoF;-ATPase act as a switch to control the ghosts’
self-assembly and self-disassembly, while the remote control signal (power) is light. This
system, thus, has a great potential to be developed into a controllable micronmachine of drug
delivery.

Ghost Preparation: Fresh blood of pig was washed three times with cold 0.15 M NaCl buffer,
pH 8.0, and plasma and leukocytes were discarded. Ghosts were obtained by hypotonic lysis.
Red blood cells were obtained from fresh blood and washed three times with PBS buffer
(isotonic phosphate-buffered saline, pH 8.0). The washed cells were added to 40 volumes
of ice-cold 5P8 buffer (5 mM sodium phosphate, pH 8.0) and left at room temperature for 20
min before centrifuging at 20 000g for 1 h at 4 °C. The pale ghost layer was collected and
washed three more times with lysis solution(Steck et al., 1970).

Observation of Self-Assembly: Ghosts attached chromatophore-filaments were resuspended
in 40 volumes of ice-cold buffer (0.5 mM sodium phosphate, pH 7.6) for 1 h. Addition of 5
mM NaNj3, 2 mM MgCl,, 50 mM KCl, and 2 mM adenosine 50-diphosphate (ADP) to the
buffer created conditions for light driven rotation of /-free ATPase within the ghosts. The
complexes were put into a cell, in which the chromatophores were illuminated by 570 nm
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light for 30 min at 4 °C. This illumination initiated proton transfer across the membrane of
the chromatophores, and the rotation of J-free F,F;-ATPase was then driven by the p.m.f.
Once proton transfer was initiated, the cell was incubated at 37 °C throughout the whole
experiment. The self-assembly and self-disassembly process was observed with an Olympus
IX71 fluorescence microscope and recorded with a digital CCD camera (iXon CCD, ANDOR
Technology). Confocal microscopy (Olympus FV500, optical scanning confocal microscope)
was used during the scanning process of multiple layers of self-assembled complexes. FV1000
software was used to reconstruct the three-dimensional images.

9. Conclusion

In contrast to human-made machines, protein motors are self-assembled by natural
biomaterial or elements, and operate in a world where Brownian motion and viscous forces
dominate. The relevant energy scale is k;T, which amounts to 4 pN-nm. This may be
compared to the ~ 80 pN-nm of energy derived from hydrolysis of a single ATP molecule
at physiological conditions. Thermal, nondeterministic motion is thus an important aspect of
the dynamics of molecular motors.

ATP hydrolysis does spontaneously occur in F1, whereas the thermodynamically unfavorable
reaction, ATP synthesis, has to be driven by harnessing the transmembrane proton flow in
Fo. The mechanism of ATP formation in the F; part is well described by the “binding change
mechanism”. This has been developed in great detail by many techniques, and understanding
of the mechanism has been claimed to be “almost complete”. However, if the motor functions
as a synthase, the two substrates, ADP and P;, are recombined into one product, ATP. The
binding order of the two substrates is still unclear(Watanabe et al., 2010). Another challenging
question is whether the main kinetic enhancement occurs upon filling the second or the third
site(Boyer, 2000; Milgrom & Cross, 2005; Senior et al., 2002). For F,, the torque generation
between a and ¢, in F, is still covered(Pogoryelov et al., 2010). In addition, it has remained
unsettled whether the entropic (chemical) component of Afiy+ relates to the difference in the
proton activity between two bulk water phases (ApH?®) or between two membrane surfaces
(ApH®)(Cherepanov et al., 2003).

It is of interest to ponder whether we can employ FoFi-ATPase nanomachine in artificial
environments outside the cell to perform tasks that we design to our benefit(Martin et al,
2007)? One striking demonstration is the construction of a nickel nanopropeller that
rotates through the action of an engineered F;-ATPase motor(Soongetal., 2000). A
metal-binding site was engineered into the motor and acted as a reversible on-off switch
by obstructing the rotation upon binding of a zinc ion(Liu etal., 2002), similar to the
action of putting a stick between two cogwheels. The other high light examples are the
sol-gel packaging of vesicles containing bacteriorhodopsin, a light driven proton pump, and
FoF1-ATP synthase(Choi & Montemagno, 2005; Luo et al., 2005), or F,F;-ATPase embedded
chromatophore(Cui et al., 2005). Upon illumination, protons are pumped into the vesicles and
ATP is created outside the vesicle by the ATP synthase. Besides the excellent stability of these
gels (bacteriorhodopsin continued functioning for a few months), this technology provides a
convenient packaging method and a way to use light energy for fueling devices. Therefore,
these nanodevices with a battery can be employed to design a rapid, no labeled, sensitive and
selective biosensor(Cheng et al., 2010; Deng et al., 2007; Liu et al., 2006b; Zhang et al., 2007),
or construct a self-propelled nano-machine which can serves for nano-submarine in artery
to promote thrombolysis(Tao et al., 2008). With ghost, the motor also has a great potential
for drug delivery(Tao et al., 2009). Of course, all of these application tries are very coarse,
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and little more than proof-of-principle examples. Thus, there are many questions to be
investigated for application.

10. Acknowledgements

This work was supported by the National Basic Research Program of China (973 Program)
under the grant No. 2007CB935903 and No. 2007CB935901, the National Natural Science
Foundation of China (90923009 and 20873176), Knowledge Innovation Program of the Chinese
Academy of Sciences (YYY]-0907), Instrument Program of Chinese Academy of Sciences
(07CZ203100), and Starting Mérieux Research Grants 2011-Institute of Biophysics-Prof.
JiachangYue.

11. References

Abrahams, J. P; Leslie, A. G. W.; Lutter, R.; Walker, J. E. (1994). Structure at 2.8 A resolution of
F1-ATPase from bovine heart mitochondria. Nature. 370., 621-628

Adachi, K.; Oiwa, K.; Nishizaka, T.; Furuike, S.; Noji, H.; Itoh, H.; Yoshida, M. & Kinosita, K. Jr.
(2007). Coupling of rotation and catalysis in F1-ATPase revealed by single-molecule
imaging and manipulation. Cell. 130., 309-321

Aksimentiev, A.; Balabin, I. A, Fillingame, R. H. & Schulten, K. (2004).Insights into the
molecular mechanism of rotation in the F, sector of ATP synthase. Biophys. J. 86.,
1332-1344

Ballmoos, C. von; Wiedenmann, A. & Dimroth, P. (2009). Essentials for ATP synthesis by F;F,,
ATP synthase. Annu. Rev. Biochem. 78., 649-672

Boyer, P. D.; Cross, R. L. & Momsen, W. (1973). A new concept for energy coupling in oxidative
phosphorylation based on a molecular explanation of the oxygen exchange reactions
. Proc. Natl. Acad. Sci. USA. 70., 2837-2839

Boyer, P. D. (1997). The ATP synthase-A splendid molecular machine. Annu. Rev. Biochem.
66.,717-749

Boyer, P. D. (2000). Catalytic site forms and controls in ATP synthase catalysis. Biochim. Biophys.
Acta. 1458., 252-262

Cheng, J.; Zhang, X. A.; Shu, Y. G. & Yue, J. C. (2010). F,F1-ATPase activity regulated by
external links on f subunits. Biochem. Biophys. Res. Commun. 391., 182-186

Cherepanov, D. A,; Feniouk, B. A.; Junge, W. & Mulkidjanian, A. Y. (2003). Low dielectric
permittivity of water at the membrane interface: effect on the energy coupling
mechanism in biological membranes. Biophys. ]. 85., 1307-1316

Choi, H. J. & Montemagno, C. D. (2005). Artificial Organelle: ATP Synthesis from cellular
mimetic polymersomes. Nano. Lett. 5., 1538-1542

Cui, Y. B, Fan, Z. & Yue, J. C. (2005). Detecting proton flux across chromatophores
driven by FoF;-ATPase using N-(fluorescein-5-thiocarbamoyl)-1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine, triethylammonium salt. Anal. Biochem. 344.,
102-107

Deng, Z. T.; Zhang, Y.; Yue, J. C; Tang, F. Q. & Weil, Q. (2007). Green and Orange CdTe
Quantum Dots as Effective pH-Sensitive Fluorescent Probes for Dual Simultaneous
and Independent Detection of Viruses. J. Phys. Chem. B. 111., 12024-12031

Diez, M.; Zimmermann, B.; Bérsch, M.; Kénig, M.; Schweinberger, E.; Steigmiller, S.; Reuter,
R; Felekyan, S.; Kudryavtsev, V.; Seidel, C. A. M. & Gréber, P. (2004). Proton-powered



o-Free F F,-ATPase, Nanomachine and Biosensor 161

subunit rotation in single membrane-bound F;F,-ATP synthase. Nat. Struct. Mol. Biol.
11.,135-141

Diiser, M. G.; Zarrabi, N.; Cipriano, D. J.; Ernst, S.; Glick, G. D.; Dunn, S. D. & Borsch, M.
(2009). 36° step size of proton-driven c-ring rotation in F;F,-ATP synthase. EMBO J.
28., 2689-2696

Elston, T.; Wang, H. & Oster, G. (1998). Energy transduction in ATP synthase. Nature. 391.,
510-513

Feniouk, B. A. & Yoshida, M. (2008). Regulatory mechanisms of proton-translocating
F1Fo-ATP synthase. Results Probl. Cell Differ. 45.,279-308

Ishmukhametov, R.; Hornung, T.; Spetzler, D. & Frasch, W. D. (2010). Direct observation of
stepped proteolipid ring rotation in E. coli FoF1-ATP synthase. EMBO J. 29.,3911-3923

Itoh, H.; Takahashi, A.; Adachi, K.; Noji, H.; Yasuda, R.; Yoshida, M. & Kinosita, K. (2004).
Mechanically driven ATP synthesis by Fi-ATPase. Nature. 427., 465-468

Jiang, W. P.; Hermolin, J. & Fillingame, R. H. (2001). The preferred stoichiometry of c subunits
in the rotary motor sector of E. coli ATP synthase is 10. Proc. Natl. Acad. Sci. USA. 98.,
4966-4971

Junesch, U. & Gréber, P. (1987). Influence of the redox state and the activation of the
chloroplast ATP synthase on proton-transport-coupled ATP synthesis/hydrolysis.
Biochim. Biophys. Acta. 893., 275-288

Junesch, U. & Gréber, P. (1991). The rate of ATP-synthesis as a function of ApH and Ay
catalyzed by the active, reduced H'-ATPase from chloroplasts. FEBS. Lett. 294.,
275-278

Junge, W. (2004). Protons, Proteins and ATP. Photosynthesis Res. 80.,197-221

Kaim, G.; Prummer, M.; Sick, B.; Zumofen, G.; Renn, A.; Wild, U. P. & Dimroth, P. (2002).
Coupled rotation within single F1F, enzyme complexes during ATP synthesis or
hydrolysis. FEBS Lett. 525., 156-163

Kothen, G.; Schwarz, O. & Strotmann, H. (1995). The kinetics of photophosphorylation at
clamped ApH indicate a random order of substrate binding. Biochim. Biophys. Acta.
1229., 208-214

Kumar, P; Pillay, V,; Modi, G.; Choonara, Y. E.; du Toit, L. C.& Naidoo, D. (2011).
Self-assembling peptides: implications for patenting in drug delivery and tissue
engineering. Recent Pat Drug Deliv. Formul. 5., 24-51

Li, M,; Shu, Y. G. & Ou-Yang, Z. C. (2009). Mechanochemical Coupling of Kinesin Studied
with a Neck-Linker Swing Model. Commun. Theor. Phys. 51., 1143-1148

Liao, J. Y,; Yin, J. Q. & Yue, J. C. (2009). A novel biosensor to detect microRNAs rapidly. Journal
of Sensors. 2009., 671896

Liu, H. Q.; Schmidt, J. J.; Bachand, G. D.; Rizk, S. S.; Looger, L. L.; Hellinga, H. W. &
Montemagno, C. D. (2002). Control of a biomolecular motorpowered nanodevice
with an engineered chemical switch. Nat. Mater. 1., 173-177

Liu, X. L.; Zhang, X. A.; Cui, Y. B;; Yue, J. C.; Luo, Z. Y. & Jiang, P. D. (2006a). Mechanically
driven proton conduction in single /-free F,Fi-ATPase. Biochem. Biophys. Res.
Commun. 347., 752-757

Liu, X. L; Zhang, Y.; Yue, J. C.; Jiang, P. D. & Zhang, Z. X. (2006b). FoF;-ATPase as biosensor to
detect single virus. Biochem. Biophys. Res. Commun. 342., 1319-1322

Lo, P. K,; Metera, K. L. & Sleiman, H. F. (2010). Self-assembly of three-dimensional DNA
nanostructures and potential biological applications. Curr Opin Chem Biol. 14.,
597-607



162 Biomaterials Applications for Nanomedicine

Luo, T. J. M.; Soong, R.; Lan, E.; Dunn, B. & Montemagno, C. D. (2005). Photo-induced proton
gradients and ATP biosynthesis produced by vesicles encapsulated in a silica matrix.
Nat. Mater. 4., 220-224

Martin, G. L.; Heuvel, V. D. & Dekker, C. (2007). Motor proteins at work for nanotechnology.
Science. 317., 333-336

Matsui, T. & Yoshida, M. (1995). Expression of the wild-type and the Cys-/Trp-less azf3y
complex of thermophilic Fi-ATPase in E. coli. Biochim. Biophys. Acta. 1231., 139-146

Meier, T.; Morgner, N.; Matthies, D.; Pogoryelov, D.; Keis, S.; Cook, G. M.; Dimroth, P.
& Brutschy, B. (2007). A tridecameric ¢ ring of the adenosine triphosphate (ATP)
synthase from the thermoalkaliphilic Bacillus sp. strain TA2.A1 facilitates ATP
synthesis at low electrochemical proton potential. Mol. Microbiol. 65., 1181-192

Milgrom, Y. M. & Cross, R. L. (2005). Rapid hydrolysis of ATP by mitochondrial F;-ATPase
correlates with the filling of the second of three catalytic sites. Proc. Natl. Acad. Sci.
USA. 102., 13831-13836

Mitome, N.; Suzuki, T.; Hayashi, S. & Yoshida, M. (2004). Thermophilic ATP synthase has a
decamer c-ring: Indication of noninteger 10:3 H* /ATP ratio and permissive elastic
coupling. Proc. Natl. Acad. Sci. USA. 101., 12159-12164

Montemagno, C. & Bachand, G. (1999). Constructing nanomechanical devices powered by
biomolecular motors. Nanotechnology. 10., 225-231

Moriyama, Y.; Iwamoto, A.; Hanada, H., Maeda, M. & Futai, M. (1991). One-step
purification of E. coli HT-ATPase (F{F,) and its reconstitution into liposomes with
neurotransmitter transporters. J. Biol. Chem. 266., 22141-22146

Muneyuki, E.; Makino, M.; Kamata, H.; Kagawa, Y.; Yoshida, M. & Hirata, H. (1993).
Inhibitory effect of NaN3 on the FoF; ATPase of submitochondrial particles as related
to nucleotide binding. Biochim. Biophys. Acta. 1144., 62-68

Nishizaka, T.; Oiwa,K.; Noji, H.; Kimura, S.; Muneyuki, E.; Yoshida, M. & Kinosita, K. (2004).
Chemomechanical coupling in Fi-ATPase revealed by simultaneous observation of
nucleotide kinetics and rotation. Nat. Struct. Mol. Biol. 11., 142-148

Noji, H.; Yasuda, R.; Yoshida, M.; Kinosita, K. Jr. (1997). Direct observation of the rotation of
F1-ATPase.Nature. 386., 299-302

Oster, G.; Wang, H. & Grabe, M. (2000). How F,-ATPase generates rotary torque. Phil. Trans.
R. Soc. Lond. B. 355., 523-528

Panke, O. & Rumberg, B. (1996). Kinetic modelling of the proton translocating CF,CF;-ATP
synthase from spinach. FEBS Lett. 383., 196-200

Péanke, O. & Rumberg, B. Kinetic modeling of rotary CF,F;-ATP synthase: storage of elastic
energy during energy transduction. Biochim. Biophys. Acta. 1412., 118-128

Pogoryelov, D.; Yu, ]. S.; Meier, T.; Vonck, J.; Dimroth, P. & Miiller, D. J. (2005). The c5 ring of
the Spirulina platensis F-ATP synthase: F; /F, symmetry mismatch is not obligatory.
EMBO rep. 6., 1040-1044

Pogoryelov, D.; Krah, A.; Langer, J. D.;, Yildiz, O.; Faraldo-Géez, J. D. & Meier, T. (2010).
Microscopic rotary mechanism of ion translocation in the F, complex of ATP
synthases. Nat. Chem. Biol. 6., 891-899

Rajagopal, K & Schneider, J. P. (2004). Self-assembling peptides and proteins for
nanotechnological applications. Curr Opin Struct Biol. 14., 480-486

Ravshan, Z. S. & Yasunobu, O. (2004). Wide Nanoscopic Pore of Maxi-Anion Channel Suits its
Function as an ATP-Conductive Pathway. Biophys. J. 87., 1672-1685



6-Free F,F,-ATPase, Nanomachine and Biosensor 163

Rondelez, Y.; Tresset, G.; Nakashima, T.; Kato-Yamada, Y.; Fujita, H.; Takeuchi, S. & Noji, H.
(2005). Highly coupled ATP synthesis by F;-ATPase single molecules. Nature. 433.,
773-777

Sakharov, D. V,; Nagelkerke, ]. F. & Rijken, D. C. (1996). Rearrangements of the fibrin network
and spatial distribution of fibrinolytic components during plasma clot lysis. J. Biol.
Chem. 271.,2133-2138.

Saraste, M. (1999). Oxidative phosphorylation at the fin desiécle. Science. 283., 1488-1493

Seelert, H.; Poetsch, A.; Dencher, N. A.; Engel, A.; Stahlberg, H. & Miiller, D. J. (2000).
Structural biology: Proton-powered turbine of a plant motor. Nature. 405., 418-419

Senior, A. E.; Nadanaciva, S.; Weber, J. (2002). The molecular mechanism of ATP synthesis by
F1Fo-ATP synthase. Biochim. Biophys. Acta. 1553., 188-211

Sharma, V. K,; Teoh, H. T; Wong, L. Y. H; Su, J; Ong, B. K. C. & Chan, B. P. L.
(2010). Recanalization Therapies in Acute Ischemic Stroke: Pharmacological Agents,
Devices, and Combinations. Stroke Research and Treatment. 2010., 672064

Shu, Y. G. & Shi, H. L. (2004). Cooperative effects on the kinetics of ATP hydrolysis in collective
molecular motors. Phys. Rev. E. 69., 021912

Shu, Y. G. & Lai, P. Y. (2008). Systematic kinetics study of F;F,-ATPase: Analytic results and
comparison with experiments. J. Phys. Chem. B. 112., 13453-13459

Shu, Y. G.; Yue, J. C. & Ou-Yang, Z. C. (2010). F;F,-ATPase, rotary motor and biosensor.
Nanoscale. 2., 1284-1293

Soong, R. K.; Bachand, G. D.; Neves, H. P,; Olkhovets, A. G.; Craighead, H. G. & Montemagno,
C. D. (2000).Powering an inorganic nanodevice with a biomolecular motor. Science.
290., 1555-1558

Steck, T. L.; Weinstein, R. S.; Straus, ]. H.& Wallach, D. F. (1970). Inside-Out Red Cell
Membrane Vesicles: Preparation and Puirification. Science 168.; 255-257

Steigmiller, S.; Turina, P. & Graber, P. (2008). The thermodynamic HT /ATP ratios of the
HT-ATP synthases from chloroplasts and E. coli. Proc. Natl. Acad. Sci. USA. 105.,
3745-3750

Stock, D.; Leslie, A. G. W. & Walker, J. E. (1999). Molecular Architecture of the Rotary Motor
in ATP Synthase. Science. 286., 1700-1705

Su, T,; Cui, Y. B;; Zhang, X. A,; Liu, X. L.; Yue, J. C.; Liu, N. & Jiang, P. D. (2006). Constructing
a novel Nanodevice powered by J-free F1Fy-ATPase. Biochem. Biophys. Res. Commun.
350., 1013-1018

Sun, S. X.; Wang, H. & Oster, G. (2004). Asymmetry in the F;-ATPase and its implications for
the rotational cycle. Biophys. J. 86., 1373-1384

Tao, N.; Cheng, J. & Yue, J. C. (2008). Using FFo-ATPase motors as micro-mixers accelerates
thrombolysis. Biochem. Biophys. Res. Commun. 377., 191-194

Tao, N.; Cheng, J.; Wei, L. & Yue, ]. C. (2009). Self-Assembly of FOF1-ATPase Motors and Ghost.
Langmuir. 25., 5747-5752

Toei, M.; Gerle, C,; Nakano, M.; Tani, K,; Gyobu, N.; Tamakoshi, M.; Sone, N.; Yoshida, M.;
Fujiyoshi, Y.; Mitsuoka, K. & Yokoyama, K. (2007). Dodecamer rotor ring defines
H* /ATP ratio for ATP synthesis of prokaryotic V-ATPase from Thermus thermophilus.
Proc. Natl. Acad. Sci. USA. 104., 20256-20261

Turina, P.; Samoray, D. & Gréber, P. (2003). HT /ATP ratio of proton transport-coupled ATP
synthesis and hydrolysis catalysed by CFF;-liposomes. EMBO J. 22., 418-426

Ueno, H.; Suzuki, T.; Kinosita, K. Jr. & Yoshida, M. (2005). ATP-driven stepwise rotation of
FoF1-ATP synthase. Proc. Natl. Acad. Sci. USA. 102., 1333-1338



164 Biomaterials Applications for Nanomedicine

Wang, H. & Oster, G. (1998). Energy transduction in the F; motor of ATP synthase. Nature.
396., 279-282

Watanabe, R.; lino, R. & Noji, H. (2010). Phosphate release in F;-ATPase catalytic cycle follows
ADP release. Nat. Chem. Biol. 6., 814-820

Weber, J. & Senior, A. E. (2003). ATP synthesis driven by proton transport in F;F,-ATP
synthase. FEBS Lett. 545., 61-70

Weber, J. (2006). ATP synthase: Subunit-subunit interactions in the stator stalk. Biochim.
Biophys. Acta. 1757., 1162-1170

Xing, J.; J. C. Liao, J. C. & Oster, G. (2005). Making ATP. Proc. Natl. Acad. Sci. USA. 102.,
16539-16546

Yang, Q.; Liu, X. Y.; Miyake, J. & Toyotama, H. (1998). Self-assembly and immobilization of
liposomes in fused-silica capillary by avidin-biotin binding. Supramol. Sci. 5., 769-772.

Yasuda, Y.; Noji, H.; Kinosita, K. Jr.; Yoshida, M. (1998). Fi-ATPase is a highly efficient
molecular motor that rotates with discrete 120° steps. Cell. 93., 1117-1124

Yin, P; Choi, H. M. T,; Calvert, C. R. & Pierce, N. A. (2008). Programming biomolecular
self-assembly pathways. Nature. 451., 318-322

Zhang, Y. H.; Wang, J.; Cui, Y. B.; Yue, J. C. & Fang, X. H. (2005). Rotary torque produced by
proton motive force in F1F, motor. Biochem. Biophys. Res. Commun. 331., 370-374

Zhang, Y.; Deng, Z. T,; Yue, J. C.; Tang, E. Q. & Wei, Q. (2007). Using cadmium telluride
quantum dots as a proton flux sensor and applying to detect H9 avian influenza
virus. Anal. Biochem. 364., 122-127

Zhao, X.; Pan, F; Xu, H. Yaseen, M.; Shan, H.; Hauser, C. A.; Zhang, S.; Lu, J. R. (2010).
Molecular self-assembly and applications of designer peptide amphiphiles. Chem.
Soc. Rev. 39., 3480-98



8

PLGA-Alendronate Conjugate
as a New Biomaterial to Produce
Osteotropic Drug Nanocarriers

Rosario Pignatello

Department of Pharmaceutical Sciences
Faculty of Pharmacy, University of Catania
Italy

1. Introduction

Targeting bone tissue to treat specific diseases, such as primary tumour or bone metastases
from peripheral malignancies is a current and pressing research field for modern
pharmaceutical technology, and nanomedicine in particular. Bone is the third most common
site of metastasis and the incidence of bone metastases in patients died of cancer is reported
to be around 70% [1,2]. Primary carcinomas of the lung, breast, prostate, kidney, and thyroid
may develop skeletal metastases. In children affected by disseminated neuroblastoma bone
metastases are also highly frequent.

Tumour osteolysis is responsible for pathologic fractures, intractable pain, nerve
compression syndrome, and severe hypercalcemia. In addition, patients with bone
metastases may have neurologic impairment from spinal lesions, anaemia, and
complications exacerbated by immobilization. Bone matrix resorption is minimally due to
direct cancer cell activity. In fact, bone-colonizing tumour cells also stimulate osteoclast-
mediated bone resorption via the secretion of potent osteolytic agents [3]. The increased
bone resorption that follows releases bone-derived growth factors into the extracellular
milieu and systemic circulation, thereby further enhancing bone resorption, promoting
tumour growth, and altering the tumour microenvironment. Vice versa, metastatic cancer
cells are largely influenced by messages embedded within the bone matrix [4]. Under the
influence of bone microenvironment, tumour cells proliferate and interact with osteoblasts
and osteoclasts leading to lytic or sclerotic lesions.

Clinical management of metastatic bone disease is really hard. The probability of long-term
survival decreases dramatically in patients with skeletal metastases. Current treatments are
based both on systemic therapy (chemotherapy, immunotherapy, hormone therapy) [5,6]
and local therapy (surgery and radiotherapy) [7,8].

The restoration of functionality and mobility, along with pain relief can improve patients’
quality of life, but is unable to affect the negative progression of the disease. Because of the
unique characteristics of tumours growth within bone tissues, conventional therapeutic
strategies often lack efficiency in cure bone metastases. Moreover, most of the drugs used
for the adjuvant therapy of osteolytic metastases interfere with signalling that induce
osteoclast differentiation and osteoclast-mediated bone resorption, but they are not effective
on tumour growth in the bone and their use is obviously associated with heavy side effects.
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A number of drugs are effective for the treatment of bone tumours, but their systemic
delivery is inevitably associated with significant side effects and lack of targeting. Thereby,
targeting specific biochemical patterns inside bone cancer areas may theoretically provide a
mean to improve the efficacy and reduce the required dose of anticancer drugs.

1.1 Bone targeting strategies

Development of osteotropic drug delivery systems (ODDS) is therefore an appealing issue
in the wide field of innovative pharmaceutical technology. To realize an effective system,
many obstacles must be overcome. Bones are covered with lining cells acting as a marrow-
blood barrier; therefore, the contact of exogenous compounds to the bone surface is
restricted. Furthermore, the expression of biomolecules having a specific targets, like
enzymes or antigens is relatively low in mineralized tissues, thus restraining the chances for
an active drug targeting.

The strategies proposed for targeting drugs to the bone can essentially be condensed in two
fields: the passive targeting approach, realised by the encapsulation in or association of
drugs to colloidal carriers, such as polymeric or lipid nanoparticles (NP), liposomes or
dendrimers (strategy 1, Figure 1). Drug-loaded nanocarriers allow to achieve a selective
release to some tissues, like tumours, by means of the well-known phenomenon called ‘EPR
effect’ [9], due to the fact that all cancers are characterized by permeable (leaky) blood
neovessels and an impaired lymphatic outflow. Because of their multifunctional properties,
nanosized systems can carry both targeting molecules and drugs, and deliver the latter in
very specific sites within the body. Another advantage of NPs is the possibility of carrying
in the bloodstream poorly soluble or unstable compounds, such as peptides and proteins,
preventing their premature inactivation by circulating enzymes.

However, active targeting should be in some case more useful to reach effective drug
concentrations in specific tissues and organs. Thus, other approaches have also been
explored in which a drug is covalently linked to a targetor moiety able to recognize the bone
tissues, and selectively convey the whole compound (e.g., a prodrug or a polymeric
conjugate) to the site of action (strategy 2, Figure 1) [10].

Since bones are made of a mineralized matrix, a logical solution to the problem of bone
targeting would be the development of delivery systems that possess affinity for
hydroxyapatite (HA) via osteotropic molecules, such as bisphosphonates (BP) [11,12]. BP are
synthetic, non-hydrolysable compounds structurally related to pyrophosphate. The P-C-P
structure of BP is responsible for the ability of binding divalent ions, such as Ca**, and
thereby for the high affinity to HA [13]. Upon administration, BP are hence rapidly cleared
from the bloodstream and bind to bone mineral surfaces at sites of active bone remodelling,
like the areas undergoing osteoclast resorption [13].

BP are the most effective antiresorptive agents for the treatment of bone diseases associated
to an increase in the number or activity of osteoclasts, including tumour-related osteolysis
and hypercalcemia [14]. Moreover, BP are also able to reduce the survival, proliferation,
adhesion, migration, and invasion of tumour cells [15, 16] and to inhibit angiogenesis in
experimental and animal tumour models [17]. Since HA crystals are only present in 'hard'
tissues, like teeth and bones, conjugation to BP can represent a valid strategy for selectively
deliver bioactives to the bones.

The scientific literature presents many papers and patents exploring such approach,
sometimes carrying original ideas or integrating together different chemical and
technological pathways. In particular, osteotropic drug delivery systems (ODDS) have been
proposed some years ago as a possible mean to impart to drugs an affinity to bone tissues
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[11, 12, 18, 19]. Bisphosphonates (BP) have been for instance conjugated to small drugs [20,
21], and proteins [22] with the aim at optimizing the treatment of osteoporosis,
osteoarthritis, and bone cancer, and to radiopharmaceuticals to obtain novel agents for bone
scintigraphy [23]. The conjugation of bisphosphonates to polymer backbones has been
studied as a mean for bone targeting [24,25]. Recently, cholesteryl-trisoxyethylene-
bisphosphonic acid (CHOL-TOE-BP), a new tailor-made BP derivative, has been used as a
bone targeting moiety for liposomes [26]. In other works, the amino-bisphosphonate drug
alendronate (ALE; Fosamax®) was co-conjugated to HPMA polymer backbones together
with an anticancer agent. Thereby, passive targeting was achieved by extravasation of the
nanoconjugates from the tumour vessels via the EPR effect, while active targeting to the
calcified tissues was achieved by ALE affinity to HA [27].

DRUG—BP
conjugate or
prodrug
Strategy 1: Strategy 2:
Drug-ioaded NPs Bone-seeking Prodrugs

The proposed strategy:

drug-loaded,

bone-seeking NPs

Fig. 1. The strategies described in the literature to achieve targeting to bone tumours: 1) an
anticancer drug (D) is encapsulated/loaded into a nanocarrier (e.g., polymeric or lipid
nanoparticles, liposomes, micelles, etc.) and passive targeting is expected (EPR effect); 2) a
biologically active molecule is covalently linked to an osteotropic targetor moiety (e.g., a
bisphosphonate, BP); 3) nanoparticles are made by an osteotropic polymer (e.g., a polymer-
BP conjugate) and then loaded with a bioactive agent: in this way, both passive and active
targeting possibilities can be achieved.
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1.2 The scientific and technical rationale for a new targeting strategy

Targeted DDS should be preferable over drug-BP conjugates due to different factors, such as
drug protection from biodegradation in the bloodstream, transport duration, and drug-
payload. Thereby, in a recent and partially still on-going research, the two strategies
depicted in Figure 1 have been merged, leading to an innovative solution for active
targeting of drugs to the bone. The working hypothesis was to realize a biocompatible
nanocarrier showing high affinity to bone (i.e., an osteotropic nanocarrier), which can be
loaded with different classes of drugs active against bone diseases, such as anticancer, anti-
angiogenic, antibiotics, or anti-osteolytic agents.

To this aim, in a first step a new polymeric biomaterial showing osteotropic properties was
produced through the conjugation of a poly(lactide-co-glycolide) (PLGA) to the BP agent
alendronate (ALE). PLGA copolymers are diffusely used biocompatible and biodegradable
materials for controlled drug release systems [28], including anticancer agents, and they
have also been recognized as GRAS by US FDA. In this study, a copolymer made of 50:50
polylactic-co-glycolic acid was used (Resomer® RG 502 H; Figure 2) because of the presence
of free carboxyl end groups susceptible to chemical derivatisation. The typical weight
composition of this copolymer allows it to remain in the human body enough to let the
bound BP moiety to recognize the bone proteins.

ALE (4-amino-1-hydroxybutyldiene-1,1-phosphoric acid, Figure 2) is an amino-BP,
approved for the treatment and prevention of osteoporosis, treatment of glucocorticoid-
induced osteoporosis in men and women, and therapy of Paget’s disease of bone [29]. ALE
was selected among BP agents because of some peculiar properties: a) the presence of a free
amine group, able to create a stable covalent link with the carboxyl group present in the
used PLGA; b) such amine group is not essential for the interaction of ALE with HA, and
thus for its pharmacological effects, but exerts only a supportive role [30]; c) the possibility
of easily converting the commercial sodium salt of ALE into its free acid form. The choice of
an amide bond between the targeting BP and the polymer was also driven by the known
relatively high resistance to enzymatic hydrolysis in plasma of this linkage, that should
ensure the intact conjugate to reach the target (bone) tissues.

The haemo- and cytocompatibility of the PLGA-ALE conjugate was confirmed in vitro.
Therefore, a nanoparticle system (NP) was produced starting from this new biomaterial. The
NP were studied for their technological properties, as well as for their biocompatibility.
Finally, PLGA-ALE NP were then loaded with a model cytotoxic drug, doxorubicin (DOX)
and tested in vitro and in vivo.
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Fig. 2. Schematic structure of Resomer® RG 502 H (PLGA) and alendronic acid (ALE).
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2. Synthesis and characterization of the PLGA-ALE conjugate

Polyl(D,L-lactic-co-glycolic acid) (50:50) containing a free carboxylic acid end group
[Resomer® RG 502 H; inherent viscosity: 0.16-0.24 dl/g (0.1% in chloroform, 25°C)] was used
(Boehringer Ingelheim, Ingelheim am Rhein, Germany). Sodium alendronate was converted
into the acid form by treatment with aqueous acetic acid and lyophilisation. The conjugate
was synthesized by two alternative methods, i.e., carbodiimide-assisted direct conjugation
or preparation of an activated intermediate through N-hydroxysuccinimide [31]. In the first
case, a solution of Resomer® RG 502 H in DMSO and dichloromethane (DCM) (1:1) was
activated at 0°C for 2 h by N’-(3-dimethylaminopropyl)-N-ethyl carbodiimide hydrochloride
(EDAC), in the presence of 1-hydroxy-benzotriazole (HOBt) and triethylamine. Alendronic
acid was dissolved in DMSO and added to the reaction mixture, which was stirred for 2 h at
2°C and then at r.t. for 8 h. The solvent was partially removed under vacuum and the
remaining solution was purified by dialysis water (CelluSep H1 MWCO 2000; M-Medical
s.r.l., Cornaredo, Italy). In the alternative procedure, the PLGA was previously activated
with N-hydroxysuccinimide (NHS) and dicyclohexylcarbodiimide in anhydrous dioxane at
15°C under stirring for 3 h [32]. The formed dicyclohexylurea was filtered off and the
solution was poured in anhydrous diethyl ether. The solvent was decanted and the oily
residue was purified by dissolution in anhydrous dioxane and precipitation with anhydrous
diethyl ether (3 times), and finally dried in vacuo. A solution of NHS-PLGA in anhydrous
DMSO was treated with triethylamine and sodium alendronate under stirring at r.t. for 12 h.
At the end of the reaction the solvent was partially removed under vacuum and the
remaining solution was purified by dialysis. The dialysed samples were frozen into using
liquid nitrogen and lyophilised. Both methods resulted in similar production yields (70-
75%) and purity of the final conjugate, therefore the first method could be better proposed
as more direct and simple. The chemical structure of the PLGA-ALE conjugate was
confirmed by MALDI-TOF MS and 'H-NMR; analytical details are available [31].

In the view of using the PLGA-ALE copolymer to prepare bone-targeted NPs, the conjugate
was evaluated for blood and cyto-compatibility, to individuate any negative effect which
might have precluded any further biological investigation. Haemolysis was evaluated
because erythrocytes are among the first cell lines that come into contact with injected
materials. Experimental results did not show haemolytic effects of the conjugate; the
plasmatic phase of coagulation was measured by the activated partial thromboplastin time
(APTT) and prothrombin activity; they respectively evaluate the intrinsic and extrinsic
phases of coagulation. In basal conditions, prothrombin activity was 140.2 + 2.5 and APTT
was 35.6 £ 0.3. In plasma incubated with PLGA-ALE at different dilutions, prothrombin
activity and APTT were not significantly different from the plasma incubated with PBS
(Figure 3A and 3B). DMSO at the same dilutions did not affected either prothrombin
activity or APTT.

In the bloodstream, nanoparticles come in contact with endothelium before passing through
the vessel wall and reaching tissues. Therefore, the effect of PLGA-ALE on endothelial cells
was tested to verify the lack of cytotoxicity. As expected, PLGA-ALE was not cytotoxic for
human umbilical vein endothelial cells (HUVEC), as proven by the neutral red test (Figure
3C). Absence of cytotoxicity was also shown in cultures of human primary trabecular
osteoblasts (BMSC) (Figure 3D).
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In conclusion, PLGA-ALE conjugate did not cause either haemolysis on human
erythrocytes, or alterations of the plasmatic phase of coagulation or cytotoxic effects on
endothelial cells and trabecular osteoblasts [31].
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Fig. 3. Biocompatibility results of the PLGA-ALE conjugate: (A) mean prothrombin activity
and (B) APTT of human plasma incubated with different concentrations of the conjugate; (C)
viability of human umbilical vein endothelial cells (HUVEC) and (D) human primary
osteoblasts from trabecular bone, respectively, after incubation with the conjugate. No
haemolytic activity was given by the tested compound (not shown) (adapted from ref. [31]).

3. PLGA-ALE nanoparticles

NP were produced by the PLGA-ALE conjugate by a nanoprecipitation method, using an
opportunely adapted emulsion/solvent evaporation technique [33]. The conjugate was
dissolved in acetone, DMSO or their 1:1 mixture (v:v). The organic solution was added drop
wise into phosphate buffered saline (PBS), pH=7.4, containing Pluronic F68. After stirring at
r.t. for 10 min, the solvent was partially removed at 30 °C under reduced pressure and the
concentrated suspension was purified by dialysis against water.

In Figure 4 the size analysis of the formed systems, obtained by photon correlation
spectroscopy is illustrated. DMSO was used in the NP production due to the low solubility
of the conjugate in acetone (from which low production yields were achieved), but it did not
appear to be an ideal solvent; in fact, NP obtained from pure DMSO solution showed a
higher mean size with respect to those obtained using an acetone/ DMSO mixture. These NP
showed a homogeneous distribution, with an average size of 198.7 nm and a polidispersity
index of about 0.3. However, in all cases mean sizes between 200-300 nm were obtained, an
interesting feature for a further development of these systems as injectable drug carriers.
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Also a dialysis method using a DMSO solution of the conjugate was attempted to prepare
the NP [34], but it resulted in much larger particles (around 400 nm) (not shown).
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Fig. 4. Size distribution patterns of PLGA-ALE NP prepared using different organic phases
(adapted from [31].

The PLGA-ALE NPs showed a net negative surface charge (-potential of -38 mV), close to the
value given by the NPs obtained from pure PLGA (-41.8 mV). SEM analysis revealed spherical
particles with a smooth surface (Figure 5). The system was also shown to be sterilisable by
gamma irradiation at 10 kGy, showing only minimal particle size changes [33]. This finding
prospects the possibility of using sterilized NPs for further in vivo studies of the system.

Fig. 5. SEM picture of PLGA-ALE NPs produced in 1:1 acetone/ DMSO.
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To assess the affinity for HA, PLGA-ALE and PLGA NPs were loaded with a lipophilic
probe (Red Oil O) and incubated with two different HA concentrations (1 and 5 mg/ml) for
15 or 30 min. PLGA-ALE NPs showed a relative increase of affinity towards the phosphate
salt compared to pure PLGA NPs (Figure 6). The affinity increased with the incubation time
and was proportional to the concentration of HA in the suspension. This latter observation
would suggest that some form of chemical interaction occurred between PLGA-ALE and
HA, reinforcing the mere physical absorption of the phosphate on NP surface, which
justifies the affinity already measured for pure PLGA NPs.

The biocompatibility profile of PLGA-ALE NPs was assessed by means of several in vitro
assays, able to demonstrate their effects on biological systems which use to come in contact
with a material injected into the body [33, 35, 36]. The use of NPs for drug delivery
necessitates an accurate assessment of their biocompatibility [37, 38]. For their nanoscale
size, NPs may have a reduced blood compatibility in comparison with the starting material:
even if the biocompatibility of a macromolecule is well-established, the enormous increase
of its surface when in the form of NPs may bring on negative effects that are not given by
the bulk material.
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Fig. 6. Affinity of PLGA-ALE and PLGA NPs for hydroxyapatite (HA). Oil Red O-loaded
NP suspensions were incubated at r.t. for either 15 or 30 min with an aqueous suspension
containing 5 mg/ml of the phosphate salt. Results are expressed as the percentage decrease
of light absorbance at 523 nm with respect to the corresponding NPs incubated without HA
[¢f. ref. 33].

3.1 Biocompatibility studies

Blood-biomaterial interactions are complex events that involve erythrocyte and leukocyte
damage, and activation of platelet, coagulation, and complement. Damage of red blood cells,
as well as complement activation may favour haemolysis and other forms of general
toxicity. Analogously, NPs should not activate platelets and the plasmatic phase of
coagulation, nor damage endothelial cells to avoid thrombogenesis [39, 40]. In the
meantime, they should not reduce the levels of the plasmatic factors of coagulation, to
prevent haemorrhagic accidents. Finally, with the aim of bone targeting, when NP will
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reach bone tissues they should inhibit osteoclast activity without altering osteoblasts.
Therefore, a preliminary evaluation of NP biocompatibility has been necessary before their
loading with actives.

The PLGA-ALE NP at different concentrations did not show any haemolytic effects towards
a suspension of human erythrocytes. The percentage of haemolysis was in fact similar to the
erythrocytes incubated with PBS (Table 1).

Sample NP concentration % of haemolysis
PLGA-ALE NP 56 pg/ml 0.001+0.165
5.6 ug/ml 0.289+0.320
560 ng/ml 0+0.272
56 ng/ml 0.356+0.309
5.6 ng/ml 0.167+0.191
0.56 ng/ml 0+0.155
PBS - 0
Saponin - 132.72+2.74
Distilled water - 100

Table 1. Hemolytic activity (arithmetic mean + S.E. of 6 experiments) of PLGA-ALE NPs.
Their concentration was expressed as the amount of ALE in each sample.

As a further proof of their compatibility with blood components, at all the tested
concentrations PLGA-ALE NPs did not induce any significant effect either on the total
leukocyte number or on their subpopulations percentage. Analogously, the NPs did not
cause platelet adhesion or activation (release reaction), as assessed by the platelet factor 4
measurement (Figure 7), all process that may induce thrombotic phenomena after NP

injection [33].
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Fig. 7. Platelet factor 4 concentration after incubation with PLGA-ALE NP.
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To assess the lack of alterations of blood proteins, we evaluated the effects of PLGA-ALE
NPs on the plasmatic phase of coagulation and on complement. A decrease of the
coagulation factors levels favours haemorrhage, while an increase of their activity may
induce thrombotic phenomena. In our experiments, only the highest tested concentration of
NPs caused a decrease of the prothrombin activity, while all the lower concentrations
increased it, with changes however always ranging within normal physiological values
(Figure 8). Since APTT (i.e., the intrinsic and the common phase of coagulation) was also not
significantly affected by the NPs (not shown), the observed changes could be due to an
alteration of Factor VII of the extrinsic pathway of coagulation. Probably, Factor VII was
adsorbed on the NPs surface at high concentration and was less available for coagulation;
conversely, lower concentrations of PLGA-ALE NPs could activate factor VII, in a way
similar to the effect of tissue factor. Another hypothesis could involve the activation of
Factors XII and XI by the NPs, similarly to silica gel or glass (cf. [33] for more details).

150
140
£
&130
&
£
= 120
j
110 . . T T . . .
PBS NP NP NP NP NP NP
0.56 5.6 56 ng/ml  0.56 5.6 56
ng/ml  ng/ml mg/ml mg/ml mg/ml

Fig. 8. Protrombin activity induced by different PLGA-ALE NP concentrations.

Activation of complement induces the production and release of small biologically active
peptides. C3a and Cba are chemo-attractive for leukocytes and favour their aggregation.
Furthermore, C5a induces the adhesion of granulocytes and monocytes to the endothelium,
their migration into the external tissues, enzyme release and production of pro-coagulant or
platelet aggregating compounds. C3a and the C5b-9 complex can directly activate platelets.
Therefore, complement activation should not be considered as a strictly local phenomenon,
but results also in systemic effects. Complement activation may occur by the classical and
the alternative pathways. In the classical pathway, the protein Clq recognises activators
(usually immune complexes) and binds to them. The activation via the alternative pathway
starts by the binding of C3b to the activator surface (such as microbial polysaccharides or
lipids or surface antigens present on some viruses, parasites and cancer cells) and then
follow the same events of the classical pathway. NPs predominantly activate the
complement through the alternative pathway.
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In our experiments PLGA-ALE NPs did not activate complement by none of the two
pathways, as shown by a non-significant different complement consumption from PBS
(Figures 9A and 9B). Conversely, the positive control zymosan induced a 70% complement
consumption, twice the amount consumed by PBS. Also the Bb fragment, which is produced
during the complement activation by the alternative pathway, was not significantly affected
by the PLGA-ALE NPs (not shown).
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Fig. 9. Percentage consumption of human serum complement activity via the classical
pathway (A) or the alternative pathway (B), after incubation with the PLGA-ALE NPs
(adapted from ref. [33]).
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In the bloodstream, NP come rapidly in contact with vessel endothelium before passing to
the outer tissues; therefore, absence of damage to endothelial cells must be ensured.
Moreover, bone oriented NPs should not affect the vitality and function of normal
osteoblasts. The cytotoxicity of the prepared PLGA-ALE NPs was excluded on both
endothelial (HUVEC) cells and osteoblasts derived by bone marrow stromal cells (BMSC).
Cell viability was always higher than 80% upon 24 h-exposure to the various concentrations
of NPs or to PBS. Phenol, used as a positive control, reduced the cell viability to 19.0%
(HUVEC) and to 27.5% (BMSC) (Figure 10).
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Fig. 10. Viability of endothelial (HUVEC) cells and osteoblasts (BMSC) exposed to various
concentrations of PLGA-ALE NPs (adapted from ref. [33]).
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In conclusion, PLGA-ALE NPs did not affect platelets, leukocytes and complement, did not
induce haemolysis and did not exert cytotoxic effects on endothelial cells and osteoblasts [33].
To assess if the PLGA-ALE NPs are able to retain the antiosteoclastic properties of the
bisphosphonate, osteoclast cultures obtained from human peripheral blood mononuclear
cells (PBMC) were incubated with either PLGA-ALE or pure PLGA NPs, at an equivalent
concentration of 0.64 uM or 6.4 pM of ALE; free ALE was tested as a positive control.
Experiments showed that ALE retained the ability of inhibiting the osteoclast-mediated
degradation of type I human bone collagen, determined a dose-dependent reduction of
osteoclast number, and induced apoptosis in osteoclast cultures, also when conjugated with
the copolymer PLGA and in the form of NPs [41]. Interestingly, pure PLGA NPs also
showed similar effects, and this can be considered an useful phenomenon in the view of the
overall aim of this study: since the conjugation of ALE to PLGA, and the resulting NP
formation was aimed at targeting antitumor drugs to osteolytic bone metastases, the
additional antiosteoclastic effect observed for polymer-bound ALE and also of PLGA could
even contribute to the inhibition of the associated osteolysis.

4. Drug-loaded nanoparticles

Doxorubicin (DOX) is an anticancer agent of wide clinical use, from leukaemia and
Hodgkin's lymphoma to symptomatic metastatic breast cancer, from neuroblastoma to
many other cancers (prostate, thyroid, bladder, stomach, lung, ovary). Its therapeutic
applications are nevertheless limited by the strong cardiac and bone marrow toxicity. DOX
effectiveness has been greatly improved when specific targeting at the tumour sites has been
achieved, for instance by loading the drug into liposomes (e.g., Caelyx®/Doxil®) [42, 43].
DOX was loaded in the previously described PLGA-ALE NPs and the anti-tumour effect of
the carrier was assessed in vitro and in vivo [44]. In a first instance, the intracellular
accumulation and distribution of DOX-loaded NPs was assessed by fluorescence and
confocal microscopy, in comparison with free DOX. A panel of potential target cells was
used in these experiments: MDA-MB-231 and MCF7 breast adenocarcinoma cell lines, Saos-
2 and U-2 OS osteosarcoma cell lines, SH-SY5Y neuroblastoma cell line, and ACHN renal
adenocarcinoma cell line. The above tumour histotypes were chosen because all originate
from or can metastasize to the bone.

The final localization of DOX in cell nucleus is important because of it mechanism of action
[45]. We observed that the incubation of free DOX with cells resulted in its accumulation in
the nuclei, while it was absent in the cytoplasm (Figure 11). Conversely, cells treated with
DOX-loaded NPs showed also fluorescent spots localized in the cytoplasmic vacuoles.
Polymeric NPs typically accumulate in lysosomal vesicles, from which the drug is released
into the cytoplasm [46, 47]. Therefore, it is likely that the observed cytoplasmic fluorescence
was due to the same phenomenon, and that the DOX-loaded NPs were trafficked through
the endo-lysosomal compartment.

The incubation of the above cell lines with DOX-loaded PLGA-ALE NPs (48 and 72 h) gave
a cell growth inhibition profile very similar to that one of the free drug [44]. To evaluate the
in vivo activity, DOX-loaded NPs were injected into a mouse model of breast cancer bone
metastases: osteolytic lesions were induced by intratibial inoculation of the human breast
carcinoma cells MDA-MB-231 that can induce prominent bone metastases. Histological
analysis confirmed that the NP did not cause any organ abnormality, hence