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Preface

Biotechnology, according to the European Federation of Biotechnology, is defined as
“the integration of natural sciences and engineering in order to achieve the application
of organisms, cells, parts thereof and molecular analogues for products and services".
In other words, Biotech applications can be divided into 5 key sectors: biomedicine,
bioagriculture, industrial biotechnology, bioenergy and bioenvironment. Whereas, Bi-
opolymers are polymers produced by living organisms. There are three main classes of
biopolymers: a) Polysaccharides which are often linear bonded polymeric carbohy-
drate structures, b) Polynucleotides long polymers which are composed of 13 or more
nucleotide monomers, and c) Polypeptides short polymers of amino acids. Examples
of the most used biopolymers are chitosan, cellulose, carrageenans, alginate, polyes-
ters, and proteins such as enzymes and DNA. The applications of biopolymers are
immense and could be found in many fields such as food, pharmaceutical, cosmetics,
agriculture, biomedicine and many chemical industries using enzymes. This diversity
could be regarded to the biocomptability of biopolymers and their biodegradations.

The book comprises 17 chapters covering occurrence, synthesis, isolation and produc-
tion, properties and applications, biodegradation and modification, the relevant analy-
sis methods to reveal the structures and properties of biopolymers and a special sec-
tion on the theoretical, experimental and mathematical models of biopolymers. The
Editor has classified the sections according to their title and content to five parts,
However, some chapters could fit into more than one section.

Part 1. Immobilization using biopolymers and protection of the environment via
production of polysaccharides from waste, biodegradable biopolymers, bioplastic and
natural rubber

Part 2. Chitin/chitosan and their preparation, characterization and applications in
different fields

Part 3. Theoretical, experimental and mathematical models of biopolymers

Part 4. Macro and micro characterization of Biopolymers such as morphology,
maturity, length, mechanical test and surface properties using SR-IMS Molecular
Spectroscopic
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Part 5. Biosynthesis and biosynthesis pathway of biopolymers, biofunctional
xerography, nutraceutical properties of milk fat and ribosomes and the role of tRNA in
aminoacylation and aa-tRNA transport.

This book will hopefully be supportive to many scientists, physicians, pharmaceutics,
engineers and other experts in a wide variety of different disciplines, in academia and
in industry. It may not only support research and development but may be also
suitable for teaching.

Publishing of this book was achieved by choosing authors of the individual chapters
for their recognized expertise and for their excellent contributions to the various fields
of research. I am very grateful to these scientists for their willingness to contribute to
this reference work and for their engagement. Without them and without their
commitment and enthusiasm it would have not been possible to compile such a book.

I am also very grateful to the publisher InTech for recognizing the demand for such an
important topic, Biotechnology of Biopolymers. Special thanks are due to the process
manager of InTech, Miss Romina Krebel, for her constant effort and suggestions till we
accomplished this book.

Last but not least, I would like to thank my family for their patience, and I have to
excuse for the many hours spent on the preparation of this book, which kept me away
from them.

Assoc. Prof. Dr. Magdy M. Elnashar

Laboratory of Advanced Materials & Nanotechnology,
Polymers and Pigments Department,

Centre of Excellence for Advanced Sciences,

National Research Centre,

Cairo, Egypt
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Immobilization Using Biopolymers
and Protection of the Environment






The Art of Immobilization Using Biopolymers,
Biomaterials and Nanobiotechnology

Magdy M.M. Elnashar
Centre of Scientific Excellence - Polymers Department -
Advanced Materials & Nanotechnology Laboratory, National Research Center,

Egypt

1. Introduction

The present chapter has been chosen to be the introductory chapter in the book of
biopolymer due to its diversity. The core of this chapter is based on the exceptional review
article by Elnashar, 2010a after some modifications.

1.1 Some important definitions

a. Definition of biotechnology

The European Federation of Biotechnology defined biotechnology as “the integration of
natural sciences and engineering in order to achieve the application of organisms, cells,
parts thereof and molecular analogues for products and services" (Buyukgungor and Gure,
2009). In other words, Biotech applications can be divided into 5 key sectors: biomedicine,
bioagriculture, industrial biotechnology, bioenergy, and bioenvironment.

b. Definition of immobilization

An immobilized molecule is one whose movement in space has been restricted either
completely or to a small limited region by attachment to a solid structure. In general the
term immobilization refers to the act of the limiting movement or making incapable of
movement i.e., retard the movement (Yu-Qung et al., 2004).

1.2 History of immobilization

Immobilization is a natural phenomenon existing in the universe. Microorganisms in nature
are irregularly distributed and often exist in Biofilms. Biofilms are surface-attached
microbial communities consisting of multiple layers of cells embedded in hydrated matrices
(Kierek-Pearson and Karatan, 2005). Biofilms were first extensively studied during the 1940s
but it was not until the 1970s that it was appreciated that their formation occurs in almost all
natural environments. A rock immersed in a stream, an implant in the human body, a tooth,
a water pipe or conduit, etc. are all sites where Biofilms develop (Carpentier and Cerf, 1993).
This natural phenomenon encouraged humans to utilize it for his services.

1.3 What can we immobilize?

Many molecules have been immobilized and the majority of them are biomolecules due to
their biological and biomedical applications. The following are examples of some of these
molecules:
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e  Proteins:
- Enzymes, antibodies, antigens, cell adhesion molecules and “Blocking” proteins

e Peptides:
- Substances composed of amino acids
e Drugs:

- Anticancer agents, antithrombogenic agents, antibiotics, contraceptives, drug
antagonists and peptide/protein drugs
e  Saccharides:
- Sugars, oligosaccharides and polysaccharides

e Lipids:
- Fatty acids, phospholipids, glycolipids and any fat-like substances.
e Ligands:

- Hormone receptors, cell surface receptors, avidin and biotin
- In immunology, small molecules that are bound to another chemical group or
molecule
¢ Nucleic acids and nucleotides:
- DNA,RNA
- High MW substances formed of sugars, phosphoric acid, and nitrogen bases
(purines and pyrimidines).
e  Others:
- Conjugates or mixtures of any of the above

1.4 Methods of immobilization
The methods of immobilization of the different molecules are almost the same. However,
according to Cao, L. 2005 there is no general universally applicable method of certain
molecule immobilization. As enzyme molecules alone or in combination with drugs,
antibodies and antigens, are the most used in industries, we will be focusing on the
immobilization techniques used for enzymes as a model of other immobilized molecules.
The enzyme market in 2005 was around 2.65 billion dollars, with an expected annual growth
of more than 9% (Ayala and Torres, 2004). On the industrial level, 75% of the enzymes were
used, which is around 2 billion dollars.
However, expensive enzymes are not favored to be used in industries in the Free State as
they are difficult to be separated from the products (Fig. 1a) and consequently are lost after
the first use. They were alternatively immobilized on solid supports (Fig. 1b) so that they
can be easily separated from the products by simple filtration or using a fluidized
magnetized bed reactor system (Danial et al., 2010, Elnashar, 2010a-c; Elnashar et al., 2008,
2009a, 2009b; Elnashar and Yassin 2009a, 2009b; Mansour et al., 2007).
The main advantage for enzyme immobilization is the easy separation of the enzyme from the
reaction mixture (substrates and products) and its reusability for tens of time, which reduces
the enzyme and the enzymatic products cost tremendously. Beside this splendid advantage,
the immobilization process imparts many other advantages to the enzyme such as:
e The ability to stop the reaction rapidly by removing the enzyme from the reaction
solution (or vice versa)
e  Product is not contaminated with the enzyme
Easy separation of enzyme from the product (especially useful in food and
pharmaceutical industries)
¢  Enhancement of enzyme stability against pH, temperature, solvents, contaminants, and
impurities.
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Fig. 1. Schematic diagram of free and immobilized enzyme reactions. (a), Reaction of free
enzyme with substrate and formation of product, which has to be separated via dialysis; (b),
Reaction of immobilized enzyme with substrate and formation of product, which can be
separated via filtration or using a fluidized magnetized bed reactor system.

Immobilization provides a physical support for enzymes, cells and other molecules.
Immobilization of enzymes is one of the main methods used to stabilize free enzymes
(Elnashar, 2010a; Danial et al.,, 2010). The support material and the main methods of
immobilization are key parameters in enzyme immobilization. There are five principal
methods for immobilization of enzymes and cells (adsorption, covalent, entrapment,
encapsulation and crosslinking) and no one method is perfect for all molecules or purposes.
However, Katzbauer and Moser, 1995 represented a classification of combination between
these methods.

1.4.1 Adsorption

Immobilization by adsorption is the simplest method and involves reversible surface
interactions between enzyme and support material as shown in Fig. 2. The procedure of
adsorption consists of mixing together the biological component(s) and a support with
adsorption properties, under suitable conditions of pH and ionic strength for a period of
incubation, followed by collection of the immobilized material and extensive washing to
remove the unbound biological components. The first industrially used immobilized
enzyme was prepared by adsorption of amino acid acylase on DEAE-cellulose (Tosa et al.,
1967). Menaa et al. (2008a) reported the role of hydrophobic surfaces of nanoporous silica
glasses on protein folding enhancement. The proteins were adsorbed on silica surfaces.
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—>» Enzyme

Support

Fig. 2. Immobilization of enzymes using the adsorption technique.

Advantages of enzymes immobilized using the adsorption technique:

e  Reversibility, which enables not only the purification of proteins but also the reuse of
the carriers;

e  Simplicity, which enables enzyme immobilization under mild conditions;

e  Possible high retention of activity because there is no chemical modification (Cetinus et
al., 2009);

e  Cheap and quick method;

¢ No chemical changes to the support or enzyme occurs.

Disadvantages of enzymes immobilized using the adsorption technique:

e The immobilized enzymes prepared by adsorption tend to leak from the carriers, owing
to the relatively weak interaction between the enzyme and the carrier, which can be
destroyed by desorption forces such as high ionic strength, pH, etc,

e Contamination of product,

¢  Non-specific binding,

¢ Overloading on the support and

e  Steric hindrance by the support.

Consequently, a number of variations have been developed in recent decades to solve this

intrinsic drawback. Examples are adsorption-cross-linking; modification-adsorption;

selective adsorption-covalent attachment; and adsorption-coating, etc. For more details, the

reader is recommended to read the book of Cao L, 2005.

1.4.2 Covalent binding

This method of immobilization involves formation of a covalent bond between the enzyme
and support material as shown in Fig. 3. Covalent bonds usually provide the strongest
linkages between enzyme and carrier, compared with other types of enzyme immobilization
methods. Thus, leakage of enzyme from the matrix used is often minimized with covalently
bound immobilized enzymes (Cao, 2005). The bond is normally formed between functional
groups present on the surface of the support and functional groups belonging to amino acid
residues on the surface of the enzyme.

——» Support

Fig. 3. Immobilization of enzymes using the covalent technique.

Multi-step immobilization is one of the technologies to enhance enzyme covalent
immobilization (Xie et al.,, 2009). There are many reaction procedures for coupling an
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enzyme to a support via covalent bond however, most reactions fall into the following
categories: formation of an isourea linkage; formation of a diazo linkage; formation of a
peptide bond or an alkylation reaction as shown in Table 1.

Reaction Support - Enzyme Linkage
Diazotization SUPPORT--N=N---ENZYME
Alkylation and arylation SUPPORT--CH2-NH---ENZYME

SUPPORT--CH2-S---ENZYME

Schiff's base formation SUPPORT---CH=N---ENZYME
Amide bond formation SUPPORT---CO-NH---ENZYME
Amidation reaction SUPPORT---CNH-NH---ENZYME
Thiol-Disulfide interchange SUPPORT---S-S---ENZYME

Carrier binding with bifunctional | SUPPORT---O(CH2)2 N=CH(CH2)3 CH=N---
reagents ENZYME

Table 1. Different methods for covalent binding of enzymes to supports

Advantages of enzymes immobilized using the covalent technique:

¢ No leakage of enzyme.

e The enzyme can be easily in contact to substrate due to the localization of enzyme on
support materials.

e Increase of the thermal stability.

Disadvantages of enzymes immobilized using the covalent technique:

e The cost is quite high as the good supports are very expensive (e.g. Eupergit C and
Agaroses).

¢ Loss of enzyme activity (e.g. mismatched orientation of enzyme on the carriers such as
involvement of active centre in the binding).

1.4.3 Entrapment

Immobilization by entrapment differs from adsorption and covalent binding as shown in
Fig. 4 in that enzyme molecules are free in solution, but restricted in movement by the lattice
structure of a gel (Bickerstaff, 1995). The porosity of the gel lattice is controlled to ensure
that the structure is tight enough to prevent leakage of enzyme or cells, yet at the same time
allows free movement of substrate and product. The support also acts as a barrier and can
be advantageous as it protects the immobilized enzyme from microbial contamination by
harmful cells, proteins, and enzymes in the microenvironment (Riaz et al., 2009).
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Fig. 4. Immobilization of enzyme using the entrapment technique.

Entrapment can be achieved by mixing an enzyme with a polyionic polymer material, such

as carrageenan, and by crosslinking the polymer with multivalent cations, e.g.

hexamethylene diamine, in an ion-exchange reaction to form a lattice structure that traps the

enzymes, this is termed ionotropic gelations.

Advantages of enzymes immobilized using the entrapment technique:

¢ Enzyme loading is very high

Disdvantages of enzymes immobilized using the entrapment technique:

¢  Enzyme leakage from the support.

¢ Diffusion of the substrate to the enzyme and of the product away from the enzyme
(diffusion limitation).

1.4.4 Encapsulation

Encapsulation of enzymes as shown in Fig. 5 can be achieved by enveloping the biological
components within various forms of semipermeable membranes (Groboillot et al., 1994). It
is similar to entrapment in that the enzyme is free in solution, but restricted in space. Large
proteins or enzymes can not pass out of, or into the capsule, but small substrates and
products can pass freely across the semipermeable membrane.

Many materials have been used to construct microcapsules varying from 10-100 um in
diameter. For example, nylon and cellulose nitrate have proven popular. Ionotropic gelation
of alginates have proven it efficacy as well for encapsulation of drugs, enzymes and cells
(Patil et al., 2010). On the nano scale level, Menaa et al., 2008b, 2009 & 2010 used Silica-based
nanoporous sol-gel glasses for the study of encapsulation and stabilization of some proteins.

..
.t
.

. Support

amey
-----
.
.

o
ey

Fig. 5. Immobilization of enzymes using the encapsulation technique.
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Advantages of enzymes immobilized using the encapsulation technique:

¢  The enzymes could be encapsulated inside the cell.

e  Possibility of coimmobilization. Where cells and/or enzymes may be immobilized in
any desired combination to suit particular applications.

Disdvantages of enzymes immobilized using the entrapment technique:

e The problems associated with diffusion are acute and may result in rupture of the
membrane if products from a reaction accumulate rapidly.

1.4.5 Crosslinking

This type of immobilization is support-free as shown in Fig. 6 and involves joining enzyme
molecules to each other to form a large, three-dimensional complex structure, and can be
achieved by chemical or physical methods (Xie et al.,, 2009). Chemical methods of
crosslinking normally involve covalent bond formation between the enzymes by means of a
bi- or multifunctional reagent, such as glutaraldehyde, dicarboxylic acid or toluene
diisocyanate. Flocculating agents, such as polyamines, polyethyleneimine, polystyrene
sulfonates, and various phosphates, have been used extensively to cross-link cells using
physical bonds. Crosslinking is rarely used as the only means of immobilization, because
poor mechanical properties of the aggregates are severe limitations. Crosslinking is most
often used to enhance the other methods of immobilization described.

Fig. 6. Crosslinking technique.

Advantages of enzymes immobilized using the crosslinking technique:

¢  The immobilization is support-free.

¢  Cross-linking between the same enzyme molecules stabilises the enzymes by increasing
the rigidity of the structure.

Disdvantages of enzymes immobilized using the crosslinking technique:

e Harshness of reagents of crooslinking is a limiting factor in applying this method to
many enzymes.

¢ The enzyme may partially lose activity or become totally inactivated in case the cross-
linking reagent reacted across the active site.

1.5 Examples of matrices and shapes for immobilization

Matrices for immobilization can be classified according to their chemical composition as
organic and inorganic supports. The former can be further classified into natural and
synthetic matrices as in Table 2 (Elnashar, 2005).
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Organic Inorganic

Natural polymers Minerals
Polysaccharides Attapulgite clays
Cellulose Bentonite

Dextran Kieselgur

Starch Pumic stone

Agar and agarose Hornblend

Alginate Diatomaceous earth
Carrageenans Sand

Chitin and chitosan

Proteins

Collagen

Gelatin

Albumin

Ferritin

Synthetic polymers Fabricated materials
Polystyrene Non-porous glass
Polyacrylate and polymethacrylate Controlled pore glass
Polyacrylamides Controlled pore metal oxides
Hydroxyalkyl methacrylate Alumina catalyst
Vinyl polymer Porous silica

Maleic anhydride polymer Silochrome
Polyethyleneglycol Iron oxide
Aldehyde-based polymer Stainless steel

Table 2. Chemical classification of enzyme matrices.

The shape of the carrier can be classified into two types, i.e. irregular and regular shapes such
as (A): beads; (B): fibres; (C): hollow spheres; (D): thin films; (E): discs and (F): membranes.
Selection of the geometric properties for an immobilized molecule is largely dependent on
the peculiarity of certain applications.

Gel disks are widely used in the literature. Researchers usually use the casting method, e.g. a
Petri dish, to make a single film of gel and then cut it into disks using cork borers. Elnashar
et al., 2005, invented a new equipment to make many uniform films in one step and with
high accuracy using the equipment "Parallel Plates" as shown in Fig. 7.

Gel beads are mostly used in industries as they have the largest surface area and can be
formed by many techniques such as the interphase technique, ionic gelation methods,
dripping method and the Innotech Encapsulator (Danial et al., 2010; Elnashar et al., 2009a).
The Innotech Encapsulator as shown in Fig. 8 has the advantage of high bead production (50
- 3000 beads per second depending on bead size and encapsulation-product mixture
viscosity), which is suitable for the scaling up production on the industrial scale.
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1.6 Properties of matrices for immobilization

The supports on which molecules such as enzymes, antibodies, antigens, etc will be
immobilized are of great interest. The term support or media is usually understood to refer
to a combination of a ligand that is firmly attached often by covalent means, and a solid
insoluble matrix. These supports have to exhibit good chemical and physical stability and
contain available functional groups to bind to the active molecule. To use a support for
immobilization of active molecules such as enzymes, a range of fundamental properties are
required, which are summarised as follows (Bickerstaff, 1995).

a. Availability of matrix from a reliable commercial source

b. Matrix has an abundance of easily derivatizable functional groups
c. Matrix has good mechanical and chemical stability

d. Matrix has good capacity for the target molecule

e. Matrix material is “user friendly”

2. Applications of immobilized molecules

2.1 Drug delivery systems

Advanced drug delivery systems (ADDS) have found applications in many biomedical
fields (Lin, 2006; Pollauf and Daniel, 2006). Drug delivery is a combination of material
science, pharmaceutics and biology (Pack et al.,, 2005). Adoption of different types of
membranes in ADDS has made it possible to release drug in an optimal fashion according to
the nature of a disease (Grayson et al., 2003). Examples of drug delivery systems include
glucose-sensitive insulin and drug loaded magnetic nanoparticles.

2.1.1 Development of glucose-sensitive insulin

The swelling or shrinking of smart hydrogel beads in response to small changes in pH or
temperature can be used successfully to control drug release, because the diffusion of the
drug out of the beads depends on the gel state (Kim et al., 1995).

Drug-delivery systems in which a drug is liberated in response to a chemical signal (e.g.
insulin release in response to rising glucose concentration) can be achieved using this system. The
exposure of a glucose-sensitive insulin releasing system to glucose resulted in the oxidation
of glucose to gluconic acid and thus a decrease in the pH, protonation and shrinking of the
polymer, leading to an increased release of insulin. The polymer swells in size at normal
body pH (pH = 7.4) and closes the gates. It shrinks at low pH (pH = 4) when the blood
glucose level increases, thus opening the gates and releasing the insulin from the
nanoparticles (Sona, 2010).

2.1.2 Drug loaded magnetic manoparticles

Nanotechnology offers the means to send the drugs to targeted sites, and has the drug
released in a controlled manner, which reduce side effects due to lower dosage and
minimize or prevent drug degradation by using pathways other than gastrointestinal.
Magnetic nanoparticles are recently applied in various fields such as MRI imaging, water
treatment, hyperthermia and drug delivery systems. Drug loaded magnetic nanoparticles
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(DLMNP) have several advantages such as: small particle size; large surface area; magnetic
response; biocompatibility and non-toxicity. DLMNP is introduced through injection and
directed with external magnets to the right organ, which requires smaller dosage because of
targeting, resulting in fewer side effects.

Recently, Yu et al., 2008 reported a novel In Vivo strategy for combined cancer imaging
and therapy by employing thermally cross-linked superparamagnetic iron oxide
nanoparticles as a drug-delivery carrier. Whereas, Kettering et al., 2009 used magnetic
iron nanoparticles with cisplatin adsorbed in them for drug release in magnetic heating
treatments for cancer.

2.2 Enzyme-Linked Inmunosorbent Assays (ELISA)

ELISA is a test used as a general screening tool for the detection of antibodies or antigens in

a sample (Farré et al., 2007). ELISA technology links a measurable enzyme to either an

antigen or antibody. The procedure for detection of Ab in patient’s sample as follows:

- Immobilize Ag on the solid support (well)

- Incubate with patient sample

- Add antibody-enzyme conjugate

- Amount of antibody-enzyme conjugate bound is proportional to amount of Ab in the
sample

- Add substrate of enzyme

- Amount of color is proportional to amount of Ab in patient’s sample.

However, ELISA technique in some cases is regarded as time consuming and it needs

special equipment to run the assay (not portable). Thus many techniques have been

developed to fasten the process such as that of Xin et al.,, 2009, where he developed a

chemiluminescence enzyme immunoassay using magnetic particles to monitor 17p-estradiol

(E2) in environmental water samples. Another technique is using simple/rapid (S/R) test.

The development of simple/rapid S/R tests has been extended from pregnancy detection of

HIV antibodies in whole blood in addition to serum and plasma (World Health

Organization, 2002).

2.3 Antibiotics production

Penicillins are the most widely used f-lactam antibiotics, with a share of about 19 % of the
estimated world-wide antibiotic market (Table 3) (Elnashar, 2005 & 2010).

Production of antibiotics is one of the key areas in the field of applied microbiology. The
conventional method of production is in stirred tank batch reactors. Since it is a no growth
associated process, it is difficult to produce the antibiotic in continuous fermentations with
free-cells. But it is a suitable case for cell immobilization, since growth and metabolic
production can be uncoupled without affecting metabolite yields. Therefore, several
attempts have been made to immobilize various microbial species on different supports
matrices for antibiotic production. The most widely studied system is the production of
penicillin G using immobilized cells of Penicillium chrysogenum (Ogaki et al., 1983). In a
recent study by Elnashar et al., they were successful to covalently immobilize pencillin G
acylase on carrageenan modified gels with retention of 100% activity after 20 reuses
(Elnashar et al., 2008).
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Table 3. Some semi-synthetic penicillins and naturally produced penicillin G.
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Fig. 9. Operational stability of immobilized PGA. Using modified gel (Carr/PEI+/GA) and
unmodified gel (Carr/KCl) for immobilization of PGA.

2.4 Medical applications particularly in therapy

Medical applications of immobilized enzymes include (Piskin, 1993) diagnosis and

treatment of diseases, among those enzyme replacement therapies, as well as artificial cells

and organs, and coating of artificial materials for better biocompatibility. Examples of

potential medical uses of immobilized enzyme systems are listed below. For more

applications, readers are encouraged to read the review article of Soetan et al., 2010, where

he reviewed the biochemical, biotechnological and other applications of enzymes.

e Asparaginase (3.5.1.1) for leukemia

e Arginase (3.5.3.1) for cancer

e  Urease (3.5.1.5) for artificial kidney, uraemic disorders

¢ Glucose oxidase (1.1.3.4) for artificial pancreas

e  Carbonate dehydratase (4.2.1.1) and catalase (1.11.1.6) for artificial lungs

¢  Glucoamylase (3.2.1.3) for glycogen storage disease

¢  Glucose-6-phosphate dehydrogenase (1.1.1.49) for glucose-6-phosphate dehydrogenase
deficiency

¢  Xanthine oxidase (1.1.3.22) for Lesch-Nyhan disease

¢  Phenylalanine ammonia lyase (4.3.1.5) for phenylketonuria

e  Urate oxidase (1.7.3.3) for hyperuricemia

¢ Heparinase (4.2.2.7) for extracorporeal therapy procedures

In addition to the above applications, we will focus the light on some important

applications as solving the problem of lactose Intolerant people, production of fructose for

diabetics and for people on diet regimen, and treatment of rheumatoid arthritis and joint

diseases.
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2.4.1 Solving the problem of lactose intolerant people

[-galactosidase is widely used in milk industries for hydrolysis of lactose to glucose and
galactose. Lactose is the main carbohydrate contained in milk at a concentration between 5%
and 10% (w/v) depending on the source of milk (Ordonez, 1998). Lactose could also be
found in whey permeate at higher concentrations. The consumption of foods with a high
content of lactose is causing a medical problem for almost 70% of the world population,
especially in the developing countries, as the naturally present enzyme (p-galactosidase) in
the human intestine, loses its activity during lifetime (Richmond & Stine, 1981). Undigested
lactose in chyme retains fluid, bacterial fermentation of lactose results in production of
gases, diarrhoea, bloating and abdominal cramps after consumption of milk and other dairy
products.

Unfortunately, there is no cure to "lactose intolerance". This fact, together with the relatively
low solubility and sweetness of lactose, has led to an increasing interest in the development
of industrial processes to hydrolyze the lactose contained in dairy products (milk and whey)
with both the free and immobilized conditions (German, 1997). The studies have shown that
glucose and galactose, the two monosaccharides hydrolosates of lactose (products
hydrolyzed from lactose), are four times sweeter than lactose, more soluble, more digestible
(Sungur & Akbulut, 1994), and can be consumed by ‘lactose intolerant” people. Immobilized
[-galactosidase on thermostable biopolymers of grafted carrageenan were studied recently
by Elnashar and Yassin and interesting results were obtained (Elnashar and Yassin, 2009a,
2009b).

-+
+ ~Chitosan-N=CH-(CH,);-HC=N-Enz
-+
Carrageenan Chitosan Glutaraldehyde | B-Galactosidase
Gel disk Hardener (Spacer arm) (Enzyme)
(-0S0y) (-NH;", NH,) (-CHO) (-NH,)

Fig. 10. Carrageenan coated chitosan followed by glutaraldehyde (GA) as a spacer arm to
immobilize covalently -galactosidase (Enz) to the chitosans amino groups via Schiff's base
formation.

2.4.2 Fructose for diabetics and for people on diet regimen

People on diet regimen and patients suffering from diabetes are highly recommended to
consume fructose rather than any other sugar. Fructose can be produced from starch by
enzymatic methods involving a-amylase, amyloglucosidase, and glucose isomerase,
resulting in the production of a mixture consisting of oligosaccharides (8%), fructose (45%),
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and glucose (50%) (Gill et al., 2006). However, separation of fructose from this high content
fructose syrup is costly and thus makes this method uneconomical. In industries, inulinases
are used to produce 95% of pure fructose after one step of the enzymatic hydrolysis of
inulin. Industrial inulin hydrolysis is carried out at 60 °C to prevent microbial contamination
and also because it permits the use of higher inulin substrate concentration due to increased
solubility., Elnashar et al., have succeeded recently to produce a thermostable inulinolytic
immobilized enzyme, which would be expected to play an important role in food and
chemical industries, in which fructose syrup is widely applied (Elnashar et al., 2009; Danial
et al., 2010).
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Fig. 11. Optimization of the enzyme loading capacity using grafted alginate beads prepared
by the one-step method. Where 0.5g of the gel beads were soaked in 5 ml of 1:20, 1:15, 1:10,
1:5,1:3, 1:2 and 1:1 dil enzyme in 0.1 M acetate phosphate buffer at pH 4.8 for 16 h.

2.4.3 Treatment of rheumatoid arthritis and joint diseases

Superoxide dismutase (SOD) and catalase (CAT) have been encapsulated in
biodegradable microspheres (MS) to obtain suitable sustained protein delivery
(Giovagnoli, 2004). A modified water/oil/water double emulsion method was used for
poly (D,L-lactide-co-glycolide) (PLGA) and poly (D, L-lactide) PLA MS preparation co-
encapsulating mannitol, trehalose, and PEG400 for protein stabilization. SOD release from
PLGA MS may be potentially useful for long-term sustained release of the enzyme for the
treatment of rheumatoid arthritis or other intra-articular and joint diseases (inflammatory
manifestation).
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2.5 Non medical applications of immobilized enzymes

2.5.1 Treatment of pesticide-contaminated waste

Application of pesticide in agriculture serves to lower the cost of production, increase crop
yields, provide better quality produce and also reduce soil erosion. Although pesticides are
toxic and have adverse effect on human health and the environment, their use is inevitable
in many cases as an effective means of controlling weeds, insect, and fungus, parasitic and
rodent pests. One of the most important technologies to be applied for this approach is
immobilized enzyme. The immobilized enzyme is capable of breaking down a range of
pesticide-contaminated waste as organophosphate insecticides (Horne et al., 2002; Sharmin
et al., 2007).

2.5.2 Neutralizing dangerous chemical gases or vapors

The use of immobilized enzymes in the national security arena has shown to be promising.
For example, they could include infiltrating items such as air filters, masks, clothing, or
bandages with the concentrated immobilized enzymes to neutralize dangerous chemical
gases or vapors (Ackerman and Lei, 2008).

2.6 Purification of proteins

Protein purification is an important objective in industrial enzymes in order to increase
the enzyme's specific activity and to obtain an enzyme in its pure form for a specific goal.
Affinity ligands is the most used technique for purification of target molecules as it can
reduce the number of chromatographic steps in purification procedures to one or two
steps. Immobilization of affinity ligands to an insoluble support can be a powerful tool in
isolation of particular substances (e.g. protein) from a complex mixture of proteins. Some
examples of affinity ligands are immobilized carbohydrate-binding proteins and
immobilized metal ions. Another technique for protein purification is using Electric field
gradient focusing (EFGF). For more information on the principles and methods of protein
purification, readers should refer to the handbook "Purifying challenging proteins:
principles and methods" in 2007.

2.6.1 Immobilized carbohydrates-binding proteins

Purification of proteins could be performed using immobilized carbohydrates such as
mannose, lactose and melibiose. For example, immobilized lactose on sepharose 4B™ will be
selective for purification of lactase from a mixture of other proteins. More information on
this technique can be found in the book "Immobilized affinity ligand techniques"
(Hermanson et al., 1992).

2.6.2 Electric Field Gradient Focusing (EFGF)

Electric field gradient focusing is a member of the family of equilibrium gradient focusing
techniques (e.g gel electrophoresis). It depends on an electric field gradient and a counter-
flow to focus, concentrate and separate charged analytes, such as peptides and proteins.
Since analytes with different electrophoretic mobilities have unique equilibrium positions,
EFGF separates analytes according to their electrophoretic mobilities, similar to the way
isoelectric focusing (IEF: electrophoresis is a pH gradient where the cathode is at a higher
pH value than the anode) separates analytes according to isoelectric points. The constant
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counter flow is opposite to the electrophoretic force that drives the analytes. When the
electrophoretic velocity of a particular analyte is equal and opposite to the velocity of the
counter flow, the analyte is focused in a narrow band because at this position the net force
on it is zero.

However, EFGF avoids protein precipitation that often occurs in IEF when proteins reach
their isoelectric points and, therefore, can be applied to a broad range of proteins. Sun (2009)
in his Ph.D. thesis demonstrated that protein concentration exceeding 10,000-fold could be
concentrated using such devices.

2.7 Extraction of biomolecules using magnetic particles

The traditional methods for biomolecules purification such as centrifugation, filtration, and
chromatography can today be replaced by the use of magnetic particles. They are reactive
supports for biomolecules capturing. Their use is simple, fast, and efficient for the extraction
and purification of biomolecules. In the biomedical Weld, numerous publications deal with
the use of magnetic particles for biomolecule extraction (Delair and Meunier, 1999), cell
sorting (Kemshead et al.,, 1985), and drug delivery (Langer, 1990). Magnetic beads are
widely used in molecular biology (Andreadis and Chrisey, 2000), medical diagnosis
(Myrmel et al., 2000), and medical therapy (Kemshead et al., 1985).

The major application concerns the extraction of biomolecules such as proteins (Ding and
Jiang, 2000), antibodies, and nucleic acids (Rouquier and Tracks, 1995). Magnetic beads
carrying antibodies are also used for specific bacteria (Kemshead et al., 1985) and virus
captures (Myrmel et al., 2000). Krupey in 1994 patented a method for virus capture process.
The method was based on interactions between viruses and anionic polymers, leading to the
precipitation of complexes by charge neutralization. After the capture step, viruses were
extracted by centrifugation. At the current time, to our knowledge, only one method using
magnetic beads has been published recently (Ifiata et al., 2003). In these studies, some DNA
and RNA viruses were concentrated more than 100 and 1000 times, respectively, using
polyethyleneimine (PEI)1-conjugated magnetic beads.

2.8 Heavy metals removal

Heavy metal pollution is an environmental problem of worldwide concern. Several
industrial wastewater streams may contain heavy metals such as; Pb, Cr, Cd, Ni, Zn, As, Hg,
Cu, Ag. Traditionally, precipitation, solvent extraction, ion-exchange separation and solid
phase extraction are the most widely used techniques to eliminate the matrix interference
and to concentrate the metal ions. Many materials have been used to remove them such as
sorbents (Abdel Hameed and Ebrahim, 2007) (e.g. silica, chitosan, sponge, etc) and
biosorbents (Shareef, 2009) (e.g. immobilized algae).

Biosorbents: can be defined as the selective sequestering of metal soluble species that result
in the immobilization of the metals by microbial cells such as cyanobacteria. It is the
physicochemical mechanisms of inactive (i.e. non-metabolic) metal uptake by microbial
biomass. Metal sequestering by different parts of the cell can occur via various processes:
complexation, chelation, coordination, ion exchange, precipitation, reduction. Size of
immobilized bead for metals removal is a crucial factor for use of immobilized biomass in
bio-sorption process. It is recommended that beads should be in the size range between 0.7
and 1.5 mm, corresponding to the size of commercial resins meant for removing metal ions.
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Abdel Hameed and Ebrahim, 2007 in their review article, has revealed some of the
immobilized algae on different matrices that have potential in heavy metals removal due to
its high uptake capacity and abundance.

2.9 Production of biosensors

Biosensors are chemical sensors in which the recognition system utilizes a biochemical
mechanism (Jianrong et al., 2004). A biosensor is a sensing device made up of a combination
of a specific biological element and a transducer. The ”specific biological element” such as
antibodies, (Rodriguez-Mozaz et al.,, 2004) enzymes (Nistor, 2002), bacteria (Philp et al.,
2003; Petanen and Romantschuk, 2002) and DNA (Marrazza et al., 1999) recognizes a
specific analyte such as pollutions (toxicity caused by pesticides, phenols, mercury, arsenic,
etc) and the changes in the biomolecule are usually converted into electrical signal (which is
in turn calibrated to a certain scale) by a transducer.

2.10 Production of biodiesel

The idea of using biodiesel as a source of energy is not new (Sawayama et al., 1995), but it is
now being taken seriously because of the escalating price of petroleum and, more
significantly, the depletion of fossil fuels (oil and gas) within the next 35 years and the
emerging concern about global warming that is associated with burning fossil fuels
(Gavrilescu and Chisti, 2005). Biodiesel is much more environmentally friendly than
burning fossil fuels, to the extent that governments may be moving towards making biofuels
mandatory (Biodiesel review, 2006). The global market survey of biodiesel has shown a
tremendous increase in its production.

Biodiesel is made by chemical combination of any natural oil or fat with an alcohol such
as methanol and a catalyst (e.g. lipases) for the transesterification process.
Transesterification is catalyzed by acids, alkalis (Meher et al., 2006) and lipase enzymes
(Sharma et al., 2006). Use of lipases offers important advantages as it is more efficient,
highly selective, involves less energy consumption (reactions can be carried out in mild
conditions), and produces less side products or waste (environmentally favorable).
However, it is not currently feasible because of the relatively high cost of the catalyst
(Fukuda et al., 2001).

On the industrial level, a number of methods for the immobilization of lipases on solid
supports have been reported (Pedersen and Christensen, 2000). Commercially available
lipases are supplied both as lyophilised powders, which contain other components in
addition to the lipase (Salis et al., 2005). The immobilized lipases most frequently used for
biodiesel production are lipase B from Candida Antarctica (Chang et al., 2005). This is
supplied by Novozymes under the commercial name Novozym 435® (previously called
SP435) and is immobilized on an acrylic resin. The Mucor miehei commercial lipase
(Lipozyme IM60 - Novozym) immobilized on a macroporous anionic exchange resin has
also been extensively used for the same purpose (De Oliveira et al., 2004).

2.11 Life detection and planetary exploration

Analytical techniques based on mass spectrometry have been traditionally used in space
science. Planetary exploration requires the development of miniaturized apparatus for in
situ life detection. Recently, a new approach is gaining acceptance in the space science
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community: the application of the well-known, highly specific, antibody-antigen affinity
interaction for the detection and identification of organics and biochemical compounds.
Antibody microarray technology allows scientists to look for the presence of thousands of
different compounds in a single assay and in just one square centimeter. The detection of
organic molecules of unambiguous biological origin is fundamental for the confirmation of
present or past life.

Preservation of biomarkers on the antibody stability under space environments, smaller
biomolecules, such as amino acids, purines, and fatty acids, are excellent biomarkers in the
search for life on Mars, but they may be much less resistant to oxidative degradation. Recent
work by Kminek and Bada, 2006 showed that amino acids can be protected from radiolysis
decomposition as long as they are shielded adequately from space radiation. They estimated
that it is necessary to drill to a depth of 1.5 to 2 m to detect the amino acid signature of life
that became extinct about three billion years ago. A microfabricated capillary (Barron, 2008)
electrophoresis device (kind of new immobilization technology) for amino acid chirality
determination was developed for extraterrestrial exploration (Hutt et al., 1999). Recently,
antibody microarray, a new immobilization technology that kept the stability of antibody
under space environment allowed it to be applied for planetary exploration Exomars
mission, 2005.

3. Recent advances in supports and technologies used in enzyme
immobilization

In the search for suitable supports for enzyme immobilization, it was found that physical
and chemical properties (e.g. pore size, hydrophilic/hydrophobic balance, aquaphilicity and
surface chemistry) of support could exert effect on enzyme immobilization and its catalytic
properties (Cao et al, 2003). Thus there was a need for new immobilization
techniques/supports to avoid such shortcomings (Xie et al., 2009). The following are some
examples of the recent carriers and technologies used for enzyme immobilization.

3.1 New carriers used in immobilization

3.1.1 Mesoporous support

Over the last few years, mesoporous support such as silica and silicates having pore size of
2-50 nm has been developed and being considered as one of the most promising carriers for
enzyme immobilization (Chen et al., 2007b; Kim et al., 2007; Rosales-Hernandez et al., 2007;
Wang et al., 2007; Wang et al., 2008a). The exploitation of novel carriers that enable high
enzyme loading and activity retention has become the focus of recent attention (Boller et al.,
2002). The large surface areas and greater pore volumes of these materials could enhance the
loading capacity of an enzyme and the large pores in the support facilitate transport of
substrate and product (Chong and Zhao, 2004).

Functional mesoporous material resulted in exceptionally high immobilization efficiency
with enhanced stability, while conventional approaches yielded far lower immobilization
efficiency (Lei et al., 2002). Additionally, the increase in the thermal stability of immobilized
enzyme indicated that protein inside a confined space could be stabilized by some folding
forces which did not exist in proteins in bulk solutions (Wang et al., 2008b). Confinement of
the support nanopore could be similar to the macromolecular crowding (Cheung and
Thirumalai, 2006), and could also stabilize the enzyme at high temperature.
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Nanoporous gold (Szamocki et al., 2007) and nanotube (Chen et al., 2001; Wan et al., 2008)
have also been used to immobilize enzymes. Most of the obtained immobilized enzymes
were used in the electrode preparation and biosensor applications. The modified porous
gold electrode shows an overall increased signal, and therefore a better detection limit and
higher sensitivity when used as sensors.

3.1.2 Magnetic hybrid support

The use of magnetic supports for enzyme immobilization enables a rapid separation in an
easily stabilized fluidized bed reactor for continuous operation of enzyme. It can also reduce
the capital and operation costs (Bayramoglu et al., 2008). Due to the functionalization (Dyal
et al., 2003) of enzyme and its suitable microenvironment, magnetic materials were often
embedded in organic polymer or inorganic silica to form hybrid support (Liu et al., 2005).
Recently, because of the low enzyme loading on the conventional magnetic beads (Liu et al.,
2005), further attention was paid to the magnetic mesoporous support (Sadasivan and
Sukhorukov, 2006). Magnetite mesoporous silica hybrid support was fabricated by the
incorporation of magnetite to the hollow mesoporous silica shells, which resulted in the
perfect combination of mesoporous materials properties with magnetic property. The
produced hybrid support has shown to improve the enzyme immobilization (Kim et al.,
2005).

3.2 New technologies for enzyme immobilization

3.2.1 Single enzyme nanoparticles

In the field of industrial enzymes, there is a great research for improving the enzyme
stability under harsh conditions. As an innovative way of enzyme stabilization, “single-
enzyme nanoparticles (SENs)” technology was rather attractive because enzyme in the
nanoparticle exhibited very good stability under harsh conditions (Hegedus and Nagy,
2009; Yan et al., 2006). Kim and Grate (2003) have developed armored SENs that surround
each enzyme molecule with a porous composite organic/ inorganic network of less than a
few nanometers thick. They significantly stabilized chymotrypsin and trypsin and the
protective covering around chymotrypsin is so thin and porous that a large mass transfer
limitation on the substrate could not take place.

Yan et al. (2006) provided a simple method that yields a single enzyme capsule with
enhanced stability, high activity and uniformed size. The 2-step procedure including surface
acryloylation and in situ aqueous polymerization to encapsulate a single enzyme in nanogel
to provide robust enzymes for industrial biocatalysis. The immobilized horseradish
peroxidase (HRP) exhibited similar biocatalytic behavior (Km and kcat) to the free enzyme.
However, the immobilization process significantly improved the enzyme\s stability at high
temperature in the presence of polar organic solvent.

3.2.2 Enzymatic immobilization of enzyme

The use of green chemistry rather than using harsh chemicals is one of the main goals in
enzyme industries to avoid the partial denaturation of enzyme protein. An emerging and
novel technology is to fabricate solid protein formulations (Tanaka et al., 2007; Wong et al.,
2008). As model proteins, enhanced green fluorescent protein (EGFP) and glutathione S-
transferase (GST) were tagged with a neutral Gln-donor substrate peptide for MTG (Leu-
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Leu-GIn-Gly, LLQG-tag) at their C-terminus and immobilized onto the casein-coated
polystyrene surface (Tanaka et al., 2007).

Luciferase (Luc) and glutathione-S-transferase (GST) ybbR-fusion proteins were
immobilized onto PEGA resin retaining high levels of enzyme activity using
phosphopantetheinyl transferase (Sfp) mediating site-specific covalent immobilization
(Wong et al., 2008). In general, the Sfp-catalyzed surface ligation is mild, quantitative and
rapid, occurring in a single step without prior chemical modification of the target protein.

3.2.3 Microwave irradiation

The use of porous supports for immobilization of enzymes is difficult to distribute because
of diffusion limitations (Buchholz, 1979) and they often remain only on external channel
(Chen et al., 2007a). For enzymes having large dimensions, such as penicillin acylase (PA),
the mass transfer is even slower. The immobilization of such enzyme to porous materials
can prove tedious using conventional techniques (Van Langen et al., 2002).

Wang et al., 2008b & 2009a have recently succeeded to immobilize papain and PA using the
adsorption technique into the mesocellular siliceous foams (MCFs) using microwave
irradiation technology. Reaction time of 80 and 140 s were enough for papain and PA to
attach on the wall of MCFs, respectively. The activities of papain and penicillin acylase
immobilized with microwave-assisted method were 779.6 and 141.8 U/mg, respectively. In
another experiment, macromolecules crowding was combined with small molecular
quenching to perfect microwave-assisted covalent immobilization (Wang et al., 2009a).

3.2.4 Photoimmobilization technology

In the field of immobilization of biomolecules, potential applications of photoimmobilization
using nitrene groups could take place. Nitrene groups have a property of insertion into C-H
bond. When photoreactive polymer and horseradish peroxidase or glucose oxidase are
exposed to ultraviolet (UV) light at 365 nm, the reactive nitrene immobilizes the protein
molecules in 10 to 20 min through covalent bonding (Naqvi and Nahar, 2004). Horseradish
peroxidase (HRP) and glucose oxidase (GOD) have been immobilized onto the
photoreactive cellulose membrane by the ultraviolet and sunlight Kumar and Nahar (2007).
They found that sunlight intensity required for optimum immobilization was 21,625 lux
beyond which no appreciable increase in immobilization was observed. Moreover, sunlight
exposure gave better immobilization compared to 365 nm UV light.

3.2.5 lonic liquids

Ionic liquids, the green solvents for the future, are composed entirely of ions and they are
salts in the liquid state. In the patent and academic literature, the term “ionic liquid” now
refers to liquids composed entirely of ions that are fluid around or below 100 °C (e.g.
ethanolamine nitrate, m.p. 52-55 oC). The date of discovery of the "first" ionic liquid is
disputed, along with the identity of the discoverer. Room-temperature ionic liquids are
frequently colorless, fluid and easy to handle (Rogers and Seddon, 2003).

Versatile biphasic systems could be formed by controlling the aqueous miscibility of ionic
liquid (Gutowski et al., 2003). Based on a biphasic catalytic system where the enzyme is
immobilized into an ionic liquid (IL), Mecerreyes and co-workers (Rumbau et al., 2006) have
reported a new method which allows recycling and re-using of the HRP enzyme in the
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biocatalytic synthesis of PANI. The HRP enzyme was dissolved into the IL 1-butyl-3-
methylimidazolium hexafluorophosphate and the IL/HRP phase acts as an efficient
biocatalyst and can be easily recycled and reused several times. Due to the immiscibility
between the IL and water, the immobilized HRP could be simply recovered by liquid/
liquid phase separation after the biocatalytic reaction (Sheldon et al., 2002; van Rantwijk et
al.,, 2003). Although this new method is faster and easier than the classical immobilization of
HRP into solid supports, it is not widely applied in the industries because of the ionic
liquids' expenses. However, according to Taubert, A (2005), there will be a bright future for
ionic liquids by using inorganic materials synthesis.

4. Recommendation for the future of immobilization technology

At present, a vast number of methods of immobilization are currently available.
Unfortunately, there is no a universal enzyme support, ie. the best method of
immobilization might differ from enzyme to enzyme, from application to application and
from carrier to carrier. Accordingly, the approaches currently used to design robust
industrial immobilized enzymes are, without exception, labeled as “irrational”, because they
often result from screening of several immobilized enzymes and are not designed. As a
consequence, some of the industrial enzymes are working below their optimum conditions.
Recently, Cao L. (2005) in his book "Carrier bound immobilized enzymes" tackled this
problem as he surmised that the major problem in enzyme immobilization is not only the
selection of the right carrier for the enzyme immobilization but it is how to design the
performance of the immobilized enzyme.
The author of this review article is suggesting from his point of view as he is working in that
field for the last ten years to follow these steps in order to get to this goal in the shortest
time:
1. build a data base containing all information on the available biomolecules (enzymes,
antibodies, etc) and carriers (organic, inorganic, magnetic hybrid, ionic liquids, etc) then
2. use the dry lab (bioinformatics) to validate the probability of success and the efficiency
of the immobilization process then
3. starting the experiment in the wet lab.
The author believes that if this strategy could be performed, we should expect immobilized
molecules working at their optimum conditions, with higher stability and efficiency, which
will save money, time and effort for the prosperity of human being.
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1. Introduction

Polysaccharides are the most abundant natural biopolymers and represent by far the largest
group of polymers produced in the world: indeed more than 150,000 M tons of
polysaccharides per year are produced in comparison with about 140 M tons of synthetic
polymers (Navard, 2005).

Polysaccharides are widely diffused in nature: they can be found in plants, animals and
microorganisms, performing different fundamental biological functions. Depending on their
functional role, they can be distinguished in: energy reserve substances (e.g. starch or inulin
in plants, glycogen in animals), structural elements maintaining mechanical shape and
rigidity of the living cells (cellulose, hemicellulose and pectin in plant cell wall, chitin in
arthropod exoskeletons), and water-binding elements (agar, pectin and alginates in plants,
mucopolysaccharides in animals).

About 99% of total natural polysaccharides are located in plants and vegetables that
consequently represent a major renewable source of these biopolymers exploitable for
different purposes. Indeed, polysaccharides are presently used in all sectors of human
activities and in several application such as: food nutrients, food additives and feed
production; material science concerning the formulation of polymeric materials for different
biotechnological applications; health care for biocompatible materials, drug delivery or as
source of biologically active molecules; sustainable energy production by means of biofuels
generation (Persin et al., 2010).

The main and most abundant polysaccharides from plants and vegetables include starch,
cellulose and hemicelluloses, inulin and pectins that, thanks to their useful physical-
chemical properties such as emulsifying power, viscoelasticity, polyelectrolyte
conformation, adherence, bio-compatibility, stabilizing power, et cetera are usually exploited
in the above mentioned fields of application. In addition, several other polysaccharides with
different structures and properties are continuously isolated and are under investigation in
relation to their features and potential employment in several industrial sectors.
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Plant polysaccharides are used in food production mainly as source of carbohydrates,
monomer sugars, sweet syrups, sweeteners and dietary fibres. Starch from potato, corn and
other starchy plants, is the main source of sweeteners such as maltose, glucose or fructose
syrups in addition to other products including prebiotics, mannose, sorbitol and vitamin C,
ethanol, ef cetera. Inulin and related oligofructoses, from chicory and Jerusalem artichoke,
are used as functional food ingredients and can contribute to reduce the risk of many
diseases by stimulating the immune system, decreasing the levels of intestine pathogenic
bacteria, and lowering the synthesis of triglycerides and fatty acids in the liver, et cetera
(Kaur & Gupta, 2002). Pectin, from apple and citrus fruits, is widely used as functional food
ingredient and it is listed among the ingredients of innumerable food products: its
worldwide annual consumption is estimated to be around 45 million kilograms, with a
global market value of to be least 400 million euros. Its industrial utilisation is based mainly
on its gelling properties for the production of jams and jellies, fruit juice, confectionary
products and bakery fillings; nevertheless, pectin is also used for the stabilisation of
acidified milk drinks and yogurts (Willats et al., 2006). Non-starch polysaccharides isolated
from fruits and vegetables (cellulose, hemicelluloses, pectins) are the main constituents of
the so-called dietary fibres, which include a host of different polymers, highly variable in
terms of molecular size, structure and monomeric composition. They are widely employed
in the industrial food production also as additives, thickeners, emulsifiers, gelling and
texturizing agents, fat and/or sugar replacers in low-calories food preparations, (Sanjay &
Gross. 2001).

Natural polysaccharides from plants are non-toxic, biocompatible, biodegradable and water
soluble. Such properties make them suitable for different pharmaceutical and biomedical
uses. Indeed, several polysaccharides (starch, pectins, cellulose and others) find manifold
medical applications as drug delivers, inert diluent for drugs, wound dressing, as
constituents for scaffolds and implants in tissue engineering, et cetera. Medical uses of
polysaccharides also rely on their direct beneficial effects on human health like for example
blood cholesterol reduction displayed by pectins in a wide variety of subjects and
experimental conditions (Sriamornsak, 2003). Dietary fibres positively affect health by
decreasing intestinal transit time and increasing stools bulk, reducing blood total and/or
LDL cholesterol levels, or reducing post-prandial blood glucose and/or insulin levels
(Champ et al., 2003). In addition, it is noteworthy that plant polysaccharides can be
considered also as an emerging class of bioactive molecules displaying anti-cancer, anti-
oxidant, anti-bacterial, anti-virus and chemo-preventive effects. They could play important
roles in several physiological and pathological conditions and in this context many
researches have been carried out to assess their biological activity. Some interesting
examples include polysaccharides extracted from mulberry leafs, showing anti-oxidant
properties (tested as DPPH-scavenging activity) and good anti-bacterial effects against some
common pathogens such as B. subtilis, E. coli and S. aureus (Wang & Jiang, 2010); high
molecular weight polysaccharides from Opuntia ficus-indica accelerating re-epithelization in
a model of dermal wound (Trombetta et al., 2006) or those from Salvia chinensis eliciting B
lymphocytes in vivo (Liu et al., 2002) or even some pectic polysaccharides from ginseng that
are able to rescue cell viability from rotavirus infection (Baek et al., 2010). Finally,
polysaccharides extracted from plants such as Aloe barbadensis Miller, Lentinus edodes,
Ganoderma lucidum, Coriolus versicolor, resulted to exert both anti-genotoxic and anti-tumor
promoting activities in vitro models and thus might be considered as potential cancer
chemo-preventive substances (Hyung et al., 1999).
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Other potential medical applications of polysaccharides have been recently envisaged also
in the fields of tissue engineering and regenerative medicine: thanks to their similarities
with the extracellular matrix, to their chemical versatility as well as to their good biological
performance (commonly they are used in nature as structural materials), these biopolymers
(for instance starch, cellulose, arabinogalactan) are among the most studied and promising
natural polymers that have been suggested for tissue engineering (Mano et al., 2007).

The well known self-assembly capabilities and stimuli responsiveness of polysaccharides
make them suitable bio-materials for different applications in fields like biodegradable
plastic production, nano-material science and the already discussed bio-compatible
materials production for medical uses. Polysaccharides are used with or without chemical
modifications that have been the object of several researches in order to obtain new
biodegradable and sustainable materials (Gandini, 2008). Starch has been extensively
exploited for the realisation of biodegradable plastic and resins that can be blown into film,
injection moulded and thermoformed; it is also fermented to lactic acid producing poly-
lactic acid polymers and co-polymers employed for biodegradable plastic production
(Narayan, 1994); in addition. it is currently object of massive research efforts for the
production of the so-called thermoplastic starch and the processing of foamed materials for
loose-fill packaging (Gandini, 2008). Cellulose from wood pulp is mostly used for the
production of paper and cardboard and the regeneration of fibres and films (for coatings,
laminates, optical films), as well as for building materials, pharmaceuticals, foodstuffs, and
cosmetics (Klemm et al., 2005); microfibrils are also employed in nano-material science for
manufacturing nano-paper or as reinforcing elements in composite materials (Gandini,
2008); cellulose whiskers have been used as mechanical reinforcing agents for low-thickness
polymer electrolytes for lithium battery applications, in the reference (Azizi Samir et al.,
2005). Starch, cellulose and pectin have been together also the subject of intense research to
assess their use as electroactive polymers. These latter are a new class of materials that can
be potentially used for several applications as biosensors, environmentally sensitive
membranes, artificial muscles, solar materials, ef cetera (Finkenstadt, 2005).

The rising global energy requirements together with the depletion of fossil fuel reserves
have highlighted the importance of developing technologies to exploit renewable energy
sources and for clean carbon-neutral fuel productions, i.e. biofuels. Polysaccharides are
renewable sources of monomer sugars to ferment for the production of bioethanol, one of
the most used biofuel in the world. Starch from corn is nowadays one of the main sources of
bioethanol, although also cellulosic biomasses are under investigation because they could
allow ethanol production without displacing agricultural food crops like corn. Nevertheless,
biological transformation of cellulose to ethanol is a technology still under investigation
because of the harsh conditions required for the industrial process that make it still far from
being efficient and costly effective (Chang, 2007).

2. Vegetable wastes: new polysaccharides’ sustainable sources

Polysaccharides recovered from plants and vegetables represent a renewable source of food,
chemicals, materials and energy. They are ubiquitous and constitute carbon-neutral
feedstock for several production processes. For these reasons they may offer potential
solutions to the actual need of a sustainable development thus fulfilling the increasing
demand of energy or materials and at the same time facing the depletion of fossil reservoirs.
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As mentioned above, different types of polysaccharides are currently extracted from a
variety of vegetable sources in order to obtain biopolymers for multiple uses: all these
processes have both economical and environmental costs, not only depending on the
chemical and/or thermal treatments required for the extraction of the biopolymers, but also
affected by the starting materials, mostly represented by feedstock (e.g. cereals or potatoes
for starch; bran for cellulose; citrus fruits for pectins, et cetera).

Therefore, the search of alternative polysaccharide sources is crucial in order to reduce the
constraints of food/non-food competition and to ensure the sustainable use of biomasses
without negatively interfering with the food chain.

A good candidate to this purpose is represented by under-utilised biomasses such as
residues of vegetable processing for food production. Indeed, transformation and packaging
of fruits and vegetables by food industry generate every year a huge amount of wastes that
represent a worldwide problem for both the environmental and the economical aspects.
Processing of fruits and vegetables is wasteful due to materials discarded from wholesale
markets and food waste stuff; in addition, by-products come from processing and packing
procedures since only a fraction of the incoming biomass is effectively used for food
production (Mahro & Timm, 2007). As an example, industrial processing of vegetables for
juices production or canning generates huge amounts of wastes constituted by peels, seeds,
pulps that account for 30-50 % of input materials; on the other hand selection for packing
and preservation discards about 5-30 % of the original feedstock, mainly including fruits or
vegetable that are unripe, damaged during transportation or that lack the required features
for packing and selling. The management of such wastes represents a critical issue for food
industries that process tons of feedstock every year. In fact, disposal of vegetable residues
has a notable spin off both in terms of costs and environmental pollution, because of their
high organic matter content. Usually, food industry by-products are disposed in landfills
and only partially reused by composting or drying for animal feeding and land fertilizing.
Nevertheless, modern eco-compatible technologies offer more efficient strategies to recycle
these wastes in order to use them as a sustainable source for the extraction of value added-
chemicals such as different kinds of polysaccharides useful for manifold applications. In
addition, it is remarkable that many plant polysaccharides have not yet been discovered and
therefore the further exploitation of alternative biomasses, like vegetable wastes, for the
sustainable production of materials, drugs and energy can deeply be implemented in the
next future.

2.1 Polysaccharides from vegetable wastes: exploitation of residues from industrial
processing of fruits, legumes and cereals for food production

Several examples concerning the exploitation of vegetable wastes for the production of
useful polysaccharides are available in literature: some of them are well established
industrial processes, as in the case of pectin extraction, many others refer to new potentially
valuable sources, largely unexplored that have stimulated research interest in relation to
“green” extraction methods implementation, novel polysaccharide identification and
investigation about their potential applications. In Table 1 selected examples of vegetable
wastes rich in polysaccharides are reported, including some of the most diffused and
abundant fruits, vegetable, legume and cereal crops processed by food industry. Data
shown here refer in particular to isolation techniques used, extraction yields and
polysaccharide chemical composition.
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Waste Extraction Total  Molecular Monosaccharide Composition Reference
source technique Yield Weight (% molar ratio or

(%) (KDa) mg/g dry weight)
Apple EtOH (85%) 7.7 233.4 GalA/Ara/ Gal / Gle/ Rha/Xyl Min
pomace at 70 °C; oxalic (853.5/37.3/23.3/16.9/9.6/7.3) etal., 2011
acid-ammonium (mg/g dry weight)
oxalate (pH 4.6)
at 85°C
Apple Mixing in H20; 4.6 231.7 GalA/Ara/ Gal / Rha/Glc/ Xyl Min
pomace homogenization; (693.2/78.04/26.2/ 15.47/14.8/13.2) etal., 2011
autoclave (mg/g dry weight)
at121 °G;
B-glucanase
(Viscozyme® L)
Apple Phenol/acetic 41 N.D. Fuc/Ara/Xyl/Man/Gal/Glc/UronicA Watt
pomace acid/H0; (5.6/12/25.3/6.9/12/46.2/2.8) et al., 1999
CDTA chlorbutol; (% molar ratio)
1M KOH;
4M KOH
Orange peels Microwave pre- 18 64 GalA Kratchanova
treatment; drying (665) etal., 2004
at 60 °C; 0.5M HCl (mg/ g dry weight)
at 80 °C
Citrus peels Enzyme 126 180 Rha/Fuc/Ara/Xyl/Man/Gal/Glc/GalA  Zykwinska
extraction (10/2/71/7/10/34/12/756) et al. 2008
(protease, cellulase) (mg/ g dry weight)
Citrus peels Sequential 36-86 N.D. Identified as pectin according to Wang
Extraction: Yu & Love, (1996) et al., 2008
EtOH/H,O
Bergamot Sequential 452 N.D. Glc/GalA/Ara/Gal/Xyl/Man/Rha/Fuc ~ Mandalari
peels (Citrus Extraction: (217.1/216.6/66.2/48.1/29.7/24.6/7.8/5.1) et al., 2006
bergamia EtOH/HO (mg/g dry weight)
Risso) (EtOH insoluble
fraction)
Bergamot Sequential 29.8 N.D. Glc/Ara/Rha/Man/GalA/Gal/Xyl/Fuc ~ Mandalari
peels (Citrus Extraction: (328.6/43.7/36.4/24.3/19.2/4.7/2.8/22)  etal., 2006
bergamia EtOH/HO (mg/g dry weight)
Risso) (EtOH soluble
fraction)
Banana peels Sequential 217 573-249 GalA/Rha/Ara/Xyl/Man/Glc/Gal Happi Emaga
Extraction: (69.1/05/1.7/ 05/ 1.2/ 43/ 1.0) etal., 2008
H0/ (% molar ratio)
Chelating agent/
Acid solution
Plantain Sequential 14.6 570-129 GalA/Rha/Ara/Xyl/Man/Glc/Gal Happi Emaga
peels Extraction: (48.3/0.5/9.0/6.5/2.7/6.6/4.0) etal., 2008
H0/ (% molar ratio)
Chelating agent/
Acid solution
Peanut cakes EtOH 258 N.D. Gal (main component) Song
extraction etal., 2011
Agro-waste Distilled H:O, pH 8.1-548 N.D Cellulose, hemicelluloses, galactans, Kuan
materials 11 under stirring arabans, pentosans & Liong,
2008
Soy hull 0.1 M HCl at 95°C; 28 N.D. GalA Kalapathy
precipitation with (720) & Proctor,
2-propanol, pH 3.5 (mg/g dry weight) 2001

Table 1. Exploitation of wastes from fruit and vegetable processing for polysaccharide
productions. Abbreviations: Glc=glucose, Xyl=xylose, Gal=galactose, Gal A=galacturonic
acid, Fuc=fucose, Man=mannose, Ara=arabinose, Rha=rhamnose, Uronic A= uronic acids.
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Apple and citrus wastes are traditionally the main sources of commercial pectin (Thibault &
Ralet, 2003). They are generated from processing industries for apple and citrus fruits after
juice extraction that are among the foremost food industries, producing about 3-4.2 x 10¢ and
15.6 x 106 M tons per year of wastes, respectively (Min et al., 2011). Therefore, the exploration
of proper disposal methods for apple pomace and citrus peels, the residue left after processing,
has been the focus of several studies aimed at improving the extraction methods and to
recover further biopolymers. Pectins are industrially obtained from apple pomace and citrus
peels by means of acid extraction (i.e. oxalic, hydrochloric, nitric and sulphuric acid) at high
temperatures (80-90°C). A new eco-friendly extraction technique was tested for apple pomace:
based on combined physical and enzyme treatments (Min et al., 2011), it afforded amounts of
pectin comparable to those obtained by means of classical chemical treatments (about 10-15%
of dry matter waste). Besides pectin, other main components of apple pomace are the cell wall
polysaccharides cellulose and xyloglucan. Recent investigations were focused on the pomace
xyloglucan component that was isolated by means of alkaline extraction and was identified as
a fucogalacto-xyloglucan. Such xyloglucan (after derivatisation procedures similar to cellulose
conversion into methylcellulose, hydroxypropylcellulose, carboxymethylcellulose) might be
useful as thickening agent, texture modifier or as a source of Dbiologically active
oligosaccharides (Watt et al., 1999).

Citrus fruits are particularly rich in pectin (ranging from 20 to 30% of dry matter waste) and
the large quantities of citrus wastes generated by the fruit juice industry represent one of the
most important raw material for the production of commercial pectin. Several varieties of
citrus fruits (including lemon, lime, orange and grapefruit) have been investigated as
polysaccharides sources and different extraction techniques have been tested: in Table 1 some
examples found in literature regarding different fruit species and alternative isolation methods
are reported. The yields and quality of the pectins extracted can be improved by means of pre-
treatment with microwaves as shown by studies carried out on orange peels. Microwaves are
able to destroy the plant tissue thus increasing the porosity and the water absorption capacity
of the plant material that results in a considerable increase in the yield of extractable pectin and
improvement of its parameters (e.g. degree of esterification, molecular mass and gel strength)
(Kratchanova et al., 2004). Milder extraction methods have been tested on different wastes and
have been applied also to citrus wastes: a remarkable example is represented by treatment
with non-pectinolytic enzymes such as cellulases (which are able to degrade cellulose and the
cellulose-like backbone of xyloglucan) as well as proteases (that are able to degrade proteins)
acting synergistically to deconstruct the cellulose/xyloglucan and protein networks, thus
facilitating pectins liberation from the cell walls. This method has been validated by extraction
yields higher than those obtained by acid treatment, generally used for pectin extraction
(Zykwinska et al., 2008). Sequential ethanol/water extraction has been used for different
varieties of citrus cultivated in Taiwan and largely employed for juices production: about
33,000 hectares are dedicated to citrus cultivation in Taiwan and the production is about
534,000 tons/year. Peels are the primary by-product of citrus fruits processing for juice
production and, if not properly treated, they become a possible source of environmental
pollution. The total pectin (including alcohol and water soluble fractions) yields obtained with
ethanol/water extraction were evaluated for eight varieties of Taiwan citrus species (i.e. Citrus
reticulata Blanco, C. tankan Hayata, C. reticulate - C. sinensis, C. grandis Osbeck, C. grandis
Osbeck CV, C. microcarpa, C. sinensis (L.), C. limon). As reported in Table 1, pectin yields from
waste peels ranged from 3.6% (w/w) in the case of Citrus tankan Hayata to 8.64% (w/w) for
Citrus grandis Osbeck (Wang et al., 2008). Another interesting example of citrus waste biomass



Polysaccharides from Wastes of Vegetable Industrial Processing:
New Opportunities for Their Eco-Friendly Re-Use 39

is represented by bergamot, Citrus bergamia Risso, residues: bergamot is used in Italy mostly
for the extraction of its essential oil, obtained by wash-scraping the fruit. The annual Italian
production of bergamot amounts to 25,000 tons and peel is an underutilized by-product of the
essential oil and juice processing industry that likewise other citrus waste peels still contains
exploitable biopolymers such as pectins. A sequential ethanol/water extraction has been used
and it afforded 29.8% polysaccharide’s yield in the 70% ethanol soluble fraction and a 45.2%
yield in the alcohol insoluble fraction. Chemical analysis of the isolated fractions showed that
both of them were mainly composed of pectic substances encasing the cellulose microfibrils
(Mandalari et al., 2006).

Besides the above mentioned examples, other fruits and vegetable processing residues
produced in huge amounts from important crops typical of different geographical areas,
have been investigated for their polysaccharides content in order to determine their
sustainability as profitable polysaccharides sources. In Table 1 some data are shown about
banana and plantain processing wastes that were investigated for their content of neutral
detergent fibre, acid detergent fibre, cellulose, hemicelluloses and pectin. These fruits are
important food crops in tropical and subtropical regions and represent one of the main
agricultural economic resources in African countries. The development of the processing
industries based on these crops and the increasing production generated a significant
amount of wastes that pose the problem of their disposal without causing environmental
pollution. In fact banana and plantain wastes, mainly consisting of peels, represent the 40%
of the total weight of fresh fruit. Different strategies have been proposed for the valorisation
of these agro-wastes like the production of methane, alcohol, adsorbents for water
purification, biomass, but the authors also point to their use as potential source of pectins
and dietary fibres that represent about 50% (w/w) of dried banana and plantain peels. Such
wastes, undergone to a sequential extraction treatment, showed to be an interesting
polysaccharide source, with particular regard to pectin quality (Happi Emaga et al., 2008).
Residues remaining after processing of legumes and cereals could also be used for
polysaccharides production, thanks to their fibre content. Peanut, for instance, is a major
legume oilseed crop grown in many areas of the world, whose annual production totals
approximately 29 million metric tons with China, India and the U.S. being the world’s three
largest producers (http:/ /www.soyatech.com/peanut_facts.htm). The processing of peanut
generates a residual cake that has been the focus of several researches aimed at the
characterization of the functional ingredients and properties of these residues, with regard
to their rheological properties, hypoglycemic capacity, water holding capacity, et cetera.
Peanut cake is also particularly rich in fibres and therefore it was investigated by means of
response surface methodology in order to assess the best polysaccharides extraction
conditions. Crude polysaccharides extracted from defatted peanut cakes were also subjected
to preliminary structural analyses and resulted to be mainly composed of o-galactose (Song
et al., 2011), although further studies to assess their functional and biological properties are
still required. Other potential sources of polysaccharides are okara (Glycine max), corn cob
(Zea mays sp.), wheat straw (Triticum sp.) and rice husk (Oryza sativa), deriving from legumes
and cereal processing: approximately 700,000 tons of okara are generated every year by the
production of tofu in Japan, whereas 880 million tons of cereals are produced annually
worldwide, of which 550 million tons are represented by wheat straw. Traditionally, these
waste materials are used as bedding for animals and livestock feeding, burned in the fields,
or added into soil as green fertilizer but in the cited study they were evaluated for their
content of dietary fibres whose chemical, physicochemical and functional properties were
studied for determining potential applications in foods. In particular the dietary fiber
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fractions isolated from corn cob and okara showed the highest water- and oil-holding
capacities, emulsifying activities and emulsion stabilities, thus suggesting possible
applications as functional ingredients in foods (Kuan & Liong, 2008). Another legume
processing waste that is generated in significant amounts is soy hull, a co-product of the
soybean industry: it is available in large quantities and might be a good and inexpensive
source of pectin (about 25%), recoverable by adapting the acid extraction method usually
employed for industrial pectin production (see data in Table 1). By means of 0.1 M HCl
treatment followed by alcohol precipitation, it is possible to recover from soy hull amounts
of pectin comparable to those obtained from citrus fruits, usually employed as commercial
feedstock for the production of this polysaccharide (Kalapathy & Proctor, 2001).

2.2 Polysaccharides from tomato, granadilla and lemon wastes: new opportunities
from alkaline treatment of residues

In this context, the search of alternative biomasses to be used as renewable sources of
polysaccharides stimulated the investigation of wastes from the industrial processing of
fruits and vegetables. Special attention has been paid to residues of the industrial
transformation of tomato and lemon, two examples of typical Italian crops destined to
canning and liquors production, respectively, and granadilla, a fruit highly diffused in
Southern America and used for fruit salads, beverages and the production of tropical fruit
juices. Food production based on processing and preservation of fruits and vegetables, like
tomato and lemon, is an important industrial sector for Italian economy, even though
generating tons of wastes every year. Indeed, the total Italian tomato production totally
amounts to nearly 9,000,000 tons/year (data from ISTAT, National Institute of Statistics,
http:/ /www.istat.it) mainly processed by food canning industry: about 1.8-2.3% (i.e.
162,000-207,000 tons) is constituted by peels and seeds that are discarded as wastes. The
total amount of lemons harvested per year is about 570,000 tons (data from ISTAT), mainly
used for the production of juices and liquors, another crucial sector of food industry in Italy,
with particular regard to Southern Italy for “limoncello” liquor production. In contrast with
other types of fruits, lemons have a small edible portion and consequently their processing
produces larger amounts of waste material (lemon pomace) constituted by peels, pulps and
seeds, thus representing a serious environmental issue. Notably, tomato and lemon wastes
have been recently tested for their capability to promote and sustain microbial growth of
biotechnologically useful microorganisms: by means of dialysis fermentation, using wastes
as cheap growth media, it has been possible to produce either enzymes and biopolymers
from extremophilic bacteria (Di Donato et al., 2011). Granadilla (Passiflora liguralis) fruits
belong to the genus Passiflora (Passifloraceae) comprising about 500 species of herbaceous
vines or trees largely distributed in the warm temperate and tropical regions of America and
Africa, with a smaller number of species occurring in South-Eastern Asia, India, Malaysia,
and Australia. Beyond their domestic use in fruit salads and in beverages, granadilla fruits
can be processed industrially to produce tropical fruit juices: processing of fruits yields
about 30% of juice, 52% of peels and 11% of seeds, whose disposal represents a considerable
problem for the countries producing Passiflora juices.

All the selected wastes were treated by means of a newly developed extraction technique
aiming at a more eco-friendly exploitation of residues (Strazzullo et al., 2003; Tommonaro et
al., 2008). In recent years isolation of polysaccharides has been the focus of several research
papers dealing with the implementation of technologies for their extraction from various
natural sources (e.g. plants or fungi). Different approaches have been proposed including hot
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water extraction, acid or alkaline extraction, ultrasound-assisted and microwave-assisted
extraction. In general, hot-water extraction is the most widely used method for polysaccharide
recovery, but it does not provide high yields, and requires long extraction times and high
temperatures; using ultrasound or microwave assisted water extractions it is possible to
accelerate the recovery process but without increasing the extraction yield, since a plenty of
polysaccharides usually remain in the water extraction residues. A recent report by Huang et
al. (2010) has been focused on the optimization of the alkaline extraction of polysaccharides
from the fungus Ganoderma lucidum employing NaOH solutions at 60.1 °C: such conditions
afforded an experimental yield value of 8.30%, close to the expected value of 8.21%, calculated
by means of a response surface methodology design. Notably, comparable polysaccharides
yields (7.5%) were previously obtained by means of KOH extraction at room temperature
(Strazzullo et al., 2003; Tommonaro et al., 2008): this is a rapid method conceived to recover
high grade polysaccharides in elevated yields with a lower environmental impact. The alkaline
method has been implemented in a previous study dealing with the recovery of minor
polysaccharides from tomato canning residues, and it has been successively applied also to
granadilla processing wastes (Tommonaro et al., 2007). Below are reported data previously
published about tomato and granadilla treatment by means of alkaline extraction that has
enabled isolation of new polysaccharides possessing interesting biological activity and
chemical-physical features useful for biotechnological applications (Tommonaro et al., 2008).
Furthermore, results obtained applying the same method to lemon processing wastes are
described in the following sections.

2.2.1 Extraction and chemical-physical analyses of polysaccharides from tomato,
granadilla and lemon wastes

Tomato canning wastes (Lycopersicon esculentum variety “Hybrid Rome”) were kindly
supplied by Fontanella Industry (Salerno, Italy). They mainly consisted of peels, seeds, rotten
and unripe fruits. Fruits of granadilla (Passiflora liguralis) were grown in Pert in subtropical
pedo-climatic conditions, at a temperature ranging from 15 to 20°C and an altitude of 1,800-
2,200 m. The fruits were harvested at the end of April, corresponding to the peak of their
ripening. Samples were brought to Italy and kept at -20°C before being analyzed. After
peeling, pulp was removed, whereas peels were freeze-dried in order to prevent microbial
alteration and used for the polysaccharides extraction procedures. Lemon wastes (Citrus
limon), generated from industrial processing of lemons for juice extraction and liquor
production, were kindly supplied by Solagri s.c. (Sant' Agnello di Sorrento, Naples, Italy).
They are identified as “lemon pomace”, mainly constituted by albedo, exhausted peels, seeds
and the remaining pulps after juice and essential oil recovery. Each waste sample was freeze-
dried in order to prevent microbial alteration and the resulting solid dried material was finely
ground to a homogeneous powder in a laboratory blender. Samples of the three selected
wastes were treated by means of an eco-compatible method, implemented for the extraction of
polysaccharides from industrial tomato wastes (Strazzullo et al., 2003; Tommonaro et al., 2008),
subsequently applied to peels of granadilla fruits (Tommonaro et al., 2007) and more recently
employed for lemon pomace. Briefly, wastes were treated with 5N KOH (1:20 g dry waste/mL
KOH) for 72 hours, under stirring at room temperature. For tomato wastes, yields of
polysaccharides extraction were determined at different KOH concentrations (0.5N, 1IN, 2N
and 5 N) and different extraction times (24, 48 and 72 hours), whilst for lemon pomace only 5N
KOH was tested at different extraction times (24, 48 and 72 hours). After extraction, the
suspensions were sieved and centrifuged at 10,000¢ for 40" in order to separate the solid
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residues. The supernatants were then added with cold ethanol 96% (v/v) dropwise under
stirring. The alcoholic solutions were stored at - 20°C overnight and then centrifuged at
10,000¢ for 1 h at 4 °C. The pellets, solved in hot water, cooled at room temperature and
dialyzed for 3 days against tap water in Spectrapore dialysis tubes (10,000-14,000 MW cut-off),
were finally frozen and lyophilized under vacuum. The extraction yields obtained by means of
this procedure for the different wastes are reported in Table 2: the lowest value was registered
in the case of granadilla peels (about 1%), followed by tomato wastes (7.5-10.0%) and the
highest value (about 14%) was displayed by lemon pomace. The lyophilized samples thus
obtained were utilized for chemical and physical analyses. First of all, aqueous solutions of
extracted polysaccharides underwent colorimetric assays for the determination of
carbohydrate content, according to the phenol/sulfuric acid method with glucose as standard
(Dubois, 1956), total protein content, according to Bradford’s method (Bradford, 1976) and
uronic acid content, according to Blumenkrantz and Asboe-Hansen’s method (Blumenkrantz
& Asboe-Hansen, 1973). Nucleic acid content was also estimated spectrophotometrically by
measuring the absorbance at 260 nm. All the extracted biopolymers were characterized by low
protein and nucleic acid contents (< 5.0%) and high carbohydrate contents, corresponding to
100%, 75.5% and 65.5% in tomato, granadilla and lemon polysaccharides, respectively. The
presence of uronic acids was notable in the lemon polysaccharide (27.5%), due to the high
content of cell-wall pectins in lemon pomace matter (MacDougall et al.,, 1996), and lower
amounts of uronic acids were detected in polysaccharides extracted from granadilla peels and
tomato wastes (5.5% and 20%, respectively).

Lycopersicon esculentum Citrus limon

Passiflora liguralis
Parameters L var. San Marzano called granadilla or (lemon pomace
(solid tomato wastes from . . from processing
passion fruits (peels)®

processing industry)? industry)c
Yield (%) 7.5-10.0 1.0 14.3
Molecular Weight >1,000,000 >1,000,000 ~1,500,000
(Da)
Carbohydrates (%) 100 75.5 65.5
Uronic Acids (%) 20 55 27.5
Proteins (%) 1.0 1.0 35
Nucleic acids (%) 1.0 <1.0 15
Monosaccharidee
cC Gle/Xyl/Gal/GalN/ Xyl/Gle/Gal/GalN/ Gal/GalA/Man/

composition GIcN/Fuc uk/Fuc (1:0.5:0.2:0.06:0.05:tr) Ara/Rha
(% molar ratio ) (1:0.9:0.5:04:0.2:tr) 0 TV R (1:0.7:0.6:0.5:tr)
TGA (°C) 250°C 280°C 295°C
[a]D 25

-177.58 -186.42 -98.654
(1 mg/ml H,O)

aData from Tommonaro et al. 2008; b Data from Tommonaro et al., 2007; ¢ data from present study; 4
concentration 1.4 mg/ml H>O; cabbreviations for monosaccharide composition: Gle=glucose,
Xyl=xylose, Gal=galactose, Fuc=fucose, GalA=galacturonic acid, Man=mannose, Ara=arabinose, GalN=
galactosammine, GlcN= glucosamine, Rha=rhamnose, uk= unknown sugar, tr= trace.

Table 2. Physical-chemical characteristics of polysaccharides recovered from vegetable
sources.
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Isolated polysaccharides were then purified by means of gel filtration on a Sepharose DEAE
CL-6B column, eluted with distilled H,O (100 ml) and a linear gradient of NaCl (400 ml)
from 0 to 1M at a flow rate of 0.3 ml/min. Fractions (5 ml) were collected, spotted on a pre-
coated thin- layer chromatography (TLC) plate (silica gel Fas4, 0.25 mm thick, Merk) and
sprayed with o-naphtol to preliminarily identify carbohydrates-containing fractions. For
each purification step, both protein and nucleic acid contents were verified, monitoring the
absorbance at 280 nm and 260 nm, respectively. The fractions that resulted to contain higher
amounts of carbohydrates, according to Dubois assays, were pooled and freeze-dried for
further analyses. Polysaccharides from tomato wastes were purified as previously
described, showing three main peaks: a first major peak with the highest carbohydrate
content (90%) and a second peak (carbohydrate content corresponding to 50%) were eluted
in water, while a third peak (carbohydrate content of 41%) was eluted in 0.2 M NaCl. Only
the first pool underwent further analyses. Purification of raw polysaccharide from
granadilla peels gave three sugar pooled fractions: the first pool, eluted in water, presented
a high sugar content (75%), whereas the second pool, eluted in 0,1 M NaCl, and the third
pool, eluted in 0,25 M NaCl, contained 21.5% and 6.5% of carbohydrates, respectively. Also
in this case, only the first pool underwent further analyses. In the case of lemon pomace, two
main peaks were collected: the first peak, with a carbohydrate content corresponding to
44%, was eluted in 0.55 M NaCl and the second peak, containing 10% of carbohydrates, was
eluted in 0.7 M NaCl. Protein and nucleic acid contents were lower than 1% in both
fractions, and only the first peak was further analysed.

Molecular weight of purified samples (at a concentration of 10 mg/ml in distilled H,O) was
estimated by gel filtration on Sepharose CL-6B column (1x80 cm), using H>O as mobile phase
at a flow rate of 0.3 ml/min. Fractions (3.5 ml) were collected and tested as described before.
Molecular weight values were evaluated by interpolation of elution volumes of fractions with
higher carbohydrate contents on calibration curves of standard dextrans (150,000, 670,000 and
1,800,000 Daltons, Fluka). In the case of polysaccharides extracted from tomato waste and
granadilla peels, values greater than 1,000,000 Da were detected, whilst the lemon pomace
polysaccharide resulted to have a molecular weight of approximately 1,500,000 Da.

In order to verify the monosaccharide composition, the purified polysaccharide fractions
were hydrolysed with 2M trifluoroacetic acid (TFA) at 120°C for 2 hours. Sugar components
were firstly detected by TLC, using a mix of acetone/butanol/H>O (8:1:1, v/v/v) as mobile
phase and standard monosaccharides for qualitative determination. Afterwards
monosaccharide composition was defined by High Pressure Anion Exchange-Pulsed
Amperometric Detector (HPAE-PAD, DIONEX) equipped with Carbopac PAl column.
Sugars were eluted isocratically with 16 mM NaOH and identified by comparison with
reference standards. The results are reported in Table 2. In the case of tomato polysaccharide
the following neutral sugar composition was found: glucose/ xylose/ galactose/
galactosamine/ glucosamine/ fucose in a relative molar ratio of 1:0.9:0.5:0.4:0.2:trace; in
addition, the presence of galacturonic acid was also detected in the sample. The sugar
components of granadilla peels polysaccharide were: xylose/ glucose/ galactose/
galactosamine/ unknown sugar/ fucose in the relative proportion of 1:0.5:0.2:0.06:0.05:trace,
whilst in the case of lemon pomace polysaccharide, galactose/ galacturonic acid/
arabinose/ fructose/ rhamnose were identified in a relative molar ratio of 1:0.7: 0.6:0.5:trace.
The determination of optical rotation values as well as thermogravimetrical analyses (TGA)
of polysaccharides were also performed, and the results are shown in Table 2. Optical
rotation values were acquired with a Perkin-Elmer 243 B polarimeter at 25° C in water.
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Thermogravimetrical analyses were carried out using a Mettler TGA apparatus. Each
sample (5 mg) was heated from 30 to 400°C at a heating rate of 20 °C/min under nitrogen.
The degradation temperatures of tomato waste and granadilla peel polysaccharides were
estimated to be approximately 250°C (Tommonaro et al., 2008) and 280°C (Tommonaro et
al., 2007), respectively (Table 2).

The thermogravimetrical analysis of lemon pomace polysaccharide showed a weight loss
due to water presence, centered at 60-80°C (Fig. 1). From such temperatures up to 290°C, the
biopolymer was very stable and started to decompose at 295°C.
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Fig. 1. Thermogravimetrical analysis of lemon pomace polysaccharides.

Polysaccharide structures were further investigated by means of classical spectroscopic
techniques such as NMR and IR spectroscopy. NMR spectra of purified samples (15 mg/ml
D;0) were performed on a Bruker AMX- 300 MHz (H-NMR) and 400 MHz (13C-NMR) at 70
°C. Samples were prepared according to Poli et al. (2009). Briefly, each sample was
exchanged twice with D,O with a lyophilization step in-between and finally dissolved in 500
pl of DoO. Chemical shifts were reported in parts per million (ppm) with reference to
sodium 2,2,3,3-d4-(trimethylsilyl) propanoate and to CDCl; for H and 13C-NMR spectra,
respectively. The TH-NMR spectrum of the tomato waste polysaccharide showed a complex
profile, with main signals at § values as reported in Table 3. The anomeric region of the
spectrum (from 6 4.5 to 6 5.5) exhibited eight peaks: five of them were well resolved
doublets (d) with the same coupling constant value of Ji.» (3.8-4.0 Hz), probably due to a
gluco-galacto sugar configuration, whereas the other three anomeric peaks, almost singlets (s)
with a small Ji.» (0.5-1 Hz), indicated the occurrence of a manno configuration. The upfield
region of the spectrum showed a doublet peak at 6 1.20 indicating the presence of deoxy-
sugars in the polysaccharide. The eight anomeric signals suggested the incidence of eight
different monosaccharides, with regard to the type or the glycosidic linkage position. The
eight monosaccharides were labelled from A to H with respect to decreasing 6 (Table 3). On
the base of the chemical shifts and the coupling constant data, the residues A, D, F had
probably an a-manno configuration, the residues B, C, E, G probably possessed an o-gluco-
galacto configuration and the H residue had probably a #-gluco-galacto configuration.
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TypeP oH Multiplicity J1ot Configuration
A 5.30 pseudo s 0.5-1 Hz o-manno
B 5.27 d 3.8-4.0 Hz o -gluco-galacto
C 5.26 d 3.8-4.0 Hz o -gluco-galacto
D 5.18 pseudo s 0.5-1 Hz o -manno
E 5.09 d 3.8-4.0 Hz o -gluco-galacto
F 5.07 pseudo s 0.5-1 Hz o -manno
G 5.06 d 3.8-4.0Hz o -gluco-galacto
H 494 d 3.8-4.0 Hz B-gluco-galacto

Table 3. Chemical shifts and coupling constant of anomeric signals in tH-NMR spectrum of
tomato polysaccharide*. 2Data from Strazzullo et al., 2003 and Tommonaro et al., 2008;
blabels refer to signals with decreasing §; ¢ coupling constant; doublets (d); singlets (s).

The 'H-NMR data relative to analyses of granadilla peel polysaccharide are reported in
Table 4. The TH-NMR spectrum showed six well resolved peaks in the anomeric region: at &
4.87 (pseudo singlet, ]< 1.0 Hz); 8 4.94 (d, J=5.7 Hz); 3 5.08 (s); 0 5.27 (s); 8 5.47 (d, J=10.3 Hz);
8 5.60 (s) (Table 4). The signals in the upfield region of the spectrum indicated the presence
of deoxy-sugars (6 1.29) and acetamino sugars (8 2.45-2.55). Remaining signals (& ranging
from 3.5 to 4.5) were due to ring protons confirming the occurence of pyrosidic exose. The
six anomeric signals, labelled in Table 4 from A to F, indicated the presence of six different
monosaccharides, presented in the repeating unit. Chemical shifts and coupling constant
values pointed out that the residues B, E and F probably had an o+gluco-galacto, a -gluco-
galacto and a B-manno configuration, respectively.

Typeb 01H Multiplicity J12¢ Configuration
A 5.60 s - -
B 547 d 10.3 Hz orgluco-galacto
C 5.27 s - -
D 5.08 s - -
E 494 d 5.7Hz B-gluco-galacto
F 4.87 pseudo s <1.0Hz S -manno

Table 4. Chemical shifts and coupling constant of anomeric signals in 1H-NMR spectrum of
granadilla polysaccharide*. aData from Tommonaro et al., 2007; blabels refer to signals with
decreasing §; ¢coupling constant; doublets (d); singlets (s).

The TH-NMR and the 3C-NMR analysis of raw lemon pomace polysaccharide resulted in a
very complex signal pattern. The TH-NMR spectrum of lemon polysaccharide showed inter
alia four signals in the anomeric region (Fig. 2) at 8 5.28 (pseudo singlet, J<1.0 Hz), 6 5.19 (d,
J=8.7 Hz), 6 5.12 (pseudo singlet, [<1.0 Hz) and 6 4.67 (d, [=8.7 Hz). The signals in the
upfield region of the spectrum indicated the presence of deoxy-sugars (8 1.3). The four
anomeric signals highlighted the incidence of four different monosaccharides, with regard
to the type or the glycosidic linkage position. On the basis of the chemical shifts and
coupling constant data three residues were supposed to have an a-configuration, whilst the
fourth showed a B-configuration.
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Fig. 2. 1TH NMR spectrum of the raw lemon pomace polysaccharide. Chemical shifts are
reported in ppm relative to sodium 2,2,3,3-ds-(trimethylsilyl)propanoate.

The 13C-NMR spectrum of raw lemon pomace polysaccharide was essentially characterised
by four signals in the anomeric region at 6 105.55, 107.52, 107.99, 108.61, confirming the
presence of four residues in the repeating unit (Fig. 3). A signal at 8 178.77 attributable to the
carbonyl group (uronic acids) was also detected. Moreover, the presence of an arabino
furanosidic residue was confirmed by the presence of signals belonging to ring carbons in
the region at & between 81 and 85 ppm.

More detailed information about the structure will be available when NMR spectroscopic
studies will be completed.

Further insights in the structure of polysaccharides from tomato, granadilla and lemon
wastes were obtained by means of infra red spectroscopy. Fourier Transform Infra Red
spectra were recorded by a Perkin-Elmer Paragon 500 single-beam spectrophotometer. The
powder sample was grounded with KBr, put under beam as diskette and the spectrum was
collected after 16 scans under nitrogen.

In the infrared spectrum of tomato polysaccharide the bands relative to OH, CH and C=O
stretching were distinguished at 3,400 cm-, 2,929 cm and 1,730-1,660 cm!, respectively
(Strazzullo et al., 2003). The IR spectrum (400-4,000 cm!) of granadilla peels polysaccharide
was characterized by several bands typical of polysaccharide structure that can be attributed
to functional groups present in the biopolymer (Tommonaro et al.,, 2007). The spectrum
presented bands at 3,000-3,600 cm! corresponding to O-H stretching vibration and at 2,870-
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2,922 cm! corresponding to CH; asymmetric and symmetric stretching vibrations. The band
at 1,635 cm? was attributed to a N-acetyl group of a sugar residue or to the stretching
vibration of C=0. A broad absorption band attributable to S=O was observed at 1,240 cm-™.
Bands at 1,159 cm! and 1,045 cm! were ascribed to the stretching vibrations of C-O-C and
O-H, respectively. Finally, the absorption occurring at about 900 cm was evidence for the
B-configuration of the glucan linkages of some residues. In the case of raw lemon pomace
polysaccharide, the IR spectrum (shown in Fig. 4), although not well resolved, showed
absorption bands at 3,397 cm and at 2,925 cm? that could indicate the OH and CH
stretching, respectively. The band at 1,636 cm-! was attributed to the stretching vibration of
C=0. In addition, signals at 1,452 cm-! and at 1,084 cm-! could correspondingly attributed to
CH and OH deformation. The absorption occurred at about 855 cm -1 could denote the £
configuration presence in some sugar residues.
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Fig. 3. 3C-NMR spectrum of the raw lemon pomace polysaccharide. Chemical shifts are
reported in ppm relative to CDCls.

Specific viscosity (1) as function of concentration of polysaccharides aqueous solution was
determined for all three waste s biopolymer by using Cannon-Ubbelohde 75 suspended
level viscometers at 30°C. Rheological properties were also considered by studying the
specific viscosity of each sample (at a concentration of 1%) with respect to the pH range
obtained with different appropriate buffers at 30°C. In the case of the polysaccharide
extracted from tomato wastes, the viscosity of aqueous solution reached the maximum value
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of N=1.7 at a concentration of 4%, while the increase of pH did not affect the viscosity,
reaching its highest value (n=3.29) at pH 3.0 with 1% polysaccharide solution in 50 mM
citrate buffer. The measurement of viscosity (1) of granadilla polysaccharide was performed
using different concentrations of aqueous solution of polysaccharide (0.5%; 1.0%; 2.0%; 2.5%;
3.0%, w/v). A linear correlation between concentration and viscosity of polysaccharide
solution was observed, in particular the lowest viscosity (0.63 1) was registered at a
concentration of 0.5% and the highest viscosity (1.4 1) at the maximum concentration tested
(3.0%). For viscosity measurements at a given concentration of polysaccharide (1.0%) in a
pH range (2.32-8.36), a linear increase of viscosity in relation to the increase of pH values
was registered, with the highest viscosity (7.0 1) in citrate-phosphate buffer solution at pH
8.0. The measurement of viscosity (1) of lemon pomace polysaccharide was performed using
1.0% polysaccharide solution in a pH range (4.0-7.0) in 50 mM citrate-phosphate buffer. In
this case the lowest value (0.58 1) was registered at pH 4.0, whereas the highest (0.77 1) at
pH7.0.
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Fig. 4. IR spectrum of raw lemon pomace polysaccharide. Fourier Transform Infra Red
spectrum was recorded by using a Perkin - Elmer Paragon 500 single-beam
spectrophotometer.

2.2.2 Biological properties of polysaccharides from tomato, granadilla and lemon
wastes

The anticytotoxic activity of polysaccharides as function of inhibition of Avarol (10 ug/ml)
toxicity in brine shrimp (Artemia salina) bioassay was evaluated (Minale et al., 1974). Avarol
(a natural toxic sesquiterpene hydroquinone isolated from Dysidea avara sponge) shows
strong toxicity (LCso 0.18 ug/ml) in brine shrimp bioassay, that gives results well correlated
with cytotoxicity in the cancer cell lines such as KB, P388, L5178y and L1210 (De Rosa et al.,
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1994). For this assay 10 ppm Avarol were used in order to obtain the death of all the brine
shrimp larvae. Briefly, for each dose tested, surviving shrimps were counted after 24 h, and
the data statistically analysed by the Finney program, which affords LDsy values with 95%
confidence intervals (Finney, 1971).

The biopolymer isolated from granadilla peels was found to be an anticytotoxic compound
in this bioassay, increasing the value of Avarol LDso from 0.18 ug/ml up to 2.13 pg/ml when
present at a concentration of 500 ppm (Table 5). Lemon pomace polysaccharide behaved in a
similar way (Table 5), with a value of Avarol LDsy of 2.32 pug/ml when present at a
concentration of 500 ppm. Finally, the protective effect of the tomato waste polysaccharide
against the toxic role of Avarol was more evident even at a lower concentration (5 ppm).
Tomato polysaccharide in a concentration of 500 ppm caused an increase of Avarol LDsy up
to 11 pg/ml, thus resulting the most powerful anti-toxic agent (Table 5).

500 ppmd 50 ppmd 20 ppmd 5 ppmd LDs ppm

Granadilla polysaccharide 28/30e 26/30 n.d. 28/30 n.a.
Granadilla polysaccharide .
+Avarol 10 ppm 10/30 0/30 n.d. 0/30 213
Lemon pomace polysaccharide 29/30 30/30 30/30 n.d. n.a.
Lemon pomace polysaccharide .
+Avarol 10 ppm 11/30 8/30 8/30 n.d. 2.32
Tomato waste polysaccharide 28/30 28/30 n.d. 26/30 n.a.

Tomato waste polysaccharide

£
+Avarol 10 ppm 25/30 23/30 nd. 11/30 11

Table 5. Inhibition of Avarol Toxic Activity in Artemia salina bioassay by granadilla peel?,
lemon pomaceb and tomato waste polysaccharidesc. aData from Tommonaro et al., 2007;
bdata from present study; cdata from Tommonaro et al., 2008; dconcentration of
polysaccharide in 1% DSMO; esurvivals/total larvae of Artemia salina after 24 h of
incubation in artificial sea water; fvalues of 95% confidence intervals; n.d. not determinate;
n.a. no activity.

Additional biological properties of tomato polysaccharide were studied by De Stefano et al.
(2007) that reported the effects of this polymer on the J774 mouse monocyte/macrophage
cell line. The authors pointed out that polysaccharide inhibited in a concentration-
dependent manner the nitrite and ROS productions as well as the iNOS protein expression
induced by LPS in stimulated macrophages. Incubation of cells with polysaccharide
determined a significant decrease of nuclear factor-«B (NF-«xB)/ DNA binding activity which
was correlated with a marked reduction of the iNOS mRNA levels. These results indicated
that tomato polysaccharide inhibited NF-«B activation and iNOS gene expression by
preventing the reactive specie productions, thus suggesting a role for this biopolymer in the
control of oxidative stress and/or inflammation process.

2.2.3 Biotechnological aspects of tomato wastes polysaccharides
In order to verify the biodegradability of tomato waste polysaccharide, a growth test
using a thermohalophilic bacterium Thermus thermophilus strain Samu-Sal isolated from
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hot springs of Mount Grillo (Baia, Naples, Italy) was performed (Romano et al., 2004).
Tomato polysaccharide was added as a sole carbon source (1g/L) in M162 medium
(Degryse et al., 1978) modified with 2g/L NaCl at pH 7.2. For comparison, strain Samu-
SA1 was grown on TH standard medium as described in Romano et al. (2004). The growth
was monitored by measuring the absorbance at 540 nm and converted into cell dry weight
by means of an appropriate calibration curve. The depletion of polysaccharide content
was observed with Dubois method. After 30 h of batch incubation at 75°C (the optimal
temperature of growth for strain Samu-Sal), the tomato polysaccharide had been
completely hydrolysed, as confirmed by the Dubois assay applied to the cell-free cultural
broth. Moreover, the growth curves of strain Samu-Sal on polysaccharide medium were
2.6 fold higher than that obtained in TH medium (standard medium) with a yield of 1.2 g
of dry cells/L.

Furthermore, a useful application of polysaccharides extracted from tomato processing
industrial wastes and from granadilla peels is the development of biodegradable films by
means of biopolymers and glycerol solutions (Strazzullo et al., 2003; Tommonaro et al.,
2007). Applying the procedure previously described, solid, clear and elastic films were
obtained from both polysaccharides, able to recover small deformations produced by tensile
stress applied. These biofilms could have interesting biotechnological applications in
different fields, such as agriculture, e.g. for protecting cultivations with mulching operation
techniques. In the case of polysaccharide extracted from lemon pomace, no results were
obtained using the same procedure for biofilm production and, therefore, further studies are
needed.

3. Conclusion

The need for a more sustainable production of polysaccharides based on agricultural
feedstock has stimulated the search for renewable sources of such biopolymers, that should
not compete with the food chain.

Accordingly, waste biomasses produced by fruits and vegetable processing have shown to be
promising raw materials either for polysaccharides industrial production and for the discovery
of new ones. In fact, such waste biomasses are produced every year in huge amounts by food
production based on transformation of fruits and vegetables: they comprise mainly peels,
seeds and pulps in which many kinds of molecules and biopolymers are still retained after
processing for juice extraction, canning, beverages production, et cetera.

Polysaccharides are the most abundant biopolymers that can be recovered from these food
by-products and several examples are indeed available in literature concerning their
exploitation for polysaccharide extractions. In this regard, the search for under-utilized
waste biomass has been paralleled also by the implementation of processes and technologies
that are safe for the environment and that allow a more complete exploitation of such wastes
for a sustainable production of polysaccharides. In this section, besides remarkable
examples present in literature, we also reported our results about the use of fruit and
vegetable residues for the extraction of polysaccharides by means of a newly developed
method based on alkaline treatment of waste biomasses. The investigated biomasses are
representative of some significant food production based on fruits and vegetables cultivated
in European and South American countries.
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A new extraction methodology, based on alkali treatment of biomass at room temperature,
has been implemented for tomato waste exploitation and has been successively employed
for polysaccharides isolation from granadilla wastes and more recently also for lemon
pomace and new unpublished data related to lemon pomace were reported here. By means
of the alkali treatment new polysaccharides have been isolated from the selected waste
vegetable biomass whose biochemical properties have been studied. Tomato waste
polysaccharide, showing a structure similar to a xyloglucan biopolymer, was investigated
for its biological activity and showed to be anticytotoxic in the Brine Shrimp bioassay;
moreover it also exerted an interesting anti-oxidant activity, as confirmed by ROS inhibition
assay, suggesting a role for this compound in the control of oxidative stress and/or
inflammation. Biotechnological application for this biopolymer were suggested by its
capability to form biofilms, that could be used in different fields such as agriculture, i.e. for
protected cultivation with mulching operation technique. In addition, tomato waste
polysaccharide biodegradability was assessed by using it as sole carbon source for microbial
growth, thus highlighting also its employment for cheap biomass production. Granadilla
and lemon polysaccharides, showing a xylan-like and a pectin-like structure, respectively,
were also investigated for their rheological properties and for their biological activities, both
confirming to be anticytotoxic compounds in the Brine Shrimp bioassay. Future perspectives
of this research include further characterization of lemon polysaccharide properties,
investigation of other vegetable biomass generated in significant amounts and useful for
polysaccharide biopolymers production and finally improvement of extraction technologies.
Incidentally, it can be underlined that the wastes investigated were used without any
chemical or physical pre-treatment, therefore polysaccharide yields from vegetable wastes
could be improved by employing physical (e.g. ultrasound or microwave treatment) or
enzyme methods.

In conclusion, resources depletion and environmental concerns have triggered new
regulations and growing awareness throughout the world, thus promoting the use of
renewable resources to produce chemicals and energy. Accordingly, the production of
useful biopolymers like polysaccharides starting from cheap and abundant renewable
resources, such as residues of fruits and vegetables processed for food production, could
contribute to the issue of waste management and to the implementation of the “biorefinery”
strategy.
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1. Introduction

To build our economy on a sustainable basis, we need to find a replacement for fossil carbon
as chemical industry feedstocks (Andrady and Neal, 2009). There are growing concerns
about current petroleum based production, accumulation of waste in landfills and in natural
habitats including the sea, physical problems for wildlife resulting from ingestion or
entanglement in plastic, the leaching of chemicals from plastic products and the potential for
plastics to transfer chemicals to wildlife and humans (Thompson et al., 2009). Bioplastics,
derived from bio-based polymers, may provide a solution. Unlike the chemically
synthesized polymers, the bio-based polymers are produced by living organisms, such as
plants, fungi or bacteria. Some microorganisms are particularly capable in converting
biomass into biopolymers while employing a set of catalytic enzymes. Attempts to transfer
biomass to produce industrially useful polymers by traditional biotechnological approaches
have obtained only very limited success, suggesting that an effective biomass-conversion
requires the synergistic action of complex networks. As an interdisciplinary research field
which is a unique combination of life science and engineering, synthetic biology can provide
new approaches to redesign biosynthesis pathways for the synergistic actions of biomass-
conversion and may ultimately lead to cheap and effective processes for conversion of
biomass into useful products such as biopolymers.

In the following sections of this review, we will give first an introduction on bioplastics and
synthetic biology (section 2). The properties of bio-based polymers for bioplastics equal to or
better than their chemical synthetic counter parts will be compared. The subfields of
synthetic biology related to polymer biosynthesis will be reviewed. In the Section 3, we will
focus on synthetic biological approaches to improve the biological system to produce
polymers for bioplastics, such as polyhydroxyalkanoates (PHAs). The fourth section then
goes on to evaluate the environmental impacts of the synthetic biology derived bioplastics.
In this section, we will review the current methods to measure the environmental impacts
on bioplastics on greenhouse gases (GHGs) emission, direct or indiret land usage, energy
consumptions and waste management, as well as the current regulation guidelines on
bioplastics in Europe. And in the last section, we will summarize the perspectives of
synthetic biology and bioplastics.
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2. Synthetic biology and bioplastics

Since industrialization, human beings have relied largely on chemicals derived from fossil
carbon. Due to the unsustainable nature of petroleum and coal, it is essential to develop
better alternatives to produce chemicals from renewable sources. The implementation of
biological processing in industrial scale may help to reduce the undesirable damage to the
environment caused by the massive scale productions from the current fossil fuel based
chemical industry.

Among the commodity chemicals, polymers for plastics are becoming independent for our
modern lifestyle (Andrady and Neal, 2009). Plastic have transformed our everyday life and
their usage is increasing. Based on the report from Plastic EU 2009, the average annual
increase of plastic production and consumption is 9% globally (PlasticsEurope, 2009). The
plastic demand in EU was 48.5 million tones in 2008, of which 75% was composed by mainly
five high volume families- polyethylene (PE), polypropylene (PP), polyvinylchloride (PVC),
polystyrene (PS) and polyethylene terephthalate (PET). Majority of them are produced by
chemical synthesis starting with petroleum feedstocks. These synthesized plastics are
durable which make them resistant to biological degradation. Due to the toxic additives, for
example, plasticizers like adipates and phthalate, burning plastic can release toxic
pollutants. And the manufacturing of chemical industrial processes often creates
environmental hazards. Due to the concerns over the climate change, limitation of the fossil
carbon source and environmental mitigation, there are renewed interests in bioplastics.
There are mainly three types of bioplastics in the commercial scale of production (Table 1).

a. DPlastics derived from fossil carbon source but biodegradable, and

b. Plastics derived from polymers converted from biomass and biodegradable, and

c. Plastics derived from polymers converted from biomass but not biodegradable.

In our current review, we will focus on the biodegradable, compostable and bio-based
plastics. In our paper, we use the term ‘bioplastics” only referring plastics made from this
type of polymers.

Polymer | Company (example) | Scale (ton/year)
Biodegradable but not bio-based
Synthetic polyesters Ecoflex (BASF) 14 000
Polyvinyl alcohol (PVA) Wanwei 100 000
Biodegradable and bio-based
Starch based materials Novamont 60 000
Cellulose based materials Innovia Films 30 000
Polylactide (PLA) Natureworks 140 000
Polyhydroxyalkanoate .
(PHA) Metabolix (ADM) 50 000
Biobased but non-biodegradable
PDO from biobased glycerol | Tate & Lyle (DuPont) 45 000
PE from Bioethanol Braskem (DOW) 200 000 (planned)
PVC from Bioethanol Solvay 360 000 (planned)
Polyamides (PA) from oils | Arkema 6 000 (planned)

Table 1. Polymers for bioplastics on the market (Kaeb, 2009).
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The bioplastics available in the market are made from polymers such as starch-based,
polyhydroxyalkanoates (PHAs), polylactic acid (PLA) and other polymers derived from
renewable sources. Polylactic acid (PLA) is a type of thermoplastic polyester resulting from
the chemical polymerization of the D- and L- lactic acids obtained from fermentation
(Madhavan Nampoothiri et al., 2010). Bioplastics made from PLA shows the similar
properties as those made from petroleum derived polyethylene terephthalate polymer.
Besides applications in plastics, PLA derived bioplastics are also used extensively in
biomedical applications, such as sutures, stents, dialysis devices, drug capsules, and
evaluated as a matrix for tissue engineering (Park et al., 2008; Shi et al., 2010; Shi et al., 2009;
Yao et al., 2009). Polyhydroxyalkanoates (PHAs) derived plastics are considered as the best
candidates to replace the current petroleum-based plastics due to their durability in use and
wide spectrum of properties. The family of PHAs polymers is one of the most promising
biodegradable materials to emerge in recent years. Up to date, there are more than 100
different monomers of PHA polyesters (Chen, 2009). The PHA monomers have been
divided into two classes- short-chain-length hydroxyalkanoate (scl-HA, monomer of 3 to 5
carbons) and medium-chain-length HA (mcl-HA, monomer of 6 to 14 carbons) (Tsuge,
2002). Unlike other “degradable” polymers such as those based on petrochemicals, PLA and
starch polymers, PHAs have useful natural properties and, therefore, do not need to
sacrifice their true biodegradability to improve their properties further. They have
properties similar to those of PE and PP, ranging in properties from strong, mouldable
thermoplastics to highly elastic materials to soft, sticky compositions. PHAs can be blended
in the large number of copolymers which allow further engineer of polymers to the desired
properties for a wide range of applications. Similar to those derived from PLA, PHAs have
been used in a variety of biomedical applications such as sutures and surgical meshes.
Polyhydroxybutyrate (PHB) is the simplest yet best known polyester of PHAs, which was
first discovered as an intracellular biopolyester produced by the Gram-positive bacterium
Bacillus megaterium (Lenz and Marchessault, 2005). PHB derived bioplastics are heat tolerant
with a melting point at 175 °C. PHB is commonly used to make heat tolerant and clear
packaging film. Since PHAs have many properties that are superior to those of PLA, there
are more renewed interests in PHAs development (Chen, 2009). Thus, we will focus our
review on the latest research on PHAs.

Bioplastics are currently only in a small portion (under 1%) of market share of plastics
(EuropaBioplastics, 2011). In Europe, bioplastics on the market are defined as the plastics
made from polymers according to standards (EN 13432). The polymers for bioplastics are
usually produced in the biological fermentation processes using renewable and sustainable
agricultural feedstocks, such as sugar, starch, oil, or lignocellulosic biomass. There are also
non fermentative processes (thermochemical ones) in development to convert biological
feedstocks to chemicals which have been reviewed elsewhere (Gong et al., 2008; Gray et al.,
2006; Hames, 2009; Mu et al., 2010). In addition, some of the polymers can also be produced
directly in planta by industrial crops constructed via genetic modification (GM) routes
(Matsumoto et al., 2009; Poirier, 2001; Valentin et al., 1999).

Up to date, most of the research on the production of biopolymers is at the concept or early
research stage of development, while a few have been on commercial scales (Chen, 2009).
Most of these polymers are manufactured via the microbial fermentation routes. A concept
of a new branch of biotechnology termed white biotechnology, has been developed,
referring to the industrial development and implement strategies for chemical production
based on biomass-derived carbon sources (EuropaBio, 2003; Hermann and Patel, 2007;
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Soetaert, 2007). Although the technologies were developed many years ago, large scale
production of polymers from biomass was not feasible because those technologies were too
expensive. However, in recent years, the innovations from the research sectors, particularly
those on biotechnology, have made some of the biological conversions able to compete with
the existing fossil based processes. To mention a few, there are productions of vitamins,
antibiotics and ethanol using biotechnological approaches (DSM, 2004; EuropaBio, 2003;
Hermann and Patel, 2007; Soetaert, 2007).

Applications Examples Reference

E;O?I?ecgizg ofe :é}ctl—malarla drugs precursor in (Ro et al., 2006)

Medical & Y

applications Noval polio virus vaccine (Coleman et al., 2008)

PP Controlling transgene expression in (Gitzinger et al., 2009)

subcutaneous implants & ’
Non-fermentative pathways for synthesis of (Atsumi et al., 2008)
branched-chain higher alcohols as biofuels ’

Fuels & Energy —. -
Biological system as a template for (Nam et al,, 2010)
photocatalytic nanostructures i

Chemicals Synthetic protein s.caffolds - (Dueber et al., 2009)
Improved production of glucaric aicid in (Moon et al., 2010)
engineered E. coli i
Synthetic oscillatory network of (Elowitz and Leibler,

Biological transcriptional regulator 2000)

computing Tunable synthetic mammalian oscillator (Tigges et al., 2009)
Synchronized quorum of genetic clocks (Danino et al., 2010)

Oroanisms Synthetic microbes (Gibson et al., 2010)

& Genetic modified insects for pest control (Fu et al., 2007)
Environmental | Arsenic sensor (iGEM, 2006)
applications Biosensors seek and destroy herbicide (Sinha et al., 2010)

Table 2. Achievements in Synthetic Biology

Synthetic biology (SB) has been considered as a new way of doing biotechnology. It is an
emerging science and engineering field that applies engineering principles to biology. The
potential benefits of SB include the development of novel medicines, renewable chemicals
and fuels (Gaisser et al.,, 2009). Due to the infancy of SB, a variety of definitions are
circulating in the scientific community, and no consensus definition is drawn. SB-related
research has been performed in several fields such as DNA synthesis (or synthetic
genomics) (Carlson, 2009; Carr and Church, 2009; Gibson, 2009; Gibson et al., 2008a;
Gibson et al., 2008b; Gibson et al., 2010; Gibson et al., 2009), engineering DNA-based
biological circuits (Canton et al., 2008; Endy, 2005), minimal genome (or minimal cell) (2009;
Luisi, 2007, Mushegian, 1999; Wegrzyn, 2001), protocells (or synthetic cells) (Bedau et al.,
2009, Luisi, 2007) and xenobiology (or chemical synthetic biology) (Benner and Ricardo,
2005; Deplazes and Huppenbauer, 2009, Schmidt 2010). Among all these activities,
engineering DN A-based biological circuits has contributed significantly to design advanced
genetic constructs and to redesign biosynthesis pathways or fine tuned genetic circuits for
biopolymer production. One of the notable examples of SB derived biological circuits is the
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design of a metabolic pathway to produce a precursor of the anti-malaria compound
Artemisinin, naturally found in the wormwood plant (Artemisia annua). The design and
construction of this plant derived compound in engineered microbes, showed off the state of
the art of enhanced metabolic engineering via SB (Hale et al., 2007; Keasling, 2008; Martin et
al., 2003). A handful of successful circuits have been constructed to convert biomass to fuels
and chemicals (Table 2). Besides working on practical applications, the research community
also works on building so called standard biological parts (aka biobricks whereas ‘biopart’ is
the technical expression) intending to rationalize and reduce the design complexity (Shetty
et al., 2008; Smolke, 2009). By building such bioparts, it would provide a useful set of well-
characterized, pre-fabricated, standardized and modularized genetic compounds (such as
sequences of DNA) for (re)engineering biological pathways with defined functions. If
succeeded, these bioparts will provide useful elements to build up systems to execute the
designed functions, such as microbial fermentation to brew new biopolymers for plastics.

3. Synthetic biological approaches to convert biomass to bioplastics

PHAs can be produced in almost all bacteria in the form of intracellular inclusions. In
response to a certain deficient growth conditions, the biosynthesized PHAs can make up to
90% of the dry cell mass (Garcia ef al., 2004; Haywood et al., 1990; Lee et al., 1999; Madison
and Huisman, 1999; Yim et al., 1996). Some microbes in their wild type forms can already
produce PHAs in sufficient quantity (ranging from 50% to 80% of the dry cell mass), such as
Rolstonia eutropha (>80%), Alcaligenes latus (>75%), and Pesudomonas oleovorans (>60%) (Chen,
2009). There are three well known natural biosynthesis pathways of PHAs (Tsuge, 2002).
The pathway I is most common which is found in many bacteria. It leads to generate 3-
hydroxybutyryl (3HB) monomers from acetyl-CoA derived from sugars while a set of
enzymes are involved in this process, such as PhaA (3-ketothiolase which converts acetyl-
CoA to acetoacetly-CoA), PhaB (NADPH-dependent acetocaetly-CoA reductase, resulting in
3-HB-CoA) and PhaC (PHA synthase, polymerizing 3HB-CoA to the final monomers). The
pathway II and III are more commonly found in the genus of pseudomonas. They are
pathways using either sugars or fatty acids as carbon source to convert to either acetyl-CoA
or acyl-CoA, resulting mainly in mcl-(R)-hydrooxyacly (3HA) monomers. The (R)- specific
enoyl-CoA hydratase (PhaJ) and (R)-3-hydroxyacyl-ACP-CoA transferase (PhaG) play
similar roles as PhaB in the pathway I to obtain 3HA-CoA.

PHAs are truly natural polymers yet with properties similar to those of the synthetic ones.
There is a renewed interest in producing PHAs in a biological process fed with sustainable
sources. Several refactored microbes have been constructed to produce PHAs (Aldor and
Keasling, 2003; Garcia, et al., 2004; Hofer et al., 2010; Lee, et al., 1999; Li et al., 2007; Park et
al., 2002; Qiu et al., 2006; Sandoval et al., 2007; Zhang et al., 2009). One commonly used
engineering strain is E. coli. Recombinant E. coli strains harbouring a set of PHAs
biosysthesis genes (phaCac from Aeromonas caviae, phaCABal from Alcaligenes latus, or
phbCAB from Ralstonia eutropha) were constructed (Taguchi et al., 1999). Sufficient amount of
PHAs can be produced, while using sugars or fatty acids as carbon sources. Besides E. coli,
Aeromonas hydrophila harbouring phbAB or phaPC] were also constructed to produce PHAs
using lauric acid as carbon source (Chen et al., 2001). Some of the natural PHAs producing
strains have been subjected to genetic modification to enhance their productivity. For
instance, double knockout mutant of P. putida was generated using suicide plasmid bearing
beta-oxidation genes fadA and fadB. The mutant strains produced more PHAs (84%) than its
wild type strains (50%) (Ouyang et al., 2007).
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Based on these strains, a couple of biotechnology based fermentation processes have been
developed for the industrial scale productions of PHAs (Chen, 2009). These fermentations
are usually performed in two phases. The first phrase is a cell growth phrase to obtain high
cell density and the second phrase is a PHA-production phrase of which cell growth
deficient conditions are deployed in favour of the metabolic shift to PHA biosynthesis. To
date, most of the PHAs production via microbial fermentations relies mainly on sugars and
fatty acids as carbon sources (Chen, 2009). They are derived from the sustainable resources
but with limitations while used in large scale. For instance, sugars are usually derived from
starch (corn) that is also major food sources. Thus, PHAs produced by the current
biotechnology processes are still far more expensive than those derived from fossil carbons.
In order to make a biological based process compete with the traditional chemical processes,
the PHAs will have to be produced at a higher yield preferably from a non-food biomass,
more advanced PHA monomers with novel properties, less energy consumption and less
green house gases (GHGs) emission while full life cycle analysis (LCA) is taken into
consideration. It is highly expended that the novel approaches developed by SB may help to
achieve these goals.

One of the contributions from SB is to develop better PHA production strains. Nearly all
previous work using genetic engineering approaches has focused on reorganizing PHA
biosynthesis genes derived from natural organisms. In contrast, SB will provide an
integration of genetic engineering, metabolic engineering, chemistry and bioinformatics. For
instance, using SB methods, microbes will not only harbour genetic circuits coding for PHA
biosynthesis pathway, but also metabolic pathways which will enhance productivity. A
research group of Tsinghua University has worked on such genetic circuits to enhance the
production of PHAs in engineered microorganisms such as E. coli, P. putida and A. hydrophila
(Jian et al., 2010; Li et al., 2010; Wei et al., 2009). In order to convert lab scale fermentation to
produce PHAs into the industrial scale, cells must be engineered to be able to grow in high
density. It has been proposed that the limited oxygen supply is a hurdle that cells face while
growing to high density. The problem was solved by constructing synthetic pathways that
are turned on in response to micro- or anaerobic condition (Jian, et al., 2010). This approach
has been also applied to produce poly-3-hydroxybutyrate (PHB) (Li et al., 2009), which is
currently produced from starch or glucose based feedstock by bacteria. The synthetic
pathways were constructed to enhance PHB production from 29% to 48% of the cell dry
weight under anaerobic conditions.

One of the key obstacles to produce renewable polymers by fermentations lies on the cost
intensive downstream processing steps. A novel approach has been developed to remove
this obstacle by equipping engineered strains with programmed autolysis genetic circuits.
An inducing lysis system has been implemented in cyanobacterium Synechocystis sp. to
facilitate extracting lipids for biofuel production (Liu and Curtiss, 2009). This inducible lytic
system is composed of a lytic circuit from bacteriophage-derived lysis genes and an
inducible circuit of genes encoding a nickel-inducible signal transduction system. If such
programmed autolysis system is implemented in PHA producing strains, the efficiency of
PHA fermentation will be increased.

To maximize the benefit of SB derived PHA production, it has been suggested to design
producing strains to product PHAs with desired properties for applications of high added
value. There were a couple of reports on PHAs with unusual properties, such as adding
functional groups side groups to the PHA monomer mediated by low specific PHA
synthases (Hiraishi ef al., 2006; Luengo et al., 2003; Sandoval, et al., 2007; Tsuge et al., 2005),
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PHA monomer of high molecular weight by mutated synthases (Zheng et al., 2006), and
funtionalized PHAs containing C-C double bonds when fed unsaturated fatty acids
(methanol) (Hofer, et al., 2010).

One of the key issues hindering the large scale biopolymer production is the cost of sugars
and fatty acids as feed stocks. This issue is an obstacle not only to the production of PHAs
but also other commodity chemicals and fuels. World food prices reached a record high
recently, according to a report from the Food and Agriculture Organization (FAO) of the
United Nations. The Food Price Index reached 214.7 points in December 2010 and slightly
above the previous peak of 213.5 points during food crisis in 2008 (BBC News Bussiness,
2011). It has already been in debut that increasing biofuel production from starch and sugar
may post further threat to the food safety. Thus, it is a key challenge to develop biological
processes on how to harness the non-food biomass. In theory, cellulose biomass may be the
best sustainable carbon source which could fill the gap left in crop supplies as stocks have
been diverted for commodity chemicals (mainly biofuels) production. A great deal of work
has been carried out to convert cellulosic biomass into useful products. It has been
suggested by Christopher E. French that the ideal microbes should be equipped with a
couple of properties such as the ability to hydrolyse cellulosic material effectively, with
minimal requirement for pre-processing; the ability to convert the sugars released into
molecules useful as liquid fuels and/or chemical industry feedstocks; self-tolerance to these
molecules at a high concentration, and suitable respects for use in industrial bioreactors
(French, 2009). Since such microbes are not known to exist in nature, they can be only
constructed via complex engineering, something that SB is expected to be capable of. Most
of the non edible biomass is made up by long cellulose fibres of hemi-cellulose and lignin
(Lynd et al., 2002; Lynd and Zhang, 2002). With respect to their chemical composition, hemi-
cellulose is a mixture of monomers including D-xylose, L-arabinose, D-mannose and D-
galactose, together with sugar derivatives such as 4-O-methyl-D-glucuronic acid. Lignin is a
complex formed by polymerization of aromatic monomers. Such cellulose can be digested to
D-glucose by enzymatic or non-enzymatic hydrolysis. A typical enzymatic hydrolysis of
cellulose involves a multiple step process mediated by several enzymes. A handful of
enzymes have been identified to degrade cellulose efficiently from different microbes (Lynd,
et al., 2002), to mention a few, endogulcanases (enzymes able to cleave cellulose chains at
random positions), exoglucanases (enzymes that move along the chain cleaving cellobiose
residues from either the reducing or non-reducing end), and B-glucosidases (enzymes
hydrolysis cellobiose to glucose). There is research on cellulosomes which are complexes of
cellulolytic enzymes produced by bacteria (Bayer ef al., 1994). Cellulosomes can be used for
the degradation of cellulose and hemicellulose, and they have in fact been considered as one
of nature’s most elaborate and highly efficient nanomachines (Fontes and Gilbert, 2010).
Integration of cellulosomal components occurs via highly ordered protein-protein
interactions between two proteins: cohesins and dockerins, which specificity allow the
incorporation of cellulases and hemicellulases onto a molecular scaffold. Cellulosomes can
be used for a range of SB applications, from clothes whitening to paper waste treatment or
chemical production from lignocellulosic biomass, and the first synthetic cellulosomes have
already been constructed (Mitsuzawa et al., 2009). SB will play an important role in
developing cellulose degradation module along with the chemical producing module where
the standardization of biological parts and interdisciplinary nature of SB enable combination
of multiple modules. As it has been mentioned above, SB approaches could create artificial
enzymes that are tailored for enzymatic activities that do not exist in nature. To date,
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degradation of lignin and cellulose is still problematic though they can be degraded by
enzymes produced by very few fungi. Using SB methods may develop lignin degradation
enzymes with enhanced capability and that do not exist in nature. In addition, one possible
solution is to make the biomass easy in hydrolysis such as the biomass from genetic
modified plants. Such attempt has been tried by lignin deficient genetically modified plants
(Baucher et al., 2003). The same idea has been applied to develop genetically modified
potatoes for industrial applications which have been approved to cultivate in EU (Ryffel,
2010). Thus, no doubt, biomass with properties that is more suitable for industrial scale of
fermentation will be developed as well.

4. Environmental impacts of synthetic biological production of bioplastics

The plastics made from fossil derived synthetic polymers have posted serious problem for
environments (Thompson et al., 2009). Each year, millions tons of synthetic plastics
discarded and less than one tenth has been recovered and recycled. Majority of them are end
up in landfill or enter the natural habitats (waters and surface land) (Hopewell, et al., 2009).
Some disposed synthetic plastics can remain in the environment for up to thousands of year
(Andrady, 1994).

Furthermore, the predicted depletion of fossil fuel resources, the building up landfill of
plastic waste and the implementation of low-carbon environmental protection initiatives call
for an intensive search for alternatives to synthetic plastics (Prieto, 2007). Bioplastics may
offer benefits relative to fossil-based plastics, particularly environmental benefits. Today
bioplastics have been considered as a better solution to the increasing demands for truly
sustainable growth. In developing the new generation of plastic products made from
renewable feedstock, the ability of biodegradability, compostability and the evaluation
measured by Life Cycle Analysis (LCA) should be all taken into account to evaluate the
contributions to the environmental impacts of bioplastics.

Biodegradability is the ability of organic substances and materials to be entirely converted
into simple inorganic molecules such as water, carbon dioxide and methane through the
biological processing mediated by microbial enzymes (Novamont, 2011a). Such a processing
is part of the natural life cycle of carbon recycling of the earth. Ideally, organic waste from
human activities should be removed through biodegradation to minimize their impacts to
nature. It is critical to identify the key components in this processing to reach maximum
efficiency. As it is known, it takes different time to biologically degrade different types of
organic waste, for instance, straw and wood take longer than starch and cellulose. This
implies that biodegradation is strongly influenced by the chemical nature of the substance
or material to be biodegraded. To facilitate the processing, the industrial biodegradation has
been used to process the urban waste. It occurs at a consistent step of composting and
anaerobic digestion. Composting will produce mature compost which turns into a fertiliser,
while anaerobic digestion followed by stabilisation through composting will produce
biogas.

Compostability is the capacity of an organic material to be transformed into compost
through the composting process (Novamont, 2011b). Composting can be conducted at a
small scale such as home-hold composting bin, or at an industrial level. The production of
compost and its use in agriculture represent the closure of the environmental cycle and
constitute a simple way to address the problem caused by the removal of organic substances
from agricultural soils, reduced soil fertility and the onset of desertification. Composting is
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currently applied to selected waste that only contains biodegradable organic matter where
the traditional plastics are not included in composting because they resist to the
biodegradation. In contrast, biodegradable plastics can be included in composting, but only
if they satisfy the criteria established by the standards that define compostable materials.
Incompatible materials were composted in the past in the absence of rules and in a context
of unregulated definitions and test methods. This caused significant damage, not least to the
trust of users and technicians responsible for composting facilities. Bioplastics that comply
with these standards can play a fundamental role in the valuation and optimisation of the
composting process and in the production of high quality compost.

Bioplastics, particularly those made from PHAs are truly biodegradable. PHAs can be
broken down into carbon dioxide and water by hydrolysis and microbial fermentations.
PHAs-degrading enzymes have been identified in some bacteria and fungi, termed
depolymerises (Elbanna et al., 2004; Jendrossek and Handrick, 2002; Kim do et al., 2007;
Tokiwa and Calabia, 2004). PHAs degrading microorganisms can be enriched from samples
collected from various ecosystems where PHAs have been supplemented as a sole source of
carbon and energy. There are mainly two types of such microbial degradation- extracellular
and intracellular ones (Jendrossek et al., 1996). Besides using the native PHAs degrading
strains, an advanced PHAs degrading system may be built up using the SB methods, for
instances, better deploymerases or fermenting strains (Knoll et al., 2009). With more
knowledge accumulating on the biodegradation of PHAs, we may expect that plastics made
from polymers - which are easy to be broken down - will have more applications in the
future. We also need to point out that not all bioplastics will degrade to the same extent in
the anaerobic digestion step and they may perform differently in the different technologies.
For this reason more research is needed on the behaviour of different bioplastics in different
anaerobic systems. In addition, it has been suggested that the anaerobic fermentation on
bioplastics may be combined with the production of biogas because bioplastics are
carbohydrates with little or no nitrogen and therefore with a high C/N ratio, making them
more suitable for energy generation during fermentation than the traditional organic waste
(urban organic waste, agricultural waste, etc). SB derived degradation processes that enable
the combination of degradation and energy generation will maximize the benefits of
bioplastics further.

Life Cycle Analysis (LCA) has become essential in evaluating the environmental impact of a
product (Novamont, 2011c). It is a method for evaluating and quantifying the energy and
environmental = consequences and  potential impacts associated with a
product/process/activity throughout the entire life cycle, involving the assessment on the
entire product chain (“from cradle to grave”). Evaluations on the feedstocks, their
production, use and end of life in the same context have enormous potential for many
biomass derived products, particular biofuels and chemicals like bioplastics. To assess the
non-renewable energy consumption and greenhouse gas emissions of PHB, the
environmental performance of PHB derived from corn grain was evaluated through LCA
(Kim and Dale, 2008). It showed that corn derived PHB offers environmental advantages
over fossil polymers- with less non-renewable energy consumption (95% reduction) and less
greenhouse gas emissions (200 % reduction) as compared to the petroleum-based plastics.
Calculating the overall environmental benefits, particularly on GHGs and energy saving,
attributed to lignocellulosic biomass derived products is challenging because whole
production chains are complex. It can be expected that different approaches and
interpretations on LCA will provoke a debate about the environmental merit of bioplastics.
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A recent study on biofuel converting from lignocellulose conducted by Slade et al. showed
that the most important factors affecting GHGs emission are the emissions from biomass
production, the use of electricity in the conversion process; and from the potentially
consequential impacts: (in)direct land-use change and fertiliser replacement (Slade et al.,
2009). GHGs from land use change (the so-called "carbon debt") is one of the major
contributors to the environmental impacts of biomass derived products. The GHGs of
biofuel was studied, and it showed the time required for biofuels to overcome the potential
carbon debt and begin providing GHGs benefits would be 100-1000 years depending on the
ecosystem that was replaced. Thus, using crop biomass as feedstocks for chemical
productions may take a long time to gain environmental benefits from the carbon debt.
Using non-crop biomass, such as lignocelluloses, may maximize the environmental gains.
Furthermore, there is ongoing research on using other inexpensive carbon sources for
bioplastics productions. For example, xylose which is one of the abundant sugars in food
industrial waste can be converted to lactic acid and acetic acid by an anaerobic fermentation.
They can subsequently be used as feasible feedstocks for PHA production (Tsuge, 2002).
Eventually, carbon dioxide would serve as an ultimate source for PHA production (Tsuge,
2002). It is known that several research groups are working using SB methods to engineer
photosynthetic organisms (cyanobacteria or micro algae) that can catch carbon dioxide
directly and convert it to biofuels (Fischer et al., 2008, Rosenberg et al., 2008). The same
techniques can be applied to implement the PHA synthesis pathways instead of the ethanol
or fatty acids synthesis pathways in the engineered microbes.

One important problem will arise: should synthetic biology be able to help solve the above
technical issues, namely that more and more agricultural land will be devoted to plant
energy-crops instead of food crops. In order to avoid such competition with food, we
suggest also using non-food-competing biological resources such as perennial plants grown
on degraded lands abandoned for agricultural use, crop residues, sustainable harvested
wood and forest residues, double crops and mixed cropping systems, as well as municipal
and industrial organic wastes.

Besides the potential environmental benefits of bioplastics, it is worthwhile to point out
another benefit of bioplastics due to the biological processing in their industrial productions.
From this perspective, SB based techniques have the potential to avert the use or by-product
of toxic molecules in the production process (DSM; EuropaBio, 2003; Hermann and Patel,
2007; Schmidt and Pei, 2011; Soetaert, 2007). While these productions will be at bulk
chemical scale, the environmental impacts will be marked- less pollution releasing to the
environment, less processing cost on industrial waste and etc.

As it mentioned above, the synthetic plastics have been entered into the environment in
large quantity since the last half century. And plastics are now one of the most common and
persistent pollutants. Besides replacing synthetic plastics with more environmental friendly
bioplastics which are degraded and compost, SB based techniques may provide new
solutions for the already existing plastic waste- new approaches to break down the
chemicals which are difficult to degrade and take long time. Microbes using synthetic
polymers as substances might be created although there are none existed in nature.
However, the consequences of the environmental leakage of the engineered plastic-eating
microbes that could degrade plastic would be serious and the research should be subjected
to thorough considerations (Collins, 2008).

The current legislation on bioplastics in the EU has been focused on sustainability, carbon
footprint, and labelling. The European Directive 94/62 EC and Directive 2004/12/EC
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provide reference to European standard (EC Packaging, 2004). The EN 13432 defined the
biodegradable and compostable polymers as that the plastics made from at least 90% of the
organic material must be converted into CO, within 6 months. Directive 2004/12/EC on
Packaging & Packaging Waste specifies what bio-based products are. Further more, the EU
environmental regulations played a role in providing incentives for the emergence of the
bio-based product market. There are different rationales in supporting the R&D in
bioplastics. For the industrial stakeholders, bioplastics have high market potential. For the
agricultural stakeholders, bioplastics will be a new market potential for agriculture derived
raw materials. For the environmental protective agencies, bioplastics might contribute to
reduce the so-called carbon footprint. At the national level, some countries (for instance,
Germany) set specific targets, e.g. that the more than 75% of the packaging should be from
renewable sources (the Federal Environment Ministry Germany, 2009).

5. Conclusion

Bioplastics, defined as plastics derived from renewable carbon sources that are also
biodegradeable, have been considered as good candidates for sustainable development as
well as eco-friendly environment. The R&D on SB approaches is highly expected to deliver
feasible approaches to bulk production of bioplastics. There are many aspects where SB can
contribute to obtain this goal (Figure 1). Both SB and bioplastics are in their early stage of
development. Most of the SB related research on bioplastics is focused on improving
production of PHAs. More matured processes for large-scale conversion of biomass to
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polymer by SB design approaches could significantly influence the bulk production of
bioplastics. However, adoption by industry on a new biological processing is expected to be
slow, even though there are clear benefits on environmental perspectives over the long-
term. Regarding to the market potential of bioplastics, the incentives and subsidy from the
legislation body are currently the main driving force of the R&D of bioplastics and have
high influence to the marketing of the end products. Bioplastics derived from lignocellulosic
sources hold promise for emission reductions yet the techniques in harnessing
lignocellulosic biomass is at the development stages. If the techniques become feasible, it
will make the feedstock price of bio-based products lower and competed with those of fossil
sources. Designer polymers with new properties will broaden the application of bioplastics-
not only in packaging (currently), but also in other applications (medicine, textile,
electronics etc). Improvements in biodegradation of bioplastics particularly combining with
energy generation will make the benefits maximized.
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1. Introduction

1.1 Natural rubber is an indispensable biopolymer

Natural rubber is a biopolymer of high economic importance with incomparable
performance properties such as high elasticity, resilience and efficient heat dispersion (van
Beilen and Poirier, 2007a). This high molecular mass polymer is formed from isopentenyl
diphosphate units (IPP) which are linked in cis-configuration building poly(cis-1,4-isoprene)
(Nor and Ebdon, 1998; Wititsuwaannakul et al., 2003; Bushman et al., 2006). 300 to 70,000
isoprene molecules are coupled to form an irregular structure that cannot crystallize under
normal conditions mediating the amorphous, rubbery texture (Nor and Ebdon, 1998; Kang
et al., 2000a). Upon harvest from plants and processing, along with the biopolymer itself
also non-rubber compounds are co-extracted and remain in the natural rubber product (Nor
and Ebdon, 1998). Therefore, the final product consists of about 94% poly(cis-1,4-isoprene)
and 6% non-rubber contents such as proteins and fatty acids (Sakdapipanich, 2007). These
contaminations are thought to contribute to the extraordinary characteristics of natural
rubber (Nor and Ebdon, 1998).

The plant-derived commodity is required for the production of more than 40,000 consumer
products including tires, footwear and medical devices (Davis, 1997, Mooibroek and
Cornish, 2000; Hagel et al., 2008). After harvest natural rubber is either kept in solution
through addition of solvents and stabilizers or it is coagulated and dried. Solubilised natural
rubber is used for products such as gloves or condoms but most of the harvested natural
rubber is processed as so called bulk rubber in solid sheets or granules (van Beilen and
Poirier, 2007b).

Currently, the sole crop exploited for commercial production of high quality natural rubber
in viable quantities is Hevea brasiliensis Muell. Arg. (Figure 1A). H. brasiliensis - a tree
indigenous to the Amazon Basin - is the most recently domesticated plant among major
crops. In their natural environment trees grow widely distributed within the forest, but for
large-scale rubber production H. brasiliensis trees are planted in monoculture (Davis, 1997).
The main rubber-producing countries presently are Thailand, Indonesia, Malaysia, India
and the People’s Republic of China, which together accounted for 89% or 9.33 million tons of
the global rubber production in 2005 (Figure 2B) (Hayashi, 2009). With a yield potential of
more than 2500 kg ha-! year! H. brasiliensis is a valuable crop in tropical and subtropical
countries where its cultivation is possible (Cornish, 2001a; Hayashi, 2009).
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Fig. 1. Cultivation of H. brasiliensis A) H. brasiliensis tree and common method of harvesting
latex from trees by manual tapping the bark and collection of extruding latex in small bins
(adapted from uni-stuttgart.de). B) Soil erosion in an area that was cleared for foundation of
a rubber plantation (adapted from Qui, 2009). C) Infestation of H. brasiliensis with M. ulei;
left panel: conidiophores of fungi breaking through epidermis of leaf, right panel: lesions on
leaf (adapted from Lieberei, 2007).

However, cultivation of H. brasiliensis on plantations has severe environmental
consequences (Mann, 2009). For example, the People’s Republic of China faces problems due
to deforestation and conversion of large regions of tropical forest to rubber plantations
(Mann, 2009; Qui, 2009; Ziegler, 2009). Primarily, cultivation of H. brasiliensis was promising
since farmers of the strongly developing country could earn up to five times more than by
growing traditional crops such as rice or tea (Qui, 2009). Yet, reshaping of the landscape
provoked lowering of the groundwater table coupled with increased soil erosion and
subsequent loss of soil quality (Figure 1B) (Mann, 2009; Qui, 2009; Ziegler, 2009).

Next to environmental impacts, biotic and abiotic stresses may lead to massive failure in
rubber production from H. brasiliensis. The tree is propagated through cuttings whereby all
clones cultivated originate from only a small sample of seeds and, therefore, lack genetic
diversity (Cornish, 2001a). This uniform genetic background renders H. brasiliensis very
susceptible to pathogens when planted as monoculture. The most threatening pathogen is
the ascomycete Microcyclus ulei, which causes defoliation or even death of the tree and
which wiped out plantations in the domestic country (Figure 1C) (Davis, 1997; Le Guen et
al.,, 2003). At present, outbreaks of this disease called South American Leaf Blight are rare in
the rubber-producing countries of Southeast Asia due to strict pest control standards but an
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accidental spread of M. ulei might have devastative consequences (Davis, 1997; van Beilen
and Poirier, 2007b). Additionally, anthropogenic factors such as the political and economical
instability in rubber-producing countries lead to diminishing acreage (Davis, 1997). Growers
shift to seemingly more lucrative crops while the global demand on natural rubber
increased to more then 10 million tons in 2010. Shortages in rubber supply are already
forecasted (Davis, 1997; Cornish, 2001a; van Beilen and Poirier, 2007a).

For all stated reasons, combined with the fact that minor non-rubber components tightly
attached to the natural rubber polymer of H. brasiliensis cause allergies, countries depending
on the import of natural rubber have an interest in establishing alternative domestic rubber
crops or engineering alternative substitutes (Cornish, 2001a; Wagner and Breiteneder, 2005;
Mooney, 2009).

2. Supplemental commodities and alternative sources of natural rubber

Some petroleum-based materials are potent substitutes for natural rubber. Examples for
high-quality synthetic rubbers are polyvinyl chloride (PVC), styrene butadiene and
acrylonitrile butadiene, which are commercially produced but cannot match the price-
performance ratio of natural rubber (van Beilen and Poirier, 2008). In some special divisions
the development of new but application-restricted materials led to the successful
replacement of the natural polymer. Progressively, even biodegradable goods could
supplement in many applications, which are good alternatives for conventional petroleum-
based plastics (Mooney, 2009). These biodegradable goods comprise polymers such as
derivative forms of cellulose like cellophane for food packaging, fibrous proteins like silk
which are used in Lycra® and Keflar® and hydroxyalkanoate polyesters (PHA) that are
gained in fermentation processes (van Beilen and Poirier, 2008; Mooney, 2009). In times of
resource constraints these organic compounds that can be totally degraded in municipal
landfills might be of high value (Wackernagel et al., 2002).

Nevertheless, neither synthetic rubbers nor biodegradable polymers will be capable to fully
replace natural rubber since the biopolymer is unique in its economical competitiveness and
no substitute can provide equivalent properties that are required in many industrial
applications (van Beilen and Poirier, 2008). All synthetic rubbers produced presently neither
have such a high degree of cis-bond content (99.5% in natural rubber), nor the high
molecular mass, nor contain the non-rubber components that are also responsible for the
extraordinary characteristics of natural rubber (Nor and Ebdon, 1998; Hayashi, 2009). Thus,
natural rubber still accounts for 40% of the market share and interest in the research of
further rubber-producing plants has been renewed (Cornish, 2001a; Mooney, 2009).

2.1 Latex cells

Approximately 2,500 plants synthesize natural rubber (Bonner, 1991). Rubber biosynthesis is
restricted to latex cells where the cytoplasm comprises a milky or colorless sap called latex
(Schnepf, 1974; Fineran, 1983; Hagel et al., 2008). Mostly, latex cells occur as highly
differentiated laticifers - a cell type described in dicotyledonous as well as in
monocotyledonous plant orders, ferns and conifers (Metcalfe, 1967; Lewinson, 1991). They
seem to have evolved convergently several times as their distribution throughout the whole
plant kingdom appears arbitrary, indicating a polyphyletic origin. Based on their
morphology laticifers are classified into two major groups (Hagel et al., 2008). Non-
articulated laticifers are found as single cells with no direct connection to each other
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(Kekwick, 2001). They form giant coenocytic cells that might intrude into different tissues
while they grow. Non-articulated laticifers are described, for example, in Asclepias spp. and
in Moraceae such as Ficus elastica and Nerium oleander (Mahlberg et al., 1968; Fineran, 1983;
Kekwick, 2001). In contrast, articulated laticifers as described in Papaveraceae and
Asteraceae, e.g. Sonchus asper, and Taraxacum spp. or the Euphorbiaceae H. brasiliensis are
associated to the vascular tissue (Fineran, 1983; Hagel et al., 2008; Sando et al., 2009). They
form discrete longitudinal rows of superimposed cells and can form a continuous
cytoplasmic network since they fuse with their apical ends and also often generate
anastomoses at longitudinal cell walls (Hagel et al., 2008). However, next to the two major
morphological types of laticifers, in some plants latex-bearing cells are embedded in the
epidermis or bark parenchyma, as it is the case for the desert shrub Parthenium argentatum
(Backhaus, 1985; Hagel et al., 2008).

The reason why some plants possess latex cells remains elusive and an appropriate
physiological function could yet not be identified. Rubber biosynthesis is not a compulsory
ability of latex cells since only around 2,500 out of approximately 20,000 laticiferous plant
species produce natural rubber as observed, for instance, in H. brasiliensis, Ficus elastica,
Lactuca sativa, P. argentatum and T. koksaghyz (Bonner, 1991; Cornish et al., 1999; Kang et al.,
2000b; Bushman et al., 2006; Schmidt et al., 2010). Therefore, latex cells have superimposed
functions to rubber biosynthesis. Based on transcriptomic and proteomic studies of various
laticiferous plants, a unique metabolism in comparison to other cell types was stated (El
Moussaoui et al., 2001; Ko et al.,, 2003; Chow et al., 2007). Apparently, common to all
surveyed laticiferous species, e.g. Lactuca sativa, Ficus spp., H. brasiliensis, Calotropis procera,
Papaver somniferum and Morus spp. - independent of the ability for rubber biosynthesis - is
the high abundance of stress- and defense-related proteins in the latex (Decker et al., 2000; El
Moussaoui et al., 2001; Stubbe et al., 2005; Kim et al., 2003; Chow et al., 2007; Freitas et al.,
2007; Wasano et al., 2009).

2.2 New rubber crops

Among rubber-producing plants only few provide high quality natural rubber. Thereby the
quality is defined by the amount and composition of the non-rubber components and
essentially by the molecular mass of the poly(cis-1,4-isoprene) polymer. For most industrial
applications it is crucial that the molecular mass exceeds 4 x 105> Da (Swanson et al., 1979;
Bushman, 2006). Therefore, an alternative rubber crop needs to possess commercially viable
amounts of high quality rubber, but also has to meet the criteria of rapid growing, large
biomass production, domestic cultivation and needs to be an annual crop (Cornish, 2001a).
In addition to H. brasiliensis only two other rubber-producing species have been described as
potential, promising rubber crops - P. argentatum and T. koksaghyz (van Beilen and Poirier,
2007b; Hayashi, 2009).

P. argentatum is already cultivated in the United States of America for rubber production
and is among all potential rubber crops closest to commercial production. The Mexican
brush is a perennial plant that can be cultivated in semi-arid regions (Cornish, 2001a). A
maximum productivity of 2,000 kg ha? year! has been reported (van Beilen and Poirier,
2008). However, the natural rubber gained from bark parenchyma cells needs to be
processed soon after harvest since otherwise it becomes unfeasible. Furthermore, a high
proportion of low molecular biopolymer lowers the quality and big amounts of resin
associated to the natural rubber prevent utilization in bulk rubber applications (Schloman,
2005). Since bulk rubber cannot be gained from P. argentatum, which is needed for tire
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production that accounts for approximately 70% of total natural rubber consumption, P.
argentatum is not fully capable of filling the gap in the worldwide increasing demand on
natural rubber (Hayashi, 2009). Nevertheless, due to a low abundance and diversity of
proteins in the natural rubber product from P. argentatum, the Yulex Corporation is
successfully marketing P. argentatum rubber as hypoallergenic and thus useful in medical
applications (Cornish, 2001a; van Beilen and Poirier, 2008; Hamilton and Cornish, 2010).
Taraxacum species infest habitats in all temperate regions of the northern hemisphere (Holm et
al., 1997; van Djik, 2003). Among 500 species T. officinale is the most common (van Djik, 2003).
Its typical jagged leaves build a rosette lying close to the ground with single heads of flowers
consisting of numerous strapshaded bright yellow florets. A major tap root with an average
diameter of 2.5 cm produces large amounts of latex but an all-encompassing vessel network of
laticifers spans the whole plant body (Steward-Wade et al., 2002).

' 4 Ix b\

W . brasiliensis

T. koksaghyz

Fig. 2. Taraxacum brevicorniculatum as an alternative source of natural rubber. A) Adult T.
brevicorniculatum plant. B) Countries cultivating H. brasiliensis are marked in green on a map
of the world; countries that successfully used T. koksaghyz as a rubber crop during and after
World War II are shaded in yellow (adapted from Suomela, 1950).

However, in T. officinale natural rubber is only observed in tiny amounts whereas in its close
relative T. koksaghyz (Russian dandelion) high quantities have been described (Figure 2A). T.
koksaghyz was discovered as a potential rubber crop during World War II in East-
Kazakhstan and was brought to cultivation in several countries including the United States
of America, Spain, the United Kingdom, Germany, Sweden and the former Uzbek Soviet
Socialist Republic (Uzbek SSR) (Figure 2B) (Suomela, 1950). Natural rubber production from
T. koksaghyz compensated for the missing import of H. brasiliensis natural rubber, which was
due to an import embargo enforced by the Japanese (Javorsky, 1944; Suomela, 1950; van
Beilen and Poirier, 2007b).

Wild-growing plants of T. koksaghyz are described as diploid with sexual reproduction that
exhibit an immense phenotypic variance in terms of morphology but also in the amount and
quality of natural rubber. For cultivation a tetraploid accession was chosen which contained
up to 37% of natural rubber in its latex (Javorsky, 1944). In general, cultivation of T.
koksaghyz was facilitated since damage due to pathogens was almost not observed and
within five months plants were grown to optimal size and rubber content for harvest
(Suomela, 1950). Nevertheless, cultivation of T. koksaghyz could not be justified after import
of natural rubber from the tropics was resumed. Since cultivation of T. koksaghyz was labour-
intensive and a yield of no more than 100 kg ha? year! in Germany was obtained T.
koksaghyz could not compete in price with H. brasiliensis (Suomela, 1950).
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At present, cultivation of a closely related Taraxacum species - T. brevicorniculatum - as a
rubber crop might be of economic profit. T. brevicorniculatum is a triploid plant that was
shown to contain approximately 32% of high quality rubber with a unimodal mass
distribution of 2 x 106 Da in its latex (Table 1) (Schmidt et al., 2010). Even after extensive
storage of harvested plant material up to 90% of the natural rubber can be recovered and
exhibits the same good quality parameters after processing as natural rubber from H.
brasiliensis. This allows application as solubilised as well as bulk rubber (Suomela, 1950; van
Beilen and Poirier, 2007b; Schmidt et al., 2010).

Nevertheless, a severe problem with rubber production from T. koksaghyz and T.
brevicorniculatum is the separation of the biopolymer from the plants” biomass. Due to fast
coagulation of the latex the natural rubber agglutinates with the remaining biomass and
only by dint of chemicals, purification is possible (Suomela, 1950). However, it was shown
that latex coagulation in T. brevicorniculatum is due to the activity of the most abundant
protein in latex, a polyphenol oxidase (Wahler et al., 2009). Through breeding of Taraxacum
plant lines with reduced PPO activity in the latex the problem of fast latex coagulation can
be circumvented, i.e. such plants might be employed as a new rubber crop. Rubber yields of
1000 kg hal year-! are expected.

species cultivation area rubber contentin Mw of poly(cis-1,4- by-

P latex (w/v) [%0] isoprene) [Da] products

H. brasiliensis™ ~ Southeast Asia 30 1x105and 2x10e  "UPPer

wood

South USA
2,43 ’ 6 6
P. argentatum Central America 6 <1x10¢ and >1x10¢  bagasse
T. koksaghyz™ all temperate 32 2x106 inulin

regions

1 Tangpakdee et al., 1996; "2 van Beilen and Poirier, 2007; ** McIntyre et al., 2001; * Schmidt et al., 2010

Table 1. Rubber-producing plant species with the potential for cultivation as rubber crops.
Indicated are the climatic requirements, the latex content, the molecular mass of the natural
rubber and valuable by-products.

3. Rubber biosynthesis

Despite an emerging strong interest in rubber-producing plants the molecular mechanism of
rubber biosynthesis has not been studied in detail. Natural rubber is a huge linear biopolymer
with IPP as the monomeric subunit. As IPP is the monomer of all isoprenoids, rubber
biosynthesis is just one of numerous biosynthetic pathways using IPP (Kharel and Koyama,
2003). Plant isoprenoids comprise around 23,000 compounds and are the most diverse class of
natural compounds including substances such as gibberellins, carotenoids, chlorophyll side
chains, plastochinone side chains, sesquiterpenes, sterols, brassinosteroids, dolichol and
mitochondrial ubiquinone side chains (Lichtenthaler et al., 1997; Lichtenthaler, 1999; Newman
and Chappell, 1999; Kasahara et al., 2002; Nagata et al., 2002; Kasahara et al., 2004).

IPP is produced via two biosynthetic pathways in higher plants. In the cytosol the well
described mevalonate (MVA) pathway synthesizes IPP from acetyl-CoA (Spurgeon and
Porter, 1981). Another metabolic pathway for IPP synthesis is called 1-deoxy-D-xylulose-
5-phosphate/2-C-methyl-D-erythritol-4-phosphate (DOXP/MEP) pathway, which is
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located in the plastids (Rohmer et al., 1996; Lichtenthaler et al., 1997). Both pathways form
IPP and its isomer dimethylallyl diphosphate (DMAPP). Radiolabeling of intermediates of
the cytosolic MVA pathway provided evidence that synthesized IPP is incorporated into
natural rubber (Skilleter and Kekwick, 1971). Although expression of an enzyme of the
DOXP/MEP pathway could be proven in laticifers of H. brasiliensis, in feeding
experiments using [1-13C]1-deoxy-D-xylulose triacetate, an intermediate of the MEP
pathway, no rubber molecules could be detected that carry an isotope label (Ko et al.,
2003; Sando et al., 2008). However, incorporation of IPP derived from the DOXP/MEP
pathway into natural rubber cannot be excluded, because crossover of both pathways
under certain conditions (e.g. depletion of MVA pathway enzymes) could be
demonstrated in Arabidopsis thaliana and tobacco Bright Yellow-2 cells (BY-2) (Kasahara et
al., 2002; Hemmerlin et al., 2003).

For initiation of rubber biosynthesis a priming allylic diphosphate is needed (Cornish,
2001a). IPP is isomerized to DMAPP by IPP-isomerase and is used as a substrate by trans-
prenyltransferase (TPT) to synthesize an allylic initiator molecule (Priya et al., 2006; Koyama
et al., 1996). It could be shown that initiation of rubber biosynthesis is most efficient with
farnesyl diphosphate (FPP) in H. brasiliensis, Ficus elastica and P. argentatum in in vitro
experiments (Xie et al., 2008). 13C nuclear magnetic resonance (NMR) analysis revealed a
trans-trans-cis sequence, typical for FPP, at the initiating terminal of rubber molecules in H.
brasiliensis (Tanaka et al., 1996, Tangpakdee, 1996). These results combined with the finding
that FPP is synthesized in the cytosol of H. brasiliensis indicate that FPP is the most likely
initiator molecule (da Costa et al., 2006). The sequential condensation of the non-allylic IPP
in cis-configuration proceeds during rubber biosynthesis at the priming allylic substrate
(Cornish, 2001a; Kharel and Koyama, 2003).

The polymerization of IPP to natural rubber is thought to be located at specific organelles.
The natural rubber polymer is found as suspended particles encased by a contiguous
monolayer biomembrane (Cornish and Backhaus, 1990; Cornish et al., 1999). In articulated
laticifers and latex cells of P. argentatum these particles are found within the cytosol, while
localization to the vacuome is described in non-articulated laticifers (Wilson and Mahlberg,
1980; Cornish, 2001a). Within the monolayer biomembrane of these rubber particles, the
hydrophilic phospholipid headgroups point towards the cytosol to compartmentalize the
hydrophobic rubber molecules (Archer et al., 1963; Cornish et al., 1999). The colloidal
stability of rubber particles is maintained since they have an overall negative surface charge
that leads to a charge-to-charge repulsion preventing coalescence (Southorn and Yip, 1969;
Cornish et al., 1999). With regard to the architecture rubber particles resemble oil bodies
(Cornish et al., 1999). Hence, it is likely that rubber particles originate, likewise to other
vesicle-like structures carrying insoluble material, from the endoplasmic reticulum (ER)
(Hermann, 2008). This view is supported by the finding that phosphatidylcholine,
phosphatidylethanolamin and glycoproteins are abundant in the monolayer biomembrane
as it is described for oil bodies and typical for the cytoplasmic part of the ER bilayer
biomembrane (Cornish et al., 1999; Hermann, 2008).

Rubber biosynthesis is catalyzed at the surface of rubber particles by integrated proteins or
protein complexes. After incubation of rubber particles from H. brasiliensis or P. argentatum
with [1-14C]IPP, radiolabelled rubber could be observed (Archer et al., 1963; Benedict et al.,
1990; Cornish and Backhaus, 1990; Siler and Cornish, 1993).
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Fig. 3. Biosynthesis of poly(cis-1,4-isoprene) at rubber particles A) The monomeric subunit of
natural rubber IPP is synthesized by the MVA pathway and the DOXP/MEP pathway in
higher plants from acetyl-CoA or glyceraldehydes-3-phosphate and pyruvate, respectively.
B) IPP is used for the synthesis of isoprenoids such as allylic diphosphates, as side chains of
chlorophylls, and natural rubber. C) Natural rubber is synthesized and regulated by the
activity of rubber particle-associated proteins such as a rubber transferase (EC 2.5.1.2.0) and
other proteinaceous factors at the monolayer biomembrane surface of rubber particles. D)
chemical structure of the natural rubber polymer - poly(cis-1,4-isoprene). DOXP/MEP - 2-1-
deoxy-D-xylulose-5-phosphate/2-C-methyl-D-erythritol-4-phosphate, G3P - glyceraldehyde
3-phosphate, IPP - isopentenyl diphosphate, MVA - mevalonate, PP- diphosphate

The enzyme catalyzing the rubber molecule elongation is designated as rubber transferase
(EC 2.5.1.20) (Cornish, 2001b). Even after extensive research the enzymatic nature of the
rubber transferase remains elusive and no sequence is deposited at the comprehensive
enzyme information system BRENDA (Chang et al., 2009). Since natural rubber is a poly(cis-
1,4-isoprene) it is speculated that the rubber transferase is similar to cis-prenyltransferases
(CPT). This view is supported by data about the biosynthesis of isoprenoids, which are
synthesized through the action of prenyltransferases catalyzing the transfer of IPP to prenyl
groups (Oh et al., 2000; Kharel and Koyama, 2003). Prenyltransferases are divided into two
classes due to their amino acid sequence, the resulting protein fold and due to the reactions
they mediate: trans-prenyltransferases catalyze the formation of short chain prenyls in trans-
configuration such as the priming allylic molecule used for the initiation of rubber
biosynthesis (Tarshis et al., 1994; Fujihashi et al,, 2001). In contrast, CPTs catalyze the
transfer of IPP units to substrates in cis-configuration and some can mediate the formation
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of long-chain polyprenylphosphates. For example, dehydrodolichyl phosphates, which act
as a sugar carrier lipid in the biosynthesis of GPI-anchored proteins, are synthesized in
Saccharomyces cerevisiae through the catalytic action of the long-chain CPT RER2 (Sato et al.,
1999). In H. brasiliensis, two CPTs (HRT1 and HRT2) were cloned, which were mainly
expressed in laticifers. HRT2 could be demonstrated to exhibit IPP-condensation activity
when heterologously expressed in Escherichia coli and co-incubated with H. brasiliensis latex
extract. Thereby, the observed product mainly was polyisoprene of a molecular mass of
2 x 105 to 106 Da (Asawatreratanakul et al., 2003). These data suggest that the rubber
transferase might indeed be a CPT. However, immunogold labeling of rubber particles from
H. brasiliensis using an antibody raised against a synthetic peptide with a consensus
sequence for a highly conserved region of CPTs failed to detect CPTs on rubber particles
and unlike CPTs, the rubber transferase does not synthesize products of predetermined size
but can synthesize products of a wide range of molecular mass (Castillion and Cornish,
1999; Singh et al., 2003; da Costa et al.,, 2005). However, the varying size of the natural
rubber product was shown not to be solely dependant on the rubber transferase. Through in
vitro studies measuring the incorporation of labeled allylic diphosphate and IPP into
isolated rubber particles from H. brasiliensis, P. argentatum and Ficus spp., it was
demonstrated that the concentration of these two substrates determine the initiation of new
natural rubber molecules and for this reason also the termination of chain elongation
(Castillon and Cornish, 1999). In general, if IPP supply is limited, with an increasing
concentration of FPP, more FPP is incorporated into rubber particles, inducing the initiation
of new natural rubber molecules and simultaneously leading to a decrease in molecular
mass of natural rubber molecules. Vice versa, under limiting concentration of FPP an
increasing concentration of IPP raises the molecular mass since condensation of IPP to the
natural rubber chain is not terminated (Castillion and Cornish, 1999; da Costa et al., 2005).
Furthermore, elongation of natural rubber molecules seems also to be dependent on the
presence of divalent cations. Incorporation of IPP only occurs if divalent cations such as
Mg?* are supplied as co-fatcors (Cornish et al., 2000; Kang et al., 2000b; Scott et al., 2003; da
Costa et al., 2005; da Costa et al., 2006). Analysis of the internal concentrations of FPP, IPP
and Mg2+* could reflect the correlation between rubber molecular mass and rubber
transferase activity since the FPP to IPP ratio and the Mg2* concentration were in the
optimal range for the specific rubber transferase in surveyed species (da Costa et al., 2005).
Therefore, it was stated that these are the main factors for high molecular mass of natural
rubber molecules in H. brasiliensis and P. argentatum (Castillon and Cornish, 1999; Kang et
al., 2000Db; Scott et al., 2003; da Costa et al., 2006).

Next to sufficient supply of substrate and metal co-factor for rubber transferase activity,
additional proteins appear to be involved in rubber biosynthesis. A positive effect was
observed when small rubber particle protein (SRPP) and rubber elongation factor (REF),
both proteins belonging to the REF superfamily, were added to washed rubber particles in
H. brasiliensis (Oh et al., 1999; Wititsuwannnakul et al., 2003). As shown by immunogold
labeling SRPPs are the most abundant proteins on rubber particles in H. brasiliensis (Oh et
al., 1999; Singh et al., 2003; Sando et al., 2009). Other factors have not been identified as
crucial for rubber biosynthesis so far. Hence, the actual biomolecular process of rubber
biosynthesis and its regulation have not been elucidated in detail.

Rubber biosynthesis in T. brevicorniculatum and T. koksaghyz is very likely to follow the
described processes. Rubber particles of T. koksaghyz could be shown to share the
architecture as described for rubber particles of all surveyed rubber-producing plants and
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exhibit rubber transferase activity when included in [1-4C]IPP incorporation assays with
Mg?+ and FPP (Schmidt et al., 2010). This is consistent with previously reported results
gained from studies of biosynthetic activity of rubber particles in P. argentatum, Ficus spp.
and H. brasiliensis (Kang et al., 2000b; Cornish, 2001a). Furthermore, several proteins such as
CPTs, SRPPs and REF, sharing high sequence similarity with the H. brasiliensis proteins,
have been identified in the latex of Taraxacum spp. (Schmidt et al., 2009). Thus T. koksaghyz
and T. brevicorniculatum could due to their rapid life cycle and the possibility for genetic
modifications serve as model plants for researching rubber biosynthesis.
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1. Introduction

The biopolymer is characterized as either chitin or chitosan according to the degree of
deacetylation (DD) which is determined by the proportion of D-glucosamine and N-acetyl-
D-glucosamine. Structurally, chitosan is a straight-chain copolymer composed of
D-glucosamine and N-acetyl-D-glucosamine being obtained by the partial deacetylation of
chitin. Chitosan is the most abundant basic biopolymer and is structurally similar to
cellulose, which is composed of only one monomer of glucose (Fig. 1). Chitosan solubility,
biodegradability, reactivity, and adsorption of many substrates depend on the amount of
protonated amino groups in the polymeric chain, therefore on the proportion of acetylated
and non-acetylated D-glucosamine units. The amino groups (pKa from 6.2 to 7.0) are
completely protonated in acids with pKa smaller than 6.2 making chitosan soluble. Chitosan
is insoluble in water, organic solvents and aqueous bases and it is soluble after stirring in
acids such as acetic, nitric, hydrochloric, perchloric and phosphoric (Guibal, 2004; Kluget al.,
1998; Kubota et al., 2000; Kurita, 2006; Anthonsen & Smidsroed, 1995; Rinaudo, 2006;
Sankararamakrishnan & Sanghi, 2006).
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Fig. 1. Structures of chitin, chitosan, and cellulose
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Food contaminations and the negative environmental impact of packaging materials
currently in use have prompted the research of safer materials. Chitosan have shown great
promise to be used in food industry as preservative because of its high antimicrobial activity
against various microorganisms. The quality of a variety of food products are maintained by
chitosan based films (Dutta et al., 2009).

Chitosan is considered one of the most valuable polymer for biomedical and pharmaceutical
applications due to its biodegradability, biocompatibility, antimicrobial, non-toxicity, and
anti-tumor properties. Nanoparticles, microspheres, hydrogels, films, and fibers are typical
chitosan based forms for biomedical and pharmaceutical applications. Examples of such
applications include nasal, ocular, oral, parenteral and transdermal drug delivery (Kumar,
2000).

The science for creating three dimensional body parts by seeding cellular material in vitro
on a scaffold, to replace diseased body parts is defined as tissue engineering. The scaffold
should be biodegradable and elastic for contractile tissues such as blood vessels and heart
valves. It is therefore necessary to develop tissue like matrix with interconnected network,
to act as templates to guide cell growth, transfer of nutrients, oxygen and waste products
(Kathuria et al., 2009).

Cross-linked chitosan hydrogels as potential tissue engineering scaffold can be prepared by
Schiff base reaction between the N-succinyl-chitosan and the aldehyde group from the
oxidized hyaluronic acid. Encapsulation of bovine chondrocytes within the cross-linked
hydrogel demonstrated that the composite hydrogel supported cell survival and the cells
retained chondrocytic morphology. Hydrogels are attractive candidates for tissue
regeneration due to its extracellular matrix mimic structure and the ability to form under
mild conditions (Tan et al., 2009).

Chitosan microspheres as delivery drug carriers can be prepared by the water-in-oil
emulsion solvent diffusion method, being ethyl acetate the oil phase. Figure 2 displays
Scanning Electron Microscopy (SEM) image of the chitosan microspheres with drug
entrapment (Phromsopha & Baimark, 2010).

10kV X200 100pm  C8GE mﬁI

Fig. 2. Scanning Electron Microscopy (SEM) of drug-loaded chitosan microparticles
(reproduced from Phromsopha & Baimark, 2010).

Chitosan has been largely employed in many areas, such as photography, biotechnology,
cosmetics, food processing, biomedical products (artificial skin, wound dressing, contact
lens, etc.), system of controlled liberation of medicines (capsules and microcapsules),
treatment of industrial effluents for removal of metallic and coloring ions. The amino groups
are responsible for the distinct characteristics attributed to this basic polymer (compared to
an acidic biopolymer). Therefore, the characterization of the polymer in either chitin or
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chitosan is extremely important according to the structure-properties relationship, defining

a possible industrial application. Thus many techniques are available to determine the

degree of deacetylation, such as:

¢ Elemental analysis (Davies & Hayes, 1988; dos Santos et al., 2009);

e Titration (Arcidiacono & Kaplan, 1992; Balazs & Sipos, 2007; de Alvarenga et al., 2010;
Hattori et al., 1999; Park et al., 1983; Raymond et al., 1993; Toei & Kohara, 1976; Zhanga
etal., 2011);

¢  Hydrolytic methods (Davies & Hayes, 1988; Nanjo et al., 1991; Niola et al., 1993; Sato et
al., 1998; Zamani et al., 2008);

e HPLC - Ultraviolet (Aiba, 1986; Muzzarelli & Rocchetti, 1985);

e Infrared (Baxter et al., 1992; Duarte et al., 2002; Kasaai, 2008; Miya et al., 1980; Moore &
Roberts, 1980; Sannan et al., 1978);

¢ 1H nuclear magnetic resonance (Brugnerotto et al., 2001; de Alvarenga et al., 2010;
Fernandez-Megia et al., 2005; Lavertu et al., 2003; Varum et al., 1991);

e CP-MAS3C NMR (Heux et al., 2000; Manni et al., 2010; Raymond et al., 1993);

e CP-MAS 5N NMR (Kasaai, 2009; Yu et al., 1999);

e Many other methods are described in the literature but with a somewhat smaller
appeal. Some of these methods are: steric exclusion chromatography (Brugnerotto et al.,
2001), nitrous acid deamination (Sashiwa et al., 1991), thermal analysis (Garcia Alonso
et al, 1983), gas chromatography with columns packed with chitin and chitosan
(Muzzarelli et al., 1980), etc.

2. Elemental analysis

A known amount of chitosan is heated for 1 h at 600°C, and the residue is weighed to find
the quantity of inorganic material. The percentages of nitrogen in fully deacetylated chitosan
(8.695), in fully acetylated chitin (6.896), and in the organic fraction of the analyzed material
(%N) are related to the DA by formula (1).

_(8:695-%N)

100 @
8.695 - 6.89

%DA

Samples with varying DA (degree of acetylation) present relatively small variations in
nitrogen content, thus results obtained by elemental analysis (EA) are not precise, especially
if contaminants are present. This technique was used to define chitosan as having a nitrogen
content of more than 7% and chitin with less than 7% nitrogen (Davies & Hayes, 1988; dos
Santos et al., 2009).

3. Titration methods

3.1 Acid-base titration

A known amount of chitosan was solubilized in 0.1 N HCl with gentle shaking overnight.
Titration with 0.1 N NaOH was performed on an automatic titration system. D-glucosamine
and N-acetyl-D- glucosamine were used as 100% and 0% deacetylated controls, respectively.
The DA is determined from first and second inflection points of the titration curve. Some
samples presented large standard deviations possibly due to solution viscosity and
precipitate formation (Arcidiacono & Kaplan, 1992; Park et al., 1983).
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3.2 Potentiometric titration

Chitosan (ca. 100 mg) is dissolved in a known volume of aqueous HCl (0.010 mol L) and
the solution is then titrated with 0.1 mol L-1 NaOH, while the pH of the solution is measured
at constant ionic strength (0.1 mol L1 NaCl). The graph with the variation of pH versus the
added volume of base has two inflexion points: the first corresponds to neutralization of
HClI, and the second to neutralization of the ammonium ions from chitosan. The difference
between the two inflexion points gives the amount of amino groups in chitosan (degree of
deacetylation, DD). The degree of acetylation (DA) is obtained from formula (2):

%DA =100—-%DD 2

This method presented some difficulties such as: The chitosan samples have to be purified
and dried prior to measurements. The moisture and ash contents have to be determined
and the weighed chitosan mass corrected. Low grade samples are not adequately measured
by potentiometric titration (Baldzs & Sipos, 2007; Zhanga et al., 2011).

3.3 Colloid titration

The principle of this method is based on a stoichiometric combination between positive and
negative ions. In colloid titration, normality of the titer solution is defined by the number of
equivalents of the dissociable groups of the polymer in 1 liter of solution.

A chitosan sample (1 a 10 x 10> mol) was dissolved in aqueous acetic acid (5 mL, 3 mol?)
and diluted with deionized water (100 mL). The solution was titrated with potassium
poly(vinyl sulfate) (PVS, 25 x 103 mol L?1) using 3-amino-7-dimethylamino-2-
methylphenothiazin-5-ium chloride (toluidine blue, 1% m/v solution) as indicator. The
positive ammonium groups of the protonated chitosan were directly bound to negatively
charged sulfate groups of PVS. After the equivalent point is reached a minute excess of PVS
binds to toluidine blue and the color change from blue to red.

This method presented some difficulties such as: The PVS had to be purified by dialysis
before use and its solution had to be padronized by acid base titration. The chitosan samples
suspended in aqueous acid had to be filtered to remove insoluble matter and the resulting
solution had to be purified by dialysis. A clear change of color was observed for some
chitosan samples and the end-point for other samples was determined only by precipitation.
However neither change of color nor precipitation was observed for low DA chitosan
samples. The low stability constant of the chitosan-PVS complex was attributed as the cause
for the discrepant results (Hattori et al., 1999; Téei & Kohara, 1976).

3.4 Conductometric titration

Conductimetry is the measurement of a solution conductance. During conductometric titration
the solution electrical conductivity is constantly measured while the chemical reactions occur.
Htand OH- contribute greatly for the solution conductance as these are the most conductive
ions. The chitosan samples (0.2000 g) were dissolved in HCI (54.00 x 10 mol L-1, 40.00 mL) and
titrated with portions of 0.500 mL of NaOH (165.0 x 103mol L) in 20 sec. interval.

The values of conductance (mS cm-1) with the corresponding titrant volumes were plotted in
a graphic to find the linear variation before and after the equivalence point (Fig. 3). Three
line segments are observed. The first rapid descending branch corresponds to neutralization
of HClI in excess (A-B), the second segment refers to neutralization of the ammonium group
(B-C) and the third to the excess of base (D). The two stoichiometry points are found by
intersection of the three lines and the difference between the two points corresponds to the
volume of base required to neutralize the ammonium groups (de Alvarenga et al., 2010).
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Fig. 3. Conductometric titration of three chitosan samples (reproduced from de Alvarenga et
al., 2010).

The percentage of amino groups represented by the degree of deacetylation (DD) was
calculated using formula (3):

[base](V, —V;)161
m

%DD = ®)
where [base] is the concentration of the NaOH solution (in mol L), Vi and V: are the
volume of NaOH (in mL) used in the titration, 161 is the molar mass of the monomer
(CsH1104N) and m is the mass of chitosan (in mg).

The content of D-glucosamine hydrochloride (DG-HCI) and N-acetyl-D-glucosamine
(NADG) mixtures determined by conductimetry were coincident with their known
concentration even for high NADG content. Thus high DA is not a barrier for
conductimetry. However this method is not applicable to chitosan with high DA due to its
low solubility. The difficulty presented by this method is that the sample has to be soluble
and must be well dried prior to analysis.

4. Hydrolytic methods

4.1 Acid hydrolysis, distillation and titration

A known amount of chitosan was hydrolyzed with sodium hydroxide and acidified with
phosphoric acid to convert the salt to acetic acid. The aqueous acetic acid is distilled, and
when the distilling flask begins to go dry, 15 mL of hot distilled water was added to the
flask. Aliquots of 25 mL were titrated with 0.01 N sodium hydroxide using phenolphthalein
as indicator. The volume of base was multiplied by ten to give the total volume of the
distillate (250 mL). The DA was determined from formula (4):

V x 0.04305

%DA = 4

where V is the volume of sodium hydroxide multiplied by ten and m the mass of chitosan
(Davies & Hayes, 1988).
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The drawback of this method is that it requires many tedious manipulations such as sample
drying, hydrolysis with base, acidification, azeotropic distillation, and titration. However no
expensive apparatus and reagents difficult to acquire are necessary for this method.

4.2 Acid hydrolysis - HPLC

A Varian Model 5000 equipped with 300 x 7.8 mm cation-exchange resin column and UV
detector was employed for the HPLC measurements. The finely powdered polymer was
hydrolyzed with aqueous sulfuric, oxalic and propionic acids at 155°C for 1 hour. After
cooling for 2 hours the mixture was filtered and 10 uL was injected in the HPLC. The
detection of the carboxylic acids was carried out with a UV detector at 210 nm. The
calibration curve was made with various dilutions of acetic acid and the DA was calculated
according to formula (5).

161M G)

%DA =————— -100
43 -42M

Where M is the amount of acetyl groups liberated by acid hydrolysis divided by the mass of
organic material (mass of analyzed material discounted the inorganic matter); 161 is the
molar mass of 2-amino-2-deoxy-D-glucose; and 43 the molar mass of the acetyl group. M is
calculated from the areas of the acetic acid (Aac) and the internal standard (Ars) peaks and
from the mass of propionic acid (Mis) according to formula (6). K is the response factor.

AAC
AIS

M=K- Mg (6)

The HPLC chromatogram of the chitosan reaction mixture is shown in Fig.4. Formic acid is
formed by hydrolysis of oxalic acid (peak 1), acetic acid (2) is liberated from the hydrolysis
of chitosan, and propionic acid (3) is the internal standard.
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Fig. 4. HPLC of the reaction mixture of chitosan: (1) formic acid, (2) acetic acid, and (3)
propionic acid (reproduced from Niola et al., 1993).

4.2.1 Drawbacks

- A calibration curve with various concentrations of acetic acid is required.

- The content of water and inorganic material in the sample must be determined prior to
analysis.



Characterization and Properties of Chitosan 97

- Along analysis time is required even after calibration and sample preparation.

- Sample degradation due to the high temperature employed for the hydrolysis.

- Separation of the acetic acid from the other carboxylic acids is not very trivial. A
suitable HPLC column is required.

- The hydrolytic conditions employed degrade the HPLC column life time.

4.2.2 Advantages

- This method is valid over the complete range of DA.

- The HPLC equipment is quite affordable compared to solid state NMR.

- Insoluble chitin samples can be analyzed by this method (Niola et al., 1993; Zamani et
al., 2008).

4.3 Enzymatic hydrolysis — colorimetry - HPLC

A Waters HPLC equipped with C-R3A integrator, column YMC-Pack PA-03(4.6 x 250 mm)
and R-410 differential refractometer detector was employed in this technique.

Chitosan was hydrolyzed by cooperative action of exo-p-D-glucosaminidase, p-N-
acetylhexosaminidase, and chitosanase and the amounts of D-glucosamine and N-acetyl-D-
glucosamine were determined by colorimetry and HPLC. The analysis by HPLC was carried
out on 0.2 mL solution of the aqueous hydrolysate. The peak area was converted into a
molar concentration with standard curves obtained with authentic D-glucosamine and N-
acetyl-D-glucosamine. Fig. 5 shows the HPLC chromatograms of the standards and of
hydrolyzed chitosan.

| NADG |

l{DG IMB

0 —

Fig. 5. HPLC chromatograms of: (A) Standard D-glucosamine (DG) and N-acetyl-D-
glucosamine(NADG); B) Products of hydrolysis of chitosan (reproduced from Nanjo et al.,
1991).

The degree of deacetylation (DD) was calculated according to formula 7:

%DD =100xDG / (DG + NADG) (7)

Where DG and NADG are the concentration in pmol/mL of D-glucosamine and of N-acetyl-
D-glucosamine, respectively. These concentrations are obtained from the HPLC peak areas.

4.3.1 Drawbacks
- Standard curves with authentic samples of D-glucosamine and N-acetyl-D-glucosamine
are required.
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- Alonger analysis time is required for the colorimetric than the HPLC method.

- The HPLC results are affected by the presence of impurities in the enzyme extracts.

- The reaction conditions must be carefully controlled to ensure complete hydrolysis of
chitosan (especially for distinct enzymes).

- These methods are valid only for samples soluble in 2% aqueous acetic acid.

4.3.2 Advantages

- The HPLC equipment is quite affordable compared to solid state NMR.

- No expensive apparatus and reagents are necessary for the colorimetric method.

- The HPLC column from the enzymatic method possess a longer life time than the
HPLC column from the acid hydrolysis method (4.2) (Nanjo et al., 1991).

4.4 Pyrolysis — gas chromatography

A gas chromatograph equipped with a flame ionization detector (FID) and a vertical
microfurnace pyrolyzer were used to characterize chitosan. GC / mass spectrometer was
used to identify the fragments. The chitosan sample (ca. 50 ug) suspended in aqueous oxalic
acid (3 L, 1.0 mol?) in a platinum cup was heated at 450 °C in pyrolyzer under helium
atmosphere. The flow rate of 50 mL/min of carrier gas at the pyrolyzer was reduced to 1.0
mL/min at the capillary column by means of a splitter. A metal capillary column coated
with immobilized poly(ethylene glycol) (PEG) (0.25 um thickness) was used. The column
temperature was initially set at 35 °C for 5 min and then heated to 220 °C at a rate of 5
°C/min.

N-acetyl-D-glucosamine (NADG) was employed as standard to calculate the degree of
acetylation (DA) of chitosan. This assumption is correct only if the characteristic products
(acetonitrile, acetic acid, and acetamide) are quantitatively formed from both chitosan and
NADG (Sato et al., 1998).

4.4.1 Drawbacks

- DA is overestimated by carbohydrate contamination.

- Excess of oxalic acid alters the DA.

- Life time of GC column is shortened by acid.

- The sample is destroyed by pyrolysis (destructive method).

4.4.2 Advantages

- This method can be used for entire range of DA.

- Very small amount of sample needed for analysis.
- Very short analysis time.

- Adequate for routine analysis.

5. Spectrometric methods

5.1 HPLC - ultraviolet spectroscopy

A Shimadzu LC-3A equipped with an integrator C-R1A, column Shimpack DIOL-300 and
UV detector was employed for the gel permeation chromatography (GPC) measurements.
Characterized chitosan samples (C-1, 2, 3, 4, 5, and 6) were employed as standards to
determine the DA of the unknown polymers. The chitosan standards (C-2, 3, 4, 5, and 6)



Characterization and Properties of Chitosan 99

were prepared by hydrolysis of sample C-1. The NADG was not used as standard because
its concentration was not matched with the peak areas. The DA could be estimated because
the UV absorption peak areas of the acetamide groups were proportional to the
concentration of the chitosan samples (Fig. 6).

Peok area

Concentration {(mM)

Fig. 6. Relationship between peak areas and concentration of acetamide groups of four
different chitosan samples.o, C-1 chitosan; ¢, C-2 chitosan; A, C-4 chitosan; A, C-5 chitosan
(reproduced from Aiba, 1986).

The GPC can be applied also for following chitosan reactions with low molecular weight
reagents as the latter possess different retention time from chitosan and laborious
purification of the chitosan derivative is avoided.

The results of the GPC method were reasonably coincident for 50% of the samples with the
results obtained by colloid titration and IR.

5.1.1 Drawbacks

- Standard curves with characterized chitosan samples are required.

- Chitosan standards with varying DA have to be prepared and purified.

- This method is valid only for samples soluble in aqueous acetic acid.

- The DA obtained by GPC, colloid titration, and IR were coincident for only 50% of the
samples evaluated.

5.1.2 Advantages

- The HPLC equipment is quite affordable compared to solid state NMR.

- Chitosan reactions with low molecular weight reagents can be accompanied by GPC.
- Chitosan molecular weight can be determined by GPC (Aiba, 1986).

5.2 Infrared spectroscopy

Infrared absorption spectroscopy can be employed in quantitative analyses and structure
determination of compounds. The fact of certain groups of atoms presenting bands at or
near the same frequency and the unique IR fingerprint of molecules allow the chemists, with
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the aid of other technics, elucidate the structure of a compound. The DA is calculated by
formula 8, where Aisss and Az are the absorbance of bands at 1655 and 3450 cm-l
respectively.

DA = (Aqyg55 / Asaso)x 115 ®)

This relationship is valid for samples with DA up to 55%. The amount of sample in the beam
must be small enough to ensure that the 3450 cm! band has a transmission of at least 10%.
Samples prepared by N-acetylation of chitosan, must be kept in 0.5 mol-! ethanolic KOH
prior to recording the spectrum, to hydrolyze the esters.

The IR spectra can be obtained with KBr disk or as film. The disk is prepared by pressing
the sample mixed with dry KBr. A film of aqueous acetic acid solution of chitosan is washed
with methanolic ammonia, distilled water and methanol, and dried overnight in vacuum
desiccator to afford the chitosan film. Fig. 7 shows the IR spectrum of chitosan and the
baselines for calculating the absorbance ratio A1ss5/ Asaso.
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Fig. 7. IR spectrum of chitosan showing the baselines for calculating the absorbance ratio
Ai6s5/ Azaso (reproduced from Baxter et al., 1992).

5.2.1 Drawbacks

- The ester groups of synthetically N-acetylated chitosan have to be hydrolyzed in
ethanolic KOH prior to analysis.

- This method is valid only for chitosan with DA in the range of 0-55%.

- Spectra with bad resolution for samples with low DA.

- Problems associated with OH absorption from water and polysaccharides. Thus
samples have to be purified and well dried.

- DA results obtained by IR have quite a large margin of error.

5.2.2 Advantages
- Infrared spectrometers are widely available.
- This technique is the best choice considering only cost and time required for analysis.
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- DA of insoluble samples could be determined by this technique (Baxter et al., 1992;
Duarte et al., 2002; Kasaai, 2008; Miya et al., 1980; Moore & Roberts, 1980; Sannan et al.,
1978).

5.3 Liquid state 'H Nuclear Magnetic Resonance

Chitosan was suspended in DCI and the mixture was stirred or 24 h at room temperature.
The TH NMR spectra were acquired with 16 transients, acquisition time of 3.642 s and delay
of 1.500 s. The temperature was controlled at 70 °C to increase chitosan solubility. The 'H
NMR of a chitosan sample is shown in Fig. 8 (de Alvarenga et al., 2010).

F'/
/
|']II
/
/
CA
mon
[ \ |II I| [l
_) o 4 N
—_— ~— ) N~ N
[ — J—
=~ o =3
% - o
T T T T T
pprmn (t1)  4.00 3.50 3.00 250 2.00

Fig. 8.1H NMR of chitosan in 1% DCl at 70 °C (reproduced from de Alvarenga et al., 2010).

The degrees of acetylation of chitosan was calculated from the areas of the signals in 2.1
ppm (methyl) and the sum of the areas from 3.2 to 4.2 ppm (H2, H3, H4, H5, H6, and H6') in
the 1H NMR according to formula (9).

2x
%DA:[ﬂjxwo )
H2-H6

5.3.1 Drawbacks
- This method is valid only for soluble samples.
- High-cost technique.

5.3.2 Advantages

- NMR spectrometers are widely available nowadays.

- Analysis time is very short.

- Small amount of material necessary for analysis.

- The results obtained by this technique are very reproducible and reliable.
- Could be used for routine analysis.

5.4 Solid-state '*C Nuclear Magnetic Resonance

The NMR spectra are mostly obtained from liquids, because a typical spectrum of an
organic compound in solution provides detailed information on the structure, conformation
and molecular motion. On contrary a conventional solid-state NMR spectrum is a broad
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hump hiding most structural information, as the nuclei are static and cannot average out the
anisotropic interactions. However an adequate dissolution of a sample for NMR analysis
cannot always be obtained (Heux et al., 2000; Manni et al., 2010; Raymond et al., 1993).

The integral area of the CHs peak was compared to the area of the glucoside carbons in
solid-state 13C NMR (Raymond et al., 1993) to determine the DD (degree of deacetylation) of
chitosan samples (Fig. 9). The DD could be calculated also by the integrated areas of the
acetate carbonyl in relation to the C1 carbon of the glucoside ring (Pelletier et al., 1990).
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Fig. 9. Solid-state 13C NMR spectrum of chitosan. Integration 1 corresponds to the glucosidic
carbon atoms, whereas integration 2 corresponds to the methyl group, which is proportional
to the acetyl content (reproduced from Raymond et al., 1993).

DD obtained by solid-state 13C NMR for low acetyl chitosan was not coincident with the
results from other technics. However, solid-state NMR is the method recommended for high
DA samples, as these samples are insoluble in most common solvent.

5.4.1 Drawbacks

- This method requires high-cost accessories for the NMR machine.

- Very long analysis time.

- These accessories are not widely available yet.

- This technique could not be used for routine analysis, unless a dedicated NMR for solid
state analysis is available in the laboratory.

- The results for low DA samples are not coincident with other techniques.

- DA is underestimated by carbohydrate contamination.

5.4.2 Advantages

- Small amount of material necessary for analysis.

- DA of insoluble samples could be determined by this technique, where most of the
techniques are not applicable.

- Dry samples are not necessary.

- The sample is recovered intact after analysis (nondestructive method) (Heux et al., 2000;
Manni et al., 2010; Pelletier et al., 1990; Raymond et al., 1993).
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5.5 Solid-state "°N Nuclear Magnetic Resonance

There is no unique technique that can measure the DA with high precision for all
chitin/chitosan samples. For example, the lack of solubility of chitin points to solid-state 15N
NMR spectroscopy as one of the technics for its analysis. 13C, 31P, and 5N are the nuclei most
studied by solid-state NMR, because of the difficulties involved in obtaining high-resolution
solid-state TH NMR spectra. The drawbacks of directly detecting 13C and °N are low
isotopic abundances, low spin polarization, and low signal intensity. Quadrupolar nuclei
(e.g. “N, spin 1 nucleus) possess a nonspherical charge distribution that can couple to
electric-field gradients present in most solid-state materials. Therefore solid-state 14N NMR
spectra are highly affected by this quadrupolar coupling.

A spectrometer operating at 30.35 MHz equipped with cross-polarization (CP) magic-angle
spinning nitrogen NMR (CP-MAS *N NMR) has been used to record the spectra of
chitin/chitosan samples. Samples were spun at 4000 Hz and the spectra were obtained with
ca 80000 scans and recycle delay of 1 s. The CP technique is used to transfer the polarization
from the abundant 'H to the rare 15N nuclei thus enhancing the signals. The MAS (magical
angle spinning) technique removes the dipolar broadening of signals by spinning the
sample at the magic angle (ca. 54.74°) with respect to the direction of the magnetic field,
increasing the resolution for better analysis of the spectrum.

Figure 10 shows solid state N NMR spectrum for chitosan. The amide, amine and
ammonium nitrogen atoms are displayed at 6 = ~ 101, 0, and 13 ppm respectively. The solid-
state 15N NMR spectra are simpler than the 13C NMR spectra, because the latter have more
distinct nuclei than the first. Besides determination of DA, solid-state 1N NMR could be
used also to evaluate the extent of grafting poly(3-hydroxybutyrate) to chitosan.

The DA is calculated by formula 10, where Ajo; and A are the integral areas of peaks at § =
101 and 0 ppm, respectively (Kasaai, 2009; Yu et al., 1999).

DA=A1 / (Aro1 +Ao) (10
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Fig. 10. Solid state 15N NMR spectra of chitosan (reproduced from Yu et al., 1999).

5.5.1 Drawbacks

- This method requires high-cost accessories for the NMR machine.
- Very long analysis time.

- The accessories are not universally available.
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- This technique could not be used for routine analysis, unless a dedicated NMR for solid
state analysis is available in the laboratory.
- Impurities containing nitrogen (like proteins) alter the DA obtained by this technique.

5.5.2 Advantages

- Relatively small amount of material necessary for analysis.

- DA of insoluble samples could be determined by this technique, where most of the
techniques are not applicable.

- Time demanding drying of samples is avoided.

- The chitosan samples are not destroyed by analysis.

- Could be employed to characterize synthetically modified chitosan, where solid state
13C NMR could not be used.

- The spectra are very easy to interpret as only two signals are observed.

- DA is not affected by polysaccharide contamination.

6. Conclusion

The DA can be determined by elemental analysis, titration, conductometry, hydrolytic
methods, HPLC - ultraviolet, infrared, NMR spectrometry, and other techniques. Many
factors have to be considered before choosing the method of analysis, such as cost, analysis
time, and accuracy. For example, some methods present the price of analysis at its favor, but
are not very accurate. Some of these methods are not viable for chitosan samples with high
DA, due to solubility problems. The samples have to be purified for some of these
techniques to remove impurities such as insoluble highly acetylated chitosan, proteins,
humidity and inorganic matter.

Considering the costs of analysis, titrations are the most indicated methods. One drawback
is that these techniques demand tedious preparations and very long time of analysis.

Errors associated with the arbitrary definition of the baseline and the need of very well
dried samples is a problem for the infrared spectroscopy. The advantage is that the sample
can be blended with KBr for the infrared spectroscopy (no need to prepare a solution with
the sample).

Solubility is one limiting factor for conductometry and liquid state 'H NMR analysis.
Therefore CP-MAS 15N and 3C NMR are the techniques most indicated for insoluble chitin
where the other techniques could not be employed. The drawback in the solid state NMR
analysis is the availability of the accessories (probe and console for solid-state analysis
attached to the NMR machine), which are very expensive and not commonly used for
routine analysis. The 'H NMR is the technique most widely used for chitosan
characterization, because of its accuracy, low variation of results, and analysis time.
American Standart Test Method organization has adopted the 'H NMR as a standard
method to determine the DA for chitosan.
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1. Introduction

Chitosan is a linear polysaccharide composed of randomly distributed {-(1-4)-linked D-
glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit). Chitosan is
produced commercially by the deacetylation of chitin, a long-chain polymer of
N-acetylglucosamine which is the structural element in the exoskeleton of crustaceans
(crabs, shrimp, etc.) and cell walls of fungi. The degree of deacetylation (%DD) can be
determined by NMR spectroscopy, and the %DD in commercial chitosans is in the range 60-
100 %. A common method for the synthesis of chitosan is the deacetylation of chitin using
excess concentrated sodium hydroxide as a reagent. It has the same [- (1-4)-D-
glucopyranose unit’s backbone as cellulose, except that the 2-hydroxy is replace by an
acetamide group. Owing to its specific structure and property, chitosan has attracted
significant interest in a broad range of areas such as pharmaceutical (Kato et al., 2003,
Kumar et al., 2004), biomedical (Suh and Matthew, 2000, Tucci and Rigotti, 2003, Ng and
Swami, 2005) water treatment(Northcott et al., 2005, Crini, 2005), cosmetics (Rinoudo, 2006,
Sun et al.,, 2006 ), agriculture (Boonletniruni et al., 2008,El Hadrami et al., 2010) and food
industry (Ham-Pichavant 2005,De Lima et al., 2010). As chitosan is a linear cationic
biopolymer, it is only soluble in acidic aqueous solution in which the primary amino groups
are protonated and precipitates when neutralized. The presence of rigid crystalline
domains, formed by intra-and/or intermolecular hydrogen bonding, is considered to be
responsible for the poor solubility of chitosan in high pH solutions (Nishimura et al., 1991). )
The extended applications of chitosan, is therefore frequently limited by its solubility
behaviour. The solubility of chitosan can be improved by depolymerization and its chemical
modification (Cravotto et al., 2005). Chitosan has reactive amino, primary hydroxyl and
secondary hydroxyl groups which can be used for chemical modifications under mild
reaction conditions to alter its properties.

In particular, chitosan and its derivatives have been considered as biomaterials because of
their biocompatibility, biodegradability, low immunogenicity and biological activities.
(Hirano 1999, Molinaro et al., 2002) Chitosan has been well known to possess valuable
properties for biomedical applications [Li et al, 1997] and being able to accelerate the healing
of wound (Kwaeon et al., 2003, Khnor and Lim, 2003). It has also been documented that
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chitosan confers considerable antibacterial activity against a broad spectrum of bacteria [Liu
et al., 2001, Zhao et al., 2003]. Owing to the advantages, some of the applications of chitosan
have included wound dressing, gauzes and medical sutures (Lee et al., 2000, Mi et al., 2001).
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Fig. 1. The structure of chitin and chitosan

In this chapter we present the development of water soluble N,O-carboxymethylchitosan
(NOCMC) and chitosan hydrolysates from an enzymatic process and their application in
wound healing. Characterization study such as FTIR, DSC and TGA were performed on
both materials. In addition, their biological properties such as anti-oxidant effect, inhibition
of melanin synthesis and cytotoxicity effect were carried out in in-vitro studies. In-vivo
biocompatibility of these materials and their efficacy as wound dressing materials were
tested using animal models.

2. Production of water soluble chitosan

2.1 Preparation of N,O-carboxymethyl chitosan (NOCMC) and characterization

The method used is the carboxymethylation of chitosan through direct alkylation reaction
using monochloroacetic acid as the reagent. Due to similarities in structure, this method
follows closely the method of carboxymethylation of cellulose to form CM-cellulose.
Chitosan was initially swelled with isopropanol followed by the formation of a Na-chitosan
complex on reaction with NaOH. Derivatisation was achieved using chloroacetic acid
(CAA). The chitosan derivative was washed and the pH of the solution was adjusted to the
required pH.

Freshly prepared NOCMC was freeze dried into powder form and stored in the refrigerator
prior to further use. NOCMC concentrations of up to 10% solution in water were prepared
for invitro analysis. 1% and 5 % solution were prepared and cast into thin films for used in
invivo studies.
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2.2 Characterization

2.2.1 FTIR and NMR analysis

Fourier Transform Infra Red (FTIR) was carried out using instrument model Perkin Elmer
Spectrum 2000. The spectra were recorded at 48 scanning at resolution of 4 cm-.
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Fig. 2. FTIR spectrum of chitosan and NO-carboxymethyl chitosan

Figure 2 shows the FTIR spectrum for chitosan (bottom, red) and N,O-
carboxymethylchitosan (top, black). The characteristic bands for chitosan was observed in
the infrared spectrum around 3294 cm? and 2874 cm? attributed to N-H, O-H and C-H
stretching bond. These bands are also present for N,O-carboxymethylchitosan spectrum.
The characteristic peaks at 1647cm and 1376 cm-! were assigned as amide I and amide III
band of chitosan, respectively. The band at 1150 cm! was the asymmetric stretching of C-O-
C bridge. Bands at 1062 cm! and 1027 cm-! were assigned to the skeletal vibration of C-O
stretching (Brugnerotto et. al., 2001).

The carboxymethylation provoked structural changes which were clearly identified by
comparing the infrared spectra of chitosan and N,O-carboxymethylchitosan. Occurrence of
intrinsic peaks at 1583 cm-! and moderate band at 1409 cm-! in N,O-carboxymethylchitosan
spectrum, which were attributed to the symmetric and asymmetric axial deformation of
COO, respectively, confirmed the introduction of the carboxymethyl group (Zhao et. al,
2002, Mourya et. al., 2010). Band corresponding to the polysaccharides skeleton, including
the vibration of the glycoside bonds, C-O and C-O-C stretch in range 1062-1027 cm?
confirmed that the back bone of the derivative is still intact.

13C Magic Angle Spin Nuclear Magnetic Resonance (MAS NMR) spectrum was obtained
using 400 MHz Brucker model. 13C MAS NMR in the solid state provided information on
the molecular skeleton of chitosan and its derivative. The NMR spectrum (Figure 3),
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correspond to the structure of chitosan and have defined as C1 peak (6103.7), C2 (856.1), C3
(674.1), C4 (681.5), C5 (674.1) and C6 (659.6). C3 and C5 peaks appear as an only peak at &
74.1 ppm (Paulino, 2006). In N,O-carboxymethyl chitosan, the basic structure of chitosan is
still present but a new peak was observed at & 177.7 ppm. This peak corresponds to the
carbon from carboxyl group (COOH), due to the incorporation of carboxylmethyl group in
the chitosan structure.

(a) NO-CMC

(b) Chitosan C3,C5
C1 c6, C2
C4
— -~
T T T T T T T T T T T T
220 200 180 160 140 120 100 &0 &0 40 20 1] ppe
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©

Fig. 3. 13C MAS NMR spectra of (a) N,O-carboxymethyl chitosan and (b) chitosan. (c)
structure of carboxymethylchitosan
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2.2.2 Thermal analysis

Differential scanning calorimeter (DSC) measurements were performed in a DSC-910
thermal analyzer from TA Instruments, USA. The DSC curves were performed under dry
nitrogen atmosphere (50-100mL min-) using different sample mass as 2-5mg and heating
rate 5°C. Accurately weighted samples (~0.1mg) were placed into a covered aluminum
sample holder with a central pin hole. Indium metal (99.99%) was used to calibrate the DSC
modulus in relation to temperature and enthalpy. An empty sample holder was used as
reference and the runs were performed by heating the samples from 25°C up to 110°C
followed by an isothermal at 110°C for 15min. The samples were reweighted and heated
from 10°C up to 480°C.

Thermogravimetric analysis (TGA) were performed in a Perkin-Elmer Model TGA-7. TGA
was carried out to study the thermal degradation of chitosan and NO-CMC. The samples
were heated at 10°C/min from 30°C to 600°C under nitrogen atmosphere. At 600°C the
nitrogen gas was replaced with oxygen while maintaining the heating rate of 10°C from
600°C to 800°C.

As polymer processing frequently involves its melting and extrusion, the studies on its
thermal properties and stability are very important to support the technological applications
of the polymer. Chitosan as well as their derivatives have good film forming properties and
they can be processed as membranes, solutions, gels, pastes and nanoparticles. Some studies
on the thermal degradation of chitosan (Holme et al.,, 2001) and carboxymethylchitosan
(Kittur et al., 2002) show that the introduction of substituents on the amino groups of
chitosan decreases its thermal stability.

@) (b)
Fig. 4. DSC thermogram of (a) chitosan and (b) N,O-carboxymethylchitosan

5 @ w w ®

The DSC thermograms of chitosan and NOCMC (Figure 4 a & b) were characterized by two
thermal events: the first endothermic and the second exothermic. The endothermic event
appeared at 92.56°C for chitosan and 110.55°C for NOCMC corresponding to water
evaporation. The exothermic event appeared at 292.76°C for chitosan and 266.84°C for
NOCMC corresponding to the decomposition of the polymers. This decomposition event is
concluded by the failure of the polymer to show any readable thermograms on cooling and
reheating. A glass transition temperature (Tg) was also not observed in thermogram of
chitosan and NOCMC indicating its amorphous characteristics.

Polysaccharides have a strong affinity for water, and in the solid state these macromolecules
may have disordered structures which can be easily hydrated (Galo & Patricia 2004). Figure
5 shows the TGA chromatogram for chitosan and NOCMC. The TGA of chitosan exhibit a
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small curve at 90°C while NOCMC exhibit a small curve at 100°C mainly from adsorbed
humidity. NOCMC loses substantially more water (20.72%) compared to chitosan (13.73%)
which can be attributed to the higher hydrophilicity of NOCMC leading to higher bound
water as compared to chitosan. According to Mourya et al., The increase in water holding
capacity with the increasing N-deacetylation and carboxymethylation is attributed to newly
created hydrophilic centers (amine and carboxymethyl) in the polymer chain (Mourya et.al.,
2010). Figure 5A shows the decomposition peaks at 310°C and 53.87% corresponding to
decomposition of glucosamine group. Figure 5B showed decomposition peaks at 270 °C and
410°C corresponding to decomposition of carboxylic group and glucosamine unit.

(b)
Fig. 5. TGA thermogram of (a) chitosan and (b)N,O-carboxymethylchitosan

2.3 Preparation of oligo chitosan

Oligochitosan samples were prepared by an enzymatic hydrolysis reaction. A number of
cellulose hydrolytic enzymes such as chitosanase (Shee. et. al., 2008), chitinase (Lopatin,
et.al., 1995), and cellulase (Xie, et. al., 2009) may be utilized for the hydrolysis, with the two
most efficient being chitosanase and chitinase with chitosan being their natural substrate. In

this work pure chitosanase from Streptomyces species, supplied by Sigma Chemical Co, St
Louise USA, was chosen as the hydrolytic enzyme. The enzyme loading was 1U/30 g



The Development, Characterization and Application of Water Soluble Chitosan 115

chitosan/L solution. The hydrolysis reaction was run 50°C and reaction without enzyme
was also run for control.

The enzymatic hydrolysis was performed in 10 litres of 3% acidic chitosan solution.
Hydrolysed samples were taken for 0, 1,2, 4,6,7 and after 24 hours and the enzyme was
inactivated at 100°C. Viscosity for all samples were measured upon cooling using a
Brookfield Viscometer model DV -11+ Pro with spindle 29 at 100rpm.

All the oligo chitosan samples were freeze dried and refrigerated prior to further use to
prevent further autohydrolysis. Oligo chitosan samples with concentrations of up to 5%
solution in water were prepared for invitro analysis. 1% and 5 % solution were prepared
and cast into thin films for used in invivo studies.

2.4 Characterization

2.4.1 Measurement of viscosity

Degradation of chitosan may be achieved by chemical (acid) hydrolysis (Qin et al 2002, Jia
and Shen 2002, Hsu et al. 2002) or enzymatic hydrolysis (Qin et al., 2003, Shin- ya et al.,
2001) Although hydolysis of chitosan with acids is fast and less expensive, the chemical
structure of residues is easily damaged. The use of enzyme for degradation is generally
more suitable as the course of the hydrolysis process and the product distribution are easier
to control. Moreover, enzymatic hydrolysis may lend itself to production of less
polymerized chitosan products which retain their original polymeric nature.

In our reaction, the enzymatic hydrolysis reaction was performed up to 7 hours with the
final oligochitosan solution having a viscosity of around 400 centipoise down from the
initial viscosity of 3% chitosan at 5400 centipoise ( Figure 6).
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Fig. 6. Measurement of viscosity of 3 % chitosan solution after addition of enzyme

2.4.2 FTIR analysis

Figure 7 shows the FTIR spectrum for oligochitosan samples taken at several time course. Its
structural composition were found to be similar to the original structure of chitosan, except
for the peak occurring at 1550 cm1. This peak at 1550 cm-! is assigned to the COO- residue
shifting from the acetic acid to amine residue of chitosan (Seung et al., 2001).
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Fig. 7. FTIR spectrum for chitosan and oligochitosan

2.4.3 Thermal stability study

Wa.ter Heat capacity Decomposition Heat
Sample evaporation onset (m)) temperature capacity (mJ)

temperature (°C) (°C) pactty

Chitosan 92.56 3081.00 292.79 2466.22

3% Oligo chitasan 88.87 1128.74 284.64 620.87

3% Oligo chitosan 79.36 667.31 281.98 1441.15

t=3hr
3% O?i";}}l‘;t"”n 84.36 751.94 281.68 743.81

Table 1. Summary of DSC thermograms

The DSC thermograms of chitosan and oligochitosan (Figure 8) were characterized by two
thermal events: first endothermic and the second is exothermic. The endothermic event
appeared at 92.56, 88.87, 79.36 and 84.36°C, for chitosan, oligochitosan t =1 hr, oligochitosan t
=3 hr and oligochitosan t =7 hr respectively corresponding to the onset of the evaporation of
bound water, the event lasting until slightly over 100°C,. The exothermic event appeared at
292.76, 284.64, 281.98 and 281.68°C for chitosan, oligochitosan t =1 hr, oligochitosan t =3 hr and
oligochitosan t =7 hr respectively, corresponding to the decomposition of the polymers as
explained ina previous work (Mourya et al. 2010). The degradation temperature of chitosan is
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higher compared to oligochitosan due to the higher molecular weight chitosan and the higher
number of bonds that need to be broken. Reduction in molecular weights is also translated to
viscosity reductions from chitosan to oligochitosan (Figure 6).

oligo 3% =7
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04
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Fig. 8. DSC thermogram of (a) overlay (b) chitosan (c) oligochitosan t=1hr (d)
oligochitosan t = 3 hr and (e) oligochitosan t = 7 hr
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3. Biological activity

The main research associated with this work was to investigate the biological activities of
the water soluble chitosan in the area of wound healing in general. This involved the
assaying of the chitosan samples for inhibition of melanogenesis, anti-oxidant and wound
healing which forms part of a series of bioactivities in wound healing technology.

Apart from the biological activity of interest it is also important to ascertain the toxicity limits
of the chitosan samples with respect to its contact with the cells and tissues of the human body.
Two different toxicity assays were performed namely the MTT cell viability which is an
assessment on the raw materials and was carried out concurrently with the melanogenesis
assay on the same cells. The other toxicity evaluation is the direct contact method whereby the
final wound healing product is assessed when in contact with the skin cells.

3.1 Melanogenesis assay

Melanogenesis is the process of the production of melanin by certain melanin producing
cells such as melanocytes which forms part of the skin epidermis layer. The melanogenesis
assay is the determination of the ability of the samples to inhibit the production of melanin
by selected cells. A high melanin inhibition activity also imparts on the materials potential
prospect to be utilized as functional skin care product in the treatment of over expression of
melanin such as hyperpigmentation.

3.1.1 Materials

The B16-F1 (CRL-6323) melanoma cells were purchased from American Type Culture
Collection. Cells were first cultured in DMEM medium supplemented with antibiotics
(100U/mL of penicillin and 100U/mL of streptomycin) and 10% heat-inactivated fetal calf
serum (Gibro-BRL) and maintained at 37°C in a humidified incubator containing 5% CO;.
Melanin synthetic, kojic acid, dipheny] tetrazolium bromide (MTT) and trichloroacetic acid
(TCA) were purchased from Sigma.

3.1.2 Method

The B16-F1 melanoma cells were seeded into 24 well plates at 1X105 cells/ml and cultured
until they reached 90% confluence. They were then treated with sample at various sample
for 24 hrs using kojic acid as standard. Cells were then harvested for melanin content and
MTT assay.

3.1.3 Melanin content

The extracellular melanin content of cells treated with and without extracts were
determined. Medium cultured were collected and incubated with 5% TCA at room
temperature. Medium were centrifuged then dissolved in 1 N NaOH and shake for 15
minutes at room temperature. Absorbance was measured using Spectrophotometer at 475
nm and compared against the standard curve of melanin synthetic (Sigma).

3.1.4 Cell viability (MTT)

5mg/ml MTT agent was added into each well and cells incubated for 3 hours at 37°C in a
humidified incubator containing 5% CO,. Cells were then centrifuged and dissolved with
DMSO. Absorbance was measured using Spectrophotometer at 530/690 nm.
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3.2 Inhibition of melanin formation by water-soluble chitosan
3.2.1 Inhibition of melanin formation by oligochitosan
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Fig. 9. Effects of oligochitosan on melanin production and cell viability in B16-F1 melanoma
cells. Cells were treated with sample for 48 hrs. (a) Cell viability measured by MTT assay on
extracellular melanin content. (b) Effect of oligochitosan on extracellular melanin content

measured by MTT assay.

Melanin formation is the most important determinant of mammalian skin color (Hearing,
2005). In this study, melanin assay was performed on the chitosan samples to determine its
depigmentation effect. MTT assay was performed to determine the toxicity of chitosan on
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melanocytes. Measurements of extracellular melanin content in the melanocytes are shown
in figure 9b, while % cell viability is shown in figure 9a. Kojic acid was used as standard
which gave the % melanin inhibition of 92.31 + 17.2 with % cell viability 82.34 + 4.02. The
oligochitosan samples inhibit the formation of melanin in skin cells with 60% inhibition
showed by the hydrolysis sample after I hour. All samples tested are non-toxic to the skin
cells. The ability of the oligo chitosan to regulate melanin formation is useful in reducing
scar color during wound healing and recovery process.

3.2.2 Inhibition of melanin formation by N,O-carboxymethylchitosan
No melanin inhibition effect was observed with the NOCMC samples. The samples are non
toxic to melanocytes with cell viability of more than 100% observed in all samples.

3.3 Anti- oxidant effect

ABTS [2,2"-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt ] assay is
basically a radical cation decolourisation test, which is also a spectrophotometric method
widely used for the assessment of antioxidant activity of various substances. Any substance
which possesses anti-oxidant activity has a high potential of being a good wound healing
material.

3.3.1 ABTS method
Phosphate buffer (PBS) 5mM, pH 7.4

The Solution A was prepared with 0.13609g of KHPOj (acidic) was dissolved in 200 ml of
distilled water. The solution B was prepared with 2.1742 of KoHPO, (alkaline) were
dissolved in 200 ml of distilled water. Solution B was mixed with solution A using a
magnetic stirrer along with pH meter to control the pH at 7.4.

ABTS Stock Reagents

ABTS stock reagents were prepared by dissolving 0.0768 ABTS- + and 0.0132g potassium
persulfate in 20ml of distilled water. The stock reagent was kept in dark for 12 to 16 hours at
room temperature before use. This stock reagent can be kept in the freezer under 20°C until
further use.

ABTS working solutions

Working solution of ABTS was prepared by adding 19 ml of phosphate buffer (PBS) 5mM,
pH 7.4 to 1 ml of the stock reagent.

Method for ABTS

A total of 200ul of the working solution was added to 20ul of the plant extracts to make a
final volume of 220 pl and the absorbance was read after 6 minutes incubation. The
absorbance value was measured at 690nm. Ethanol/ distilled water were used as the
negative control with the same volume as the extracts. L-ascorbic acid (20 pul) plus ABTS
reagent (200 pl) was used as positive control. This assay was performed in triplicates.

A neg control-A simple

% Inhibition= x100%

A neg control
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L- ascorbic acid was used as standard in this assay and are prepared fresh prior to use.

3.3.2 Anti-oxidant activity

The anti-oxidant activity of chitosan and its derivatives has indicated that the active
hydroxyl and amino groups in the polymer chains may take part in free radical scavenging
and contributed to the anti-oxidant activity. The contents of active hydroxyl, amino, amido
groups in their polymer chains as well as molecular weight affect the anti-oxidant activity of
chitosan and derivatives (Feng et al., 2008, Guo et al., 2005)

Sample ICso (mg/ml)
Standard - Vit.C 0.09 £ 0.00
OC (1 hr) 3.99+0.13
OC (2 hrs) 3.47 £ 0.048
OC (3 hrs) 4.31+£0.10
OC (6 hrs) 3.81 +0.05
OC (7 hrs) 4.66+0.20
NOCMC 0.98 + 0.07

Table 2. IC50 value of Oligo chitosan and NO carboxymethyl chitosan

Table 2 shows the concentration of oligo chitosan and NOCMC in inhibiting 50 % of ABTS
radical formation. Oligochitosan displayed ICsy values of between 3.5 to 4.6 mg/ml while
NOCMC is more effective as a free radical scavenger compared to oligo chitosan. Sun et al,
2007 has shown that carboxymethyl chitosans showed molecular weight dependent
scavenging activity against superoxide anion.

3.4 Cytotoxicity test-direct contact method

The direct contact cell culture evaluation of materials was employed to assess the
cytotoxicity of the biomaterials. Fibroblast (6x104 cells/ml) in Dulbecco’s modified Eagle’s
Medium (DMEM) with 10% fetal bovine serum (FBS) was seeded in each well of 24-well
culture plates (Nunc, Denmark). Plates were incubated overnight at 37°C in humidified
5% CO, atmosphere until a monolayer (> 80% confluency) was formed. The culture
medium was aspirated and test material pieces (chitosan film, 0.5 cm?) were placed
carefully on the cell layer in a minimum culture medium. In order to evaluate the effect of
chitosan film on fibroblast cells, cultures were incubated with or without test materials for
24, 48 and 72 hours. Morphology of cells was assessed using inverted microscope and
quantitative evaluation of cytotoxicity was done using tetrazolium salt (MTT) reduction
assay.

3.4.1 Cytotoxicity of the water soluble chitosan

Oligo Chitosan film was found to be non-toxic to human skin fibroblasts. Our results show
that oligo chitosan film prepared from 1% solution did not induce any cytotoxicity effect to
fibroblasts in vitro as they represent more than 80% of cells viability . Figure 10 shows the
cytotoxicity results for oligochitosan on fibroblasts culture using direct contact test. Results
demonstrated that, O-C 1% derivatives exhibit high percentage of cell viability in terms of
their biocompatibility. Time exposure did not significantly affect the number of fibroblasts
growth.
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Test Materials % of Cell Viability + SD
24 HOURS 48 HOURS 72 HOURS
0-C1% (1H) 89.92+15.15 99.05 +18.6 99.23 £ 4.40
0-C1% (3H) 92.52 +16.26 102.15 £ 23.01 99.35 £ 5.88
0O-C 1% (6H) 9419 +14.83 103.22 £15.53 98.50 £ 6.13

Table 3. Cell viability of oligo chitosan tested at 24, 48 and 72 hours. Results represent the
mean viability of six replicates on fibroblast obtained from different donor.
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Fig. 10. Quantitative cytotoxicity test: Fibroblasts survival in the presence of oligo chitosan
sample(direct contact) at 6 h. MTT reduction capacity values are expressed as the
percentage of control values obtained by cell incubations in the absence of test materials.
Graph represents the mean value of fibroblast cell viability from different donor.

Test Materials % of Cell Viability + SD
24 HOURS 48 HOURS 72 HOURS
NOCMC 1% 75.37 + 1847 58.82+5.14 44.17 £14.53

Table 4. Cell viability of NOCMC tested at 24, 48 and 72 hours. Results represent the mean
viability of three replicates on fibroblast obtained from different donor

NOCMC showed a higher toxicity effect to fibroblast compared to oligochitosan especially
at longer incubation period as cell viability drop to less than 50%.

Chitosan is a cationic polymer having an amino group in its chemical structure. The N-
acetylglucosamine moiety in chitosan is structurally similar to glycosaminoglycans (GAGs),
heparin, chondroitin sulphate and hyaluronic acid in which they are biocompatible, and
have specific interactions with various growth factors, receptors and adhesion proteins
besides being the biologically important mucopolysaccharides in all mammals. Therefore,
the analogous structure in chitosan may also exert similar bioactivity and biocompatibility.
In our previous research paper, in vitro biocompatibility evaluation of biomedical-grade
oligochitosan ) and N,O-carboxymethyl-chitosan (NOCMC) derivatives (oligochitosan 1%,
oligochitosan 5%, NO-CMC 1% and NO-CMC 5%) correlated well with in vivo results (Lim
et al., 2007), in which oligochitosan 1% remained the most cytocompatible chitosan film
compared with oligochitosan 5% and NO-CMC. This suggests the reliability of the in vitro
model as a tool to evaluate the cytotoxicity of biomedical grade chitosan.
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4. In vivo study

In-vitro studies have demonstrated the excellent prospect for the water soluble chitosan to

be used as wound healing materials. However this study need to be extended to an in vivo

study on an animal model (rats and rabbits) to further elucidate its effectiveness for this

particular application. The study was undertaken in two parts namely:

o the biocompatibility study on rats via the implantation method to determine the
reaction of the animal to foreign material implanted into their bodies,

¢ the wound dressing study on rabbits to determine the effectiveness of the water soluble
chitosan as in the treatment of surface wounds.

Both methods are described below.

4.1 Implantation method

4.1.1 Creation of subcutaneous pockets

Healthy male Sprague-Dawley rats weighing between 300-500g were used in this study. The
rats were subjected to the implantation period of 4 days, 7 days, 14 days, 21 days and 28
days. On the day of implantation, the rat was placed in ventral position and immobilized on
their abdomen for the surgery. The dorsum of the rat was shaved. Immediately before
operation the rat was anaesthetized with intramuscular injection of Ketamine 35.0 mg/kg
and Xylazine 5.0 mg/kg on gluteal area. When fully anesthetized, the shaved area was
cleaned three times with povidone iodine. The operation site was then isolated with sterile
towel. Wounds were created under sterile technique for subcutaneous implantation.
Paravertebrally, at both side of the spinal column, two longitudinal incisions were made
through the full-thickness incisions of the skin. Subsequently, lateral to the incisions a
subcutaneous pocket was created by blunt dissection with scissors. The implant was
inserted in these pockets. The contra lateral pocket served as control site. Finally the wounds
were carefully closed intracutaneously with ethilon 3-0.

At 4 days post-implantation, the rats were euthanized and the implant and the control with
surrounding tissue were retrieved. The remaining implants and control site were retrieved
at 7 days, 14 days, 21 days and 28 days post-implantations. Implants from all rats were
randomly chosen, sectioned and analyzed by histological examination.

4.1.2 Microscopic examination

Immediately after retrieval, specimens were fixed in a 10% buffered formalin solution.
Subsequently, the tissue blocks were dehydrated in a series of ethanol (from 10% (v/v) to
100%) and embedded in paraffin block. After polymerization, non-decalcified thin (10 pm)
sections were prepared in a transversal direction to the axis of the implant using a modified
sawing microtome technique. Six histological sections were made for each tissue block.
These sections were stained with Hematoxylin and Eosin (H&E) staining and examined
using a light microscope. A light microscope was used for the histological evaluation. The
histological evaluation consisted of a concise description of the observed specimens and an
analysis of the tissue response. The histological evaluation will be done in six randomly
determined fields along the implant-tissue interface.

Results obtained from in vivo test for biocompatibility evaluation of films prepared from 1%
solution of oligochitosan and NOCMC are shown in Table 5 and 6 respectively.
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Implants Day-4 Day-7 Day-14 Day-21 Day-28
Inflammation |Chronic moderate | Moderate Moderate Few Few
Angiogenesis |Intense Few Few - -
Granuloma Few - - - -
Epithelioid cell | Few Few - - -
Giant cell - - - Few Few
Fibroblast Few Few Moderate Few Few
Implants Intact Mild Moderate Moderate Moderate
degradation | degradation | degradation | degradation
Table 5. Oligochitosan Film: Histological Findings at Days 4,7,14,21 and 28 - Post
Implantation
Implants Day-4 Day-7 Day-14 Day-21 Day-28
Inflammation Chronic few |Chronic few |Moderate Moderate Moderate
Angiogenesis - Few Few Moderate Few
Granuloma - - Few Few Moderate
Epithelioid cell |- - - Few Few
Giant cell - - - Few Few
Fibroblast Few Few Few Moderate Moderate
Implants Intact Mild Mild Moderate Moderate
degradation |degradation |degradation |degradation

Table 6. NOCMC film- Histological Findings at Days 4,7,14,21 and 28 - Post
Implantation

The inflammatory reactions seen in all the implants were fairly organized, from severe
inflammation to a mild phase in the final stage of implantation. Occasionally, granuloma
formation was seen in all the implants especially in the early period of implantation.
Multinucleated giant cells were also present in all the implants especially towards the end of
the implantation period. Angiogenesis was rather intense during the first three weeks of all
implants. However, this process markedly decreased towards the end of inflammatory
phase. Fibroblasts increased with longer implantation period for all of the implants and
gradually decreased towards the end. However, collagen depositions were abundant
especially 28 days post implantation. The implants of films prepared from oligochitosan and
NOCMC undergone from mild to moderate degradation. The material was still abundantly
present 28 day-post implantation. In conclusion, all film implants were biocompatible when
implanted in vivo.

4.2 In Vivo evaluation of oligochitosan film as wound dressing

New Zealand white rabbits (n=18) with weight between 2.0 - 3.5 kg were used in this study.
Four partial thickness wounds (0.5 mm, 5 x 2.5 cm2) were created using a humby knife at
the lumbar region. Oligochitosan and NOCMC films were used as test material for dressing
the wound and Aquacel® was used as control. The wounds were examined at day 5, day 14,
and day 21.
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Treatment with Treatment with Treatment with
commercial dressing oligo chitosan NOCMC
Dressing after 14 days

Dressing after 21 days
Both healed (almost without scar)

Fig. 11. Result of in vivo evaluation of NOCMC and oligochitosan films as wound dressing
materials.
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Split skin graft donor site is a good example of partial-thickness wound. The
performances of all the chitosan derivatives as wound dressings were compared to a
commercial dressing, Aquacel® which is widely used in actual clinical setting. On day 7
and 14 post-implantation with oligochitosan and NOCMC, histological findings revealed
that severe neutrophilic infiltration occurred in all chitosan derivatives specimens at
similar level of intensity compared with that in the control. Migration of macrophages
was also accelerated by the chitosan derivatives implants. These findings were in
accordance with the histological results in partial-thickness wound model where intense
acute inflammations were observed in the early phase of wound healing of all the
chitosan derivatives including the commercial dressing, Aquacel®. However, the
inflammation intensity was significantly lower for oligochitosan compared to the
treatments with NOCMC. In wound healing model, however, though fibroblasts presence
in oligochitosan was lower than NOCMC, the collagen depositions were notably higher
for oligochitosan which was comparable to Aquacel®.

The study on animal model for wound healing showed that both materials, oligochitosan
and NOCMC are biocompatible and proved to be an effective mean of managing wound.

5. Conclusion

Chitosan is a multifunctional biopolymer with many interesting applications. However,
its appeal is limited by its insolubility in neutral pH solutions and other relevant solvents.
In an age where environmental considerations is of high importance, having a water
soluble chitosan polymer is of great significance as it eliminates the need for employing
and managing acidic solutions. The two methods employed to enhance its water solubility
and processability are derivatization with identified functional groups and decreasing its
chain length. Derivatization of the chitosan polymer and hydrolysis to a lower molecular
weight polymer also imparts on the resulting polymer enhance activity in certain
applications.
In this work we have reported on a derivatization process to produce N,O-
carboxymethylchitosan and an enzymatic hydrolysis process to obtain low molecular
weight chitosan polymer which we have called oligochitosan.
We have also reported on our work to establish the biological activities of the water soluble
chitosan derivatives to meet two applications namely
e the ability of the derivative polymers to inhibit melanogenesis and formation of
melanin
o the ability of the polymers to enhance or increase wound healing activities.
A high activity or a strong ability of the polymers to inhibit melanogenesis implies that the
the polymers may be used in the development of topical products for the treatment of excess
production of melanin. This occurs as melasma or simply as a darkening of the skin on
exposure to environmental stress such as ultraviolet radiation or free radicals. It is possible
to use the oligochitosan in the treatment of post inflammatory hyperpigmentation condition
such as scar and skin darkening. In this work we have reported that the oligochitosan
demonstrated a high activity in the inhibition of then formation of melanin in in-vitro cell
based assays.
Exudates from non-healing wounds contain elevated levels of proteolytic enzymes, like
elastase from polymorphonuclear granulocytes (PMN elastase), reactive oxygen species
(ROS) and reactive nitrogen species (RNS). Thus, the reduction of protein-degrading
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enzymes and scavenging of ROS and RNS seem to be suitable ways to support the healing
process of chronic stagnating wounds. The water soluble polymers described in this work
possess free radical scavenging activity which may assist in the treatment of chronic wound
in conjunction with growth factors and hormones.

A strong ability to increase wound healing activities indicate that the polymers possess high
potential to be developed as wound management products thereby increasing the choices of
the medical practitioners in the treatment of chronic wounds.
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1. Introduction

Chitin and chitosan are copolymers of N-acetyl-D-glucosamine (GlcNAc) and D-glucosamine
(GIcN) units linked with p-(1-4) glycosidic bond, where the predominant units are GleNAc for
chitin or GlcN for chitosan in their polymeric chains (Fig. 1). While chitin remained an unused
natural resource for a long term, interest in chitosan and chitooligosaccharides (COS) has
increased in recent years due to their unique biodegradability, biorenewability,
biocompatibility, physiological inertness, and hydrophilicity. Based on these properties,
chitosan and COS have been widely and continuously applied in various fields, such as
agriculture, cosmetics, water treatment, food industry, pharmaceuticals and biomedicine.
Actually, most biological activities of chitosan are strongly dependent on its degree of
polymerisation (DP) which defines the molecular mass of the polymers, degree of acetylation
(DA) which defines its charge density and pattern of acetylation (PA) which defines the
distribution of GleNAc and GlcN moieties in the chitosan chain.
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Fig. 1. Structure of chitin (a) and chitosan (b). Cited from Prashanth and Tharanathan (2007).
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Commercially available chitosan are generally produced in a heterogeneous process using
concentrated NaOH or KOH (40-50%) at high temperatures taking advantage of the speed
and low cost of the production process (Peniston and Johnson 1980). The distribution of
GlcNAc and GIcN moieties in these heterogeneously generated chitosans shows a random
pattern, highly depending on the conditions applied during the deacetylation (Ng et al.
2007). Therefore, although a large quantity of studies on the biological activities of chitosan
has been done, variation in biological activities of chitosan is unavoidable and in-depth
knowledge on the mode-of-action of chitosan is scarce. The major reason is that most studies
are done with badly characterized heterogeneous mixtures of chitosan, especially in its PA.
Alternatively, chitosan can also be prepared enzymatically by harnessing chitin deacetylase
(CDA) that was firstly extracted from the mycelium of the fungus Mucor rouxii (Araki and
Ito 1974). CDA (EC 3.5.1.41) is an enzyme that can hydrolyze the acetamido group in the
GlcNAc residues of chitin and chitosan, thus generating GlcN units and acetic acid. It is one
of the members of the carbohydrate esterase family 4 (CE-4s), as defined in the CAZY
database (http://afmb.cnrs-mrs.fr/~cazy/CAZY) (Coutinho and Henrissat 1999). Members
of this family share a conserved region in their primary structure, which has been assigned
as the “NodB homology domain” or “polysaccharide deacetylase domain”. Besides chitin
deacetylase, there are several other members in this family, including acetyl xylan esterase
(EC 3.1.1.72) (Taylor et al. 2006), chitooligosaccharide deacetylase (EC 3.5.1.-) (John et al.
1993), peptidoglycan GlcNAc deacetylase (EC 3.5.1.-) (Psylinakis et al. 2005) and xylanase A,
C, D, E (EC 3.2.1.8). Compared with the chemical method, enzymatic method has the
potential to produce some high-quality chitosan products with a well-controlled DA and
PA, which is difficult to achieve through a chemical approach.

In this chapter, based on previously published data, a few key issues that exist and hamper
the investigation and application of CDA are summarized. Referring to the recently
developed techniques or lessons from other research areas, some of our opinions are
provided, hoping that would contribute to our in-depth understanding of the catalytic
mechanism and biological role of CDA, and further overcoming the hurdles that hamper the
application of CDA to produce some high-quality chitosan or COS.

2. Current limitations

Briefly to say, three major challenges need to be addressed. Firstly, the paucity of well
characterized CDAs, that are able to result in diverse desired chitosan or COS products, is
one issue that cannot be ignored. In a very recent review article, all fungal CDAs reported
till now, including their biochemical properties, were summarized and it was found that
there are only a very small number of fungal CDAs that have been fully or partially
characterized as far (Zhao et al. 2010b). To some extent, exploring novel CDAs with unique
properties is of great importance because it is commonly believed that the discovery of more
efficient enzymes will enhance productivity and, thus, reduce the cost. Environmental
microbes are considered to be the main source of new enzymatic activities owing to their
enormous metabolic capability and diversity, much of which currently remains untapped.

Secondly, the scarcity of easy and accurate approaches to establish the structure of
enzymatically deacetylated chitosan or COS products is another hurdle to illustrate the
action mode and catalytic mechanism of diverse CDAs. To the present, only a little data
have been published to explain the action mode and catalytic mechanism of CDAs on
substrates of chitin (Martinou et al. 1998) or chitin oligosaccharides (Hekmat et al. 2003,
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Tokuyasu et al. 2000, Tsigos et al. 1999), which may at least partially due to the technological
limitations.

Thirdly, the scarcity of an efficient method to break the crystalline structure of chitin, that is
so recalcitrant that cannot be easily tackled by CDA, is also a key issue to overcome. In this
case, two ways may be considered: physical or chemical pre-treatment of chitin substrate or
integration of a chitin-binding protein (CBP) along with CDA.

3. Exploring novel CDAs and biological roles

3.1 Novel CDAs

To date, only a small number of microorganisms have been reported to produce CDAs by
either identification of CDA encoding genes or determination of CDA activity in vitro. By
contrast, most of environmental microorganisms remain unexplored but have a strong
potential for the discovery of CDAs with unique properties for biotechnological application. It
has already becomes apparent that CDA from different sources may differ in their activity,
stability, specificity and efficiency. Well-defined COS products have been identified and
characterized using novel CDAs from different sources. For instance, CDAs from C.
lindemuthianum (Tokuyasu et al. 1997) and Thermococcus kodakaraensis KOD1 (Tanaka et al.
2004) could exclusively convert GIcNAc-GlcNAc into GIcN-GIcNAc. Besides that, CDAs from
C. lindemuthianum could also be used for an enzymatic synthesis of GIcNAc-GIcN from GIcN-
GleN (Tokuyasu et al. 1999) and Thermococcus kodakaraensis KOD1 could also convert GlcNAc
into GIcN (Tanaka et al. 2004). CDA from Vibrio cholerae could exclusively convert GlcNAc-
GlcNAc into GIcNAc-GIeN (Li et al. 2007), while CDA from M. rouxii and Absidia corulea could
not deacetylate GIcNAc-GIcNAc at all (Gao et al. 1995, Kafetzopoulos et al. 1993).

Finding suitable enzyme candidates depends on efficient and sensitive screening strategies
and the greatest possible input of diverse candidate genes and organism. The traditional
method of obtaining novel enzymes by cultivation and subsequent screening of pure strains
of organisms is a standard and powerful approach. For instance, recently, by the traditional
method, two fungi have been isolated from environmental soils and identified to Mortierella
sp. DY-52 (Kim et al. 2008) and Absidia corymbifera DY-9 (Zhao et al. 2010a), both of which
can produce an extracellular CDA with a higher enzymatic activity than that from Mucor
rouxii. In a more recent work, a novel CDA producing strain Penicillium oxalicum ITCC 6965
was isolated from residual materials of sea food processing industries and it was also
indicated that a following mutagenesis using ethidium bromide and microwave irradiation
resulted into a mutant having a two-fold increase in CDA production (Pareek et al. 2011).
Compared with traditional pathways, recent advancements in molecular technologies offer
an opportunity to exploit the uncultivable microbes for biotechnological processes (Hess et
al. 2011). A metagenomic approach is currently considered the most viable method to search
for these elusive enzymes and there has already been some success with the use of several
enzymes discovered using metagenomics in the fine chemical and pharmaceutical industries
(Lorenz and Eck 2005, Cowan et al. 2005). Metagenomics involves the extraction of the total
genetic material from all organisms present in an environmental sample without the need to
culture them. The genetic material is then transferred into surrogate organisms to generate a
metagenome clone library. To search for specific activities with the metagenome, the
surrogate organisms can be screened for particular enzymes, either via DNA sequences or
enzymatic functions. Moreover, for functional screening, the number of clones can be
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reduced by an initial substrate-enrichment step before metagenomic DNA extraction that
corresponds with a particular function. For example, CDA could be isolated from a soil
sample by incubating the soil with chitin powder or chitin-containing materials before DNA
extraction. This increases the relative number of microbes in the soil that exhibit CDA
activity, resulting a higher hit rate during the later stages of the functional screening of
clones.

3.2 Biological roles

Besides that, exploring novel CDAs can aid in our understanding the biological roles of
CDAs. CDAs have been biologically confirmed to be an essential enzyme required for
proper spore formation (Matsuo et al. 2005, Christodoulidou et al. 1996, Christodoulidou et
al. 1999), cell wall integrity (Baker et al. 2007), and self-protection through conversion of
nascent chitin into chitosan (El Gueddari et al. 2002, Blair et al. 2006). The extracellular
CDAs produced by the entomopathogenic fungus Metarhizium anisopliae was suggested to
own a dual role in modifying the insect cuticular chitin for easy penetration as well as for
altering its own cell walls for defense from insect chitinase (Nahar et al. 2004). The mono-
deacetylated chitin/chitosan oligosaccharides could further act as a poor substrate for
chitinase or chitosanase, by which the pathogenic fungi could successfully avoid the
immune recognition by the host (Hekmat et al. 2003, Tokuyasu et al. 2000).

However, there are still many questions that need a further investigation. For example,
Saccharomyces cerevisize has two CDA genes that are transcribed only during sporulation
(Christodoulidou et al. 1996) and four CDA genes are identified from Cryptococcus neoformans
(Baker et al. 2007). Why are multiple isoforms of CDA required in the biological process? How
do these different CDAs work synergistically? We believe that our knowledge will
concomitantly be updated as the exploring of more novel CDAs in illustrating CDA's roles.
Considering the biological roles of CDAs from several plant and human pathogenic fungi,
ie. C. lindemuthianum (El Gueddari et al. 2002) and Cryptococcus neoformans (Baker et al.
2007), which might protect the pathogen from being attached by the hosts through a
modification of the chitin located in the cell wall of the pathogen, a meaningful task will be
to design some CDA inhibitors. There is no doubt that both structural and biochemical data
will assist the further development of CDA inhibitors (Blair et al. 2006).

4. Catalytic mechanisms

Once we obtain a novel CDA, the next task is to elucidate its substrate specificity and
catalytic mechanism. There are many reports about the substrate specificity of CDA from
various sources and it was found that most CDAs preferred water soluble chitin substrates
only. In addition, the substrate specificity of several selected enzymes classified under
Carbohydrate Esterase family 4 has once been examined by Caufrier and co-workers who
stated that CDA from M. rouxii and both a native and a truncated form of acetyl xylan
esterase from Streptomyces lividans were active on substrates of glycol chitin, xylan, chitin-50
and (GIcNAc)s while inactive on peptidoglycan substrates (Caufrier et al. 2003). As a
comparison, there are only very few reports about the catalytic mechanism of CDAs.
Actually, there are only two CDAs, whose catalytic mechanisms have been well
characterized. In the following part, we will provide a brief introduction of the two catalytic
mechanisms of CDAs: multiple attack mechanism and multiple chain mechanism.
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4.1 Multiple attack mechanism

In the multiple attack mechanism, binding of CDA on a chitin chain is followed by a number
of sequential deacetylations after which the enzyme binds to another chain (Fig. 2A). As an
example, the mode of action of CDA from M. rouxii has been studied on substrate of
partially N-acetylated chitosans (Martinou et al. 1998) and N-acetylchitooligosaccharides
(Tsigos et al. 1999). The enzyme could only effectively deacetylate chitin oligomers with a
DP higher than two and the first deacetylation takes place at the nonreducing-end residue of
the oligomer. In addition, the extent of deacetylation depends on the length of the substrate.
Among chitin oligomers (DP 3-7) tested, (GIcNAc); and (GIcNAc)s could be fully
deacetylated, whereas the reducing-end residue of (GlcNAc)s, (GlcNAc)s and (GlcNAc)7
always remains intact with a unknown reason (Tsigos et al. 1999). To explain this, a steady-
state kinetic study and structural characterization of the enzyme are required.
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Fig. 2. The pathway of (GIcNAc)4 deacetylation by an exo-type chitin deacetylase from M.
rouxii (A) (Tsigos et al. 1999) and an endo-type chitin deacetylase from C. lindemuthianum (B)
(Tokuyasu et al. 2000, Hekmat et al. 2003). GleNAc and GlcN are represented by shaded and
open circles, respectively. The reducing end residue was indicated by the circle containing X
inside. The arrows indicated the sequence by which (GlcNAc), was deacetylated. In Fig. 2A,
(GleNAc)4 was deacetylated by M. rouxii chitin deacetylase from the nonreducing end in a
progressive multiple attack mode. In Fig. 2B, (GlcNAc)s was deacetylated by C.
lindemuthianum chitin deacetylase in a multiple chain mode and four subsites are suggested
as -2, -1, 0, +1. Among them, only subsite 0 was responsible for the catalysis. Cited from
Zhao et al. (2010b).
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4.2 Multiple chain mechanism

Compared with M. rouxii CDA, a more detailed investigation was carried out on C.
lindemuthianum CDA. In contrast to the results of M. rouxii CDA, the extracellular CDA from
C. lindemuthianum (ATCC 56676) catalyzed the hydrolysis of acetamido groups according to
a multiple chain mechanism, in which the enzyme forms an active enzyme-polymer
complex and catalyses the hydrolysis of only one acetyl group before it dissociates and
forms a new active complex (Fig. 2B). The enzyme could fully deacetylate (GlcNAc); and
(GIcNAc); whereas the reducing-end residue of (GIcNAc), could not be deacetylated
(Tokuyasu et al. 1997). In a further study, Tokuyasu and his colleagues carried out a
structural analysis of the partially deacetylated products of (GlcNAc)2 formed by CDAH
(the recombinant non-glycosylated CDA from C. lindemuthianum). (GleNAc)s could be
exclusively deacetylated to the product of GIcNAcGIcNAcGIcNGIcNAc by CDAH in an
initial deacetylation process (Tokuyasu et al. 2000).

Fig. 3. Details of the CICDA active site. Close up of the active sites of the native CICDA
structure in complex with acetate product (panel A, CICDA_Ac) (acetate molecules shown
as sticks with green carbons) and a docked GIcNAc; complex [panel B, CICDA_GIcNAc3
(docked)]. Ribbon diagrams of the active sites are shown, with conserved side chains shown
as sticks with magenta carbons. The experimentally observed acetate is shown as sticks with
yellow carbons. GIcNAcs is shown as green sticks with subsites labeled -1, 0, and +1. The
five conserved sequence motifs (MT1-5) are shown in yellow. Water molecules (red spheres)
are also shown. Unbiased |Fo|-|Fc|, @cac maps are shown in blue. Hydrogen bonds are
shown in dashed magenta lines (CICDA Tyr145 backbone nitrogen atom is not shown) and
zinc-ligand interactions as dashed cyan lines. Cited and modified from Blair et al. (2006).
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For a better understanding of the reaction mechanisms, it was proposed that the enzyme has
four subsites (-2, -1, 0 and +1). The enzyme strongly recognizes a sequence of four GlceNAc
residues of the substrate, and the N-acetyl group in GIcNAc residue positioned at subsite 0
is exclusively deacetylated. Among the four subsites, only subsite -2 strongly recognized the
N-acetyl group of the GlcNAc residue of the substrate, while the deacetylation rate was not
affected when either subsite -1 or +1 was occupied with a GlcN reside instead of GlcNAc
residue. Afterwards, to confirm the proposed subsites of the enzyme, a full steady-state
kinetic characterizatioin of CDAH was carried out (Hekmat et al. 2003). The presence of four
enzyme subsites that interact with GIcNAc residues from the non-reducing end to the
reducing end of the substrate was experimentally confirmed. The turnover number is
independent of n and represents the intrinsic rate constant for the hydrolysis of the
acetamido group in subsite 0.

The steady-state kinetic parameters for the second deacetylation reaction of (GIcNAc)s were
also determined using GIcNAcGIcNAcGIcNGIcNAc as the substrate. The results suggest
that the mono-deacetylated substrate binds strongly in a non-productive mode occupying
all four subsites, thereby inhibiting the second deacetylation reaction (Hekmat et al. 2003).

In a more recent report, the structural data in combination with biochemical data revealed
that the catalysis of C. lindemuthianum CDA proceeds through a tetrahedral oxyanion
intermediate (Fig. 3). It can be proposed that the catalytic base Asp49 abstracts a proton
from the water molecule, generating a nucleophile to attach the substrate carbonyl carbon.
This produces a tetrahedral oxyanion intermediate, the charge of which is stabilized by the
metal Zn and the backbone nitrogen of Tyr145. The pKa-tuned His206 then protonates the
reaction intermediate on the nitrogen as it breaks down, generating a free amine and also
the acetate product (Blair et al. 2006).

5. Technological aspects

The scarcity of easy and accurate approaches for structural and quantitative analysis of the
mixtures of hetero-COS (Fig. 4) is a limiting issue in understanding the catalytic mechanism
of CDA. As we know, COS can be divided into homo-COS and hetero-COS, where homo-
COS exclusively consist of GlcNAc or GlcN, while hetero-COS are composed of both types
of monomer units GIcNAc and GIcN. Analysis of homo-COS by MS is rather
straightforward. As there are no isomers, their structures are easily deduced from their
molecular mass, which are a multiple of the number of GlcNAc or GIcN residues. The
molecular mass of a hetero-COS reveals, however, only its DP and DA, but is silent about
structure, since any hetero-COS of the composition (GIcNACc)n,(GlcN), can exist as a number
of constitutional isomers only differing in the position of the GIcNAc and GIcN residues in
the oligosaccharide chain. Characterization of heter-COS is therefore a formidable structural
challenge, in particular when a sample is only available as an intractable mixture of isomers.
In the past, an approach harnessing two specific exo-glycosidases in conjunction with
HPLC, ion exchange chromatography, NMR spectroscopy or mass spectroscopy (MS) has
been used to separate and verify the hetero-COS from enzymatic deacetylation of chitin
oligomers by CDA, by which the action modes and kinetic mechanisms of CDA from both
M. rouxii and C. lindemuthianum were elucidated (Fig. 2) (Tsigos et al. 1999, Tokuyasu et al.
2000, Hekmat et al. 2003). However, the above method is very complicated and time-
consuming. Besides that, for a complete analysis, a large amount of expensive enzymes and
chitin oligomers are required.
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Fig. 4. Examples of heter-COS‘ Cited from Peter and Eberhn (2010).
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Fig. 5. Summary of the different techniques employed for the quantitative analysis of
mixtures containing heterochitooligomers, homologs, and isomers. The first step in any case
is gel permeation chromatography (GPC) (on Biogel P4™) resulting in the quantification of
oligomers. Ion exchange chromatography (IEC) (on Resource S™) of the GPC fractions
allows for the quantification of homologs. Alternatively, MALDI-TOF MS of the GPC
fractions after N-deuterioacetylation allows for the quantification of homologs. For the
quantification of isomers MALDI-LTQ MSn after derivatisation of the desalted IEC fractions
with AcO-ds (free amino groups) and 3-(acetylamino)-6-aminoacridine (AMCR) (reducing
end) is employed. Cited from the Ph.D. thesis of Bahrke (2008).
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Compared with the above method, MSn has been shown to be a powerful technique for
structural elucidation of hetero-COS (Bahrke et al. 2002, Cederkvist et al. 2006, Haebel et al.
2007, Issaree 2008), which was recently reviewed by Peter and Eberlin (2010). Bahrke
summarized different techniques employed for the quantitative analysis of mixtures
containing heterochitooligomers, homologs, and isomers (Fig. 5) and the principles of
structure analysis of COS by MS (Bahrke 2008). Additionally, in a very recent report,
Vijayakrishnan et al. (2011) successfully applied the ESI(+)-MSn into the sequence analysis of
six isomers of di-N-acetylchitotetraoses (AADD,ADDA, ADAD, DADA,DAAD, and DDAA,
where D stands for GlcN and A for GlcNAc). The advantages of applying this method are
the requirement of minute quantities of sample, allowing rapid detection of nano- to
picomol quantities of sample, and the possibility to separate the components of even
complex mixtures by mass. By taking advantage of MSn, the structure of the mixtures of
hetero-COS in the enzymatic reaction process could be easily analyzed so that the action
mode of CDAs could be further elucidated. Information of the action mode of CDA will
further guide us to understand the biological role of CDA, i.e., why and how the chitin or
GlcNAc residues located the fungal or bacterial cell wall are modified by CDA?

6. Dealing with the crystalline chitin

Enzymatic conversion of chitin into chitosan has been investigated for several decades since
the discovery of CDA from an extract of Mucor rouxii (Araki and Ito 1974), however, a high
degree of enzymatic deacetylation is still hard to achieve, mainly due to the insoluble and
crystalline nature of chitin. With the ultimate aim of an efficient biotransformation of chitin
into chitosan, several studies on improving the substrate properties have been done (Win
and Stevens 2001, Beaney et al. 2007). Keeping in mind the enzymatic biotransformation of
nascent chitin by CDA in nature, an open and amorphous structure of the chitin is desirable
for CDA access to an increased surface area.

Additionally, recent studies on the enzymatic degradation of chitin have provided an
important new insight into the mechanism that would allow improved substrate accessibility.
Chitin-degradation organisms were found to produce a non-hydrolytic accessory protein, such
as the chitin-binding protein (CBP21) from Serratia marcescens (Vaaje-Kolstad et al. 2005a,
Vaaje-Kolstad et al. 2005b), which promotes hydrolysis of crystalline chitin via non-hydrolytic
degradation of the substrate. Such work, which will no doubt expand greatly, begins to shed
light on how they may be exploited in chitin deacetylation processes.

6.1 Non-biological modifications

Chitin, without further modification to reduce crystallinity and to open up the solid substrate
structure, is found to be a poor substrate for the heterogeneous solid-liquid enzymatic
catalysis. Beaney and co-workers found that the solvent and drying method used in modifying
the chitins had significant impact on the final efficiency of the enzymatic deacetylation
reaction. The most successful modifications through freeze drying of a colloidal chitin
suspension increased the degree of enzymatic deacetylation by 20 fold. In addition, several
evidences indicated that these processes indeed reduce the crystallinity of the chitin making it
easier for the enzymes to access their internal structure (Beaney et al. 2007).

Win and Stevens carried out a series of experiments to improve the enzymatic deacetylation
efficiency by various physical and chemical modifications of chitin such as heating,
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sonicating, grinding, derivatization and interaction with saccharides (Win and Stevens
2001). It was found that none of those above treatments of the substrate resulted in a more
efficient enzymatic deacetylation. In another test, dissolution of chitin in specific solvents
followed by fast precipitation by changing the composition of the solvent was not successful
either. However, by treating chitin in the specific solvents followed by the fast precipitation,
a decrystallized chitin with a very small particle size called superfine chitin could be
obtained. This superfine chitin, pretreated with 18% formic acid, appeared to be a good
substrate for fungal CDA. Since formic acid is able to dissolve chitin, it must be capable of
overcoming intermolecular binding forces in the crystal structure (Win and Stevens 2001).

In our lab, the enzyme activities of two newly screened extracellular CDAs from Mortierella
sp. DY-52 (Kim et al. 2008) or Absidia corymbifera DY-9 (Zhao et al. 2010a) were compared on
various chitinous substrates (Table 1). It was found that both crude CDAs preferred water
soluble chitin with a degree of deacetylation around 50% (WSCT-50), glycol chitin, chitosan
with a DDA between 70% and 90%, while were inactive on other physically or chemically
modified alpha-chitin or beta-chitin (Table 1). Although both crude CDAs cannot handle
chitin monomer (GIcNAc), comparable with the other fungal CDAs reported till now, it
indeed shows enzyme activity on chitin oligomers with a DP ranging from 2 to 7 and their
activities increase with the increasing DP (Kim et al. 2008, Zhao et al. 2010a). In a more
recent report, Zhao et al. (2011) indicated that a chemical modification of crystalline chitin
using phosphate acid could indeed increase the CDA enzyme activity to 3-4 fold, however,
the enzyme activity was still very low compared to water soluble chitin.

6.2 Biological modifications

The enzymatic degradation of insoluble polysaccharides, such as chitin, cellulose, glucan,
xylan, mannan and starch, is one of the most important reactions on earth. Despite this,
glycoside hydrolases attack such polysaccharides relatively inefficiently as their target
glycosidic bonds are often inaccessible to the active site of the appropriate enzymes. In order to
overcome these problems, many of the glycoside hydrolases that utilize insoluble substrates
are modular, comprising catalytic modules appended to one or more non-catalytic
carbohydrate-binding modules (CBMs). The most recognized function of these auxiliary
domains is to bind polysaccharides, bringing the biocatalyst into close and prolonged vicinity
with its substrate, allowing carbohydrate hydrolysis (Boraston et al. 2004).

Among the functions proposed for CBMs, substrate disruption has been a controversial topic,
nevertheless information proving this function for some CBMs is convincing. Binding of CBMs
to a crystalline substrate leads to polysaccharide chains disorganization and enhancement of
substrate availability. Evidence for this substrate disruption, is given by the independent
chitin-binding protein CBP21, which belongs to CBM family 33 and is produced by Serratia
marcesens (Vaaje-Kolstad et al. 2005a). It was suggested that CBP21 promotes efficient
crystalline chitin degradation by chitinases through polar interactions that modify the
substrate arrangement (Vaaje-Kolstad et al. 2005a). Previously, CBP21 was suggested as a non-
catalytic protein, nevertheless, in a recently published elegant work, Vaaje-kolstad and co-
workers provided a strong evidence to indicate that CBP21 is actually an oxidative enzyme
that catalyzes cleavage of glycosidic bonds in crystalline chitin and its activity could be
boosted by ascorbic acid to a much higher level (Vaaje-Kolstad et al. 2010). Their findings not
only demonstrated the existence of a hitherto unknown enzyme but also opened up the
inaccessible polysaccharide material for hydrolysis by normal glycoside hydrolases.
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Harnessing CBMs to bind or disrupt the crystalline polysaccharide is an important point
actually not only for glycoside hydrolases but also for some carbohydrate esterases. For
instance, a recent report indicated that a cellulose acetate esterase from Neisseria sicca SB,
which catalyzes the deacetylation of cellulose acetate, contained both a putative catalytic
domain and a CBM and the CBM had an affinity for cellulose (Moriyoshi et al. 2010).
However, no CDA has been reported to have such CBMs till now.

Therefore, given the excellent performance of CBP21 in promoting crystalline chitin
degradation, an efficient enzymatic deacetylation of insoluble chitin could be expected in
future through an integration of CBMs/CBPs with CDA by a genetic approach, or an
exploring of novel CDA that contains CBMs.

Relative activity (%)

Substrate Mortierella sp. Absidia corymbifera
DY-52 CDA DY-9 CDA
WSCT-50 (Crab, DDA 50%) 100 100
Swollen chitin (DDA 8%) 0 6
Colloidal chitin (DDA 8%) 0 0
Glycol chitin (DDA 8%) 35 19
CM chitin (DDA 8%) 13

0
Regenerated chitin (DDA <1%) 0 0
Crystal B-chitin (DDA 8%, 45 um) 0 0
Crab chitin (DDA 8%, 45 pm) 0 0
Crab chitin (DDA 8%, 150 um) 0 0
Crab chitin (DDA 8%, 250 pm) 0 0

Crab chitosan (DDA 71%, 150 pm) 49 21
Crab chitosan (DDA 80%, 150 pm) 7 13
Crab chitosan (DDA 88%, 150 pm) 9 10
Crab chitosan (DDA 99%, 150 um) 0 0

Table 1. Comparison of CDA activity on various substrates

7. Conclusion

Despite major progress in the past decade, the production of pure chitosan or COS with
defined DP, DA and PA is still a challenge. To overcome this problem, exploring some novel
CDAs with unique properties, understanding their catalytic mechanisms, and modifying
either chitinous substrates or CDAs for an efficient catalysis should be focused in the future.
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1. Introduction

Bacteria from the genus Burkholderia are widespread in nature, with strains being isolated from
rhizosphere, aquatic environments, man-made environments and in association with hosts
causing disease or beneficial interactions. One common feature across the genus is the ability
to produce an exopolysaccharide (EPS) termed cepacian. This ability is confirmed by the
presence of the bce biosynthetic genes in all Burkholderia sequenced genomes with the
exception for Burkholderia mallei (Ferreira et al., 2010). Cepacian is composed of a branched
acetylated heptasaccharide repeat-unit with D-glucose, D-rhamnose, D-mannose, D-galactose
and D-glucuronic acid in the ratio of 1:1:1:3:1 (Cescutti et al., 2000). Cepacian biosynthesis starts
with the synthesis of the nucleotide sugar precursors, catalyzed by isomerases, mutases,
epimerases, among other enzymes (Ferreira et al., 2010). This step is followed by the assembly
of the repeat-units by the sequential addition of sugars to an isoprenoid lipid by dedicated
glycosyltransferases. The last step of cepacian biosynthesis comprises polymerization and
export of the polysaccharide to the extracellular environment. A multienzyme complex
including a repeat-unit translocase, a polysaccharide polymerase, an outer membrane protein,
among others are involved in this process (Ferreira et al., 2010; Moreira et al., 2003). Insights
into the biosynthetic steps will be covered in this chapter.

Within the genus Burkholderia, a particular group of strains belonging to the so called
Burkholderia cepacia complex (Bcc) have been isolated from the lungs of patients suffering of
cystic fibrosis (CF). The analysis of sequential isolates from the same patient revealed that
during the bacterial process of lung infection and colonization, a transition between mucoid
to nonmucoid phenotype occurs (Zlosnik et al., 2008). This phenotypic conversion is
predominantly from mucoid to nonmucoid and the relevance of it in disease progression is
still under debate. It is therefore of importance not only to understand the factors triggering
the mucoid phenotype conversion, but also the molecular mechanisms involved in cepacian
biosynthesis regulation. Concerning EPS biosynthesis regulation, the present knowledge
includes regulation at transcriptional level, namely through quorum sensing mechanisms.
Indeed, it is known that exopolysaccharide production in plant-associated Burkholderia is
regulated by N-acyl homoserine lactones (Suarez-Moreno et al., 2010). Another Burkholderia
gene recently characterized and implicated in cepacian production is hfg encoding a RNA
chaperone involved in the riboregulation of target mRNAs by small regulatory non-coding
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RNAs (Sousa et al., 2010). Cepacian biosynthesis is also regulated at post-translational level
through a mechanism of phosphorylation and dephosphorylation of conserved tyrosine
residues in specific proteins. Involved in this process are two enzymes, namely the tyrosine
autokinase BceF and the phosphotyrosine phosphatase BceD (Ferreira et al., 2007). BceF
tyrosine phosphorylation activity is entirely required for cepacian biosynthesis, while BceD
activity is not. The possible role of the two enzymes in controlling EPS chain length will be
discussed.

Lastly, is our aim to present and discuss data on the role of cepacian in cell adaptation to
different environments such as the rhizosphere or eukaryotic host cells. For example, the
role of cepacian in protecting cells against desiccation and high concentration of ion metals
and some considerations on EPS involvement in biofilm formation and as a putative
virulence factor both in vitro and in vivo models will be covered.

2. Burkholderia genus

The genus Burkholderia includes one of the most versatile group of gram-negative bacteria,
being able to occupy a wide range of ecological niches that include soil, water, plant
rhizosphere and fungal mycelia. Some Burkholderia species are able to cause plant disease
while others bring beneficial effects to crops; some can degrade natural and man-made
pollutants and others are important opportunistic pathogens. The first Burkholderia isolate was
described by Burkholder in the 40’s as being a phytophatogenic bacterium, causing rot of
onion bulbs (Burkholder, 1950). This isolate was then called cepacia, meaning “onion”, and
was included in the Pseudomonas genus for many years due to broad and vague phenotypic
characteristics. After molecular taxonomic analysis in 1992, several Pseudomnionas species were
transferred to Burkholderia genus, being Burkholderia cepacia the type species (Yabuuchi et al.,
1992). There are currently more than 50 Burkholderia species and candidates identified.

Phylogenetic trees, based on 165 rRNA sequence analysis, separate the genus Burkholderia into
two major clusters (Caballero-Mellado et al., 2007). The first cluster includes pathogens such as
B. glumae, B. pseudomallei, B. mallei and bacteria belonging to Burkholderia cepacia complex. B.
glumae has become an important plant pathogen in Japan, Korea and Taiwan, due to its ability
to rot of rice grains and seedlings (Coenye & Vandamme, 2007). B. mallei and B. pseudomallei
are known primary pathogens. The first species causes glanders in horses, mules and donkeys,
which is characterized by the formation of nodular lesions in the lungs and ulceration of the
mucous membranes in the upper respiratory tract. B. pseudomallei is the etiological agent of
melioidosis in humans and animals. The disease can be an asymptomatic infection or cause
severe lung nodulation, pneumonia or skin infections (Coenye & Vandamme, 2007).
Burkholderia cepacia complex are a group of phenotypically similar bacteria that share a high
degree of similarity at 165 rRNA gene sequence (98% to 100%) and of recA gene sequence (94%
to 95%) as well as moderate levels of DNA-DNA hybridization (30% to 50%) (Coenye et al.,
2001; Vandamme et al., 1997; Vandamme et al., 2000; Vandamme et al., 2002b; Vandamme et al.,
2003; Vermis et al., 2004). There are currently seventeen species belonging to the Bec complex
where B. cepacia, B. multivorans and B. cenocepacia are the most studied species, due to the high
percentage of patients infected by these species. Bec bacteria have emerged as important
opportunistic pathogens, mainly for patients with cystic fibrosis, chronic granulomatous
disease and immunocompromised patients; are easily transmissible by social contact between
patients and intrinsically resistant to several antibiotics (Nzula ef al., 2002). Bec infections
clinical outcome may vary greatly, ranging from chronic lung infection with little or no impact



Mechanisms Controlling the Expression of the Exopolysaccharide
of Burkholderia and Role in Niche Adaptation 149

on lung function to rapid deterioration that in the worst cases can lead to septicemia and death
(Isles et al., 1984). The second Burkholderia cluster based on 16S rRNA sequence analysis
comprises more than 25 environmental non-pathogenic species, the majority found in
association with plants. Bacteria belonging to this second cluster have the ability to colonize
the rhizosphere or the internal intercellular spaces in several plants. Some species were shown
to promote plant growth, such as B. kururiensis and B. phytofirmans, and others to increase
plant nutrient availability via nitrogen fixation and/or phosphate solubilization, like B.
unamae, B. tropica and B. silvatlantica (Caballero-Mellado et al., 2007; Mattos et al., 2008; Perin et
al., 2006; Reis et al., 2004). Many species have the ability to form symbiotic interactions with
plants or with mosses, like B. tuberum, B. phymatum, B. mimosarum, B. nodosa, B. sabiae, B.
megapolitana and B. bryophila (Chen et al., 2007; Chen et al., 2008; Elliott et al., 2007; Vandamme
et al., 2002a). Even though these Burkholderia species seem to be very promising from the
biotechnological point of view, the specific molecular mechanisms that enable such potential
are poorly understood and only a few studies are available on this second Burkholderia cluster.
Overall, bacteria belonging to Burkholderia genus have large genomes, with two or more
chromosomal replicons, encoding in average more than 7000 genes (Mahenthiralingam et
al., 2005). The enormous amount of genomic information contained in such a large genome,
enables Burkholderia to grow on a wide range of substrates, being able to use several
different carbon sources and survive to the most diverse stress conditions.

3. Exopolysaccharides produced by Burkholderia genus

Exopolysaccharides (EPSs) have been described in many bacteria as being important in
adaptation to different stress conditions and being involved in the establishment of
symbiotic and pathogenic relationships. Several EPSs have been isolated from Burkholderia
and their chemical structure determined, but only EPS-II was shown to be produced by the
majority of the species, thereby designated cepacian. This EPS was shown to be produced by
both clinical and environmental Bcce isolates (Chiarini ef al., 2004; Cunha et al., 2004; Richau
et al., 2000a; Zlosnik et al., 2008). Even though most of the studies were conducted in species
belonging to Bcc complex, recent literature shows that cepacian biosynthesis also occurs in
non-Bee species (Ferreira et al., 2010; Hallack et al., 2010). Ferreira and co-authors showed
that the rhizosphere non-Bcc bacteria B. xenovorans, B. phymatum and B. phytofirmans were
able to produce large amounts of an exopolysaccharide in EPS-promoting media, confirmed
to be cepacian by Fourier transform infrared spectrometry (FTIR) (Ferreira et al., 2010).
Cepacian production was also recently confirmed in the diazotrophic B. kururiensis (Hallack
et al., 2010). Fig. 1 shows the mucoid phenotype presented by colonies of different
Burkholderia species grown in yeast extract-mannitol (YEM) medium. Mucoidy is due to the
over-production of cepacian. B. cenocepacia J2315 is unable to produce cepacian, thereby
displaying nonmucoid colonies when growing under the same conditions (Fig. 1).

The primary structure of the exopolysaccharide cepacian produced by the clinical isolate
Burkholderia cepacia 1ST408 has been determined. Cepacian is an acetylated acidic
polysaccharide with a branched heptasaccharide repeat-unit composed of D-glucose, D-
rhamnose, D-mannose, D-galactose and D-glucuronic acid in the molar ratio of 1:1:1:3:1
(Table 1) (Cescutti et al., 2000; Richau ef al., 2000a; Sist et al., 2003). The amount of acetyl
groups per repeat-unit seems to be strain dependent, varying from 2 to 4 groups. The
location of the O-acetyl groups was recently described in the polymeric structure produced
by B. kururiensis using a Smith degradation analysis. The results indicated that some
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Fig. 1. EPS production by different Burkholderia strains gives the colonies a mucoid
phenotype when growing in EPS-promoting medium. Contrastingly, the clinical isolate B.
cenocepacia J2315 is unable to produce cepacian and is therefore nonmucoid.

galactosyl units were substituted by the acetyl group at O-4 and the other O-acetylation site
might be the O-4 position of the rhamnose residue (Hallack et al., 2010).

Besides cepacian, other exopolysaccharides have been identified and characterized from the
structural point of view. For instance, several B. pseudomallei clinical strains were shown to
produce a linear tetrasaccharide repeat-unit consisting of three galactose residues, one bearing
a 2-linked O-acetyl group, and a 3-deoxy-D-manno-2-octulosonic acid residue (Table 1) (Nimtz
et al., 1997). This polymer was also identified in a B. cepacia clinical isolate, which also produce
levan, an exopolysaccharide composed of D-frutose monomers (Table 1) (Nogueira et al., 2005).
Cérantola and co-authors identified a third EPS structure produced by a B. cepacia clinical
isolate and named EPS-1. As presented in Table 1, such EPS repeat-unit is composed of D-
galactose and D-glucose with carboxyethylidene as substituent (Cerantola et al., 1996).
Furthermore, B. kururiensis, which is an endophytic diazotrophic bacterium, was shown to
produce large amounts of two acidic EPSs that were designated EPS A and EPS B being,
respectively, a pentasaccharide composed of D-glucose, L-rhamnose and D-glucuronic acid in
the proportion 2:2:1 (Table 1) and a mixture of two polymers composed of a hepta- and
octasaccharide repeat-unit, that differ only by the presence of a terminal glycosyl residue
(Table 1). The heptasaccharide repeat-unit was identified as being cepacian and the
octasaccharide repeat-unit as being EPS B (Hallack et al., 2010; Mattos et al., 2001). Interestingly,
the authors also showed that the production of EPS A and EPS B by B. kururiensis could be
modulated under different growth conditions. This was proposed to play an important role in
the endophytic-host plant association, as has been described in the case of Sinorhizobium
meliloti (Hallack et al., 2010). The variety of EPSs being produced, the ability to control their
production according to nutrient availability and the production of a common EPS among the
Burkholderia genus, seem to indicate an important function of these polymeric structures in
multiple environments colonized by these bacteria. As will be discussed, several authors have
hypothesized the importance of Burkholderia EPS in the establishment of symbiotic and
pathogenic interactions. Thereby several studies have been conducted to understand EPS
biosynthesis and its role in Burkholderia life style. Since cepacian is the most common EPS
among the Burkholderia genus, it will be further described within this chapter.
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Polymer Repeat-unit structure Proglucmg
strain/reference
Cepacian 1-a-D-Galp 1-p-D-Galp Many Bcc and
or EPS-II ! l non-Bcc
2 6 (Ferreira et al.,
—3)-B-D-Glep-(1—3)-a-D-GlepA-(1—3)-a-D-Manp-(1— 2010)
4
1
1-a-D-Rhap2+«1-pB-D-Galp
EPS B 1-a-D-Gal 1-B-D-Gal B. kururiensis
1 P 1 P o (Hallack et al.,
2 6 2010)
—3)-a-D-GlepA-(1—3)-a-D-Manp-(1—3)-3-D-Glep-(1—
4
1
1-a-D-Rhap2«1-p-D-Galp
3
)
1-B-D-Glep(+/-)
Levan —6)-p-D-Fruf-(2— B. cepacia
(Nogueira et al.,
2005)
EPS-1 —3)-p-D-Glcp-(1—3)-[4,6-O-(1-carboxyethylidene)]-a-D-Galp-(1—  B. cepacia
(Cerantola et al.,
1996)
EPS A —4)-a-D-Glcp-(1—-2)-a-L-Rhap-(1—4)-a-D-Glcp A-(1—3)-p-L- B. kururiensis
Rhap[20Ac]-(1—4)-p-D-Glcp-(1— (Mattos et al.,
2001)
—5)-B-D-Kdop-(2—3)-B-D-Galp2 Ac-(1—4)-a-D-Galp-(1—3)-p-D- B. pseudomallei
Galp-(1—- (Nimtz et al.,
1997)

Abbreviations: Gal - galactose; Glc - glucose; GlcA - glucuronic acid; Man - mannose; Rha - rhamnose;
Fru - fructose; Kdo - 3-deoxy-D-manno-2-octulosonic acid.

Table 1. Exopolysaccharides identified in Burkholderia. The table shows the structural
formula of the different EPSs repeat-units found in the literature.

4. Cepacian biosynthesis and regulation

The first studies on cepacian biosynthesis were reported by Richau and co-authors in the
year 2000 (Richau ef al., 2000b). By that time, the chemical structure of cepacian’s repeat-unit
was determined and this information was used to postulate a pathway leading to the
biosynthesis of the activated sugar precursors UDP-D-glucose, UDP-D-galactose, UDP-D-
glucuronic acid, GDP-D-mannose and GDP-D-rhamnose. Still, at the time, nothing was
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known about the genes encoding the enzymes involved in activated sugar precursor
biosynthesis or the ones involved in the latter steps. This was clarified by the identification
of the bce gene cluster (Burkholderia cepacia exopolysaccharide) encoding several enzymes
involved in cepacian biosynthesis (Ferreira et al., 2010; Moreira et al., 2003).

4.1 Genes involved in cepacian biosynthesis

The first cluster of genes involved in cepacian biosynthesis was described in the year 2003.
The cluster was identified by using random plasposon insertion mutagenesis to screen
mutants unable to produce EPS on the clinical strain B. cepacia IST408 (Moreira et al., 2003).
Three of the obtained mutants had the transposon inserted into the same genetic location.
This region located in chromosome 2, is composed of 11 genes designated bceA through beeK
(Fig. 2a). Homology studies indicated that the cluster encoded two proteins, BceA and BceC,
involved in the formation of activated nucleotide sugars; five glycosyltransferases, BceB,
BceG, BeceH, Bee] and BeeK; and four proteins putatively involved in the polymerization and
export of cepacian, that include BceD and BceF hypothesized to be involved in the post-
translational control of exopolysaccharide biosynthesis; BceE, encoding a putative outer
membrane auxiliary protein; and Bceel, a putative polysaccharide polymerase protein (Fig.
2a) (Moreira et al., 2003). Despite the identification of these gene products, several enzymes
required for cepacian biosynthesis were still missing. Further insight came after full genome
sequences of several Burkholderia strains from different species became available on-line.
Comparative genomic studies showed that gene bceA through bceK (now named bce-I
cluster) was present in all Bec and non-Bec sequenced strains with the exception of B. mallei.
Furthermore, the bioinformatic approach used, showed that the non-Bcc species B.
xenovorans LB400, B. phymatum STMBS815, B. phytofirmans Ps]N and B. graminis C4D1M
contained 8 additional genes encoding proteins putatively involved in polysaccharide
biosynthesis, located immediately downstream the bceK gene. The search for a homologous
region in the genome of other sequenced Burkholderia species showed that it was present in
all Bcc and in the remaining non-Bcc strains, approximately 155 to 314 kb downstream of the
bee-1 cluster depending on the strain (Fig. 2a) (Ferreira et al., 2010). This second genomic
region was named gene cluster bce-Il and the genes present were denominated bceM
through beell. In silico analysis of bce-II genes indicated that they encode proteins putatively
involved in nucleotide sugar biosynthesis (bceM, bceN and bceT), repeat-unit formation and
translocation through the inner membrane (bceR and bceQ respectively), acyltransferases
(bceO, beeS and beell) and a gene of unknown function (bceP) (Ferreira et al., 2010). These
genes are present in all Bcc and non-Bec species, with the exception of bceM and bcell genes,
that are absent from Burkholderia species with bce genes clustered together - B. xenovorans
LB400, B. phymatum STM815, B. phytofirmans PsJN and B. graminis C4D1M.

Clusters bce-I and bce-1I account for most of the genes needed for cepacian biosynthesis. Still,
some of the genes required for the formation of the nucleotide sugar precursors are absent.
These genes encode phosphoglucomutase (PGM), phosphoglucose isomerase (PGI),
phosphomannomutase (PMM) and UDP-D-glucose epimerase enzymes. However, since
these enzymes are also involved in other metabolic processes, their encoding genes can be
located outside the genomic regions involved in cepacian biosynthesis. Indeed, search for
genes encoding these four proteins in Burkholderia cenocepacia J2315 genome sequence
revealed that they are present with more than one copy and distributed in different
locations of chromosomes 1 and 2.
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Fig. 2. (a) Genetic organization of the bce genes directing cepacian biosynthesis in
Burkholderia. In representative strains of the species B. xenovorans, B. phymatum, B.
phytofirmans and B. graminis the bce genes are clustered together (not shown), while in
representative strains from Bec, B. pseudomallei, B. oklahomensis and B. thailandensis, the bce
genes are clustered into two regions (bce-I and bce-1I) approximately 155-314 kb apart. (b)
Pathway leading to the nucleotide-sugar precursors, required for cepacian biosynthesis.
Abbreviations: Glc, glucose; GlcA, glucuronic acid; Gal, galactose; Rha, rhamnose; Man,
mannose; GDP, guanosine-5"-diphosphate; UDP, uridine-5"-diphosphate; PGM,
phosphoglucomutase; UGP, UDP-glucose pyrophosphorylase; UGD, UDP-glucose
dehydrogenase; UGE, UDP-glucose epimerase; PGI, phosphoglucose isomerase; PMI,
phosphomannose isomerase; PMM, phosphomannomutase; GMP, GDP-D-mannose
pyrophosphorylase; GRS, GDP-rhamnose synthase (adapted from Ferreira ef al., 2010).

4.2 Biosynthetic pathway

The first step of cepacian biosynthesis is the formation of the activated nucleotide sugar
precursors. Several enzymes are involved in this process. Their activities were first proposed
by Richau and co-authors, that also showed the activities of the biosynthetic enzymes in cell
extracts (Richau et al., 2000b). Two Bce proteins involved in this step have been
characterized. One is BceA, a bifunctional protein with phosphomannose isomerase and
GDP-D-mannose pyrophosphorylase activities required for GDP-D-mannose biosynthesis
(Fig. 2b) (Sousa et al., 2007a; Sousa et al., 2008). The other is BceC, a UDP-glucose
dehydrogenase involved in UDP-glucuronic acid biosynthesis (Fig. 2b) (Loutet et al., 2009).
Burkholderia mutants unable to synthesize BceA or BceC have been constructed, but the
strains still produce approximately the same EPS levels, suggesting that other functional
homologues present in the genome may compensate for those mutations (Sousa et al.,
2007a). The synthesis of UDP-D-glucose is probably mediated by BceT, a putative UDP-
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glucose pyrophosphorylase. The nucleotide sugar precursor, GDP-D-rhamnose, is
putatively synthesized by the concerted action of BceM and BceN. BeeN is predicted to be a
GDP-mannose-4,6-dehydratase (GMD), catalyzing the dehydration of GDP-D-mannose to
the unstable intermediate GDP-6-deoxy-D-lyxo-4-hexulose, which is further converted to the
final GDP-D-rhamnose by GDP-6-deoxy-D-lyxo-4-hexulose reductase (RMD), predicted to
be encoded by bceM. The synthesis of UDP-D-galactose from UDP-D-glucose is catalyzed by
a UDP-glucose epimerase enzyme, putatively encoded by gene Bmul_2501 in Burkholderia
multivorans ATCC 17616.

The second step of cepacian biosynthesis is the assembly of the heptasaccharide repeat-unit,
which requires the presence of an undecaprenyl phosphate glycosyl-phosphate transferase
(UndPGPT) catalyzing the transfer of the first sugar to the lipid carrier, and six other
glycosyltransferases adding the remaining sugars in a specific order. The priming
glycosyltransferase is BceB, catalyzing the addition of the first sugar, glucose, to the lipid
carrier (Fig. 3) (Videira et al., 2005). The sequential addition of the six remaining sugars must
be performed by the deduced BceG, H, ], K and R glycosyltransferases, but none is yet
characterized and the specific activity of each enzyme cannot be predicted from their amino
acid sequences. An insertion mutant on bceR gene confirmed that this protein with two
glycosyltransferase domains is essential for cepacian biosynthesis (Ferreira et al., 2010).

‘3
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Peptidoglycan layer Acyltransferases

Tyrosine
kinase

Inner
membrane
Glycosyltransferases
BeeG, H, J,
K,R Phosphatase
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® Phosphate é Lipid carrier

Fig. 3. Model for assembly and export of cepacian. Activated sugar nucleotides are
sequentially added to a lipid carrier (undecaprenyl pyrophosphate (und-PP)) to form cepacian
repeat-units by sequential activity of BceBGHJKR glycosyltransferases. These synthesized
und-PP-linked repeat-units are then translocated across the inner membrane in a process
requiring BceQ and polymerized by Bcel. The BY-kinase BceF and the phosphotyrosine
phosphatase BeeD proteins are central in regulation of the EPS biosynthetic complex, possibly
connecting polymerization and export, and regulating polysaccharide chain length. Cepacian
is exported by BceE, which may act as a channel. (Draws are not at scale).
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By using mass spectrometric analysis, Cescutti and collaborators detected ions belonging to
the tri-, tetra-, penta-, and hexasaccharide biosynthetic intermediates of the cepacian repeat-
unit and proposed the sequence order for sugar addition (Cescutti et al., 2010). According to
these authors, to the trisaccharide composed of glucose and mannose substituted with
galactose, would follow the addition of glucuronic acid, then galactose as the first
substituent of glucuronic acid and a rhamnose followed by galactose, as a second
substituent of glucuronic acid (Cescutti et al., 2010). Non-saccharide substitutions occur
during the repeat-unit assembly process, such as acetylation. The number of acetyl groups
per repeat-unit seems to be strain dependent (Cescutti et al., 2000; Cescutti et al., 2010). Three
putative acyltransferases were found to be encoded within the bce-II cluster. These are BceS,
BceT and BeeU (Fig. 3). Their orthologues are membrane proteins, involved in the acylation
of carbohydrate moieties of extracytoplasmic molecules. Disruption of bceS gene from B.
multivorans ATCC 17616 was shown to cause a decrease in cepacian acetylation content,
suggesting that it may be involved in repeat-unit acetylation (Ferreira et al., 2010).
Hydrophobicity analysis of the putative amino acid sequences of BceO, BceS and BceU
suggests that they are probably located in the inner membrane with eight to nine
transmembrane domains. The fact that they might be present in the inner membrane is
consistent with their possible role in cepacian acetylation since the repeat-unit is synthesized
on the cytoplasmic face of the inner membrane attached to an undecaprenol diphosphate
lipid carrier. It is then possible that the acetylation reaction takes place prior to the
translocation of the repeat-unit, linked to undecaprenol diphosphate, to the periplasmic face
of the cytoplasmic membrane, although no evidence is yet available.

After assembly, the oligosaccharide repeat-unit coupled to the lipid carrier should be
transferred across the cytoplasmic membrane to the periplasmic face of the membrane, where
the polymerization is carried out by a polysaccharide polymerase. Data available points out
that cepacian biosynthesis proceeds via the Wzy-dependent pathway. In this pathway, the
lipid carrier-linked heptasaccharide repeat-units are exported across the inner membrane by
the putative flippase BceQ, being polymerized at the periplasmic face of the inner membrane
by the putative polymerase Beel (Fig. 3). BceQ and Bcel are predicted integral membrane
proteins and their involvement in cepacian biosynthesis was demonstrated by the EPS
deficient phenotype of the B. cepacia IST408 insertion mutants for beel and bceQ genes (Ferreira
et al., 2010; Moreira et al., 2003). BeceD, BceF and BceE proteins are also involved in the
polymerization and export process (Fig. 3). The putative BceE protein is a Wza homologue and
therefore is predicted to be an outer membrane auxiliary protein acting as a channel. The
activities of BeeF as a bacterial tyrosine autokinase and BceD as phosphotyrosine phosphatase
protein have been determined and the two proteins are believed to be involved in the
regulation of cepacian production and perhaps in the control of the polymer molecular weight
(Ferreira et al., 2007).

4.3 Regulation of cepacian biosynthesis

Several studies indicate that bacteria colonizing cystic fibrosis lungs undergo through a
process of adaptation which involves several phenotypic changes, including EPS production
ability. For example, in Pseudomonas aeruginosa, it was observed that bacteria initially not
producing alginate, become mucoid during the course of lung infection. That phenomenon
was shown to be tightly regulated at the transcriptional level by several proteins, such as the
transcriptional sigma factor AlgU, which controls the expression of alginate biosynthetic
operon; MucA that is an anti-sigma factor and regulates AlgU; or AlgR, a response regulator
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responsible for of expression algC gene encoding a protein involved in the formation of the
activated sugar precursors; among many others regulators that have been described
(reviewed in Ramsey & Wozniak, 2005). Recent studies indicate that phenotypic changes
involving exopolysaccharide production are also frequent in Burkholderia clinical isolates
(Zlosnik et al., 2008). Furthermore, the importance of EPS biosynthesis regulation has also
been suggested in the establishment of interactions between Burkholderia and host plants
(Hallack et al., 2010). Still, the genes directly involved in the regulation of cepacian
biosynthesis have not been identified. Nevertheless, there are evidences of the involvement
of quorum sensing at the transcriptional level and tyrosine
phosphorylation/dephosphorylation at the post-translational level.

4.3.1 Regulation at transcriptional level

Quorum sensing (QS) consists of a chemical communication process that enables cells to
modulate gene expression in neighboring cells, by synthesizing and detecting QS molecules.
Several QS molecules have been identified, but the most studied are N-Acyl Homoserine
Lactones (AHL). AHLs are synthesized by synthase proteins and are detected by
transcriptional regulators, which regulate the expression of many different target genes. The
presence of well conserved QS systems have been described within Bec species, where the
system is composed of the synthase Cepl and the regulator CepR (Lewenza et al., 1999); and
in plant associated Burkholderia, which have a system based on the synthase Bral and the
regulator BraR (Lewenza et al.,, 1999; Suarez-Moreno et al., 2008). These two conserved
systems are not homologous and were found to be based on different AHL molecules:
Cepl/R system secretes and responds to C6-HSL and C8-HSL; and the Bral/R system to 3-
0x0-C12-HSL and 3-ox0-C14-HSL depending in the strain (Lewenza et al., 1999; Suarez-
Moreno et al., 2008). Recent studies on the plant associated bacteria B. kururiensis, B.
xenovorans and B. unamae, indicate that Bral/R system is involved in the regulation of EPS
biosynthesis. The mutants on bral and braR genes were shown to produce reduced amount
of EPS, but the mucoid phenotype of colonies was re-gained by the addition of 3-oxo-C14-
HSL to the bral mutant and by introducing the regulator gene in trans into the braR mutant.
Although these results showed that EPS production is positively controlled by quorum
sensing in plant associated Burkholderia (Suarez-Moreno et al., 2010), the targets of such
regulation are still unknown and the question whether quorum sensing is able to regulate
EPS production in all Burkholderia species still needs confirmation.

Another Burkholderia gene that has been recently associated to cepacian production is hfg
encoding a RNA chaperone involved in the riboregulation of target mRNAs by small
regulatory non-coding RNAs (Sousa et al., 2010). B. cepacia 1ST408 hfg mutant showed a
strong decrease in cepacian production over time. The meaning of such findings is not
clarified and no small RNA involved in controlling the expression of EPS-related genes is
known (Sousa et al., 2010).

4.3.2 Regulation at post-translational level

Protein phosphorylation is an important and widespread post-translational covalent
modification in both eukaryotes and prokaryotes, being responsible for the regulation of
many cellular functions. It consists in a reversible modification in which phosphoryl groups
are added by protein kinases and removed by phosphoprotein phosphatases. In particular,
the control of tyrosine phosphorylation and dephosphorylation mediated by bacterial-
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tyrosine kinases (BY-kinases) and phosphotyrosine phosphatases (PTP) has an important
role in EPS biosynthesis by bacteria. Although their precise role is not yet known, several
studies indicate their involvement in the regulation of polysaccharide amount and chain
length (Bugert & Geider, 1997; Minic et al., 2007; Vincent et al., 2000; Wugeditsch et al., 2001).
Genes encoding BY-kinase and PTP proteins are well conserved within polysaccharide gene
clusters and are also present on bce gene cluster, being encoded by bceF and bceD genes,
respectively (Moreira et al., 2003).

Like other members of the BY-kinase family, BceF possesses two transmembrane domains, a
periplasmic domain and an intracellular catalytic domain. BeeF catalytic domain contains a
well conserved Walker A and Walker B ATP-binding motifs, and a tyrosine-rich cluster at
C-terminal end. The importance of Walker A motif for the autophosphorylation process was
demonstrated by site-directed mutagenesis on a well conserved lysine residue followed by
immunoblotting assays, indicating that replacement of the conserved lysine to an alanine
causes loss of BceF autophosphorylation activity (Ferreira et al., 2007). Phosphotyrosine
phosphatases, such as BceD, promote autokinases dephosphorylation, regulating their
biological function. The PTP protein encoded by bceD gene was demonstrated to be a
phosphatase by its ability to cleave the artificial p-nitrophenol phosphate (PNPP) substrate.
The dephosphorylation of BceF by BceD was demonstrated in vitro by immunoblotting,
using an antibody against the presence of phosphotyrosine residues (Ferreira et al., 2007).
Disruption of bceF gene abolished cepacian production, but bceD mutant was still able to
accomplish 75% of the production. Still, the EPS produced by bceD mutant showed a lower
viscosity in solution than the one recovered from the parental strain, suggesting that the EPS
produced might have a lower molecular weight.

The role of tyrosine phosphorylation and dephosphorylation of BY-kinase proteins in
polysaccharide biosynthesis is not yet established but, some hypotheses have been raised.
Structural studies on E. coli Wza protein, a BceE homologue, showed that the protein forms
complex structures with the cognate BY-kinase protein Wzc, which are important for
capsular polysaccharide translocation to the cell exterior (Collins et al., 2006). According to
this, it was proposed that the phosphorylated state of the BY-kinase protein could regulate
the export of polysaccharides by introducing conformation changes to the Wza-Wzc
complex, which could control the EPS export. Even though attractive, this hypothesis needs
further investigation. Another hypothesis is that BY-kinases could also be involved in the
regulation of early steps of the EPS production. It is known that BY-kinases can
phosphorylate heterologous substrates, including enzymes involved in the biosynthesis of
nucleotide sugar precursors. For instance the E. coli UDP-glucose dehydrogenase (UGD),
involved in colanic acid biosynthesis, is phosphorylated by Wzc and UGD tyrosine
phosphorylation state influences the amount of colanic acid formed by E. coli. Therefore, it
was proposed that tyrosine phosphorylation and dephosphorylation can act at two different
levels: the polymerization/export of the polysaccharide and on the synthesis of the repeat-
unit (Lacour et al., 2008). Concerning cepacian biosynthesis, no studies have been done on
the role of tyrosine phosphorylation within the EPS biosynthetic complex.

5. Role of cepacian in Burkholderia adaptation to different environments

Extracellular polysaccharides produced by bacteria have been described as essential
virulence determinants in pathogens of humans, livestock and plants; as important in
symbiotic interactions between bacteria and plants, and as a barrier to harmful compounds.
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Depending on the ecological niche of bacteria, exopolysaccharides play important roles on
the adaptation to environmental conditions and endow bacteria with tools for the
colonization of adverse environments. In Bcc bacteria, the production of EPS has been
pointed out as a virulence factor, contributing to the overall pathogenicity of those bacteria.

5.1 Cepacian as a virulence factor

The importance of the EPS produced by Bcc bacteria as a virulence factor in human lung
infections has been studied in vitro and in vivo models of infection. For instance, B. cepacia
mutants unable to produce cepacian were less virulent than EPS producing wild-type strain
in gp91phox-/-mice (Sousa et al., 2007b). Also, the EPS produced by a mucoid B. cenocepacia
clinical isolate was shown to interfere with phagocytosis of bacteria by human neutrophils
in vitro when compared to a nonmucoid clonal isolate from the same CF patient (Conway et
al., 2004). Additionally, the overproduction of EPS was demonstrated to facilitate the
bacterial persistence in a mouse model of infection and it was suggested that the EPS masks
bacterial surface structures, normally recognized by neutrophils and macrophages, and thus
interfering with recognition and clearance in mice (Conway et al., 2004). Cepacian was
shown to inhibit chemotactic migration of human neutrophils and to scavenge reactive
oxygen species (ROS) produced by activated cells (Bylund et al., 2006). Since EPS can
neutralize ROS and render neutrophils unable to kill Bee bacteria by oxidative means, the
antimicrobial action of those cells will be entirely dependent on the non-oxidative cationic
antimicrobial peptides. However, Bcc bacteria are also resistant to non-oxidative
antimicrobial peptides and this ability was attributed to the presence of EPS (Herasimenka
et al., 2005). In fact, due to the negative charge given by acetyl substituents, cepacian was
shown to interact with positively charged antimicrobial peptides forming complexes that
lower the antimicrobial peptides biological activity (Herasimenka ef al., 2005). If EPS
produced by Bcc can both neutralize oxidative species and interact with non-oxidative
antimicrobial peptides, then it might be an important virulence factor, since it would leave
neutrophils without means to clear the offending bacteria. Against the importance of EPS in
virulence is the study of Bartholdson and colleagues where Bec clinical and environmental
strains were assessed for EPS production and onion tissue maceration ability (Bartholdson et
al., 2008). According to their results no correlation could be established between EPS
production and onion tissue maceration. In another study, a survey of the clinical outcome
in patients colonized with EPS and non-EPS producing Burkholderia isolates, concluded that
no correlation could be established between EPS production ability and the persistence or
virulence of bacteria in the lungs (Cunha et al., 2004). Despite the evidence that EPS interacts
with the host immune system, the precise role of EPS production in Burkholderia infection
process remains an open question.

5.1.1 Mucoid to nonmucoid phenotype switch

Phenotypic variation during the course of an infection is a common phenomenon in
pathogenic bacteria. In P. aeruginosa, the conversion to a mucoid phenotype with the
bacteria overproducing alginate in advanced stages of the disease is well described. The
initial lung colonizer is usually a non-producer strain, which eventually converts to the
mucoid phenotypic over the infection period. The overproduction of EPS is also followed by
other phenotypic changes, such as decreased motility and lower toxin production, being
associated to the establishment of chronic infections (reviewed in Ramsey & Wozniak, 2005).
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In the case of Bec infections, it was reported the existence of such phenotypic conversion in
CF clinical isolates. Zlosnik and co-authors analyzed EPS production by Burkholderia
sequential isolates from hundred CF patients and observed thirteen mucoid to nonmucoid
conversions and only two nonmucoid to mucoid conversions (Zlosnik et al., 2008). The
nonmucoid to mucoid conversions occurred in B. cenocepacia and B. vietnamiensis isolates
and the mucoid to nonmucoid conversions occurred in isolates from B. multivorans, B.
cenocepacia and B. vietnamiensis species. The high frequency of mucoid phenotype transition
raises the possibility that while mucoid phenotype may be associated to persistence in CF
lung, nonmucoid isolates may be associated to increased disease severity. It is possible that
EPS may be required for colonization and persistence in the CF lung during the early stages
of infection, but once bacteria have colonized the CF lung, the EPS production is no longer
required and its production can be shutdown, since it represents a great spending of energy
to the cell. The nonmucoid bacteria can then present a competitive advantage in the lung.
Interestingly, the Bcc species considered the most virulent and responsible for infection
outbreaks, B. cenocepacia has many strains unable to produce cepacian. The nonmucoid
phenotype was proposed to be associated with an increase of Bec virulence, which can be
consistent with the development of cepacia syndrome, characterized by the development of
septicemia. Still, no conclusive studies are available and the importance of such transitions
in Bec infections is not understood. Also, the molecular mechanisms by which Bec undergo
mucoid phenotype switch still need to be investigated as well as the environmental factors
triggering the mucoid phenotype conversion.

5.1.2 Biofilm formation

The ability of opportunistic pathogens to colonized lung tissues, forming microcolonies that
eventually will evolve into mature biofilm structures has been suggested by many authors.
Bcc ability to form microcolonies and mature biofilms has been shown on abiotic surfaces
and on well-differentiated human epithelial cells (Schwab et al., 2002). Studies on clinical
isolates from four cystic fibrosis patients indicated that the size of the biofilms formed by the
isolates increases over the infection period. This suggests an in vivo microevolution that
selects Burkholderia populations with higher ability to survive in the CF lung context, which
includes survival under antibiotic stress (Savoia & Zucca, 2007). The EPS produced by Bcc
bacteria seems to play an important role in the establishment of thick and mature biofilms,
even though in vitro assays indicate that is not essential for the initial steps of the biofilm
formation (Cunha et al., 2004). Since bacteria within biofilms can more efficiently withstand
host immune responses and antibiotic action than plancktonic cells, it was hypothesized that
by promoting the formation of mature biofilms, the EPS may enhance bacterial survival in
the CF lung during the course of infection. The importance of cepacian in the formation of
mature biofilms has also been confirmed by mutants constructed on bce genes. Mutants
unable to produce cepacian, such as beceF and beeE insertion mutants, and mutants that were
shown to produce cepacian with lower molecular weight or having a lower amount of acetyl
groups per repeat-unit, such as bceD and bceS insertion mutants, respectively, exhibited a
thinner biofilm when compared to the one produced by the corresponding parental strains
(Ferreira et al., 2007; Ferreira et al., 2010).

5.2 Protection against environmental stress
Protective functions against desiccation and toxic metal ions concentration have also been
attributed to EPS and these roles are of major importance concerning the adaptation of
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bacteria to different environments. Given its hygroscopic properties, EPS may decrease the
rate of water loss from the cells and provide bacterial cells with means to survive drying and
desiccation (Potts, 1994). In Burkholderia, EPS was suggested to play a role in the survival of
bacteria by contributing to their ability to withstand desiccation. The external addition of
EPS to B. xenovorans LB400 and B. multivorans ATCC 17616 isolates prior desiccation was
shown to enhance their survival (Ferreira et al., 2010). Other studies in cyanobacteria Nostoc
commune (Tamaru et al., 2005) and Chroococcidiopsis sp. CCMEE 5056 also correlated the
amount of EPS produced to the drying and freezing tolerance of bacteria (Knowles &
Castenholz, 2008). Ferreira and co-authors also demonstrated a protective effect of cepacian
on Burkholderia isolates exposed to metal ion stress (Ferreira et al., 2010). The protection
conferred by EPS to toxic concentrations of metal ions was also demonstrated in other
bacteria as it is the case of Klebsiella oxytoca (Baldi et al., 2009). The metal-binding properties
of EPS might be due to the occurrence of carbonyl, carboxyl and hydroxyl groups within the
EPS matrix that attach cations and scavenge metals (Potts, 1994). The ability of Burkholderia
strains to withstand desiccation and metal ion stress in the presence of the
exopolysaccharide cepacian suggest that this EPS plays a role in survival of these bacteria,
thus representing an advantage for bacteria to thrive in adverse environments.

6. Conclusion

Cepacian biosynthesis ability is a common feature among the Burkholderia genus. Although
some knowledge about the genes and enzymes involved in its biosynthesis already exists,
the regulatory mechanisms underlying its production are almost unknown. Quorum
sensing seems to be important, but the transcriptional regulators mediating bce gene
expression are not yet identified. That knowledge would be crucial to understand mucoid to
nonmucoid transitions, a phenomenon that occurs with frequency in chronically infected
lungs of CF patients. Moreover, a better understanding of the environmental factors that
trigger this phenotypic conversion would also be relevant in order to control this process,
with expected health benefits for CF patients colonized with Burkholderia.
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1. Introduction

Dyes and dyeing processes are widely used as a means of introducing color into fibers or
fabrics. Dyes should be easily introduced into the fiber and then, the color must be reasonably
permanent (wash-fast) and stable to light (light-fast). Dyes exhibit considerable structural
diversity and are classified by their chemical structure, application to the fiber type and/or
solubility. A general classification accommodates these compounds as anionic (acid, direct and
reactive dyes); cationic (basic dyes); and non ionic (disperse dyes). Disperse Yellow 54 (DY54)
is a typical dye which can be used in dispersed form to color polyester, polyamides, nylon,
acrylic fibers and plastics. Direct Black 22 (DB22) is a cationic compound (at neutral pH) that
imparts color to cotton, cellulose, leather, wool and silk (Holme, 2000; Ali, 2005). The chemical
structures of DY54 and DB22 are represented in table 1.

Despite the fact that supercritical methods (Ozcan et al., 1997; Joung & Yoo, 1998; Guzel and
Akgerman, 1999; Lee et al., 1999; Sung & Shim, 1999; Shinoda and Tamura, 2003; Hou & Dali,
2005) have been developed to improve the performance of dyeing processes, still
conventional (dye baths) methods are widely used (Holme, 2000). During dyeing processes
great amounts of unfixed dyes (which vary considerably depending on dye-fiber affinity
and dyeing process parameters) may be lost to the effluent. The release of these effluents in
water streams results in serious environmental impacts. The development of an
environmentally benign methodology for the removal of dyes from textile wastewaters still
represents a major technological challenge. It is well known that textile industries, pulp
mills and dyestuff manufacturing discharge highly colored wastewaters which represent an
aesthetic problem and reduce photosynthetic activity in the receiving water into which they
are discharged. Nowadays, many dyes are designed for their chemical stability (wash and
light fastness) and do not undergo biochemical degradation readily. For instance,
anthraquinone based dyes are more resistant to biodegradation (oxidation rates are very
slow) due to their fused aromatic structures (Baughman & Weber, 1994). Since azo dyes are
the most widely used, several degradation methods have been implemented to remove
them from water, among them, anaerobic treatments predominate. The main drawbacks of
this approach are its elevated cost and the production of carcinogenic aromatic amines
which limits macro-scale application (Ogawa & Yatome, 1990; Knapp & Newby, 1995;
Weber & Adams, 1995).



166 Biotechnology of Biopolymers

Dye Structure

Disperse Yellow 54 (DY54)
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Table 1. Structure of disperse Yellow 54 (DY54) and Direct Black 22 (DB22).

Adsorption has been observed to be an effective process for color removal from dye
wastewater. Use of activated carbon (powdered, nanotubes and chemically modified) has
been found to be effective, however, the cost of this adsorbent has led to the search for new,
less expensive alternatives for the treatment of polluted waters (Choy et al., 2000, 2004;
Mittal, 1996; Fugetsu et al., 2004). Recently, numerous studies have focused on biomaterials
(wood sawdust, lichens, plant residues and biopolymers) that are capable to remove dyes
from wastewaters (Chakraborty et al., 2006; Poots & McKay, 1976; Sun & Xu, 1997; McKay et
al.,, 1982, 2003; Trung et al., 2003; Gibbs et al., 2004; Wong et al., 2004; Hu et al., 2006). In a
recent report, several polysaccharides (chitin, chitosan, locust bean gum, guar gum, corn
starch, wheat starch, pectin, carrageenan, dextrin, alginic acid, tamarind gum and cassia
gum) were evaluated as adsorbents to remove color from synthetic dyeing effluents.
Elevated degrees of color removal were encountered for chitosan (94%), Locust bean gum
(85%) and cassia gum (81%) (Blackburn, 2004). Although the study remarks the sorption
capacities of the biopolymers, kinetic and equilibrium sorption parameters were not
described.

The adsorption behavior of modified alginate (MA) was studied toward the removal of basic
dyes (Nasr et al., 2006). The equilibrium time for the adsorption process was found to be 70
min. Electrostatic interactions between the dyes and the adsorbent govern the adsorption
mechanism. The results revealed that the adsorption of basic dyes onto MA fit well with
both Freundlich and Langmiur isotherms. To our knowledge, the sorption capability of
xanthan for the removal of dyes has never been evaluated. In this work we report the
sorption capacities of alginic acid and xanthan for the removal of DY54 and DB22.
Mathematical models were applied in order to elucidate the adsorption mechanism of the
biopolymers and process variables were optimized.

1.1 Alginic acid

Alginic acid is an anionic polysaccharide which consists of long chains of p(1—4)-linked
homopolymeric -D-mannuronate (M) blocks and linear chains of a(l—4)-linked a-L-
guluronate (G) residues. The conformation of alginic acid varies, thus, homopolymeric
blocks of consecutive G or M-residues (poly G and poly M, respectively) and
heteropolymeric blocks of alternating M and G (M-G-M-G-M) chains can be encountered
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depending upon the source of extraction of this polymer. This saccharide is mainly
produced by brown algae and bacteria (Azotobacter vinelandi).

Sodium alginate absorbs water quickly, which makes it useful as an additive (gelling and
thickening agent) in the food industry and in the manufacture of paper, dyestuffs and
textiles. Due to calcium alginate’s biocompatibility it is widely used in different types of
medical products (tablets, syrups, creams, etc.) for cell immobilization and appetite
suppressant. (Lee et al., 2003).

It has been shown that the physical properties of alginates depend on the relative proportion
of the three types of blocks. Alginates with a high proportion of G blocks produce rigid gels
that form fairly quickly as calcium ion concentration increases. The opposite holds for
alginates with mainly M blocks; the gels form gradually and are softer and more elastic. The
early hypotheses for gel formation was that calcium ions displaced hydrogen ions on the
carboxylic acid groups of adjacent chains and formed simple ionic bridges between the
chains. Rees (1969) argued why that was unlikely and later he put forward the "egg-box
model" (Grant et al., 1973), now generally accepted. In this model, pairs of helical chains are
packed with the calcium ions located between them (Glazer & Nikaido, 1995; Siew &
Williams, 2005). Initially it was believed that the G chains were the only ones responsible
for Ca*2-Alginate gel formation since the distances between carboxyl and hydroxyl groups
are ideal for Ca*2 packing. Recently Donati et al. (2005) suggested that not only G blocks but
also random GM blocks contribute to the Ca*2-alginate interaction.

Whereas the monovalent cation (Na*, K¥, NH4*) salts of alginic acid, are soluble in water,
alginic acid and calcium alginate are not; therefore, this property can be exploited for the
simple removal of alginate from solution. Alginates are more stable in the pH range of 5-9
(PKagmy =3.38, pKag) = 3.65) (Maurstad et al; 2003; Hughet et al; 1994). Below pH 5, the free
carboxilate ions in the polymer chains start to become protonated, therefore, the electrostatic
repulsion between chains is reduced and the proximity of the chains promotes hydrogen
bond formation, producing higher viscosities. If the pH is quickly reduced from 6 to 2, a
gelatinous precipitate of alginic acid will form.

In this work, we employed alginic acid as adsorbent to remove dyes from aqueous solution.
The complex alginate-dye was easily removed from solution upon addition of Ca*2 ions or
lowering the pH of the solution.

1.2 Xanthan

Xanthan is an exopolysaccharide produced by the bacterium Xanthomonas campestris. Due to
its unique rheological properties (high viscosity, tolerance to a wide range of temperature,
pH and salt concentration) it is widely used in the food industry as thickening, stabilizing or
suspending agent. The chemical structure of xanthan has been elucidated. It is an acidic
polymer made up of pentasaccharide subunits, forming a cellulose backbone with
trisaccharide side-chains composed of mannose {(1—4)glucuronic-acid B(1—2)mannose
attached to alternate glucose residues in the backbone by a(1—3) linkages (Jansson et al.,
1975). On approximately half of the terminal mannose residues a pyruvic acid moiety is
joined by a ketal linkage. Acetyl groups are often present as 6-O substituents on the internal
mannose residues. Some external mannoses contain a second 6-O-acetyl substituent. The
degree of pyruvate substitution depends on the fermentation process and on the strain of
xanthomonas bacteria. (Glazer & Nikaido, 1995; Goodall & Norton, 1987).

In the solid state, xanthan gum is a two-stranded polymer that presents a highly symmetric
helix conformation. The two antiparallel polysaccharide strands wind in a right-handed
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manner (Glazer &Nikaido, 1995; Goodall & Norton, 1987). A significant feature of this
structure is that the trisaccharide side chains are arranged close to (and hydrogen bonded
to) the glucan backbone, which could be expected to stabilize a stiff helical conformation in
solution. In aqueous solutions, the average molecular weight of xanthan (single helix)
ranges from 2 to 15 megadaltons (MDa). The substituents (pyruvil and acetyl groups) play a
moderate role on conformational stability and rheology of xanthan in solution (Rinaudo,
2004). Conformational transition (helix-coil transition) is often observed to be dependent on
solution conditions. A mixture of single and double helical conformation predominates in
the presence of concentrated salt solutions.

Rod et al. (2001a; 2001b) reported that in the presence of trivalent ions, in particular,
aluminum ion, xanthan solutions form a semireversible gel that sets with the addition of
heat. The aluminum ion favors intermolecular associations of xanthan gum which renders a
marked reduced solubility and ease of separation of the polymer from solution. In this
work we utilized this approach to separate the xanthan-dye complex once the adsorption
process was terminated.

1.3 Zimm Bragg model

Adsorption is often described in terms of isotherms, which show the relationship between
the bulk aqueous phase activity (concentration) of adsorbate and the amount adsorbed at
constant temperature. One of the initial models for the adsorption of a species onto a simple
surface was put forth by Irving Langmuir in 1916. Langmuir assumed that a surface
consists of a given number of equivalent sites where a species can physically or chemically
stick. It is important to realize that the processes of adsorption and the opposite process
(desorption) is dynamic; a rate law can be written for each process, and when the rates
become equal an equilibrium state will exist characterized by a constant fractional coverage
of the original sites. Motivated by the dependence structure-function of biomolecules,
conformational transitions in biopolymers have been a subject of extensive research;
especially, since these conformational transitions can be induced (or manipulated) by a
variety of stimuli (temperature, pH and ionic concentration). The coil to helix transition of
polymers in solutions is a common and very important phenomenon that affects the
adsorption capabilities of these biomolecules. This transition occurs from a randomly coiled
conformation with considerable freedom of reorientation around the bonded repeating units
to a helix conformation, characterized by bond rotational angles that are fixed within very
narrow limits. The cooperative nature of conformational transitions of polypeptides has
been understood for three decades through the theoretical work of Zimm and Bragg and
later refinements, however, an explanation for the range of conformations possible in
polysaccharides and the principles governing intramolecular interactions are less well
understood (Zimm & Bragg, 1959). The polydispersity of polymers results in competing
adsorption of the thermodynamically favored larger molecules for surface sites filled
initially by smaller molecules. Different segments of a block copolymer may exhibit quite
different adsorption characteristics, complicating the rearrangement process further. Despite
the difficulties encountered in polymers behavior, predictions of conformational enthalpy
and heat capacity have been reported using the Zimm-Bragg theory (Kromhout, 2001).
Pioneering work on the application of Zimm-Bragg theory to polysaccharide-surfactant
systems was conducted by Satake & Yang (1976). The features of interaction between
surfactant and polymer can be represented on binding isotherms. One of the binding
features is the cooperative nature of interaction. The cooperativity of the binding is taken
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into account by an additional cooperativity factor, and the Zimm-Bragg model is then
applied to the array of occupied and unoccupied sites.

Binding isotherms can be constructed by plotting B (binding coefficient, defined as fraction
polymer sites occupied by an exogenous molecule (i.e. surfactant, dye) divided by total
potential sites of binding) versus log Ce (surfactant concentration at equilibrium) resulting
on a sigmoid curve. From this, it was concluded that not only electrostatic interactions
govern adsorption of hydrophobic molecules (such as surfactants) to polymers, but also
hydrophobic interactions (micelle formation) contribute to the sorption process. It was
proposed that two processes are responsible for aggregate formation: Nucleation and
aggregation. Nucleation is the process in which one surfactant molecule binds to a site
adjacent to a site already occupied by other surfactant molecule; this step is determined by
the magnitude of K, and is represented by the following equation:

_ (bD)
% ™ (ED)(D) @

Where DD denotes two adjacent sites occupied by two surfactant molecules and E indicates
an empty site in the polymer. The cooperativity parameter u, is defined as:

(DD)(EE)
u= "0 2

The equation that correlates p with Ky is as follows:
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Where s represents Ku C.. The other parameters are defined as
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Optimization processes can be applied in order to determine the best values of u and K, that
describe the polypeptide-surfactant system. Although there are numerous reports regarding
interaction of polypeptides to surfactants, few works have been published related to
polymer-surfactant interactions. Polymer-surfactant interactions can be divided into two
classes: binding to neutral polymers and to polyelectrolytes (Liu et al., 1997). In the latter
case, polyelectrolytes are viewed as a one dimensional array of binding sites that bind ionic
surfactant ions with opposite electric charge. In the present study we will describe the
interaction of dyes (DY54 and DB22) to the biopolymers, alginate and xanthate.

2. Experimental procedures

2.1 Optimization of adsorption conditions

2.1.1 Dye purification

In order to elucidate the adsorption mechanism of dye-polymer, dye additives (dispersing
agent, salts, binder, etc.) were removed. A solution of the commercial dye was prepared
and cleaned trough a silica column. The purity of the dyes was evaluated by HPLC.



170 Biotechnology of Biopolymers

2.1.2 pH optimization
Samples of 500 mg of biopolymer (sodium alginate or sodium xanthan) were placed in a
flask, and 50 ml of distilled water were added. The mixture stood for a period of 5 h to
facilitate hydration. 40 ml of dye solution (250 ppm) were added. The pH was adjusted to
the desired value by the addition of acid or alkaline solution, and control of the medium
ionic strength was achieved by addition of NaCl crystals. The flask was then closed and
placed in a bath at 28°C, for 20 h. After the contact time period, 30 ml of jellifying agent
solution (CaCl2 5% w/w, HCl 20% w/w, AlCl3 5% w/w) were added. For alginate, calcium
chloride and hydrochloric acid solutions were employed as jellifying agents, whereas
xanthanate was treated with and without aluminum chloride. In the case when AICl3
solution was omitted, the same volume of water was added. The supernatants were
separated from the solid phase by centrifugation, and the concentrations of dyes in solution
were determined from the respective analytical curves. The quantity of the dyes adsorbed
was determined by the following equation:
(Ci— C.)100

% of removal = — (6)
where C; is the initial concentration of dye in solution (mgL?!), and C. is the final
concentration of dye in solution (mgL1).

2.2 Adsorption isotherms

The adsorption isotherms were obtained by the batch method, employing 500 mg of
biopolymer and 50 mL of the dye solution at different concentrations (5-2000 ppm). The dye
solutions were prepared at a pH and ionic strength values, optimal for adsorption. These
solutions were stirred until they reached adsorption equilibrium (20 h at 28°C). The
complex dye-polymer was separated and the quantity of dye adsorbed was determined by
employing a UV-Vis spectrophotometer, Thermospectronic model Genesys, in the
respective Amax Of each dye.

2.2.1 Surfactant influence

The adsorption isotherms were obtained in the presence of different surfactants (sodium
dodecyl benzenesulfonate (SDS), dodecyl trimethylammonium bromide (DTA) and Tween
80 (T80). The adsorption procedure was the same as the one indicated in previous
paragraph differing only in the preparation of dye solution. In this case, different amounts
of surfactants were added in order to evaluate their effects at different concentrations (0 -
100 ppm).

2.3 Adsorption models

To evaluate the applicability of Langmuir and Freundlich isotherm models, the adsorption
capacities were determined and data was fitted within the model. Experimental data was
analyzed via the following equation:

—_ (Ci_ Ce)V

qe = =5 )

m
Where g, is the amount of dye adsorbed on determined mass of the biopolymer (mol of dye
adsorbed by mol of biopolymer) at equilibrium, C; is the initial dye concentration (molL1),
C., is the equilibrium dye concentration (molL1), V is the volume of the dye solution (L),
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and m, is the mass of the biopolymer (mol). There are several isotherms models available for
analyzing experimental data and for describing the equilibrium of adsorption. Every model
was analyzed using the software Statistica. The data was optimized against the different
models.

2.4 IR and Raman analysis

IR and Raman spectroscopy were used in order to determine the functional groups involved
in the dye-polymer adsorption process. The complexes dye-alginate and dye-xanthanate
were washed with distilled water and dried for a period of 24 to 36 h at 60°C. The dried
powders were used for the analysis. Dye-biopolymer complexes, pure dyes and pure
polymers were analyzed by IR (KBr pellet) and Raman (microRaman) spectroscopy.

3. Results and discussion

3.1 UV-Vis spectroscopy

Solution behavior of DY54 was studied by UV-Vis spectroscopy. The absorption spectrum of
the dye (15 ppm or 5x10 -5 M solution) was found to be pH sensitive (Figure 1). Our results
showed that a variation in the pH value from 11 to 11.3 produced a shift on the maximum
absorption peak from A= 376 nm to A = 373 nm, moreover, a small hypsochromic
displacement was also observed (from A= 223 to A = 220) when the pH was changed from
11.3 to 11.8. We do believe that the pKa values of the dye are within this range of pH, thus
the shifts observed on the absorption spectrum correspond to the protonated and
deprotonated forms of DY54. It is important to remark that the shifts observed on Figure 1
correspond to the influence of pH on the monomeric form of the dye since variable
concentration experiments indicated that DY54 forms aggregates at concentrations higher
than 100 ppm.

The absorption spectrum of DY54 exhibits a spectral blue shift as dye concentration is
increased in aqueous solution. There are some reports that discuss on the formation of dye
aggregates in concentrated solutions. Lai et al (1984) investigated the spectral properties of
thionine in aqueous solutions at different concentrations and observed that the absorption
maxima were shifted gradually and continuously to shorter wavelengths (blue shift) as the
concentration of thionine was increased. In accordance to the McRae-Kasha exciton model,
they attributed these observations to the formation of H aggregates (for hypsochromic).
Later reports indicated that concentrated aqueous solutions of pseudoisocyanine dyes also
present ordered molecular assemblies of dyes.

In contrast to the blue shift observed for thionine type dyes, cyanine aggregates exhibit a
spectral shift toward longer wavelengths with respect to the monomer absorption.
(Berlepsch et al.,, 2000). The kind of aggregates formed for cyanine dyes are called J-
aggregates (named in honor of the researchers who discovered the phenomenon).

In the case of J-aggregates, the monomeric molecules are arranged in one dimension to
achieve a parallel orientation of their transition moments with a zero angle between the
transition moments and the line joining the molecular centers. Intermolecular interactions
involving substituents on the aromatic rings act to stabilize J-aggregates.

On the other hand, H-aggregates assemble strongly coupled monomeric dye molecules in
one dimension to achieve a parallel orientation of their transition moments and a
perpendicular alignment of the transition moments to the line of molecular centers.
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Fig. 1. UV-visible absorption spectra of DY54 (5x 105 M) in water at different pH values
(with permison of ]. Mex. Chem. Soc.)

The n-m interactions between aromatic rings stabilize H-aggregates. (Karukstis, 2002). The
blue shift observed in the absorption spectrum of DY54 suggests the formation of H
aggregates in aqueous solution.

To confirm our hypothesis of dye aggregates formation, the absorption spectrum of DY54
was evaluated at different temperatures. It is well known that increasing temperature will
increase the dissociation of the dye aggregates. The absorption spectra of DY54 at the
temperatures of 20, 30, 50, 60 and 80°C are given in figure 2.
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Fig. 2. UV-visible absorption spectra of DY54 (125 ppm) in aqueous solution at different
temperatures

We observed that as temperature was raised, the absorption maxima shift gradually to
longer wavelengths; from here we concluded that concentrated solutions of DY54 form H
aggregates that dissociate into smaller aggregates which explain the red-shifted band.
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In this work we also investigated the interactions of DY54 with polymers (ALG and XANT)
and jellifying agents (CaCl, and AICl;) in solution by UV-Vis spectroscopy. It has been
reported that the interaction between cationic dyes with anionic polymers alter the
absorption spectrum of the dyes. The polymers induce metachromasy in the dye as
evidenced from the considerable blue shift in the absorption maxima of the corresponding
dyes. Mandal (1990) and collaborators studied the interaction between the dyes (1,9-
dimethylmethyleneblue and pinacyanol) and alginate by UV-Vis spectroscopy. It was
observed that alginate induce metachromasy in the absorption spectrum of 1,9-
dimethylmethylenblue and pinacyanol. In our work, different amounts of alginate solution
were added to a 15 ppm DY54 aqueous solution and the readings were taken after at least
half an hour of mixing. From our spectra, it can be observed that DY54 does not exhibit
metachromasy in the presence of polymers (ALG and XANT).

Aluminum chloride was used as precipitating agent for the DY54-XANT complex. The
interaction between DY54 and AICl; was evaluated by UV-Vis spectroscopy. As observed
for DY54-ALG, the absorption spectrum of DY54 does not alter its position nor its shape
after addition of small aliquots of AICI3 solution, however, after addition of 20 mL of AICI3
solution, the pH of the solution was changed (from 11.8 to 11.3) inducing DY54 protonation
which is responsible of the shift observed for the absorption spectrum of the dye under this
conditions.

3.2 Sorption studies

3.2.1 ALG-DY54 (HCI) system

To optimize the adsorption process different variables were evaluated. The concentration of
the dye solution was kept constant at 50 ppm. Figure 3 illustrates the effect of pH and ionic
strength (I) on dye removal. From the graph, we can see that ionic strength does not affect
considerably adsorption process however as pH decreases the amount of dye removed is
considerably increased. The pH value could not be further decreased since precipitation of
alginate occurs below this value. From this figure 3 we can easily conclude that maximum
adsorption (83%) can be pursued when the pH value is 10.8 and I = 0.9M. These
observations indicate that at elevated pH values both molecules (dye and polymer) are
negatively charged thus electrostatic repulsion minimizes the interaction dye-polymer
whereas at lower pH values the formation of neutral molecules facilitates this interaction.
Increasing the ionic strength of the solution produces the “salting out” effect, thus, dye
molecules tend to agglomerate. Dye agglomerates adsorb more easily to the polymer than
the monomeric more soluble form of the dye.

3.2.2 XANT-DY54 system

The removal of DY54 by xanthan was explored. The effect of pH and ionic strength was
evaluated. Results are illustrated on Figure 4. Adsorption maxima was achieved at a pH
value of 11.3 and ionic strength of 0.9M. Under these conditions a removal efficiency of 96%
(using a DY54 50 ppm solution) was accomplished. As discussed for ALG-DY54 system,
micelle-like clusters adsorbed to the polymer chain are also believed to represent the
binding in this case. This would suggest that adsorption of DY54 onto xanthan and alginate
occurs through a combination of hydrogen bonding and hydrofobic interactions.
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Fig. 4. Removal of DY54 by xanthan as function of pH and ionic strength. (with permission
of J. Mex. Chem. Soc.)

3.2.3 ALG-DY54 (CaCl,) system
Our results indicate that the use of CaCl; as jellifying agent (JA) contributes to increase the

DY54 (50 ppm) removal efficiency of the polymer from 83% (using HCl as JA) to 90% (see
figure 5).
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Fig. 5. Removal of DY54 as function of pH and ionic strength by alginic jelled with calcium
chloride.
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The adsorption capacity of biopolymers depends on their physical structural parameters
such as crystallinity, surface area, porosity, particle type, particle size and water content.
Alginate hydrogels consist of three dimensional, hydrophilic, polymeric networks which
macromolecular conformation depend on the composition of alginate and on the JA used for
gel formation. The ability to control the pore properties of the alginate gels is difficult due to
rapid gelation mechanism. We observed an increased capacity for dye adsorption of
ALG(CaCly) compared to ALG(HCI). This observation may have different justifications since
the pore size and pore properties of the gels are different. Despite the fact that acid gels are
more flexible that Ca-ALG gels, it is possible that the pore size is smaller impeding dye
molecules (aggregates) diffuse freely into the gel. In the case of Ca-ALG besides the amount
of dye adsorbed on the surface, there is the possibility that the gel is able to encapsulate dye
aggregates within its network, increasing the adsorption capacity of the gel.

3.2.4 XANT-DY54 (Al) system

The addition of aluminum chloride as gelling agent to XANT-DY54 system increased in
notable way the removal of DY54 (figure 6 ).

The polymeric network formed by the interaction between AI** and xanthan molecule
favors the adsorption of DY54 molecules. Rod et al (2001 a; 2001 b) proposed that the
carboxilate group of the glucuronic moiety of xanthan molecule interacts with aluminum
ion promoting an increase in the size of the “cluster”. We do believe that the elevated
adsorption shown for XANT(Al) is the result of two independent processes, first, the
cavities within the XANT(AI) cluster are big enough to entrap dye molecules in their
interior; and second, aluminum ion decreases the negative charge on the XANT molecule
favoring interaction with dye molecules.
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Fig. 6. Removal of DY54 as function of pH and ionic strength by alginic jelled with
aluminum chloride in the system Xant-DY54 (Al).

3.3 Adsorption isotherms

Adsorption isotherms are an equilibrium expression for the amount of adsorbed solute (S)
versus the solute concentration in solution (C). They can conveniently be used to describe
how pollutants interact with adsorbent materials and are very important for optimization of
adsorption systems. There are several isotherm models available for analyzing experimental
data and for describing the equilibrium of adsorption.

An isotherm can be constructed by plotting g versus C., where q. , represents the amount
of dye adsorbed on the adsorbent material (in this particular work, biopolymers) at
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equilibrium; and C. is the equilibrium concentration of dye solution (mg/L or mol/L) . The
units of ge. can be expressed as mass of dye (mg)/ mass of adsorbent (g) or as mol of
dye/mol of adsorbent.

3.3.1 Langmuir isotherm

The model assumes uniform energies of adsorption onto the surface of the adsorbent with
no transmigration of adsorption of adsorbate molecules in the plane of the surface. The
Langmuir model assumes that adsorption takes place at specific homogeneous sites within
the adsorbent, resulting on the formation of a sorbate monolayer on the sorbent surface. The
linear form of Langmuir isotherm is given by the following equation:

Co _ ale, 1
W T ®
In this equation, qe (mg/g) is defined as the mass of dye retained by unit mass of biopolymer;
Ce (mg/L) is the equilibrium concentration of dye in solution, K. and ap are Langmuir
Constants with following units (L/g) and (L/mg) respectively. If C. / ge is plotted versus C, a
straight line is obtained with slope m= a; /Kt and intercept in y axis equal to 1/Kf.
Figure 7 show plotting of (C./qe) against C., through which the values of ar and Kt can be
determined from the slope and the intercept, respectively. It has been shown in this figure
that the adsorption of DY54 onto ALG(HCI) do not fit the Langmuir model. From here we
can infer that the adsorption mechanism is more complex than a simple monolayer
formation of DY54 onto ALG surface.

3.3.2 Freundlich Isotherm

The Freundlich equation has been employed to describe heterogeneous systems. The model
assumes that adsorbent surface sites have a spectrum of different binding energies. The
amount of adsorbed material results from the addition of the adsorption within all the sites,
the monolayer formation does not limit this model. The linear form of the Freundlich
isotherm is given by the following equation:

Ing, = ~InC, + InK; ©)

Where q. is the amount of dye adsorbed (mg/g) on the adsorbent. K¢ (L/g) is the Freundlich
constant related to the bonding energy. C. is the dye concentration (mg/L) on solution at
equilibrium, and 1/n is the heterogeneity Freundlich factor. The Freundlich isotherm for
ALG-DY54 (HCI) is presented in Figure 8.
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Fig. 7. Plot of Cc/qe versus C. to ALG-DY54 (HCI) system. (with permission of J. Mex.
Chem. Soc.)
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Fig. 8. Plot of Inge versus In Ce to obtain Freundlich parameters (Kr and 1/n parameters) in
system ALG-DY54 (HCI). (with permission of J. Mex. Chem. Soc.)

The values of the Freundlich constants together with the correlation coefficient are
presented in table 2.

System
Model ALG-DY54 (HC])
Parameter values Average error R2
. K1 =0.3755 0
Langmuir a=-0.003449 48.13 % 0.7445
Freundlich K28 2611 % 0.8694
Zimm-Bragg Ku;igoo 16.6 % 0.9878

Table 2. Sorption parameters for ALG-DY54 (HCI) system.

The Freundlich equation predicts that the dye concentration on the adsorbent will increase
so long as there is an increase in the dye concentration in the liquid. Based on the
correlation coefficient (0.8694) and the shape of the isotherm, it was concluded that neither
Langmuir nor Freundlich models were appropriate to fit the experimental data. Despite the
fact of a more complex interaction (heterogeneous surface, sorbate-sorbate interactions,
sorbate migration and absorption into the pores of adsorbent) between sorbate-adsorbate
considered by Freundlich model, our results do not fit accurately with this empirical model,
suggesting a different mechanism of adsorption.

3.3.3 Zimm-Bragg model

Binding of surfactants to polymers is observed to start at a rather well-defined surfactant
concentration, somewhat below the critical micelle concentration (cmc). Some theoretical
models have been presented for polymer-surfactant interactions, all based on the structure
of micelle-like clusters bound to the polymer. An approach often used in the case of
polyelectrolyte-surfactant interaction is to treat the binding of the surface as site binding to
the polymer. The cooperativity of the binding is taken into account by an additional
cooperativity factor, and the Zimm-Bragg model can be applied to the array of occupied and
unoccupied sites.

Langmuir and Freundlich models were applied to our system, however the degree of
correlation between the experimental results and the sorption models was low as
summarized in the information presented on Table 2. The Zimm-Bragg model was applied
to our experimental data. The isotherm for the system ALG-DY54 (HCI) is presented in
figure 9 and the binding parameters tabulated on table 3. The correspondence of
experimental data with Zimm-Bragg isotherm and the theoretical model is evident.
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Fig. 9. Zimm-Bragg isotherm for ALG-DY54 (HCI) system. (with permission of J. Mex.
Chem. Soc.)

Table 3 summarizes the binding parameters for all the dye-polymer systems [ALG-DY54
(HCI),ALG-DY54 (CaCly), XANT-DY54 and XANT-DY54 (Al)] studied in this work. A
typical Zimm-Bragg isotherm is presented in figure 10 which corresponds to the XANT-
DY54 system. Since our study involves a homogeneous system, the Zimm-Bragg model is
the most appropriate to describe the interactions between dye-polymer.

System Zimm Bragg Parameters* R2
ALG-DY54 (HCI) Ku=3000 u=4 R2=0.9878
ALG-DY54 (CaCly) Ku=685 u=200 R2=0.4179
XANT-DY54 Ku=900 u=2 R2 =0.9811
XANT-DY54 (Al) Ku=3100 u=200 R2 =0.9957

Table 3. Parameters obtained with the Zimm Bragg model in the different systems.
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Fig. 10. Zimm-Bragg isotherm for XANT-DY54 system. (with permission of J. Mex. Chem.
Soc.)

This model takes into account the formation of nucleation centers and the propagation in
size to form aggregates when the dye molecules are in contact with the “molecular surface”
of the biopolymer, both adsorbate (dye) and adsorbent are presents in solution and the
interaction between these chemical species are always in aqueous environment. In contrast
the Langmuir and Freundlich models (more specific for heterogeneous systems) consider
that adsorbent is present in solid phase and adsorbate molecules are present in gas or liquid
phase. In all systems where DY54 is involved all the components (DY54, biopolymers ALG
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and XANT) are present as soluble species and DY54 interacts with them so that the
experimental data is best described with this model.

The ALG-DY54(CaCly) system presents a very low correlation coefficient value. At the
working pH for this system we observed precipitation of calcium hydroxide making the
solution turbid and difficult to evaluate by UV-Vis. It is possible that this system might be
better described by the Freundlich model due to the presence of hydroxide salt. Currently,
we are working on the elucidation of the adsorption mechanism of this system.

3.4 Infrared (IR) spectroscopy

Nuclear Magnetic Resonance (NMR) studies were conducted in order to gain a better
understanding of the behavior of DY54 in solution. DY54 exists as two tautomeric forms
that are illustrated on Figure 11. Our results indicate that in aqueous solution the dye adopts
the keto form whereas that in the solid state (confirmed by IR) or dissolved in organic
solvents, the enol tautomer conformation predominates.

Fig. 11. Tautomeric forms of DY54: Keto (a) and enol (b).

The chemical structure of DY54, sodium alginate and ALG-DY54 (HCI) were analyzed by IR
spectroscopy. The absorption spectra of the chemical species above mentioned are presented
on figure 12 and a summary of absorption bands on table 4. The IR spectrum (figure 12b) of
DY54 shows two main absorption bands (1656 cm! and 1547cm-1) that correspond to the
C=0 and C=C vibrations of the DY54 enol form. The IR spectrum of ALG-DY54 (HCI) is
depicted on figure 12c. The main features of the spectrum are: the absorption band at 3421
cm! that indicates hydrogen bonding among molecules (ALG-DY54) and the signal at 1736
cm? which corresponds to protonated carboxilate groups in alginate as a result of using HCl
as jellifying agent.
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Fig. 12. FTIR spectrum of (a) alginic acid as sodium salt, (b) DY54 and (c) ALG-DY54 (HCI).
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Comparison of the FT-IR spectra of DY54 and ALG-DY54 show that the principal
differences among them are the shift of the C=0O absorption band (1656 cm- for DY54 and
1620 cm! for ALG-DY54) and the disappearance of the peak encountered at 1547 cm-! in
DY54 spectrum (table 4). This suggests that keto form is the principal chemical specie that
exists in ALG-DY54 (HCI) system, however one peak located at 1646 cm-1 suggests that a
considerable amount of DY54 remains in the powder of ALG-DY54 as enol form. In both
cases the DY54 molecules presumably can be interacting with biopolymers through
hydrogen bonding.

FTIR signal Alginate DY54 ALG-DY54 Observations
v(O-H) 3450 cm-! 3421 cm?! | Hydrogen bonding between
ALG-DY54
Vas(COO) 1614 cm! 1736 cm-! Carboxylate group protonated
vs(COO) 1420 cm-? 1420 cm-! Without changes
v(C=0) 1656 cm? 1620 cm?! | Hydrogen bonding where

C=0 of DY54 is involved.
Small proportion of DY54 is
1646 cm! encountered in enol form.
v(C=C) 1547 cm! | Disappears | Keto form of DY54 is present

Table 4. FT-IR Data of ALG-DY54 (HCl) Product.

The main IR absorption features of alginate (CaCly) gel and ALG-DY54 (CaCly) complex are
tabulated on table 5. In accordance with the IR spectrum of ALG-DY54 (HCI) complex,
hydrogen bonding and a shift in the carbonyl resonance (from 1656 to 1638 cm) of DY54
are observed in the spectrum of ALG-DY54 (CaCly) complex. Torres et al. (2005) reported
that the IR spectrum of calcium-alginate gels show an inversion in the intensities of the
symmetric and anti-symmetric bands for the carboxilate group. Our results are in
accordance with this previous report. We also observed a band at 1540 cm? that we assign to
the presence of pure dye, which is present due to precipitation and lack of removal during
the washing of ALG-DY54 (CaCl,) complex.

FTIR Alginate ALG-DY54 .
Signal ( Cga Cl) DY54 (CaCl,) Observations
v(O-H) | 3428 cm? 3410 cm? | Hydrogen bonding between ALG-
DY54
vas(COO) | 1600 cm-? 1600 cm | There is an inversion in signal
intensity between the two carboxylate
vibrations: This signal is weaker than
symmetrical vibration intensity.
vs(COO) | 1408 cm-1 1406 cm-!
v(C=0) 1656 cm? | 1638 cm! | Carbonyl group of DY54 is involved
in hydrogen bonding with alginate in
presence of calcium ions.
v(C=C) 1547 cm! 1540 Still Remains traces of DY54 (enol
form) in the compound ALG-DY54
(CaCly)

Table 5. FT-IR Data of ALG-DY54 (CaCly) Product.
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Xanthan and XANT-DY54 complex were analyzed by IR spectroscopy. Results are presented
in table 6. As expected, a resonance at 1730 cm-! that correspond to the acetyl group (C=0) was
observed in the xanthan’s IR spectrum. As previously discussed, the formation of XANT-
DY54 complex was favored at high pH values, under this condition, the acetyl group
undergoes saponification, and this explains the absence of acetyl band in the IR spectrum of
XANT-DY54 complex. As it was encountered for ALG-DY54 (HCI) complex, the carbonyl
resonance shifts suggesting hydrogen bonding formation between dye and polymer.

FTIR signal Xanthan DY54 XANT- Observations
DY54
v (O-H) 3420 cm-! 3381 cm? | Hydrogen bonding among
XANT-DY54
v (C=0) acetyl 1730 cm? Very weak | Carbonyl groups in xanthan
group undergo saponification
reaction
Vas(COO) pyruvate | 1613 cm? 1617 ecm?! | Carboxylate group as sodium
and glucuronate salt (no changes)
groups
vs(COO) pyruvate 1450 cm? 1450 cm? | Without changes
and glucuronate
groups
v(C=0) 1656 cm?  [1640cm! | Some of the enol form of
DY54 is present in product.
Hydrogen bonding where
1617 ecm? | C=0 of DY54 is involved.
v(C=C) 1547 cm?  |1556 cm! | Some of the enol form of
DY54 is present in product.

Table 6. FT-IR Data of XANT-DY54 Product

The data from the IR analysis of XANT-DY54 (Al) are summarized in table 7. The band at
1547 cm-! indicates that in the DY54-XANT complex, the DY54 is in the enol form. IR data is
in accordance to Raman analysis pointing toward the formation of XANT-DY54 complexes
being the dye molecule in the enol form. A proper description of the phenomenon observed
is complicated due to the numerous chemical processes (such as pH modification,
coagulation, interaction among aluminum ion with polymer) involved upon addition of
AICI; to the dye-polymer system.

Ethanolic solutions of ALG-DY54 (HCI), ALG-DY54 (CaCly), XANT-DY54 and XANT-DY54
(Al) complexes were prepared. For the three first examples it was observed that the solution
turned yellow due to desorption of dye from the complexes. This observation supports our
assumption that hydrogen bonding is responsible of dye adsorption within the polymers.

The color intensity for the alcoholic solution of complex XANT-DY54 (Al) was very weak
compared to the other examples just discussed; this observation supports our proposal of the
formation of cavities in the tridimensional network of XANT(AI) gel. As previously discussed
we assume that these cavities are filled with dye molecules. The strength of this network
cannot be broken by interaction with ethanol, thus, in solution we only observe the presence of
the dye molecules that were adsorbed on the surface of XANT(AI) gel.
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FTIR Signal XANT DY54 XANT- Observations
(AI) DY54 (Al)
v (O-H) 3421 cm! 3421 cm! Hydrogen bonding
present in XANT-DY54
(Al) complex.
Vas(COO) 1629 cm-! 1629 cm! Without changes.

pyruvate and
glucuronate groups
vs(COO) 1401 cm? 1401 cm? Without changes.
pyruvate and
glucuronate groups

v(C=0) 1656 cm! | 1656 cm! The enol form of DY54 is
presentin XANT-DY54
(Al) complex.

v(C=C) 1547 cm! | 1547 cm? DY54 is encountered in

enol form in the product
XANT-DY54 (Al)

Table 7. FT-IR Data of XANT-DY54 (Al)

3.5 Raman spectroscopy

DY54 and biopolymer-DY54 complexes were analyzed by Raman spectroscopy. The Raman
spectra of DY54, ALG-DY54 (HCI), ALG-DY54 (CaCly), XANT-DY54 and XANT-DY54 (Al)
are represented in Figure 13. For DY54 a characteristic absorption band at 1376 cm! (C-C=C
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Fig. 13. Raman spectra of (a) DY54, (b) ALG-DY54 (HCI), (c)ALG-DY54 (CaCl), (d) XANT-
DY54 and (e) XANT-DY54 (Al)
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vibration) was encountered as the main component of Raman spectrum. The Raman spectra
of ALG-DY54 (Figure 13 b and ¢) and XANT -DY54 (figure 13¢c) show a red shift (from 1378
to 1080 cm-?) of the main resonance which indicates a change of the tautomeric form of the
dye. As previously discussed, in the solid state, DY54 exists predominantly in the enol form
upon aqueous dissolution (basic pH), the keto form predominates and is the one that binds
to the polymers.

The Raman spectrum of XANT-DY54 (Al) (figure 13 e) resembles the one of pure DY54.
This result confirms our assumption of different interaction are involved including
electrostatic interaction between DY54 and XANT (Al). The resonance indicates that DY54
binds in the enol form. We can conclude that hydrogen bonding is the main feature of
“bonding” among DY54 and ALG(HCI), ALG(CaCly) and XANT, meanwhile a “mixture” of
different interaction predominates in the XANT-DY54(Al) system.

3.6 Adsorption isotherms for DY54 (commercial presentation)

Since we are interested on the implementation of this process for the treatment of textile
effluents, we evaluated the removal of the commercial presentation of DY54 by XANT and
ALG. Our results are very similar to the ones observed for the purified form of the dye and can
also be described by the Zimm-Bragg model. Interestingly, for all the systems we observed an
increase in the K, value. These results indicate that the additive(s) contained in the commercial
presentation of the dye, contribute to increase the removal efficiency of the polymers.

3.7 Direct Black 22 (DB22)

3.7.1 UV-Vis spectroscopy

The solution behavior of DB22 was studied by UV-Vis spectroscopy. The absorption spectrum
of DB22 was analyzed at different pH values. The spectra recorded are illustrated on Figure
14. We can see that the maximum absorption peak depends on the pH value. At a pH value of
8.35, the absorption maximum appears at 467 nm whereas that increasing the pH to 10.4 shifts
the absorption maximum to 590 nm. The UV-Vis analysis for DB22 is in accordance with
previous reports regarding spectroscopic studies of azo dyes in solution. The data indicate that
azo dyes are affected by interactions with their environment. In our particular case, the red
shift (pH related) observed for DB22 indicates a conversion of the azo form of the dye to the
hydrazone and common anion forms of the dye (Abbot et al., 2004).

The formation of direct dye aggregates in solution has been reported (Monahan et al., 1970,
1971; Reeves et al., 1979; Hamada et al., 1993; Tiddy et al., 1995; Ferus-Camelo & Greaves,
2002). It was also reported that the structure of the dye determines aggregates formation
(Abbot et al.,, 2004). The aryl groups (and the orientation of substituents) of the dye
molecules facilitate the formation of aggregates via -1t stacking.
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Fig. 14. UV-Visible absorption spectrum of DB22 in aqueous solution at different pH values.
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Reversal of dye aggregation was analyzed by variable temperature UV-Vis spectroscopy.
Spectra were recorded at different temperatures; and results are plotted on Figure 15. It is
clearly shown that the absorption maximum shifts from 511 nm (20°C) to 500 nm (80°C)
which indicates that at higher temperatures disaggregation occurs. This observation
indicates the formation of “H type” aggregates by DB22.

As reported for DY54, it was observed that addition of biopolymer (alginate or xanthan)
solution to DB22 solution did not affect the absorption spectrum of the dye solution.
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Fig. 15. UV-Visible absorption spectrum of DB22 in aqueous solution at different
Temperature values (pH=4.0, ionic strength=0.1 M)

3.7.2 Surfactants influence on the adsorption isotherms for DB22 (commercial form)
Adsorption isotherms for DB22 were recorded under optimized conditions (Lozano-Alvarez
et al., 2009 b). The commercial form of the dye was used in this experiment. The influence of
dodecylbenzensulfonate (SDS) on the adsorption behavior of DB22 on alginate (CaCl,) was
evaluated. Figure 16 illustrates the adsorption isotherms for DB22 on alginate both, in the
absence and in the presence of different concentrations of SDS.

The shape of the isotherm indicates that the Zimm-Bragg model describes the interaction
between DB22 and alginate. We also observe that as the SDS concentration increases, the
isotherm moves to the right resulting in a decrease of the K, value. We do believe that an
increase on the SDS concentration contributes to increase the dye concentration in solution
diminishing the affinity for polymer adsorption.

Our results indicate that T80 at low concentrations does not form micelles and thus competes
for adsorption sites against DB22, however, at elevated concentrations T80 is able to form
micelles that wrap dye molecules within the core of the micelle, thus, the interaction of the dye
with the polymer is two-fold, first it can bind in the form of surfactant-dye micelle and also in
the form of pure dye, enhancing with this the adsorption profile (Bielska et al., 2009).

Xanthan dye adsorption was studied with and without surfactants in solution. SDS was
added to a XANT-DB22 solution at different concentrations. Results are plotted in figure 17.
Our results clearly show that SDS-dye interactions affect considerably the adsorption
behavior of XANT(Al). Bielska et al (2009) studied the interactions of methylene blue and
SDS in aqueous solution. They found that the interactions between oppositely charged dyes
and surfactants are very strong, giving rise to the formation of surfactant micelles that
engulf dye molecules in its interior. In our case, we studied the interaction between
oppositely charged dye surfactant molecules in the presence of positively charged XANT
polymer. As expected the solubility of DB22 increases due to electrostatic interactions with
surfactant molecules, in the other hand, DB22 can also interact with positively charged
biopolymer. Equilibrium between these two processes renders the isotherms plotted in
figure 17 and indicates that surfactant-dye associations are stronger than the binding affinity
toward biopolymer, thus increasing concentrations of SDS decreases the Ku for the system.
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The interactions between XANT(Al) and DB22 were studied in the presence of DTA. It can
clearly be seen that Ku decreases as DTA concentration increases. Since both molecules
(surfactant and dye) are positively charged, there is a competition for negatively charged
adsorption sites on polymer. Oakes & Dixon (2003) studied the adsorption of dyes to cotton
with and without surfactants in solution. It was encountered that cationic surfactants can
displace adsorbed dye molecules from cotton fiber, due to higher affinity of surfactant to
cotton fiber compared to dye affinity. In our particular system, XANT-DB22(DTA), we
observe similar behavior, predominating DTA affinity for polymer adsorption sites. Bielska
et al (2009) reported that when the same-charge dye and surfactant were used, it was found
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that electrostatic repulsion forces were strong limiting surfactant-dye micelle formation.
From here, we can infer that DB22 does not associate with DTA, thus interaction of DB22
with polymer is always limited for DTA interaction.

4. Conclusion

The Zimm-Bragg model that was originally designed to describe helix coil transition in
peptides fits properly to experimental data of adsorption of dyes (DY54 and DB22) onto
biopolymers (alginic acid and xanthan). The binding of dye molecules to water soluble
polymers can take place either by electrostatic interaction between charged groups or by
other interactions leading to the formation of polymer-dye complexes. Hydrophobic
interactions result in dye and dye-polymer micelle-like hydrophobes in water.

The concordance between the experimental data and theoretical predictions within the
Zimm-Bragg model is due to the consideration by Satake and Yang that the interaction
between surfactant-biopolymer occurs by two processes, nucleation and aggregation
(considered in the Ku and U parameters). In the polymer surfactant systems, the
hydrodynamic properties of the biopolymer favors the formation of micelles decreasing de
CMC (critical micellar concentration) of the surfactant, thus favoring interaction polymer-
surfactant.

In our systems (polysaccharide-dye) we determined the Ku and U values for ALG-DY54 and
XANT-DY54 systems with DY54 in commercial and purified form. Interestingly in both
cases Zimm-Bragg model describes the interactions. These findings suggest that the dye
molecules tend to form aggregates that have similar behavior to that observed with
biopolymer-surfactant systems and these aggregates favor the interaction with the alginic
acid and xanthan molecules, mainly through hydrogen bonding, electrostatic and hidrofobic
interactions. For DY22 this behavior is observed even in the presence of cationic, anionic and
neutral surfactants due to the strong tendency of the dye to form aggregates.

Currently, we are working with some other biopolymers, such as pectin and
polygalacturonic acid in order to expand our understanding of the nature of interactions
involved in the removal of dyes by biopolymers.
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1. Introduction

This chapter’s aim is to give the reader an overview of different methods used to
characterise biopolymers based on the case of cotton fibre. It is not meant to be an
exhaustive list of methods, but to give examples that illustrate as clearly as possible the most
used and most efficient methods.

The cotton fibre is a very complex biopolymer whose properties depend on varietal and
environmental conditions. Cotton fibre is a very well adapted example to describe the
different methods to characterise the morphology, the mechanical properties on single fibres
or on fibre bundles and the surface properties.

Reference methods are described as well as more advanced methods based on experiments
which have been carried out by the authors and their co-workers.

2. Development of cotton fibre

2.1 Origin of cotton

The Cotton plant belongs to the order of Malvales, the family Malvaceae, the tribe Hibiscus,
and the genus Gossypium. There are four domesticated species of cotton of commercial
importance: G. barbadense, G. hirsutum, G. arboreum and G. herbaceum. Each one of these
commercially important species contains many different varieties developed through
breeding programmes to produce various types of cotton with continually improving
properties such as faster maturing, improved insect and disease resistance, greater length,
better strength and uniformity.

At various periods, the G. barbadense L., native South America, was transported to various
parts of the world and grown as a commercial crop. Breeding and selection in this species
resulted in varieties known for their superior fibre quality. These belong to the long staple
varieties of cotton and are known for their length exceeding 33 mm, fine fibres with
exceptional tensile strength. They supply about 8% of the current world production of cotton
fibre. This group includes the commercial varieties of Egyptian, Sea Island, and Pima cottons.
G. hirsutum L., which produces medium to long fibres (25 mm to 32 mm), is developed in the
United States from cotton native to Mexico and Central America and includes all the many
commercial varieties of American Upland cotton. Upland cotton, now provides over 90 % of
the world production of raw cotton fibre. Fibre from G. hirsutum L. is widely used in apparel,
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home furnishing and industrial products. G. barbadense L. Pima is used for the production of
high-quality fabrics.

The other species, G. arboreum L. and G. herbaceum L. are the shortest staple types of cotton
cultivated (inferior to 25 mm) and are coarse. Both are of minor commercial importance
worldwide but are still grown commercially in Pakistan and India.

According to projections by the International Cotton Advisory Committee (ICAC), world
cotton production is expected to grow by nearly 10% in 2010/11 upto 24.2 million tons,
against 22.2 Mt in 2009/10. The main cotton producers are China (31%), India (23%), the
United States (12%), Pakistan (10%) and Brazil with 5% of world production.

2.2 Morphology

The cotton plant has a branched taproot capable of going down to several meters below the
ground surface in optimum conditions. This root part has the dual role of supporting the
plant and absorbing nutrients from the soil.

The sowing date of cotton seed is determined by climatic conditions (temperature, rainfall).
It varies from one region to another and may extend over several seasons depending on
climate.

According to varietal and environmental conditions, the phase of emergence (10 to 30 days
from germination to the spreading of the cotyledons) as well as the plantlet stage last about
50 to 65 days. They are followed by anthesis announcing the end of the vegetative phase and
the beginning of the flowering phase. The rate of flowering can vary after the varietal and
climatic conditions. Pollination occurs in the few hours after the opening of flowers,
fertilization is completed within thirty hours after the opening of the flower. Certain ovules
may not be fertilized, others may abort despite normal fertilization. These are the causes of
aborted seeds, usually called dead.

Flowering is spread over time, the phases of flowering and maturation overlap. The
maturation phase of the capsules (fruits of cotton) may last 40 to 80 days, or more
depending on the variety, growing conditions and position of the capsule in the plant. After
this phase, the mature capsules open and the seed cotton is dry. Seed cotton is the subject of
the harvesting and is constituted of the seeds and fibres they carry. Flowers can continue
their development despite the fact that the first capsules are open. It is a characteristic of the
cotton plant to present simultaneously flower buds, flowers, capsules closed or opened
during its development.

In the mature stage fibres are constituted of about 95% of cellulose; other not cellulosic
constituents: mineral substances (1.4%), wax (0.9%), proteins (1.6%), pectic acids (0.9%) and
other organic acids are located in the secondary membrane and in the lumen (Parry, 1982).

2.3 Cotton fibre structure

The cotton fibre is unicellular; it develops from the epidermal cell of the ovule (called seed
after maturation). Its development begins before the anthesis (Joshi and al, 1967; Lagiére,
1966; Parry, 1982) or on the same day of the anthesis (Beasley, 1975; Stewart, 1975).
Following flowering, each cell elongates until reaching its final length in about 20 to 25 days.
The ultimate length is determined by the cotton variety and environmental conditions.
During this growth, the cells are encircled by a primary cell wall (less than 1 um thick) and
covered by a wax layer or cuticle (Lewin & Pearce, 1998). This waxy and smooth layer has a
significant impact on the smoothness and the handling of cotton during processing. During
this development stage, the fibre begins to be thickened by deposition of regular layers of
secondary-wall cellulose inside the primary cell wall (Fig. 1).
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Fig. 1. Fibre structure (Seagull & Alpspaugh, 2001)

The central layers of the secondary wall are characterised by a thickness (approximately 4
um thick) that constitutes about 90% of the weight of the lint (Seagull & Alpspaugh, 2001)
and their structure represents the major portion of the strength of the fibre. Between seven
and nine weeks most fibres terminate wall thickening.

Cellulose in the crystalline state begins to form 15-19 days post-anathesis, and by maturity,
tubular fibres contain 96% (Lewin & Pearce, 1998) of cellulose with 90% in the secondary
wall (Kohel, 1999). Shenai (Shenai, 1988) has shown that strength and elongation increase
with the increasing crystalline microfibril spiral arrangement and orientation within the
cotton fibres. In fact, the structure contains parallel wrinkles at a slight angle relative to its
axis, forming a helical structure. In the winding layer the cellulose microfibrils are aligned at
angles ranging 40-70° relative to the fibre axis, whereas each microfibril in the primary wall
spirals at 20-30° relative to the fibre axis. In the thick secondary wall, the fibrils are
approximately oriented at a 45° angle. The helical orientation can be shown up in various
ways: optical birefringence, for direction of the molecule chains measurement; X-ray
diffraction, for the axis of the crystal lattice evaluation; electron microscopy, for the
microfibrils observation; optical microscopy, for the coarse fibrils observation.

The final stage appends when the boll opening begins at maturity leaving the fibres fully
exposed to air and sunlight. The fibre water content rapidly decreases as the cytoplasm dries
against the inner surface of the wall. The lumen collapses causing a convoluted surface of
the cotton fibre. The fibre assumes a twisted conformation. These twists, or convolutions,
make it possible for the fibres to be spun into yarns. If the fibre does not produce a thick
secondary wall, the fibre is said to be immature. When such fibres are dried, they form thin,
flattened ribbons with minimal twisting. Because fibres begin development at different
times, on a mature seed there may be fibres with differing levels of maturity.

An accurate assessment of the degree of maturity is essential since the presence of immature
fibres can cause many problems during processing (Thibodeaux & Rajasekaran, 1999). The
reduced strength and resilience of the immature fibre lead to excessive damage and waste at
ginning and carding operations. It could also lead to weak and uneven yarns, increase the
tendency of fibres to tangle and form neps. In addition, the effect of maturity on the dyestuff
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picking is well known. The Goldthwait test is based on this effect (Goldthwait & al., 1947).
In fact, because of the relative low dye affinity of immature fibre due to low cellulose
content, numerous dyeing imperfections could appear in fabrics. These defects are
commonly known as white specs (Xu & Pourdeyhimi, 1994).

The characteristics of the cell wall-thickness which represents the maturity of the fibre are
largely environmental (nutrition water supply, temperature, etc...) in nature and may be
somewhat modified by varieties. Other important factors are the day of flowering, the
beginning and the end of the season. Different places on the seed differ markedly in wall
development.

3. Physical properties of cotton fibres

3.1 Cotton fibre maturity

Maturity is one of the determinants in evaluating cotton quality because it can affect many
properties of cotton fibres. Mature fibres usually possess greater strength and better
resilience. The presence of immature fibres may cause excessive waste during processing
and may weaken yarn strength (Raes & Verschraege, 1981). Immature fibres have also been
recognized as one of the main causes of neps formation in carded webs, yielding a rough
and uneven appearance of yarns and fabrics. Due to their relatively low dye affinity
(Thibodeaux & Evans, 1986), neps easily show up as imperfections in a dyed fabric. Hence
information about cotton maturity is desirable and essential for cotton growers and
processors. The experimental methods of testing cotton maturity can be classified into direct
and indirect approaches (Thibodeaux & Evans, 1986).

3.1.1 Direct methods

One direct method is based on microprojection in order to measure the perimeter and area
of fibres and lumens, which are subsequently used to calculate maturity. Another method
determines the proportion of immature fibres by counting the number of mature fibres
present in the sample. This procedure (Brown & al., 1996) involves using an 18% solution of
sodium hydroxide as the mounting medium to swell the fibres. The swollen fibres are then
examined under a microscope at a magnification of 400X. If a fibre is swollen into an un-
convoluted and rod-like shape, it can be counted as a mature fibre. The main drawbacks of
these methods are low efficiency and accuracy.

3.1.2 Indirect methods

Indirect methods are those based on some fibre characteristics that are associated with the
degree of wall thickening of the fibre, such as air permeability (Powland & al., 1976; Raes &
Verschraege, 1981), birefringence and dyeability (ASTM D1464-79). The Micronaire
instrument (ASTM D1448-84) measures the resistance to an air flow through a pre-weighed
cotton tuft and this method is the most frequently used. Micronaire Index (Mic) represents a
combined measure of cotton fineness H and maturity M (Lord, 1956). Fibre fineness or
coarseness is defined as the weight per unit length or the linear density of the fibre (ASTM
D1769-77); expressed in millitex (mtex, micrograms per meter).

The method of measurement carried out by the Advanced Fibre Information System (AFIS)
is based on detecting the attenuation of light amount that is diffracted by a fibre. Fibres
which are individually transported by a fast air stream, cross a beam of light. The reflected
light will be detected by an electro-optical sensor placed at 40° from the normal direction of
the beam (Bragg & Shofner, 1993). The diffraction signal is related to the shape of the fibre.
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Much research has been conducted with image analysis technology to measure the cotton
maturity and other parameters from fibre cross sections (Xu & al.; 1992; Xu & al., 1993). The
success of a cross sectional method using image analysis largely relies on two techniques i.e.
fibre cross sectioning and image segmentation. Cross-sectioning is the most significant step
in obtaining analysable images of fibres. A bundle of fibres embedded in a polymer resin is
cut (Annis & al.,, 1992; Boylston & al., 1995) and the surface containing the fibre cross
sections is imaged on a microscope by reflected light (Annis & al., 1992). Image
segmentation is a computational process that separates cotton cross sections from the image
background from one another. Due to variations in the cross sectional shape and thickness
of sliced samples, fibres in different regions exhibit different levels of contrast and focus in
an image. The image analysis system for processing cotton cross sectional images often
requires operator assistance to draw separation lines between touching fibres, to locate
lumens, and to connect broken edges.

Therefore, Image Analysis presents a quick and reliable technique for determining the
cotton fibre maturity which consists of performing cotton fibre cross-section, acquiring and
analyzing their image to determine: Perimeter, Area and Theta (degree of secondary wall
thickening of cotton fibres). (Xu & Huang, 2004)

Figure 2 shows a schematic cross section of the cotton fibre; the shaded area is the secondary
cell wall and the linear dimension measured along the outer periphery of the fibre is called
the perimeter.

d=2R: | D=2R»

Fig. 2. Schematic cross section of the cotton fibre
From this schematic cross section of the cotton fibre, we can deduce this relationship
(equation 1):

Ay =7(R3-R}) (1)

Where A, is the cell-wall area (cross-sectional area minus lumen area) in microns and
respectively, R; and R, is the inside and outside diameter. Since the degree of thickening
(Theta) was defined as the ratio of the cross sectional area of the total fibre wall to the area of
a circle of the same perimeter (equation 2). Then:
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Where @ is equal to the degree of secondary wall thickening (no unit) and P, is the outside
perimeter of the fibre expressed in microns.
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Completely circular fibres, regardless of their perimeter, have a value of theta equal to unity
(based on completely round and solid cross sections). Mature fibres typically have kidney
bean shaped cross sections and a high theta value. Immature fibres, which collapse to a
greater extent upon boll opening, have lower theta value.

3.1.3 Results

The authors of this chapter conducted experiments (Harzallah & al., 2010) based on the
image analysis method to characterise four types of cotton (Figs. 3a to 3d), which were
selected based on their distinct physical properties, and compared the results obtained with
AFIS measurements. These types of cotton consisted in Upland varieties from the 2003
harvest. The method principle is based on measuring the fibre perimeter (P) and cross
sectional area (S) to calculate the degree of secondary wall thickening of cotton fibres (Fig.4).

Fig. 3c. Microscopic observation for the section of the cotton III (X 400)
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Authors note that no significant difference was observed for cotton III and IV, while for
cotton I and II, there have been slight differences in the determination of the maturity ratio.
These differences have been attributed to the high degree of irregularity of the cross
sectional shape of fibres. Indeed, despite the large number of cross sections studied (=1500),
with the image analysis method, the lowest CV for theta parameter is 19 % and the highest
is 40%, while the highest CV noted with AFIS measurement is 2.63%. The results obtained
are in accordance with Huang and al. results (Huang & Xu, 2002) that show a good
correlation between the AFIS data and the Image Analysis results, especially for the
perimeter.
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Fig. 4. Theta distribution for the four types of cotton

3.2 Fibre-length measurement

Some techniques have been proposed for measuring the fibre length, such as the Sutter-
webb Array, ALmeter, AFIS (Advanced Fibre Information System) and HVI (High Volume
Instrument) methods. In general, obtaining samples from the fibre population has been
carried out in two different ways. One is the numerical sampling method, in which each
length in the sample is proportional to the corresponding number of fibres in the overall
population. The other is the length or weight biased sampling method, in which the number
of fibres of each length is proportional to the total length or weight of these fibres. Also, two
different methods of measurement are used, the numerical and weight biased methods.
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3.2.1 Reference method

The reference method is a method where the length of every group of fibre is measured and
allows a histogram to be plotted from which the average, the coefficient of variation and
others statistical parameters are deducted.

In this paragraph, we will describe the Zweigle sorter method. This method is based on
using a Johannsen-Zweigle apparatus consisting of two steel comb fields which allow to
straighten and align the fibres. For cotton, the comb spacing is 4 mm. Here the weight of the
test specimen is 100 mg. The weighed sample is prepared by one of the zoning methods
(Morton & Hearle, 2008). Then, by repeated drawing and doubling, it is formed into a
narrow bundle of fibres, which are straight and parallel as possible.

The aim of this method is to sort the fibres into groups of predetermined length intervals by
using the special tweezers. The fibres of each group are then weighed to obtain a mass
distribution for the sample. In this procedure, each group's length interval is determined by
the spacing of the combs, which must therefore be such as to provide at least ten groups
from the sample of material under examination and must extend over at least the length of
the longest fibre. So, the longest fibres are pulled and weighed first and then the shortest.
The time taken by an experienced worker in making a single Zweigle sorter test, excluding
sampling and analyzing of data, ranges from about % hour for a short-stapled Indian cotton
to 1% hours for long stapled Egyptian or Sea Island Cotton.

3.2.2 Capacitance scanning

Peyer Texlab System, which was introduced in the 1960s, is based on the same measurement
method and is still currently used. This apparatus is composed of two systems which sort
and align a fibre beard and measure its length distribution. The Fibroliner (FL-101)
mechanically combs either sliver or ginned lint specimens into a parallel beard. The straight
and aligned fibres are placed between a pair of carrier films for measurements. The ALmeter
(AL-101) scans the beard using capacitance measurements to produce an output signal that
is proportional to the cumulative mass distribution. The capacitor scans the fibres of the test
specimen every 0.125 mm. The microprocessor can convert the mass distribution to a
number distribution when the linear density of the fibres is assumed to be constant.

The ALmeter test can be performed in approximately 15 minutes, while it takes about two
hours to make the Zweigle sorter test. The ALmeter can supply different sets of array
information from the raw data, including a weight based distribution, an area based
distribution and a Fibrograph. From these distributions parametric values such as the mean
length biased by cross-section, mean length biased by weight, coefficients of variation and
other useful statistical parameters can be extracted.

3.2.3 Photo-electric scanning method

The original idea of the photoelectric scanning or Fibrograph method (ASTM D1447-83) has
been developed by Hertel in 1940 for testing cotton lint (Hertel, 1940). This test method
covers the measurement of the length and length uniformity of cotton fibres. By using the
fibrosamplers, beard of fibres are randomly caught on combs to obtain an equal probability
of selecting any given fibre length. The beard formed by the captured fibres is scanned
photoelectrically from base to tip (no more fibres). The amount of light passing through the
beard is a measure of the number of fibres that extend various distances from the combs.

In the early 1980s, a fast fibre testing system called high volume instruments (HVI) was
developed. This system is now produced by Uster Technologies to test a number of key fibre



Macro and Micro Characterization of Biopolymers: Case of Cotton Fibre 201

properties including fibre length (ASTM D4605-86). This apparatus uses automatic
preparation to ensure that all points along the length of each fibre have an equal chance of
coinciding with the line of the comb teeth. The fibres clamped in this comb are then combed
and brushed to form a fibre beard of parallel and straight fibres. Then an automatic feeding
of fringes through photoelectric sensing is realized. When the fibre beard is analyzed, the
HVI measures the fibre length based on the Fibrograph method.

The auto-sampling has increased the rapidity of the preparation for analysis. With the
original Fibrograph, the time required to make a complete test, including preparation of the
beard and analysis of the Fibrogram (Fig. 5), is about 10 minutes. In the automated HVI
tests, the analysis is computerized and testing takes only few minutes.

Fercentage of
100% -pfibres scanned

0%

2.5% o

Length [trum)
Fig. 5. a Fibrogram

There are two interpretation systems for the Fibrogram: Span length (SL) or Mean Length
(ML). The x% SL was defined as being the length exceeded by only x % of the beard fibres
scanned by the instrument. The commercial practices have retained the 50% SL and the
2.5% SL. The 50% SL represents an approximation of the average length of the fibres
scanned, while the 2.5% SL was used as commercial length. Until 1995, the standard ICCS
(International Standard Calibration Cotton) gave the lengths according to this interpretation
of the Fibrogram.

The interpretation system by “Mean Lengths” is graphically equivalent to the tracing of
tangents to the Fibrogram tuft at characteristic points. Mean length (ML) is obtained by
drawing a tangent to the Fibrogram from the 100 % point of fibres and extrapolating to the
lengths axis (Figure 5). This value represents the average length of all fibres constituting the
beard (Equation 3).

100

Mean length = % ©)]
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Where n;% is the percentage of fibres of length ¢; .
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The tangent to the Fibrograph drawn from the 50 % point of fibres and extrapolating to the
lengths axis indicates the Upper Half Mean length (UHML) which indicates the average
length of the longer half of the fibres (Equation 4).
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Where n;% is the percentage of fibres of length ¢; .

Ratios of uniformity are deducted from both systems of interpretation of the Fibrograph.
Uniformity Index (UI %) is the ratio of the mean length ML to the upper half mean length
UHML. It is a measure of the uniformity of fibre lengths in the sample expressed as a
percent. It is typically just above 0.8 in HVIs and 0.7 in comb sorters. On the other hand,
Uniformity Ratio (UR %) is determined by dividing the 50 % span length by the 2.5 % span
length and expressed as a percentage. It is a smaller value than the uniformity index by a
factor close to 1.8. Larger values indicate a more uniform fibre length distribution, while
lower values tend to be associated with manufacturing waste, more difficult processing, and
lower the product quality. The uniformity index (or the uniformity ratio) represents the
most commonly used shape parameter of the length distribution. The Fibrograph uses the
theory of Span Lengths while the HVI, further to recent decisions of standardization, uses
the system of Mean Lengths.

4. Mechanical properties

4.1 Bundle fibre testing

Before studying the measuring methods, let us see the definition of the tenacity, the notion
appropriate for the domain of the fibres science and fundamentally different from the
measurable variable "tenacity" used in the mechanics of materials. The tenacity in the textile
domain, expressed as cN/tex, can be linked through the density to the stress notion in
tensile test generally used for materials (Equation 5).

stress (Pa)x10~* _ Fatprear (cN)
density (Kg /m®)  linear density (tex)

Tenacity (cN / tex) = ®)

The stress corresponds to the break load by unit of the breakage surface, generally expressed
in Pascal or daN/cm2 As it is not possible to measure the surface broken for textile
materials, the mass per unit length (g/1000 m) is used which is a correct estimation when
the density of materials is constant and known ; it is known that the density of the cellulose
is 1.52 g/cm3 (Morton & Hearle, 1975). The assumption of homogeneity of density appears
to us debatable for the following reasons. First the area of the broken section can be different
from the mean value estimated by a mean value of the fineness. The second reason is
assigned to the differences of the structure organization in the diverse layers which compose
the fibres and lead probably to the density variation. The mass per unit length and the
density would not, then, be equivalent in both main layers of cotton fibres. In 1999, Kunzel
and al. mentioned several literature references on the subject.
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The internal structure is composed of fibrils which can be bound on different lengths
between them by a more or less important number of connections. It conditions then the
recorded strengths of break. This different organization of fibrils according to the layer of
the considered fibre (primary or secondary wall) would generate the effect of modifying the
acceptable stresses of the various layers. The applicable stress on the fibre would be thus
dependent on the proportion between the areas of both main walls, in other words on the
maturity of the considered fibre. These differences would lead then to the significant
difference of the tenacity according to the type of fibres tested on tensile test. Earlier systems
of testing include: the Pressley and the Stelometer tester.

4.1.1 Stelometer tester

In 1953, the stelometer was created by Hertel (Hertel, 1953) in order to avoid certain
inconveniences of the existing devices of that period, more particularly Pressley (Pressley,
42). Indeed, the stelometer is the first device with constant rate of load allowing the measure
of the elongation thanks to the dynamometric test with a 1/8 inch or 3.175 mm gauge metal
spacer between the clamps (called Pressley clamps). The use of particular devices for
specimen preparation, the application of a pre-tension to the fibres before the test and the
possibility of measuring the fibres elongation made the stelometer a reference in the tenacity
characterization (ASTM D1445-75).

4.1.2 High volume instruments (HVI)

The principle of the HVIs is largely based on the Stelometer arrangement. HVI strength tests
were calibrated against the 1/8-in. gauge Pressley measurement. A tapered specimen in which
the fibres are randomly clamped along their lengths is used. The free ends of fibres are combed
in preparation for being tested. When a fibre beard is analyzed, the HVI first measures the
fibre length with the Fibrograph method. Then, the comb is moved so that the desired “break
amount” of fibre is positioned over the leading edge of the rear jaw. The jaw clamps the beard;
and the breaker step motor rotates, causing the rear jaws to move at a constant rate. This rate is
estimated at 0.14 inches/second for the Spinlab model. Force and displacement voltage signals
are recorded at every second step of the breaker step motor. The fibre bundle strength and
elongation data are usually reported together (ASTM D4605-86). The HVI bundle-strength
measurements are reported in grams-force/tex. In the HVI, the fibre bundle cannot be
weighed. Indirect measurements of linear density such as light attenuation were used. In fact,
the light from a LED (Light Emitting Diode) source crosses the fibre beard to a detector and is
converted into a voltage that is proportional to the beard mass at that position.

All earliest studies were concentrated on how to measure tensile strength using the HVI and
to explain the results obtained. Previous work has demonstrated that the following factors
affect the HVI measurement method and its precision. Sample conditioning history and the
sampling methods affect the strength measurements; the fibre strength increases nearly 10 %
for a 1% increase in moisture (Lawson & al., 1976). The mechanisms and procedures to
prepare cotton for tenacity testing, the tapering of fibres near their ends, the residual crimp
after brushing were studied by Taylor (Taylor, 1986). The light crossing the fibres and the
amount of light reaching the detector seem to affect the beard mass. Optical density
(Landstreet & al., 1989) and micronaire (Taylor & al., 1991) are used to evaluate the mass of
the sample being broken but surface characteristics such as fibre surface irregularities;
moisture content and colour affect the optical reading.
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The authors of this chapter with the help of Hequet's team (Fiber and Biopolymer Research
Institute, Lubbock, TX - USA) have conducted a work (Benzina & al., 2007) to attempt to
calibrate the high volume instrument elongation measurements. This study found that the
negative correlation between fibre tenacity and elongation measured with HVI instruments
was weak and it was possible to have different types of cotton with good tenacity and
elongation. The bundle elongation and tenacity of cotton fibres were measured using a
modified tensile testing instrument to which Pressley clamps (1/8 inch gage length) were
adapted. Work of rupture were correlated to the product tenacity x elongation as
determined by HVI in order to detect possible drifts of the HVI tensile measurements. The
authors are also emphasizing the importance of measuring the work of rupture when
evaluating the potential textile performance of fibres. Work of rupture, a function of tenacity
and elongation, indicates the amount of energy that would be necessary to break a bundle of
fibres. This study suggests breeders should work to improve fibre elongation in their
programmes because the data indicate that improving fibre tenacity while ignoring fibre
elongation may inhibit the ability to increase work to rupture values (Fig. 6).
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Fig. 6. Percentage change of work of rupture vs. HVI tenacity (Benzina & al., 2007)
Variety A: 28 cN/tex, 4% elongation; Variety B: 24 cN/tex, 8% elongation
Variety B would perform better in spinning and weaving than variety A

4.2 Single fibre testing

In investigating the influence of the microstructure of synthetic fibres on the physico-
mechanical properties, micro-stress equipment has been found to be very useful (Isings,
1964). Although results obtained for fibres of relatively regular cross section are more
simply interpreted than those for fibres with less regular cross section, e.g., cotton, useful
data can be obtained in the latter cases also. The breakage of a single fibre is considered as
one of the recent tools to understand this relationship between the mechanical behaviour
and the fine microstructure of fibres.

4.2.1 Tensile and fatigue tester
Today Favimat (Textechno Herbert Stein GmbH and Co.KG, Germany) and Mantis
(Zellweger-Uster, Charlotte, NC) testing determine the traditional single fibre data, the
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tensile strength and the elongation at a constant rate of extension. The Favimat testing
instrument allows to obtain additional fibre parameters such as capturing fibre crimps,
tenacity, linear density, and work to rupture. Parameters measured with the Mantis were
the breaking load or force to break, Tb (g), and the fibre ribbon width, RW (pm).

Another strength tester, which was used mainly in research domain of man made fibre, is
the Universal Fibre Testing Machine (UFT). This apparatus was developed by Bunsell and
al. (Bunsell & al., 1971) at the beginning of the 1970s. The UFT allows to carry out the testing
of single fibres in tension, creep, relaxation and fatigue. Early research (Bunsell & Hearle,
1971) carried out, on PA 6.6 fibres, using UFT and scanning electron microscope have
showed a distinctive tensile fatigue process. Since then, this machine has been greatly used
to highlight the behaviour in fatigue of thermoplastic fibres (Oudet & Bunsell, 1987; Ramirez
& Bunsell, 2006; Elamri & Lallam, 2007), aramid fibres (Lafitte & Bunsell, 1985) and carbon
fibres (Bunsell & Somer, 1992). The technique of mounting the individual fibre in the testing
machine was described in the handbook of the tensile properties of textile and technical
fibres (Bunsell, 2009). Based on a variety of testing procedures, the results suggest that the
UFT appears satisfactory for measuring current and future cotton properties.

4.2.2 Tensile failure

The authors of this chapter have used this machine to bring out the single cotton fibre
breakage with both tensile and fatigue testing. The simple tensile test is carried out by
setting a constant deformation rate of 20 mm/min under a pre-tension of 0.2 cN/tex to
avoid the crimp. The deformation rate used is often adjusted to result in fibre failure after
approximately 20 seconds. The fatigue tests are realised by imposing a sinusoidal load using
a vibrating pot and controlling the amplitude of the maximum and minimum load at a
determined frequency.

As regards to the tensile results, authors revealed that there are good correlations between
single-fibre strength and bundle strength, measured by the HVI, of cotton fibres (Harzallah
& al, 2010). These results are also in agreement with Thibodeaux and al. results
(Thibodeaux & al., 1998). These points make the evaluation of bundle strength more
beneficial to predict the strength of the yarn. Basically, the yarn strength is determined not
only by fibre strength, but also by fibre-to-fibre interactions as induced by length, friction
and degree of twist. On the other hand, in order to elucidate the fundamental problem of the
bundle fibre tests by understanding the fundamental nature of fibre fracture under stress.
Hearle and al. (Hearle & al., 1998) presents, in his book, different shapes of failure and
classify them into categories. This classification is based on a combination of the fracture
appearance examination, the microscopic cause, and the structural mechanism.

The fibre fracture of cotton fiber after tensile and fatigue testing were discussed in previous
works (Benzina & al., 2007; Harzallah & al., 2010). In these works, two types of cotton have
been chosen. Cotton I is very coarse with low tenacity (20.6 cN/tex), while cotton II is fine
and has a high tenacity (36.4 cN/tex). The electron micrographs (Figures 7a and 7b) of
individual fibres taken under tension show that the reversal area tends to untwist in order
to elongate the fibre; this generates stresses that can cause an axial splitting between the
frills. The split runs around the fibre until it reaches the line of weakness and then breaks.
Meredith (Meredith, 1951) explained that the uneven exterior of a dry cotton fibre’s
structure contains parallel wrinkles at a slight angle to its axis, forming a helical structure
directly related to fibre reversals and twists. These reversals are related to the orientation of
secondary walls and represent areas of variation in breaking strength. The adjacent reversal
areas are constricted and are less dense which is the weak point (Hsieh, 1999).
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Fig. 7a. Elongated fibre during the tensile test (cotton III)
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Fig. 7b. Morphology of fibre after tensile test (cotton III)

4.2.3 Fatigue failure

Harzallah and co-workers (Drean & al., 2005; Benzina & al., 2007; Harzallah & al., 2010)
have conducted experiments to understand the fatigue mechanisms of cotton fibre. These
experiments have shown that under cycling loading conditions, approximately 50 to 70% of
the breaking load, the fibrils are axially oriented (Fig. 8b) at the reversal point of the fibre.
This generates an area of high stress concentration inducing a separation of fibrils adjacent
to this point before failure. The failure of macro-fibrils seems to be the mechanism precursor
to the initiation and propagation of a crack. The rupture of macro-fibrils is initiated by a
defect while applying the fatigue solicitation in the fibre.
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Fig. 8a. Before the fatigue test (cotton I)
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Fig. 8b. After the fatigue test (cotton I)

The crack begins at the fibre surface (Fig. 8a) and progresses continuously up to the rupture
(Fig. 8b). The crack zone appears as a small cut on the fibre surface, making a small angle
with the axis of the fibre (Fig. 8a). The crack propagates along the external layers of the fibre
and the length of this crack reached several times the fibre perimeter (Fig. 9). Subsequently,
the section can no longer bear the load and the crack suddenly propagates into the core until
the final fracture of the fibre.

Fig. 9. External cracks after fatigue test (Cotton I)

The ruptured fibre presents two ends (left and right of the rupture). The first end presents
both the initiation and propagation of the longitudinal crack (Fig. 9). The other end does not
present the initiation and propagation but shows a fracture appearance with small inwardly
curved tapes (Fig. 10a). This phenomenon highlights that prominent stresses are induced on
the fibre surface instead of within the fibre core.

Fig. 10a. Thick package of micro-fibrils (cotton I)
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Fig. 10b. Thin package of micro-fibrils (Cotton III)

As far as cotton maturity is concerned, the high maturity of cotton I fibre has induced a lower
helix angle. Based on previous work (Menachem, 1998), it has been demonstrated that such a
lower helix angle increases the stiffness and makes the fibre brittle. This has been confirmed by
our observation. The brittleness of cotton I fibre is due to crack propagation. Commonly cotton
III presents a low maturity and a high helix angle which induces a less brittle fibre allowing
the whole fibre structure to work under stresses. Considering the fracture appearance of cotton
I (Fig. 11), it can be noticed that the whole microfibrils have contributed to the mechanical
properties of the fibre. In this case, no surface defects have been observed on the fibre surface
which avoids the cracks initiation and propagation. Compared to cotton I, it can be noticed
that the stresses due to loading are more uniformly spread within the structure of cotton III
fibre with a slight stress concentration effect within the fibre core.

Fig. 10. Wrenching phenomenon for Cotton III

We can also observe for the two types of cotton that the package of fibrils are more or less
important depending on the fibre maturity as shown on the following electron micrographs
(Figs. 9a and 9b). Actually, these figures show that very mature cottons tend to have thick
packages of micro-fibrils while less mature fibres tend to have thinner packages. According
to these results and micrographs, we can suppose the existence of two modes of failure
depending on cotton maturity.

5. Surface characterisation

As described previously, cotton fibres are a very complex material due to their particular
structure and morphology. Thus, in order to enhance the performances of cotton based
materials and fabrics, it is necessary to carefully analyse the surface properties of cotton
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fibres. Many investigation techniques are available to observe or to characterise the fibres’
surface depending on the observation scale. The following techniques can be quoted:
Scanning electron microscope (SEM), which can produce very high-resolution images of a
sample surface; Transmission electron microscopy (TEM), which allows the observation of
ultra-thin specimen; Atomic Force Microscope (AFM), which is a very high-resolution type
of scanning probe microscopy, with a resolution on the order of fractions of a nanometer;
Electron Spectroscopy for Chemical Analysis (ESCA), which is a very outstanding tool to
characterize the polymers surface up to 10nm depth (Cheetham & Day, 1987; Prutton, 1994);
Infra-Red and Raman Spectroscopy, which is nowadays a very common tool for the
chemical and physical characterisation of surfaces (Siesler & Holland-Moritz, 1980); Inverse
Gas Chromatography (ICG) to determine the thermodynamic surface properties and some
morphological aspect of fibres. In the following paragraphs, the SEM, AFM and ICG
techniques will be described as tools to evaluate the surface characteristics of cotton fibres
before and after chemical treatment.

5.1 SEM observation

The sample’s image is generated by scanning it with a high-energy beam of electrons in a
raster scan pattern. The interaction between electrons and the atoms constituting the sample
produces signals that contain information related to the sample's surface topography and
composition. The main signals produced by SEM are secondary electrons, back-scattered
electrons, characteristic X-rays, light and transmitted electrons. The most common detector
in all SEMs consists in secondary electron detectors.

SEM is essentially used for the observation of the fibre surface, fibre breakage and fibre
diameter measurement. Hearle & al en 1970 (Hearle & Cross, 1970) were the first researchers
who to use SEM for the observation of fibre breakage. This technique gives high resolution
image, however one of the main disadvantages of SEM in characterization of polymer
surface is the surface heating caused by the polymer’s non-conductive property.
Consequently, fibres need to be made conductive by covering the sample, by means of a
sputter coater, with a thin layer of conductive material like gold.

To illustrate this, Drean and co-workers have conducted experiments to understand the
evolution of surface characteristics of cotton fibres before and after a chemical treatment
(Rjiba & al, 2007). These experiments have been conducted on different types of raw cotton
which have been treated by soxhlet ethanol extraction performed for 6 hours with hot 95%
ethanol to remove sugars, mineral, non-cellulosic and organic maters as well as wax and
pectic maters. The figures 11a and 11b illustrate the results. It can be noticed that the raw
cotton fibre presents thin scratches that are the result of the treatment making the fibre pores
more attainable.

Fig. 11a. SEM observation for raw C21 cotton fibre (X 5000)
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Fig. 11b. SEM observation for ethanol treated C21 cotton fibre (X 5000)

5.2 AFM observation

As mentioned above, Atomic Force Microscope (AFM) is a very high-resolution type of
scanning probe microscopy, with a resolution on the order of fractions of a nanometer. The
AFM is composed of a cantilever with a sharp tip at its end which is used to scan the
specimen surface (Figure 12). When the tip is in the vicinity of a sample surface, forces
between the tip and the sample induce a bending of the cantilever. Theses forces can be van
der Waals forces, capillary forces, chemical bonding, electrostatic forces... The cantilever
deflection is measured with the help of laser beam which is reflected from the surface of the
cantilever to a photodetector. Usually, the sample is placed on a piezoelectric tube which
can move the sample in x and y directions for scanning the sample and in z direction for
maintaining a constant force.

Feed

back
Control VA)+V(B)HV(C)+V(D)]
Constant Force 9
Z feed back

Laser Beam

Topographic Image

F

F = AV(A)+V(B)HV(C)+V(D)]
Piezoelectric Constant Height
Tube no feed back

T Force Image

Three main operating modes are available for imaging the surface: the contact mode, the
non-contact mode and the tapping mode. Contact mode can be used when all forces are
repulsive and the operation mode consists in maintaining a constant force between surface
and tip during the surface scanning by keeping the cantilever deflection constant. In non-
contact mode, the cantilever oscillates at a frequency a little higher than its resonant
frequency. The van der Waals forces on the surface lead to decrease the cantilever resonance
frequency. The feed back control then adjusts the tip to sample distance to maintain a
constant cantilever frequency. Based on the data collected at each (x,y) point, a topographic
image of the sample surface can be reconstructed. In tapping mode imaging is implemented
in ambient air by oscillating the cantilever at a frequency close to the cantilever's resonant

Fig. 12. Atomic Force Microscope block diagram
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frequency using a piezoelectric crystal. During scanning, the tip vertically oscillates and
alternately contacts the surface and lifts off. A tapping AFM image is then completed by
imaging the force of the intermittent contacts of the tip with the sample surface.

AFM is a very well adapted tool to image the topography of the surface as well as to calculate
the surface roughness. In our case, the surface roughness is defined as Ra parameter which is
the mean value of overall y ordinate of the analyzed profile for a given length.

The cottons previously observed with the help of SEM (raw and soxhlet ethanol extracted
cottons) have been characterised by means of a Digital Instrument DI-3000 AFM. The cotton
fibres have been stuck on a stainless steel plate and then scanned in tapping mode. Such an
experiment is quite difficult to carry out because of the fibre vibration during the scan. The
experiments have been carried out on a 250 nm? surface at a 1Hz frequency. The 5pm2 AFM
images of C17 cotton are given in figures. 13. It can be noticed in figure 13a that in case of
raw fibre, the fibrils are visible and well parallel organised. After treatment, figure 13b, a
surface modification can be highlighted; the fibrils are less parallel and the surface seems to
be less rough.

0 2.50 5.00

Fig. 13a. AFM observation for raw C17 cotton fibre (5pm?)

0 2.50 5.00

Fig. 13b. AFM observation for ethanol treated C17 cotton fibre (5um?)



212 Biotechnology of Biopolymers

Figures 14 give an example of an AFM profile for C17 cotton. From the profiles obtained by
scanning, the Ra value can be calculated. At 5um scale, Ra values are respectively 67.2 and
49.4 for raw and ethanol extracted fibres and at 2um scale, Ra values are respectively 26.2
and 23.0 for raw and ethanol extracted fibres. These results confirm the observation given by
AFM images Figures 13a and b and corroborate the dependence between cotton surface
characteristics and quantity of foreign matter at the surface of the fibre.

nm Section analysis
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Fig. 14a. AFM roughness profile for raw C17 cotton fibre
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Fig. 14b. AFM roughness profile for ethanol treated C17 cotton fibre

5.3 Inverse gas chromatography surface characterisation

Inverse gas chromatography (IGC) is a very sensitive gas phase technique developed to
study the surface properties of particles and fibrous materials. In IGC the roles of solid and
gas are inverted compared to classical analytical gas chromatography. In IGC, a column
filled with the solid sample to be investigation and a single gas (probe molecule) is injected.
The aim of this characterisation technique is to determine the thermodynamic surface
properties and surface morphological aspect of cotton fibre. The surface characterisation by
Inverse Gas Chromatography (IGC) has been recommended by several papers (Papirer &
al., 2000; Santos & al., 2001). This method is based on the analysis of gaseous probe
adsorption on a solid surface to determine the dispersive component £ of the surface
energy.
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5.3.1 Theoretical aspects of inverse gas chromatography

IGC, under "infinite dilution" conditions, i.e very high dilution of the probe into the carrier
gas (helium), permits the determination of both dispersive and polar surface properties of a
solid. The dispersive component 75 of the surface energy of cotton fibres is calculated from
the retention times (tr) of a series of n-alkanes injected into the column containing the fibres.
From tg, the following quantities can be calculated:

Vn =D.(tg —to) (6)
AG, =-RTIn(Vy) -

where Vy is the retention volume, to is the retention time of a probe that is not adsorbed on
the cotton , D. is the helium flow rate, and T is the absolute temperature at which the
measurement is carried out. AG, is the standard variation of the free energy of adsorption.
Then, according to Dorris and Gray (Dorris & Gray, 1980), the dispersive component 7& of
the surface energy is then given by the following equation:

2
oo 1 [Aca(CHz)] ®

47cn, | Nacy,

where YeH, ~36,5 mJ/m?2 at 2°O°C, N is Avogrado’s number and acp» (cross-sectional area of
an adsorbed CH, group)~ 6 A2.

From IGC measurements, based on the comparison of the retention times ty of linear n-
alkanes and of branched and/or cyclic alkanes, a morphological parameter ( y) has been
recently defined. Then, an index of morphology of the cotton fibre surface can be defined
(Rjiba & al., 2007; Rjiba & al., 2010) as follows:

Zexp —AT )

My =100 ( —100x 2L )

AT xr

5.3.2 ICG experimental characterisation

The experiments are carried out on different types of cotton fibres and as an example C17
cotton has been chosen. This cotton from Senegal has a wax content of 0.5% and a maturity
ratio MR=0.818. Two types of fibres have been tested, raw material and soxhlet ethanol
extracted fibres (extraction performed for 6 hours with hot 95% ethanol). The main problem
of the experiment is the preparation of the column. In fact, IGC is carried out in good
conditions if the filling of the column is homogeneous.

A specific column filling technique has been developed. With the help of microspinning
facilities of CIRAD (French Agricultural Research Center for International Development)
cotton fibres have been spun in sliver then drawn into rowing. Then, these 2.8g/m rowings
have been twisted and introduced into the column. This preparation leads to a
homogeneous packing into the chromatography column.

Chromatograms were obtained with a Varian 3800 programmable gas chromatography
equipped with a flame ionization detector; helium was used as the carrier gas and n-alkanes
as probes. As a result, the variation of the dispersive component 75 of the surface energy of
C17 cotton fibre as a function of temperature is shown figure 15.
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Fig. 15. Variation of 7/? vs. temperature

It can be noticed that the values of 5 of extracted cotton fibres are lower than raw cotton
fibres. This result highlights that the waxes play a key role on surface energy of cotton
fibres. Moreover, }fé) decreases with the temperature, decrease related to thermal dilatation
of the fibres.

The calculation of IM y7 (Rjiba & al., 2010) for extracted cotton fibres gives a value close to
zero. This result shows that the cotton fibre surface after extraction is very smooth and
homogeneous from a morphological point of view.

Such an example clearly demonstrates that IGC is a very convenient technique to determine
the surface properties of cotton fibres.
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1. Introduction

1.1 Powerful SR-IMS research tool for imaging in complex feed systems

Advanced ultra-spatially resolved synchrotron-radiation Fourier transform infrared
micorspectroscopy (SR-IMS) has been developed as a bioanalytically probing technique to
study biomaterials at cellular and molecular levels within intact tissue (1-3). This technique,
taking advantage of bright synchrotron light which is millions time brighter than sunlight, is
able to provide four kind of information simultaneously: tissue chemistry, tissue
composition, tissue environment and tissue structure (4, 5).

Compared with conventional chemical analysis in the lab, this technique can link chemical
information to structure information without destruction of original structure information.
No harsh chemicals are involved. The use of harsh chemicals and derivatization can result in
altering the native structures and possibly generating artifacts in complex plant system (5).

1.2 Objective

The objective of this study was to use the advanced ultra-spatially resolved synchrotron
radiation-based infrared microspectroscopy (SR-IMS) as a non-invasive and non-destructive
tool to study microstructural features of the embryo (germ) in sorghum (Sorghum bicolor
L.) seeds within cellular dimension within intact embryo tissue.

2. Materials ahd methods

2.1 Seed embryo tissue preparation and synchrotron FTIR window

Sorghum seed (feed-type), obtained from Dr. Liu Dasen (Northeast Agriculture University,
China), were cut into thin cross sections (6 pm thick) using a microtome at The Western
College of Veterinary Medicine, University of Saskatchewan and then transferred to BaF2
windows (size: 13x1 mm disk; Spectral Systems, NY) for transmission mode synchrotron
FTIR microspectroscopic work.

2.2 Synchrotron light source and synchrotron-based IR microspectroscopy
The experiment was carried out on U2B beamline at the National Synchrotron Light Source
located in Brookhaven National Laboratory (NSLS-BNL, U.S. Department of Energy, New
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York). The beamline was equipped with a FTIR spectrometer (Nicolet Magna 860) with KBr
beamsplitter and a mercury cadmium telluride (MCT-A) detector coupled with an infrared
microscope (Nic-Plan™, Nicolet Instruments, Madison, WI). The bench was configured to use
collimated synchrotron light (beam energy 800 MeV) through an external input of the
spectrometer. The modulated light was passed through the Nic-Plan™ IR microscope to
perform reflection microscopy. The infrared spectra were collected in the mid-IR range 4000-
800 cm? at a resolution of 4 cm! with 64 scans co-added and an aperture setting of ca. 10 pm
x10 pm. This size was within cellular dimension and was the best for getting good signal to
noise ratio spectrum mapping in complex plant system. To minimize IR absorption by CO,
and water vapour in ambient air, the optics were purged using dry N.. A background
spectroscopic image file was collected from an area free of sample. The mapping steps were
equal to aperture size. Stage control, data collection and processing were performed using
OMNIC 7.2 (Thermo-Nicolet, Madison, Wisconsin). Scanned visible images were obtained
using a charge-coupled device (CCD) camera linked to the infrared images (objective x 32) (6).

2.3 Molecular spectral data analysis and imaging of molecular chemistry

The spectral data of the tissues were collected and analyzed after the correction of the
background spectrum using OMNIC software 7.2 (Thermo-Nicolet, Madison, Wisconsin).
The data can be displayed as either as a series of spectroscopic images collected at
individual wavelength, or as a collection of infrared spectra obtained at each pixel position
in the image.

Molecular chemistry of functional groups was imaged under the peaks at ca. 1650, 1628, 1550,
1067, 1186-950, 2956, and 2920 cm! using the OMNIC software 7.2 (Thermo-Nicolet, Madison,
Wisconsin). The functional groups peak assignments were from publications (7-14).

Peak ratio images of molecular functional groups, representing the distribution and
intensity of the functional group in the tissue, were obtained by dividing the area under one
molecular functional group band (eg. amide I ca. 1650 cm?) by the area under another
molecular functional group band (eg. CHO 1067 cm-?) at each pixel (pixel size 10x10 um) (6).
The false color maps were used (colors representing band intensities), which were derived
from the area under particular spectral features

3. Results and discussion

3.1 Spectral characteristics and photomicrograph of the embryo tissues in sorghum
saeed

Figure 1 illustrates the inherent structure of embryo tissue in sorghum seeds (6 um-thickness
cross-section). Whole seed tissue includes pericarp, aleurone cell layer, subendosperm,
endosperm and embryo (germ) regions which is typical for the cereal grain seeds (4). The
figure is embryo region. It is a very unique from visible image. However, the detailed
chemistry of embryo tissue in its original form in sorghum seed is not fully understood due
to limited analytical technique available before available synchrotron-based technique (2).
The photomicrographs of the tissue are not informative with respect to molecular chemical
features of the inherent structures at spatial resolution (6). We need an advanced analytical
technique which can be used for us to “see” complex chemical information in its original
tissue. The synchrotron based technique (SR-IMS) could be used to image molecular
chemistry in complex plant system (4, 6). This technique enables to collect the spectral data
at the diffraction limit or a few microns without destruction of inherent tissue structure
(1,3,4), which is not possible to use previous techniques.
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Fig. 1. Photomicrograph of cross-section of the enlarged embryo (germ) tissue in whole
sorghum seeds (6 pum) showing the intrinsic visible structure of sorghum germ.

Figure 2 presents a typical spectrum (pixel size: 10x10 pm) from the sorghum embryo tissue,
showing broad N-H and O-H stretching band at ca. 3270 cm1, CH, and CHj; anti-symmetric
and symmetric stretching bands at the region of ca. 2990-2780 cm, amide I and II bands at
ca. 1650 cm? and 1550 cm-l, respectively and cellulosic compound bands region of ca. 1200-
800 cm, using ultra-spatially resolved synchrotron-based FTIR microspectroscopy. From
these functional groups bands, we can see the embryo tissue has complex plant system.
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Fig. 2. Typical spectrum of sorghum germ tissue within cellular and sub-cellular dimensions
showing broad N-H and O-H stretching band at ca. 3270 cm-!, CH, and CHj; anti-symmetric
and symmetric stretching bands at the region of ca. 2990-2780 cm1, amide I and II bands at
ca. 1650 cm? and 1550 cm-, respectively and cellulosic compound bands region of ca. 1200-
800 cm-1, using ultra-spatially resolved synchrotron-based FTIR microspectroscopy at
National Synchrotron Light Source, Brookhaven National Lab (U.S. Dept of Energy, NY).
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Figure 3 shows the molecular spectra of sorghum seed germ tissues randomly selected from
the corresponding area from the visible image (spectra corresponding to the pixel at the
cross-hair in the visible image). From the figure, it is clear to show that the embryo (germ)
tissue contained extremely high CHj anti-symmetric, CH, anti-symmetric, CH; symmetric
and CH, symmetric stretching bands (1,3,4). These bands are highly associated mainly with
lipid and minor with protein (15). The embryo tissue also contains high amide I and amide
II bands (2,8,9), indicated high protein composition in the embryo. From the pixel spectra
pattern, it was found that sorghum embryo contains relatively high protein beta-sheet (ca.
1628 cm?). It also contains low cellulosic compounds in the tissue. The results also show that
that similar morphological part - embryo (germ) exhibits similar spectral characteristics but
different spectral intensities.
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Fig. 3. Molecular spectra (pixel size 10 x10 pm) of sorghum seed germ tissues randomly
selected from corresponding area from the visible images, showing that similar
morphological parts exhibit similar spectral characteristics but different spectral intensities,
ultra-spatially resolved synchrotron-based FTIR microspectroscopy at National Synchrotron
Light Source, Brookhaven National Lab (U.S. Dept of Energy, NY)
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3.2 Detect the microstructural features through molecular chemistry mapping of
functional groups

The big advantage of the synchrotron-based technique-SR-IMS is able to image the tissue
chemistry at an ultra-spatial resolution. It can reach diffraction limit (a few microns) without
damage of the original tissue structure. Electric microscopy (EM) can only give us a visible
image, not chemical image. We cannot get any chemical sense from EM technique. Figure 4
represents color maps of functional groups of sorghum embryo tissue and each single pixel
size was 10x10 um. The Figure 4 shows visible, chemical and three-D images in false-color
representation of chemical component intensities, and spectra at various pixels in the
embryo tissue. The results clearly show that with the SR-IMS, the distribution, intensity and
relative concentration of the chemical functional groups associated with the inherent
structure could be imaged. The images were taken from the region of the visible image
outlined by the rectangle area. The molecular functional groups were imaged under either
functional group infrared peak height or area, such as amide I intensity image (ca. 1650 cm-1)
in Figure 4(a), cellulosic compounds (ca. 1420-1330 cm!) intensity image in Figure 4(b), total
carbohydrate image (ca. 1185-950 cm-!) in Figure 4(d), protein beta-sheet structure image
(ca. 1628 cm-?) in Figure 4(d), CH stretching bands (ca. 2800-3000 cm-) image (CH3 and CH»
groups of the acyl chains) in Figure 4(e), as well as CHj; (ca. 2956 cm?) and CH, anti-
symmetric stretching bands (ca. 2920 cm!) in Figure 4 (f,g).
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Fig. 4. Visible and molecular chemical images of the germ tissue in sorghum seed (pixel size
10 x10 pm) using ultra-spatially resolved synchrotron-radiation based infrared
microspectroscopy at National Synchrotron Light Source, Brookhaven National Lab (U.S.
Dept of Energy, NY): (a) area under ca. 1650 cm™ peak (amide I); (b) area under ca. 1380 cm-!
peak (region: 1420-1330) cm-! region (cellulosic compounds); (c) area under 1080 cm-! peak
(CHO); (d) area under ca. 1628 cm peak (protein 2nd structure beta-sheet); (e) area under
CH region cm?; (e) area under 2956 cm! peak (CH3 anti-symmetric stretching band); (g)
area under 2956 cm! peak (CH; anti-symmetric stretching band).
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3.3 Molecular chemistry mapping of functional groups ratio

Not only each molecular functional group in biopolymers could be imaged with the
synchrotron SR-IMS, but also molecular functional group ratios. Figure 5 shows the visible
(a) and molecular chemical functional group ratio images of the embryo (germ) tissue in
sorghum seed (pixel size 10 x10 um): (b) peak area ratio images of amide I (ca. 1650 cm?) to
total carbohydrate (ca. 1185-950 cm) region; (c) peak area ratio images of protein 2nd
structure a helix (1657 cm1) to P sheet (1628 cm?) ratio; (d) peak area ratio of amide I (ca.
1650 cm? to CHO (1067 cm) using ultra-spatially resolved synchrotron-based FTIR
microspectroscopy. The amide I band arises predominantly from the C=O stretching
vibration of the amide C=O group. The frequency of the amide I band is particularly
sensitive to protein secondary structure (5, 7, 14) and can be used to predict protein
secondary structure. The amide II (predominantly an N-H bending vibration coupled to C-
N stretching) is also used to assess protein conformation. However, as it arises from
complex vibrations involving multiple functional groups, it is less useful for protein
structure prediction than the amide I (2,8,9). No any publication has been found to map the
embryo tissue in the literature. This is the first time to use the synchrotron (SR-IMS) as a
novel tool to “see” embryo tissue in a chemical sense.
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Fig. 5. Visible (a) and molecular chemical functional group ratio images of the germ tissue in
sorghum seed (pixel size 10 x10 pm): (b) Peak area ratio images of amide I (1650 cm-?) to
carbohydrate (1185-950 cm?) region; (c) Peak area ratio images of protein 2nd structure a
helix (1657 cm1) to P sheet (1628 cm?) ratio; (d) Peak area ratio of amide I to 1067 cm-t,
using ultra-spatially resolved synchrotron-based FTIR microspectroscopy at National
Synchrotron Light Source, Brookhaven National Lab (U.S. Dept of Eenergy, NY).



SR-IMS Molecular Spectroscopic Image of
Functional Groups in Biopolymers in Feed Systems 239

4. Conclusions and implications

In conclusion, with the synchrotron SR-IMS, the molecular chemistry within intact embryo
(germ) tissue could be imaged within cellular dimensions. The intensity and distribution of
the various chemical functional groups of CHj (ca. 2956 cm?) and CH; antisymmetric
stretching bands (ca. 2920 cm), amide I (ca. 1650 cm?), amide II (ca. 1550 cm1), protein
secondary structures (ca. 1657, 1628 cm), cellulosic compounds (ca. 1420-1330 cm), and
carbohydrate compounds (1185-950 cm) as well as the functional group ratio could be
chemically mapped. To my knowledge, this is the first time that the embryo (germ) tissue
could be “seen” in a chemical sense without destruction of inherent structure at cellular
dimensions with the synchrotron-based analytical technique (SR-IMS)
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1. Introduction

The primary structure of protein (L.Pauling) and DNA (J.Watson and F.Crick) was elucidated
more than 50 years ago. According to Pauling's model the backbone of the polypeptide chain
consists of monomers, each of which includes amino and carboxylic group residues. In
Watson-Crick model (Watson a. Crick, 1953) each DNA chain backbone structure consists of
monomers composed from saccharide - deoxyribose and phosphoric acid residue - phosphatic
group (PO4). A common feature of these models is that protein and nucleic acid monomers
should follow strictly one after another in the same position set by model in the polymer chain
backbones. It is one of the essential drawbacks of both models. In particular, processes
involving transpositions of repeated units in the polymer chain backbone are not considered in
the given models though it is known that transposition (rearrangement) is a typical
phenomenon for the majority of polymeric compounds.

So, if we designate iminogroup (-NH-) in the peptide bond (CO - NH) of the protein as "I",
and double bond C=0 as "D" then dimers having 4 different types of transpositions in the
primary structure of the protein chain backbone are possible: [(I-D) + (D-I)], [(I-D) + (I-D)],
[(D-) + (D-)], [(D-I) + (I-D)]. Accordingly, it is possible to conclude that during
polymerization of such biopolymers as DNA, RNA and proteins transpositions should exist
in their backbone, i.e. given process is a universal phenomenon. And monomer units
transpositions should meet the requirement of optimum compactization of molecular
structure in the limited space.

Let’s consider as an example what properties DNA molecule should possess to correspond
to the compactization principle existing in the nature. It is known, that the total length of
DNA macromolecule in cell can be as large as 2 metres. In this case DNA in cell nucleus
(with average size of 5-7 microns) should be packed so that its length has decreased not less
than 10000 times (Zbarskii, 1988). In other words, there should be some means for DNA
compactization in nucleus at minimum energy cost either on the compactization or on
information signal transfer.

2. Primary DNA structure

One of mechanisms of DNA linear size contraction is a possibility of existence of bend
deformation of short segments in DNA chain. However according to Watson-Crick model of
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DNA B-form is a rigid rod with the limited macroscopic flexibility. Curling of such a long
molecule demands extremely major energy expenditures. By common measure of the
macromolecule flexibility, defined in the length of a geometrical segment A («Kuhn's
segment»), calculations show that for DNA A=900 - 1000 A (angstrom). Big length of Kuhn’s
segment means that monomer rotation is severely hindered in the DNA macromolecule.

Regarding aforesaid we have assumed that in the backbone of each DNA molecule chains
[considering that monomer consists of saccharide ("s") and phosphate («p»)] monomers
transpositions can occur (Polymer Encyclopedia, 1977), i.e. dimers of different types can be

present:

Lo (p-s) * (s-p);
2. (p-s) * (p-s);
3. (sp) *(s-p)

4. (sp) + (p-9)-

Different interaction modes between monomers in the backbone of DNA polymer chains
allow us to mark out dimers with different bonding strength between monomers. It means
that in DNA:

1. there are dimers with phosphodiesther bond P-O-C, [(s-p) + (s-p)]; [(p-s) + (p-s)];

2. there are dimers with phosphatic bonds P-O-P, [(s-p) + (p-s)];

3. there are sections with glycosidic bonds C-O-C, [(p-s) + (s-p)].

As phosphodiesther bond P-O-S includes units of both P-O and C-O bonds then differences
in the bond characteristics between different heteroatoms are reduced in our case to an
assessment of properties of P-O and C-O bonds (table Nel) actually.

. . . o Effectiveness of hydrolytic
Ionic part in bonding (%) Bond energy (kJ/mol) cleavage (%)
P-O C-O P-O Cc-O P-O Cc-O
39 22 342 332 10 90

Table 1. P-O and C-O bonds characteristics according to the data published in literature
(Allcook, 1967; Ingold, 1973).

From table Nel follows that C-O bond is weaker than P-O one.

Presence of dimers with different extent of bonding strength between monomers in the
DNA chain promotes augmentation of molecular flexibility. It dilates DNA molecule
compactization possibilities in cell nucleus as short segments of the chain can be packed in
the limited space in the most dense way. However there is an open question whether DNA
primary structure formation taking into account different types of dimers in the course of
chemical evolution occurred by chance or due to some law.

On the basis of statements that «a chance is the form of unknown law», and that harmony of
the world is reduced to the harmony of numbers (Shevelev, 1990) we have assumed that
polymerization of DNA chain in nature goes according to the mathematical law known as a
Fibonacci numerical series. Fibonacci numbers are units of a numerical recursive sequence
1;1; 2; 3; 5; 8 13; 21... (Fibonacci series) in which each succedent, since the third, is equal to
the sum of two previous (Renji, 1980). Considering possibility of existence of inverted
monomers let’s examine process of formation of primary structure of single-stranded DNA,
assuming that the first term of the series in the numerical sequence (we will note it as 12) is
a monomer in which phosphate is on the first place and saccharide is on the second place:
(p-s). Then the second term of Fibonacci series (1¥) is an inverted monomer: (s-p).
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Considering this condition, each term of Fibonacci number series consisting of certain
number of segments of DNA chain accordingly, looks like the following;:

12= (p-s);

2= (s-p);

2=15 + 1a= [(s-p) + (p-s)];

3=2+1» = [(s-p) * (p-s) *+ (s-p)];

5=3+2=[(s-p) + (p-s) + (s-p) * (s-p) * (p-9)] etc.
As a result of consecutive addition of each succedent of Fibonacci number sequence to
previous (12+15+2+3+5+8 +...) we have a segment of DNA molecule primary structure:

(p-s) * (s-p) + [(s-p) + (p-s)] + [(5-p) * (p-s) + (s-P)] + [(s-P) *+ (p-s) + (5-P) * (s-p) + (p-5)]

*[(5-p) + (p-s) + (5-p) * (s-p) + (p-s) * (5-p) + (p-s) + (5-P)] + [(s-p) +... etc.
Having observed principles of segment’s primary structure organization of one strand (we
will name it "lagging" for convenience) of DNA molecule, it is necessary to discuss
structural features of second strand ("leading"). For a "leading" strand of DNA the first term
of Fibonacci series (13) is (s-p), and second (1¥) - (p-s). Accordingly:

1a=(s-p); 1»= (p-s);

2=1r+12=[(p-s) + (s-p)J;

3=2+1e= (p-s) + (s-p) + (p-s)];

5=3+2=[(p-s) + (5-p) * (p-5) * (p-5) * (s-p)] ete.
As a result we have a segment of primary structure of "leading" strand of DNA molecule
consisting of 21 monomers:

(&-p) + (p-5) * [(p-5) + (s-P)] + [(P-5) *+ (5-p) + (p-5)] * [(P-5) * (s-P) * (p-5) + (p-5) + (5-P)]

*[(p-s) + (s-p) + (p-s) * (p-s) * (s-p) * (p-s) * (s-p) + (p-s)] + [(p-s) +...
Thus, a special feature of DNA structural organization model that we offer is possibility of
existence of monomers transpositions in the molecule backbone. And as a result of
transpositions in DNA there are dimers with different values of bend angles in three-
dimensional space.
According to literary data in dimer [(p-s) + (s-p)] angle between monomers equals 60°
(Finean, 1967), in dimer [(s-p) + (p-s)] bend angle is 90° (Wiser a. Kleiton, 1965), in dimers
[(s-p) + (s-P)], [(p-s) + (p-s)] bend deformation correspond to an angle of 120° (Smith et al.,
1976). Different angles in dimers promote selective arrangement of side groups (nitrogen
bases) in primary structure of a biopolymer.
Aforesaid process is based on the principle of maximum compactization of molecule in
limited space that is allocation of side groups in the interior space of dimer depends on their
molecular mass. Considering that the principle of maximum structure compactization acts
at all levels of polymeric compound organizations, we admit that nitrogen bases guanine
and adenine should be placed where the dimers having an angle of 120° are formed as they
have the greatest size among other nitrogen bases. Then cytosine should be linked with
dimers having an angle of 60° and thymine should be linked with dimers having an angle of
90° as thymine occupies more space than cytosine because of the presence of CHs-group in
this base.
At once another question arises. Is it possible to establish what nitrogen base corresponds to
the first monomer in a dimer and what to the second? Positive answer can be obtained if we
proceed from the conception that value of bend angle during dimer formation depends on a
position occupied by every second monomer in relation to the first. For clearness let’s
observe a trimer of the strand consisting of monomers Nel-3:
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1 2 3 1 2
[(p-s) + (s-p) + (s-p)]- According to our hypothesis, in dimer [(p-s) + (s-p)] angular
deformation equals 60°, that assumes cytosine addition to monomer No2.
2 3
Dimer [(s-p) + (s-p)] has bend angle of 120°. In this case nitrogen base for monomer Ne3
should be purine (A or G) for purines as the bulkiest nitrogen bases the easiest way to be
placed is to be in space of the dimer having a bend angle 120°.
In case of dimer [(s-p) + (p-s)] where the bend angle equals 90° the second monomer has
thymine as a side group. If we proceed our analysis of nitrogen bases allocation in
monomers of DNA chain backbone depending on the role of the second monomer in each
dimer one should admit that biopolymer chain structure actually can be established
completely. At the same time we have not yet solved the next problem: whether nitrogen
bases should be placed outside or inside each chain?
There are three possible options.
The first option: all nitrogen bases are located inside backbone composed from two chains of
DNA. Watson-Crick model of DNA corresponds to this alternative (Watson a. Crick, 1953).
The second option is Pauling-Corey model of DNA. Nitrogen bases are located outside
molecule’s backbone (Pauling a. Corey, 1953).
The third option is offered in this paper. It is supposed in this variant that part of nitrogen
bases lies outside from polymer backbone.
Why are we not satisfied by the first two options and in particular by the first one?
At first, in this variant the hierarchical principle of the DNA macromolecular organization is
violated as on high levels of compactization of such giant polymeric compound as DNA
complementarity principle is absent because of bases hidden in the lowest level of DNA
structural organization have no opportunity to form complementary pairs between the
fragments belonging to higher supramolecular levels of DNA structural organization.
Secondly, lack of bases outside of backbone of DNA molecule does not allow cellular
systems to control processes of growth, development and organism functioning because
«signal molecules» are absent on subunits surfaces belonging to various levels of the
structural organization of molecule. These “signal molecules” are "coded" nitrogen bases
which switch on or off various biochemical processes in the cell as DNA is the carrier of
genetical information of organism life.
The second model of DNA does not meet the requirements for DNA structure for two
reasons:
1. it does not have complementarity of bases in DNA chains at all that reduces
stabilization of DNA molecule;
2. DNA represents the structure composed from three chains.
The third option takes account of advantages and drawbacks of the first two variants and
therefore corresponds as it seems to us optimal structure of DNA. In this variant allocation
of nitrogen bases in each chain goes in turn. In other words, in a dimer of each chain one
nitrogen base is outside concerning other nitrogen base which is a part of this dimer.
Such order of bases distribution in each chain is stipulated by the fact during dimer
formation the bend angle of one monomer concerning another does not allow disposing
both bases (which are parts of this dimer) in interior space of dimer. Thus in dimers [(s-p) +
(p-s)], [(p-s) + (s-p)] saccharide of one monomer can be in other position concerning
saccharide of adjacent monomer like alteration of saccharide position during pre-mRNA
capping (Patrushev, 2000).
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Fig. 1. Cap mRNA. (Patrushev, 2000).

On fig. 2 the fragment of DNA molecule including 2 chains (left and right) is presented.
Each chain is composed of 4 monomers.
The backbone of left chain includes monomers:
1 2 3 4 1 2 3 4

(s-P) * (p-5) * (p-5) + (s-p); backbone of right is (p-s) + (s-p) * (5-p) * (p-5)
We consider the left chain as "leading" because it starts with the most ancient nucleotide -
deoxyadenylic acids (Shabalkin et al. 2003). The right chain called "lagging" is biased on one
nucleotide concerning the left chain. It allows '"lagging" chain to form the first
complementary pair of DNA molecule: T+A. That process became possible because it has
already been determined in the first dimer of "leading" chain as we have shown what
nitrogen base should be the second monomer of dimer [(s-p) + (p-s)].
It is necessary to note, that nitrogen base of the first monomer of "leading" chain - adenine
(A) - should be outside the chain for it has a function of the first signal molecule which starts
DNA structure formation. Pattern of nitrogen bases located partially outside the backbone
of chains allows stabilization of fragments of supramolecular structures at various levels of
DNA molecular organization by means of complementary pairs formation. All aforesaid
means that the model of DNA structural organization introduced in this paper better
corresponds the role that DNA plays in the life of an organism than the first two models
mentioned above.
So, what is the advantage of our model in comparison with already existing models of
biopolymers?
At first, in existing models the processes of monomers transposition in polymer chain
backbone haven’t been taken into account in spite of the fact that monomers’
rearrangements allow to have mini-segments in a chain with different extent of bonding
strength between monomers. Secondly, difference in bonding between monomers specifies
the existence of relatively weakly bonded segments promoting augmentation of chain
flexibility that dilates possibilities of compactization of molecule in space and of
identification of sites of preferable location and coordination binding of ligands. Thereby
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Fig. 2. A fragment of DNA double helix where the part of nitrogen bases of each DNA chain
lies outside polymeric backbone.

transpositions of monomers in polymer chain suppose creation of the brand new molecular
biosystems meeting the requirements of maximum compactization of molecule in limited
space and of augmentation of biopolymer structure informational capacity owing to
existence of different variants of monomers’ compactization. And these processes are carried
out not in a random way but obey to mathematical laws. In the third, proceeding from the
assumption that polymerization of biopolymer chain in nature goes according to the
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mathematical law known as Fibonacci numerical series we have found the order of
formation of the backbone of polymeric chain primary structure, that is possibility of
synthesis of molecular systems with predicted disposition of separate fragments of chain in
space is established. Thus, if we take into account that transcription is a process of synthesis
of informational RNA (mRNA) which carries the information containing on the dubbed
section of DNA, and mRNA is used as a template in the course of translation defining
sequence of amino acids in the growing protein polymer chain, then actually backbones of
mRNA chains as well as protein molecules repeat the order and method of alternation of
monomers described in the backbone of DNA chain.

3. Supramolecular DNA structure

During the study of the primary DNA structure, a question arose about the size of a
minimum fragment of single DNA strand that can be a moiety participating in the formation
of a supramolecular structure of the molecule. To this end, we analyzed division of a linear
segment into two parts according to the golden proportion rule. The golden section
principle is based on the fundamental property: the ratio of the greater part to the total
segment is equal to the ratio of the smaller part to the greater part (Renji, 1980). In numerical
terms, the equality of these two ratios (golden proportion) is expressed by an irrational
number ~0.618..., i.e. m/M=M/T (where m and M are the smaller and greater parts and T is
the total). Since the backbone of the primary structure of DNA molecule is a linear structure
consisting of monomer moieties of the same length, we can select a mini-fragment that is the
first building block of DNA molecule. Imagine that we divide a singlestrand DNA fragment
consisting of 144 monomers. The given segment (so called «the nucleosome core») - a unit of
supramolecular DNA structure, which virtually does not duffer from the data of other
authors (Chentsov, 2004; Zbarskii, 1988), who consider that the nucleosome core contains
140-147 monomers. let us assume that the first fragment of the DNA chain primary structure
(144 monomers long, according to the new model of DNA structure (Shabalkin I., Shabalkin
P., 2006)) looks as follows:

1 2 3 4 5 6 7 8 9 10
(P-5)+(S-P)+[(S-P)+(P-5)|+[(S-P)+(P-5)+(S-P)|+[(S-P)+(P-S)+(S-P)+

11 12 13 14 15 16 17 18 19 20
(S-P)+(P-S)[+[(S-P)*+(P-5)+(S-P)+(S-P)+(P-S)+(S-P)+(P-S)+(S-P)]+

21 22 23 24 25 26 27 28 29 30
[(S-P)*+(P-S)*+(S-P)+(S-P)+(P-S)+(S-P)+(P-S)*+(S-P)+(S-P)+(P-S)+

31 32 33 34 3 3 37 38 39 40
(S-P)+(S-P)+(P-5)|+[(S-P)*+(P-S5)+(S-P)+(S-P)+(P-5)+(S-P)+(P-5)+

41 42 43 44 45 46 47 48 49 50
(S-P)+(S-P)+(P-S)+(S-P)+(S-P)+(P-S)+(S-P)+(P-S)+(S-P)+(S-P)+

51 52 53 54 55 56 57 58 59 60
(P=S)+(S-P)+(P-S)+(S-P)]+[(S-P)+(P-S)+(S-P)+(S-P)+(P-S)+(S-P)+

61 62 63 64 65 66 67 68 69 70
(P-S)+(S-P)+(S-P)+(P-S)+(5-P)+(S-P)+(P-S)+(S-P)+(P-S)+(S-P)+

71 72 73 74 75 76 77 78 79 80
(S-P)+(P-S)+(S-P)+(P-S)+(5-P)+(S-P)+(P-S)+(S-P)+(S-P)+(P-S)+

81 82 83 84 8 8 87 88 89 90
(S-P)+(P-S)+(S-P)+(S-P)+(P-S)+(S-P)+(S-P)+(P-S)]+[(S-P)+(P-S)+

91 92 93 94 95 96 97 98 99 100
(S-P)+(S-P)*+(P-5)*+(S-P)+(P-5)+(S-P)+(S-P)+(P-S)+(S-P)+(S-P)+
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101 102 103 104 105 106 107 108 109 110
(P-S)+(S-P)+(P-S)+(S-P)+(5-P)+(P-S)+(S-P)+(P-S)+(S-P)+(S-P)+

111 112 113 114 115 116 117 118 119 120
(P-S)+(5-P)+(S-P)+(P-S)+(S-P)+(P-5)+(S-P)+(S-P)+(P-S)+(S-P)+

121 122 123 124 125 126 127 128 129 130
(S-P)+(P-S)+(S-P)+(P-S)*+(S-P)+(S-P)+(P-S)+(S-P)+(P-S)+(S-P)+

131 132 133 134 135 136 137 138 139 140
(S-P)+(P-5)+(S-P)*+(S-P)+(P-S)+(S-P)+(P-5)+(S-P)+(S-P)+(P-S)+

141 142 143 144
(S-P)+(P-S)+(S-P)]+[(S-P)+...
The process of division of a DNA chain fragment 144 monomers long can be described by
stages of this fragment division on condition that each of the two different (by length) parts
of the initial fragment (let us call them segments) are fragments (shorter than the initial one!)
also capable of dividing in accordance with the golden ratio rule until the equality of two
proportions remains valid (Fig. 3). Hence, at stage I the fragment (total) divides in point 0
into two segments, one of them consisting of 89 monomers (longer segment) and the other
has 55 monomers (shorter one). According to the golden ratio, we have two equal
proportions: 55/89=89/144 or 55/89~0.617...; 89/144~0.618... The two proportions remain
equal (0.62) after this division of the initial fragment into two parts. This equality (0.62) is
retained at other stages of the initial fragment division:
34/55=55/89 or 34/55~0.618; 55/89~0.618;
21/34=34/55 or 21/34~0.618; 34/55~0.618;
13/21=21/34 or 13/21~0.619; 21/34~0/618;
8/13=13/21 or 8/13~0.615; 13/21~0.619.
The process of the initial fragment division is over at stage VI (Fig. 3) by the formation of
one minifragment consisting of 13 monomers. It consists of two mini-segments of different
length: large (8 monomers) and small (5 monomers): 5/8=8/13 or 5/8~0.625; 8/13~0.615.
The next stages of fragmentation of the minifragments consisting of 8 or 5 monomers each
do not correspond to the golden ratio rule, as the equality of the two proportions is violated:
3/5#5/8 or 0.6#0.625; 2/3#3/5 or 0.67#0.6. Hence, the results of analysis indicate that the
last mini-fragment, which determines the number of monomers, components of the unit
participating in the nucleosome core formation; the unit is to have 5 or 8 monomers.

A 144 0 B

I 89 /\ 55
55 /\. 34 21 34

11
m 34 ,/\ 21 21 13 sl 13 13 A 21
v 21 1\13 13I\8 13§ 8 8 X5 5¥ 8% A@s&n
v 13; ;8 8 y¥5 8&5 8 5 548

VL8 5

Fig. 3. Scheme of division of one DNA strand fragment (144 monomers long) into two
segments according to the “golden ratio” rule. I-VI: stages of the initial fragment division to
the minimum size, meeting the golden ratio requirement. Arabic figures show the number
of monomers.
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Fig. 4. Scheme of DNA strand nucleosomal loop formation in a twodimensional space.
Arabic figures: orderly numbers of monomers.

The structure assembled by stages (in opposite order; Fig. 3) from these mini-segments is
geometrically similar to a plus (Fig. 4). In this case the chain curvature is realized at the
interface of two segments in points having dimers [(S5-P)+(P-S)].

The figure of a cross (fig. 4) represents itself an example of creation of braiding structures
during the nucleosome crust forming. The segments Nel-5 and Nel40-144 are the basis of a
such loop. Besides the ordering of such a loop is put into effect in 6 stages. During stage I, a
small loop is formed consisting of two fragments: one of them includes 8 monomers and the
other contains 5 monomers. During stage II, a loop consisting of 73 monomers is formed. It
includes 13 monomers forming a loop during stage I of nucleosome assembly and 60
additional monomers. During stage III, 63 monomers are added to the preexisting 73
monomers constituting the macro-loop structure. The assembly process during which new
monomers are added to preexisting complex of monomers is completed at stage IV, when
the last 8 monomers are added to 136 preexisting monomers. Stages V and VI consist in the
formation of the two-dimentional macronucleosome into three-dimentional structure-
nucleosome.

Why the Nature has chosen the loop for compactization of the DNA strand? First,
appearance of lateral segments (loops), distant from the main chain, leads to shortening of
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the linear length of DNA chain. Second, it promotes cooperation of the loops (Polymer
Encyclopedia, 1977) due to local orientation ordering of the segments which became closer
to each other in space during condensation of the main chain (Khokholov, 1988). The
segments brought closer to each other stabilize the chain carcass at the expense of the
formation of extra bonds. Third, transition of a chain site from linear to annular form (loop)
is more advantageous energetically and for compactization of DNA structure. This closed
circular structure can fold into a more complex structure to three-dimensional one, e.g. by
dividing the loop in the horizontal plane into 4 blocks (a-d) followed by bending of each
block by 90 relative to the other one (fig.4). Generally, the three-dimensional structure of
the nucleosome can be presented by a hollow rectangular structure, which is formed by
certain kinds of histones, which take part into the process of blocks joining.
In this model of macronucleosome loop we only demonstrated the role of [(S-P)+(P-S)] dimers
in compaction of the loop, but did not take into account the peculiarities of compaction of the
structure including other types of dimers [(S-P)+(S-P)] and [(P-S)+(S-P)]. The participation of
the latter should considerably modify the structure of nucleosome loop, because of different
strength of bonds between the monomers in different types of dimers. Taking into account this
fact and different angles between the monomers in these three types of dimers (60°, 900, 120°)
and bearing in mind that the process of structure compaction obeys the principle of least
surface at the same volume we conclude that DNA should include geometrical forms that are
presented by regular polygons. Moreover, DNA is a liquid crystal and combines the properties
of a fluid and a solid, therefore it should include the elements of regular 3D crystalline lattice
consisting of regular tetrahedrons and octahedrons. We believe that these are the geometrical
figures that participate in loop formation. The first mini-segment of the loop including four
monomers consists of regular tetrahedron and octahedron, the moieties of regular crystalline
lattice (Fig. 5), because crystalline lattice cannot be constricted with only one type of
geometrical figure (Varga, 1978). For illustration let us trace the formation of the first least
structural unit, participating in the construction of the nucleosome core, in mini-segment
consisting of 5 first monomers (fig. 5):

1 2 3 4 5
(P-S)+(5-P)+(S-P)+(P-S)+(S-P)+...

Fig. 5. Minimum crystalline lattice unit consisting of regular tetrahedron and octahedron. 1-
4: fragment chain including monomers:

1 2 3 4
[(P-S)+(S-P)+(S-P)+(P-S)]
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The order of the monomers location in the analyzed segment indicates the formation of
dimers of all three possible types. In the first dimer [(P-S)+(S-P)] monomers I and 2 form an
angle of 60°. The second dimer [(S-P)+(P-S)] is a result of monomers 3 and 4 binding at an
angle of 900. The third dimer [(S-P)+(5-P)] forms as a result of monomers 2 and 3 binding at
an angle of 120°. It is involved as a binding component in the formation of the first and
second dimers into one structural unit.

In fact, the mechanism of the nucleosome core fragment assembly is a process repeating (in
a certain sequence) all 3 types of dimers, which suggests the formation of a compact
structure, that is, the short fragments of the chain with different shape of bending
deformation can be packed most compactly. The minisegment of DNA chain carcass
including 5 monomers little resembles the unit of a correct crystal lattice constituted (as we
have mentioned above) from correct tetrahedron and octahedron. It is more likely a
fragment of a broken line assembled from similar components bending at different angles.
However, this structure is a unit of a correct crystal lattice, as the monomers constituting it
form dimers with angles corresponding to the angles of polygonal geometrical figures of
this unit. The fact that it has “vacant” spaces indicates that initially it was similar to a
common broken line, but later (in the course of biochemical evolution) all these spaces were
presumably filled, and the structural unit of the crystal lattice was fully realized. The
“vacant” spaces are most likely the zones in which the DNA repeats are located, serving for
improving the stability of the biological system, as the more repeats a system contains, the
more reliable it is.

So we can say, that a nucleosome - is a three-dimentional hollow structure. Its segments
consist of 5 or 8 monomers and besides they have structures similar to a regular tetrahedron or
octahedron. The last is a unit of a regular crystalline array. The existence of such structures is
explained by the fact that a biopolymer is in need of them not only for realizing of functions of
a storage of information, but for transferring of information too. This structure corresponds to
chain fragments where acoustic signals propagate without energy loss.

The types of transformations described by us for the formation of nucleosomic moiety of
one DNA chain are completely valid for the other DNA chain with consideration for
rearrangement of monomers in its primary structure. Bearing in mind that DNA molecule
consists of two strands starting from either (S5-P), or inverted (P-S) monomer, we assume
that two types of nucleosomic moieties correspond them in different strands. These two
moieties are the monomers similar to monomers of the primary DNA structure and
participate in the formation of the structure of each of two supramolecular DNA strands.
However, it remains unknown where nucleosomes are arranged along the DNA chain
according to certain regularity or this is a random process. If the primary structure of
biopolymers obeys certain mathematical regularities, the assembly of supramolecular
structural moieties corresponding to different levels of biopolymer organization should
comply the regularities characteristic of its primary structure. Let us assume that we
assemble individual nucleosomes into a chain corresponding to a higher level of structural
organization of DNA. To this end, it is reasonable to use the principle of primary structure
based on permutation of (P-S) monomers in the chain backbone according to Fibonacci
number sequence. Let the monomer corresponding to the first member in the Fibonacci
sequence (12) be a nucleosome , which begins with a segment (so called “Head”) and ends
with another segment (“Tail”) is defined as a monomer (“H-T”). Then, another nucleosome
will become similar to a monomer of the second rank of Fibonuchi (1°), and during the
process of segments’ rearrangement will correspond to a monomer “Tail-Head” (“T-H”). So
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using the rearrangement we can devide nucleosomes into 2 types, which help to organize
one chain from of a sum of Fibonacci numbers: 1a+1b+2+3+5+. ..etc.

This chain can be presented as a “primary” structure and transformed into a 3D structure
according to the golden proportion principle. Since supramolecular structure of DNA
molecule is organized by the hierarchical principle, the formation of multicomplexes of
nucleosomes should basically repeat the stages of assembly of a single nucleosome.

4. Features of DNA synthesis

In is interesting to consider the mechanism of functioning of DNA polymerases, because
these processes include break and transfer of DNA chain to another active center. It is
known that the chain can be broken due to interaction of the growing active center with
introduced second monomer increasing chain rigidity. Chain transfer is a transfer of active
center of the molecule to another molecule initiating the growth of a new chain (Polymer
Encyclopedia. 1977) These processes directly depends on [(S-P)+(P-S)] dimers. The point is
that enzymes catalyzing the growth of polynucleotide chain (e.g. DNA polymerase) do not
work in this case, because they normally attach the next monomer only to the 3’-hydroxyl
group of the sugar in the end monomer, which should not be phosphorylated at the stage of
chain elongation. When DNA polymerase approach the dimer [(S-P)+(P-S)], the chain is
broken. In order to continue the process of chain elongation, the enzyme should find the
transition point. Let us discuss these processes in more detail on the basis of matrix
(template) backbone monomer synthesis of the “leading” and “lagging” chains also
presented by their monomers (Fig. 6). Eukaryotes have several types of DNA polymerases
(Patrushev, 2000); let the first type of DNA polymerase start working and transcribe the
“leading” chain, where the first monomer is (S-P). After synthesis of the first daughter
domain (P-S) complimentary to the first monomer in the “leading” chain matrix,
transcription of this chain is terminated, because the second monomer in the chain starts
from the phosphate group. The synthesis of the daughter DNA chain is paused (!) for a
while. Several processes take place in the cell during this pause. Break hydrogen bond
between the nitrogenous bases of the second monomer of the “leading” chain and the first
monomer of the “lagging” chain leads to outside displacement of the sugar and nitrogenous
base (adenine) of the first monomer in the “lagging” chain. This phenomenon was observed
by investigators using a magnetic forceps for untwisting of the B-DNA (Allemand et al.,
1998). The first nucleotide of the “lagging” chain in the new position becomes available to
other DNA polymerase, which can use single-strand structures starting from (P-S)
monomers as the template. After synthesis of the first daughter monomer (S-P) in the
“lagging” chain, this DNA polymerase cannot work on the same template, because
monomers are unavailable, because they are shield by type I DNA polymerase. When type I
DNA polymerase finds a new matrix, in particular the second monomer of the “lagging”
chain and moves to this new active center, type II DNA polymerase jumps from the
“lagging” chain to the “leading” one and starts DNA synthesis using the second and third
monomers of this chain as the template. Generally, during replication the synthesis of the
daughter fragment on one template DNA chain is broken and the catalyzing enzyme moves
to a new active center, i.e. to the second template DNA chain. This is a cyclic process
associated with changes of active center. During replication, the “leading” chain is by one
nucleotide ahead to the “lagging” chain. Every time the pause occurs between termination
and activation of DNA synthesis in new active center, when no DNA is synthesized; hence,
DNA synthesis has a successively interrupted nature.
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It should be noted that the hypothesis on the interrupted nature of DNA synthesis was put
forward by some authorities (Cornberg, 1974; Eigen a. Schster, 1982; Finean, 1967; Shabalkin,
1977), and was even experimentally proven (Shabalkin, 1976). According to Shabalkin's
hypothesis (Shabalkin, 1976) synthesis of a DNA daughter strand fragment occurs in a
limited region of only one DNA matrix strand. There is no DNA synthesis in
complementary region of the second matrix strand at this moment. On completion of the
replication in the DNA first matrix strand the DNA synthesis is over. After a pause the
replication proceeds in a limited region of the DNA second matrix strand. Thus, we can
conclude that the process of biochemical evolution of biopolymers led to the appearance of
mechanisms based on the principle of maximum structural compaction in a limited space.
This was associated with selective distribution of nitrogenous bases or R-groups of proteins
in biopolymer macromolecules to certain locations determined by bending deformations of
dimers in the biopolymer backbone.

"Leading"
1 2 3 4
(S P)HP —S)HP-S)+(S-P)+ ...

(P-S)

(5-P) (P-S) (P-5)
SNENEN
“Lagging" 10 20 30 40

(P—S)+(S—P) (S —P) (P —S)+ ...

Fig. 6. Scheme of functioning of DNA polymerases involving break and transfer of DNA
chain to another active center.

1

(S-P): the first monomer of the “leading” DNA chain;
10

(P-S): the first monomer of the “lagging” DNA chain.

5. Conclusion

To make the conclusion, we may say: the main feature of biopolymers’ structure is a
rearrangement if its monomers. Besides the order of monomers in this chain is presupposed
by mathematic regularity, known as numerals of Fibonuchi. As a result of this
rearrangement new dimmers appear with new bends in space.

Different bends of dimmers promote a proper arrangement of side groups in the
biopolymer’s structure. Besides in a dimer’s chain there is one group is situated on the
outside of the other one. So outside groups stabilize structures of biopolymers and have a
function of “signal” molecules in biological process.

The next feature of our model is forming of a supramolecular structure of a biopolymer with
the help of fragments of the initial structure, which are formed by a mathematic regularity
“gold proportion”. So according to this proportion, the initial mini-fragment of this chain
includes two mini-segments: a large one containing 8 monomers and a smaller one
containing 5 monomers. So the forming structure of the elements of supramolecular
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structure should correspond to the “principle of solidness”, which is presupposed to take
into account economy of space but not volume. The given condition could be fulfilled if the
biopolymer’s structure have elements of proper forms: tetrahedron and octahedron, formed
by monomers of a proper chain.

Together proper tetrahedron and octahedron is a unit of a regular crystalline array, which is
the most favorable conformation, where short parts of its chain of different forms can be
combined tightly.

The fact that this system consists of structural elements presented by regular geometric
figures creates prerequisites for assignment of biology and medicine to exact sciences at the
modern level of nanotechnology development. For instance, deciphering of information
encoded by biopolymers provides the possibility for the synthesis of drugs strictly identical
by their stereo structure to biological targets in cells and for the creation of artificial
compounds regulating functional activity of biopolymer.
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1. Introduction

Activated sugar precursors are energy-rich forms of monosaccharides, mainly nucleoside
diphosphate sugars, that contain the energy required for the assembly of their sugar moiety
in carbohydrate sequences on appropriate carrier molecules (Fig. 1).

=0

0-v=0
|
o
|

o-v

GDP-D-Mannose UDP-N-Acetylglucosamine

Fig. 1. Structures of the sugar nucleotides GDP-D-mannose and UDP-N-acetylglucosamine.

In bacteria, these ubiquitous metabolites are required for the synthesis of all the
carbohydrate-containing polymers. Sugar nucleotides are the donors of the sugar moieties
found in oligo- and polysaccharides (e.g. exopolysaccharides - EPS, lipopolysaccharides -
LPS). Sugar nucleotides are also required for the glycosylation of proteins and lipids, for the
phase 2 metabolization of xenobiotics, and for the metabolism of secondary metabolites with
antibiotic activities (Gronow and Brade, 2001; Nedal and Zotchev, 2004). LPS and EPS can
form highly complex structures at the bacterial outer surface, and are often involved in the
molecular recognition and virulence of pathogens. Therefore, the targeting of the
biosynthesis of specific carbohydrates is considered of interest for the development of new
therapeutic agents (Green, 2002; Foret et al., 2009).
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2. Methods used in sugar nucleotide analysis

Nucleotide sugars were identified for the first time almost 45 years ago (Leloir, 1971).
Investigations of the metabolism of activated nucleotide sugars require rapid analytical
assays that allow the separation, structural characterization and quantification of
substrates, intermediates and end products. Since the late 1970s, several high-performance
liquid chromatography (HPLC) methods for nucleotide analysis have been developed,
including ion exchange chromatography, reversed-phase liquid chromatography and
more recently the ion-pair chromatography (Ramm et al., 2004). All these HPLC
applications enabled the separation of nucleotide sugars and their detection was based on
absorption of light of wavelengths within the UV range. This is due to the fact that all the
nucleotides exhibit an absorption maximum around 260 nm. However, these methods
cannot differentiate sugar nucleotides according to the nature of the nucleotide
diphosphate moiety (ADP, CDP, GDP, dTDP, UDP) that is linked to C-1 of the sugar
residue. For this reason, to identify the HPLC peaks, co-chromatography with reference
compounds is required, although no structural information can be obtained. Currently,
the analysis of the nucleotide sugars is performed by HPLC methods coupled with other
methods such as diode-array detection (DAD), electrospray ionization mass spectrometry
(ESI-MS) or nuclear magnetic resonance (NMR) (Ramm et al., 2004). Capillary
electrophoresis (CE) has also been used to resolve closely related sugar nucleotides,
together with NMR spectroscopy to identify their chemical structures (Lehmann et al.,
2000; King et al., 2009). Recently, porous graphitic carbon (PGC) liquid chromatography-
electrospray ionization-mass spectrometry (LC-ESI-MS) was successfully applied to sugar
nucleotide separation and analysis (Pabst et al., 2010).

3. Enzymatic synthesis of nucleotide sugars

Glucose-1P (G1P) and Fructose-6P (F6P) can be regarded as the starting materials in
metabolic pathways leading to various sugar nucleotides. G1P is formed from the glycolysis
intermediate G6P by the enzyme activity phosphoglucomutase (Pgm; EC 5.4.2.2) (Mehra-
Chaudhary et al., 2011). The glycolysis intermediate F6P is also of central importance in
sugar nucleotides biosynthesis. The vast majority of sugar nucleotides can be synthesised by
living organism using either G1P or F6P as starting materials. Among the few exceptions are
galactose and mannose sugars. Although these two sugars can be synthesized from G1P or
F6P, they can also result from the uptake of substrates like lactose found in milk, or
mannose, a sugar that occurs in fruits such as cranberry.

The majority of the nucleoside diphosphate sugars are synthesized by the condensation of a
nucleoside triphosphate (XTP, where X can be any nucleoside, being uridine, guanosine,
cytidine, thymidine, and adenosine the more common ones) with a sugar 1-phosphate
(where the sugar can be D-glucose, D-galactose, D-mannose, 2-acetamido-2-deoxy-D-
glucose, L-fucose, D-glucuronic acid, or another sugar) by a specific pyrophosphorylase
enzyme activity, as shown in the following reaction:

Pyrophosphorylase
XTP + glycosyl phosphate <>  XDP —glycose + PPi
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The resulting sugar nucleotide can also be inter-converted to different monosaccharides by
several mechanisms. These include epimerisation/isomerisation, decarboxylation,
dehydration, dehydrogenation, oxidation or reduction reactions (Field and Naismith, 2003).
For example, a common strategy is the oxidation of a hydroxyl group to a ketone, being
used to activate the o protons to the ketone group, for amination and for direct
epimerization. Subsequently, the nucleotide sugar will be transferred to the appropriate
acceptor by specific glycosyltransferases.

In this work, we review the nucleotide sugars that are more commonly found in bacterial
cells, and the enzyme activities required for their biosynthesis.

4. Sugar nucleotides: occurrence and biosynthesis

4.1 GDP-D-mannose

GDP-D-mannose is the donor of D-mannose, a sugar residue found in many bacterial
extracellular polysaccharides, as is the case of xanthan, cepacian, acetan, and some
sphingans (Becker et al., 1998; Cescutti et al., 2000; Richau et al., 2000; Griffin et al., 1997;
Fialho et al.,, 2008). The synthesis of GDP-D-mannose from F6P requires the enzyme
activities phosphomannose isomerase (PML EC 5.3.1.8), phosphomannose mutase (PMM;
EC 5.4.2.8) and GDP-D-mannose pyrophosphorylase (GMP; EC 2.7.7.13) (Fig. 2). In many
bacteria, the PMI and GMP enzyme activities are carried out by a bifunctional protein that
belongs to the type II PMIs family of proteins (Sousa et al., 2007; Griffin et al., 1997). These
proteins have two separate conserved domains: the mannose-6-phosphate isomerase family
2 domain in the C-terminus, and the nucleotidyl transferase domain in the N-terminus
(Jensen and Reeves, 1998). These enzymes catalyse the reversible isomerization of fructose-
6-phosphate into mannose-6-phosphate and transfer mannose-1-phosphate to GTP forming
GDP-D-mannose, respectively (Fig. 2; Wu et al., 2002).

PGI
Glucose-6-P —» Fructose-6-P

l PMI

Mannose-6-P
l PMM
Mannose-1-P

{  owe

GDP-D-mannose

’
’
’
’

4

GDP-D-rhamnose

1 Ay

N

' %

1

M GDP-L-fucose
GDP-D-mannuronic acid

Fig. 2. Metabolic pathway leading to GDP-D-mannose. PGI, phosphoglucose isomerase;
PMI, phosphomannose isomerase; PMM, phosphomannose mutase; GMP, GDP-D-mannose
pyrophosphorylase.

For example, GDP-D-mannose is one of the sugar nucleotides necessary for the synthesis of
the exopolysaccharide Cepacian (Richau et al., 2000). This EPS is composed of a branched
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acetylated heptasaccharide repeating unit with D-glucose, D-rhamnose, D-mannose, D-
galactose, and D-glucuronic acid, in the ratio 1:1:1:3:1 (Cescutti et al., 2000). Cepacian is
produced by environmental, and human, animal and plant pathogenic isolates belonging to
several Burkholderia species (Ferreira et al., 2010). In B. cepacia IST408, a clinical isolate from a
cystic fibrosis patient, the lack of the type II PMI BceA significantly affected the ability of the
mutant strain to form biofilms (Sousa et al., 2007).

4.2 GDP-D-Rhamnose

D-Rhamnose is a relatively rare deoxyhexose. This sugar is mainly found in the LPS of
pathogenic bacteria, where it is involved in host-bacterium interactions and in the
establishment of infection (Webb et al., 2004). For example, it is a constituent of the
opportunistic pathogen Pseudomonas aeruginosa A-band of the O polysaccharide of LPS
(Rocchetta et al., 1999). This glycan is also present in the S-layer of the Gram positive
thermophile Aneurinibacillus thermoaerophilus (Kneidinger et al,, 2001). Due to the D-
rhamnose association with bacterial structures related to virulence, enzymes leading to its
biosynthesis have been studied as promising targets for the development of novel
antibacterial agents.

Biosynthesis of GDP-D-rhamnose, the precursor for D-rhamnose, starts with the
dehydration of GDP-D-mannose to GDP-4-keto-6-deoxy-D-mannose, in a reaction catalyzed
by the GDP-D-mannose-4,6 dehydratase (GMD; EC 4.2.1.47) (Fig. 3). The mechanism of this
reaction has been proposed to involve a protein-bound pyridine dinucleotide (NAD* or
NADP*) as responsible for the transfer of a hydrogen from the C-4 to the C-6 position of the
deoxy-monosaccharide (Sturla et al., 1997). The 4-keto moiety of the intermediate is then
reduced to GDP-D-rhamnose by the enzyme activity GDP-4-keto-6-deoxy-D-mannose
reductase (RMD; EC 1.1.1.281) (Fig. 3). The joint GMD and RMD enzyme activities are also
known as GDP-rhamnose synthase (GRS).

GDP-D-mannose % GDP-4-keto-6- RMD | GDP-D-Rhamnose
deoxy-D-mannose ~ ~

H,0 NAD(P)H NAD(P)

Fig. 3. Metabolic pathway leading to GDP-D-rhamnose. GMD, GDP-D-mannose-4,6
dehydratase; RMD, GDP-4-keto-6-deoxy-D-mannose reductase.

The two proteins involved in this pathway are members of the nucleotide diphosphate
(NPD)-sugar modifying subfamily of the short-chain dehydrogenase/reductase (SDR)
superfamily (Kavanagh ef al., 2008). This family share low sequence identity, but their three-
dimensional structures are quite conserved (Fig. 4). The most conserved feature of these
proteins is the Rossman-fold motif, involved in dinucleotide binding (Webb et al., 2004). The
Rossman fold is composed of a a/p folding pattern, with 7 p-strands flanked by 6-7 a-
helices on each side (Fig. 4). The glycine-rich Wierenga motif, GXXGXXG, is also present in
the N-terminus region. The Wierenga motif is the specific region for the binding of the
cofactor NADP(H) (Fig. 4). These proteins also share the conserved triad Tyr-XXX-Lys and
Ser/Thr in their catalytic centers (Fig. 4).
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Fig. 4. Amino acid sequence alignment of E. coli GMD (AAC77842), P. aeruginosa GMD
(AAGO08838), E. coli RMD (ACV53840), P. aeruginosa RMD (AAG08839), E. coli GalE
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(AAC73846), P. aeruginosa GalE (AAG04773), and E. coli GMER (AAC77843). The Wierenga
motif and the catalytic triad typical of the SDR family of proteins are highlighted. Asterisks
indicate the amino acid residues that are identical in all proteins. One or two dots indicate
semi-conserved or conserved substitutions, respectively. The conserved secondary structure
elements are shown above the alignment segments, where cylinders represent a-helices and

arrows represent P-sheets. Alignments and the secondary structure predictions were

performed with ClustalW2 and the PSIPRED software, respectively.
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The GMD enzyme activity is widespread in nature, and also catalyzes the first step in the
biosynthesis of other sugars, including L-fucose, D-talose and D-perosamine (King et al.,
2009). Bioinformatic analysis suggests that the closest paralog of RMD is GMD (Fig. 4). This
conclusion is also supported by the existence of GMD proteins with bifunctional activity,
which catalyzes the dehydration of GDP-D-mannose and the reduction of the 4-keto sugar
nucleotide to a 6-deoxysugar nucleotide (King et al., 2009).

4.3 GDP-L-Fucose

L-Fucose is a 6-deoxy-sugar widely distributed in nature, occurring in glycoconjugate
compounds in microorganisms, plants and animals. This sugar nucleotide is commonly
found in complex carbohydrates that are constituents of the cell wall and of LPS of some
Gram-negative bacteria. The presence of L-fucose in these polysaccharides has been shown
to play an important role on the interaction between bacteria and the host tissues. For
example, Helicobacter pylori fucosylated glycoconjugates are involved in adhesion
mechanisms and in evasion of bacteria from the host immune system (Moran, 2008). This H.
pylori fucosylated glycoconjugate is closely related to antigens of the Lewis system that are
commonly present on the surface of human cells (Rosano et al., 2000). In 1960, Ginsburg
identified the highly conserved metabolic pathway leading to the synthesis of GDP-L-fucose
via GDP-D-mannose (Ginsburg, 1960; Fig. 5).

GMD GDP-4-keto-6- __ GMER GDP-4-keto-6- GMER
GDP-D-mannose __
& deoxy-D-mannose deoxy-L-galactose ﬁ GDP-L-Fucose
H.0 NADPH  NADP)

Fig. 5. Metabolic pathway leading to GDP-L-fucose. GMD, GDP-D-mannose-4,6
dehydratase; GMER, GDP-4-keto-6-deoxy-D-mannose epimerase/reductase.

The first step of this pathway is the dehydration of GDP-D-mannose by GMD, leading to the
formation of the unstable intermediate GDP-4-keto-6-deoxy-D-mannose. This intermediate
undergoes subsequent epimerization at C-3 and C-5 hexose ring centers that changes the D-
to L-configuration of the monosaccharide. This results in the production of GDP-4-keto-6-
deoxy-L-galactose. A NADPH-dependent reduction of the keto group at C-4 occurs
subsequently, leading to the formation of GDP-L-fucose. The enzyme responsible for these
two last steps is the bifunctional enzyme with both GDP-4-keto-6-deoxy-D-mannose
epimerase/reductase activities (GMER; EC 1.1.1.271) (Rosano et al.,, 2000). Amino acid
sequence analysis indicated that the protein also belongs to the SDR family. The GDP-L-
fucose formed is the substrate for various fucosyltransferases that are responsible for the
incorporation of L-fucose in glycoproteins, glycolipids and oligosaccharides (Ma et al.,
2006).

4.4 GDP-D-mannuronic acid

GDP-D-mannuronic acid is the precursor of the acidic sugars mannuronic acid and
guluronic acid, mainly found in bacterial alginates. GDP-D-mannuronic acid is synthesized
from GDP-D-mannose, in a redox reaction catalyzed by GDP-mannose dehydrogenase
(GMdh; EC 1.1.1.132). The reaction involves the irreversible oxidation of GDP-D-mannose
via a 4-electron transfer using NAD* as the cofactor (Fig. 6).
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GMdh

GDP-D-mannose | GDP-D-mannuronic acid | ------- » L-guluronic acid

2 NAD* 2 NADH

Fig. 6. Metabolic pathway leading to GDP-D-mannuronic acid and L-guluronic acid. GMdh,
GDP-mannose dehydrogenase.

GMdh is a member of the NAD-dependent 4-electron transfer dehydrogenases. This protein
family also includes UDP-glucose dehydrogenases (UGD) (Snook et al.,, 2003). Both the
GMdh and UGD enzyme activities are mechanistically similar, using a unique active site to
catalyze the two-step conversion of an alcohol group to the corresponding acid, via a
thiohemiacetal intermediate.

GDP-D-mannuronic acid is the activated sugar precursor for alginate polymerization in P.
aeruginosa, which is a partially O-acetylated linear polymer of D-mannuronic acid and L-
guluronic acid, linked via -1,4 glycosidic bonds (Shankar et al., 1995). In the case of the P.
aeruginosa alginate, after polymerization, some D-mannuronic acid residues can be further
converted to L-guluronic acid by the extracellular enzyme activity polymannuronic acid C-
5-epimerase (Jerga et al., 2006). P. aeruginosa is able to cause severe and life-threatening
infections in immunosuppressed patients, such as burn and cancer chemotherapy patients
(Wagner and Iglewski, 2008), as well as in patients suffering from cystic fibrosis (CF).
Alginate allows the bacterium to resist to antipseudomonal antibiotics and to the host
immune system (Wagner and Iglewski, 2008). In addition, long-term infection with P.
aeruginosa leads to lung tissue damage of CF patients, to which contribute, among others,
extracellular proteases and lipases produced by the bacterium. Tavares et al. (1999)
demonstrated that the step catalyzed by GMdh is critical for the control of the alginate
pathway in P. aeruginosa, channelling GDP-D-mannose into the alginate pathway instead of
A-band LPS biosynthesis. Therefore, inhibition of GMdh activity may lead to the prevention
of alginate biosynthesis by P. aeruginosa. Recently, Li and colleagues (2008) demonstrated
that ambroxol (2-amino-3,5-dibromo-N-[trans-4-hydroxycyclohexyl] benzylamine) was able
to partially inhibit the production of alginate by P. aeruginosa strains via the reduction of the
activity of the GMdh enzyme.

4.5 dTDP-L-rhamnose

L-rhamnose is a fundamental constituent of the O-antigen of LPS in several gram-negative
bacteria. For example, in Shigella and Salmonella species, the O-antigen repeating unit is
mainly constituted by L-rhamnose (Van den Bosch et al., 1997). The L-rhamnosyl residue
has also an essential structural role in the cell wall of Mycobacterium tuberculosis (Ma et al.,
2001). The donor of the L-rhamnose moiety found in bacterial structures is deoxythymidine-
diphosphate (dTDP)-L-rhamnose. dTDP-L-rhamnose is synthesized from glucose-1-
phosphate and deoxythymidine triphosphate (dTTP) in a four-step pathway (Fig. 7). The
first-step is catalysed by glucose-1-P deoxythymidilyl transferase (RmlA; EC 2.7.7.24) that
leads to dTDP-D-glucose from glucose-1-P and dTTP. In bacteria, dTDP-D-glucose is a key
metabolite for the production of several monosaccharides that are components of the cell
wall polysaccharides, or that are components of some antibiotics, such as the macrolide
erythromycin A (Vara and Hutchinson, 1988). The second-step is the dehydration of dTDP-
D-glucose to dTDP-4-keto-6-deoxy-D-glucose, a reaction catalysed by dTDP-D-glucose 4,6
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dehydratase (TGD or RmlB; EC 4.2.1.46). The unstable intermediate dTDP-4-keto-6-deoxy-
D-glucose is the precursor for the synthesis of dideoxyhexoses and aminohexoses that are
common components of antibiotic glycosides, like novobiocin and streptomycin (Nedal and
Zotchev, 2004). Alternatively, this intermediate can undergo two additional conversion
steps to originate dTDP-L-rhamnose. First, dTDP-4-keto-6-deoxy-D-glucose-3,5 epimerase
(RmIC; EC 5.1.3.13) catalyses the C-3 and C-5 epimerization. A NADPH-dependent
reduction of C-4 is followed, catalysed by dTDP-6-deoxy-L-lyxo-4-hexulose reductase
(RmID; EC 1.1.1.133).

PGM
Glucose-6-P — Glucose-1-P

l RmIA
dTDP-glucose
l RmIB

dTDP-4-keto-6-deoxy-D-glucose
l RmIC
dTDP-L-lyxo-6-deoxy-4-hexulose

l RmID

| dTDP-L-rhamnose |

Fig. 7. Metabolic pathway leading to dTDP-L-rhamnose. PGM, phosphoglucose mutase;
RmlA, glucose-1-P deoxythymidilyl transferase; RmIB, dTDP-D-glucose 4,6 dehydratase;
RmlIC, dTDP-4-keto-6-deoxy-D-glucose-3,5 epimerase; RmID, dTDP-6-deoxy-L-lyxo-4-
hexulose reductase.

The described multi-step pathway does not exist in humans, being these four enzyme
activities potential targets for the design of new therapeutic agents, as is the case of the
development of new antimycobacterial agents, an area of intensive research (Ma et al., 2001).

4.6 UDP-D-glucose

UDP-D-glucose is the sugar precursor for the synthesis of several sugar-containing bacterial
structures that are recognized virulence factors or determinants, such as the peptidoglycan,
LPS and EPS. In gram-positive bacteria, UDP-D-glucose is the substrate for the glycosylation
of teichoic acids and for biosynthesis of the glycolipid diglucosyldialcylglycerol (Glc2-
DAG), the membrane anchor of lipoteichoic acids (Chassaing and Auvray, 2007). UDP-D-
glucose is also an important sugar precursor for the biosynthesis of hyaluronic acid (HA) by
streptococci, being the encapsulation of these bacteria by HA considered an important
virulence factor (Stollerman and Dale, 2008). HA is a linear polymer of the repeating
disaccharide composed of glucuronic acid (GlcA) and N-acetyl-glucosamine (GlcNAc)
(Stollerman and Dale, 2008). UDP-D-glucose is the precursor for the synthesis of GlcA. UDP-
glucose is the product of the enzyme activity UDP-glucose pyrophosphorylase (UGP; EC
2.7.7.9). This enzyme catalyses the reversible formation of UDP-glucose from UTP and
glucose-1-phosphate (Fig. 8; Kim et al., 2010).
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Glucose-6-P ﬂ» Glucose-1-P 7”‘-5% UDP-D-Glucose
uTP PPi

Fig. 8. Metabolic pathway leading to UDP-D-glucose. PGM, phosphoglucose mutase; UGP,
UDP-glucose pyrophosphorylase; UTP, uridine triphosphate; PPi, pyrophosphate.

These enzymes have two typical domains, the N-terminal motif GXGTRXLPXTK for the
activator binding site, and the VEKP motif that is essential for substrate binding (Marques et
al., 2003). UGPases are present in animals, plants and microorganims. However, prokaryotic
and eukaryotic proteins are quite distinct, being the former regarded as appropriate targets
for the development of novel antibacterial agents.

4.7 UDP-D-glucuronic acid

UDP-D-glucuronic acid is synthesized from UDP-D-glucose, in a NAD*-dependent
oxidation, catalyzed by the enzyme activity UDP-glucose dehydrogenase (UGD; EC 1.1.1.22)
(Fig. 9; Ge et al., 2004; Field and Naismith, 2003).

UGD

UDP-D-Glucose ﬁ | UDP-D-Glucuronic Acid |

2 NAD* 2 NADH

Fig. 9. Metabolic pathway leading to UDP-D-glucuronic acid. UGD, UDP-glucose
dehydrogenase.

The first step in the reaction is the transfer of the pro-R hydride from C-6 to NAD* and
deprotonation of O-6, generating an aldehyde. This first intermediate is converted into a
covalent thioester by the transfer of a second hydride to a new NAD* molecule. The
thioester is then hydrolyzed to liberate the free carboxylic acid, thus regenerating the
protein thiol. These proteins have the three typical conserved domains of the UGD protein
family, namely the NAD+*-binding domain, the central domain, and the UDP-binding
domain (Kereszt et al., 1998). In B. cepacia complex (Bcc) bacteria, Ara4N is present in the
lipid A and in the core of LPS. Synthesis of UDP-Ara4N is essential for Bcc bacteria viability
and to their high resistance to antimicrobial peptides (Ortega et al., 2007). The first step in
the synthesis of UDP-Ara4N is the conversion of UDP-D-glucose to UDP-D-glucuronic acid
by UGD. Recently, it was shown that the UGDgcar2046 and UGDgcamosss of B. cenocepacia are
essential for survival, being the UGDsgcar2us protein also required for polymyxin B
resistance (Loutet et al., 2009). Bec is a group of 17 phenotypically similar bacterial species
that are opportunistic pathogens in cystic fibrosis (CF) patients, causing chronic and
sometimes fatal pulmonary infections in these patients (Leitdo et al.,, 2010). Treatment of
these infections is difficult since Bcc bacteria are intrinsically resistant to most of the
clinically relevant antimicrobial agents (Leitao et al., 2008).

4.8 UDP-D-galactose

UDP-D-galactose is essential for the biosynthesis of the galactosyl residues found in
complex polysaccharides and glycoproteins. This sugar nucleotide can be synthesized by the
Leloir pathway of the galactose metabolism when bacteria grow in lactose or galactose as
energy and carbon sources (Holden et al., 2003; Fig. 10). This pathway includes three
enzyme activities, galactokinase (GalK, EC. 2.7.1.6), galactose-1-P uridylyltransferase (GalT,
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EC 2.7.7.10) and UDP-galactose 4-epimerase (UGE or GalE; EC 5.1.3.2). First, galactose is
phosphorylated by GalK forming galactose-1-P. Then, galactose-1-P is epimerized to
glucose-1-P by GalT. This reaction requires the transfer of UDP from UDP-glucose, also
generating UDP-galactose. UDP-galactose can be epimerized to UDP-glucose by GalE and
glucose-1-P can be converted to glucose-6-P by phosphoglucose mutase (PGM).

D-Galactose
Glucose
ATP
GalK K
ADP )/
’
Galactose-1-P <

UDP-D-Glucose
GalT GalE
f j—» UDP-D-Galactose
Glucose-1-P

Glucose-6-P

Fig. 10. Metabolic pathways leading to UDP-D-galactose. GalK, galactokinase; GalT,
galactose-1-P uridylyltransferase; Gal E, UDP-galactose 4-epimerase; PGM, phosphoglucose
mutase.

UDP-D-galactose can also be synthesized from UDP-D-glucose by GalE, when bacteria grow
in glucose or fructose containing medium. GalE oxidizes C-4 (hydride abstraction) and then
reduces the resulting ketone from the opposite face of the UDP-D-glucose, resulting in UDP-
D-galactose by a free conversion between a gluco- to a galacto-configured pyranose ring (Fig.
10, Holden et al., 2003). GalE is also a member of the SDR superfamily, with the typical Tyr-
X-X-X-Lys motif involved in catalysis, and the N-terminal NAD*-binding motif GXXGXXG
(Fig. 4, Kavanagh et al., 2008).

4.9 UDP-N-acetylglucosamine

In bacteria, uridine 5’-diphospho-N-acetyl-D-glucosamine (UDP-GIcNAc) is the activated
form of N-acetylglucosamine, an essential precursor for the biosynthesis of various
important carbohydrate-containing structures, as is the case of the cell wall peptidoglycan,
LPS and teichoic acids (Milewski, 2002). Enzymes leading to the synthesis of UDP-GIcNAc
are essential for the cell wall formation, being regarded as attractive targets for the
development of antibacterial compounds (Kotnik et al., 2007). Glucosamine-6-phosphate
synthase (GlcN-6-P synthase or GImS in bacteria, EC 2.6.1.16) catalyses the first step in the
pathway that leads to the formation of UDP-GlcNAc (Milewski, 2002) (Fig. 11). The
irreversible reaction catalyzed by this enzyme involves the transfer of an amino group from
L-glutamine to D-fructose-6-phosphate (F6P), followed by an isomerisation of the sugar
moiety, yielding D-glucosamine-6-phosphate. GImS is a large ubiquitous protein present in
a large number of organisms and tissues. GImS proteins contain two typical domains, the
glutamine-binding domain in the N-terminus region, and the F-6-P binding domain in the
C-terminus region. However, sequence alignments revealed large differences between
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prokaryotic and eukaryotic GlcN-6-P synthases, being the latter 70-90 amino acid residues
longer (Milewski, 2002). This enzyme activity is also an important point of metabolic control
in the biosynthesis of amino sugar - containing molecules. Several inhibitors targeting this
enzyme activity have been developed, like anticapsin, tetaine, and chlorotetaine (Milewski,
2002).

Glucose-6-P

PGl l

Fructose-6-P

L-Glutamine
GmIS
L-Glutamate

Glucosamine-6-P

cmim |

Glucosamine-1-P

Acetyl CoA
GmiU
CoA

N-acetylglucosamine-1-P

utpP
Gmiv f(ppi 4 | UDP-N-Acetylgalactosamine |

UDP-N-Acetylglucosamine

> | UDP-N-Acetylmannosamine |

Fig. 11. Metabolic pathway leading to UDP-N-acetylglucosamine. PGI, phosphoglucose
isomerase; GmIS, Glucosamine-6-phosphate synthase; GmIM, phosphoglucosamine mutase;
GmlU, glucosamine-1-P acetyltransferase and N-acetylglucosamine-1-P uridyltransferase.

After its formation by GImS, the resulting D-glucosamine-6-phosphate is further isomerised
into D-glucosamine 1-phosphate by the phosphoglucosamine mutase enzyme activity
(GImM in bacteria; EC 5.4.2.10) (Fig. 11). In bacteria, the last two reactions necessary for the
formation of UDP-GIcNAc are carried by the bifunctional protein with both activities of
glucosamine-1-P acetyltransferase and N-acetylglucosamine-1-P uridyltransferase (GImU in
bacteria; EC 2.7.7.23 and EC 2.3.1.157) (Fig. 11). These enzyme activities first transfer an
acetyl group from acetyl-CoA to form N-acetyl-glucosamine 1-phosphate, and then transfers
the uridyl group to finally form UDP-GlcNAc. UDP-GIcNACc is the precursor of other sugar
nucleotides, such as UDP-N-acetylgalactosamine (UDP-GalNAc) and UDP-N-acetyl-D-
mannosamine (UDP-ManNAc). UDP-ManNAc is the precursor of N-acetylneuraminic acid
(Sialic acid). Sialic acid is rarely found in prokaryotes, being present in certain pathogenic
bacteria as a component of capsular polysaccharides (e.g. Neisseria meningitidis, Escherichia
coli K1) or lipooligosaccharides (e.g. Campylobacter jejuni). In C. jejuni it is involved in evasion
of the immune system by molecular mimicry of the host cells (Severi et al., 2007). In gram
positive bacteria, ManNAc residues act as a bridge between the peptidoglycan and teichoic
acids (D’Elia et al., 2009).
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5. Biotechnological potential of nucleotide sugar metabolic pathways

The biosynthesis of the sugar moieties of the various sugar-containing cell structures starts
by the synthesis of the repeating units of sugar nucleotides. The supply of the activated
sugars for the biosynthesis of these polymers is dependent on the intracellular sugar
nucleotide levels that are influenced by the activities of the intracellular enzymes involved
in their biosynthesis. Therefore these key enzymes are potential targets for the development
of new antimicrobials.

The L-rhamnose residues play an essential structural role in the cell wall of Mycobacterium
tuberculosis. The mycobacterial cell wall core consists of three interconnected
macromolecules, the mycolic acids, arabinogalactan (AG) and peptidoglycan. The outermost
part is composed of mycolic acids that are esterified to the middle component, the AG. This
component is connected, via the linker disaccharide a-L-rhamnosyl-(1—3)-a-D-N-acetyl-
glucosaminosyl-1-phosphate, to the 6 position of a muramic acid residue of the inner
component peptidoglycan. Presently, it is known that M. tuberculosis strains have increased
resistance to the antimicrobials agents in use, and therefore new antituberculosis drugs are
necessary (Ma et al., 2001). In this context, the four enzyme activities (RmIA to RmlID)
involved in the dTDP-L-rhamnose biosynthetic pathway have been studied as attractive
targets for the development of new antimicrobials.

Helicobacter pylori is the causative agent of active chronic gastritis, being associated with
peptic ulcer disease and increased risk for the development of gastric adenocarcinoma and
primary gastric lymphoma (Edwards et al., 2000). The pathogen expresses the Lewis (Le)
antigen in the O-chain of LPS (Moran, 2008). Serological and chemical structural studies
have shown that H. pylori Le antigens mimic the human Lewis blood group determinants,
having a role in gastric colonization and bacterial adhesion (Moran, 2008). Le antigen
expression also affects the inflammatory response and T-cell polarization after infection.
One of the factors that affect this antigen expression is the availability of activated sugar
intermediates. H. pylori lacks galactokinase enzyme activity and is not able to use exogenous
galactose. This points out that the UGE activity is an absolute requirement for the
biosynthesis of UDP-galactose. In fact, H. pylori knockout mutants in galE produce truncated
LPS and no Lewis antigen expression, causing a decreased ability of the mutant strain to
colonize mice (Moran et al., 2000). Inactivation of rfbM, encoding a GMP activity that is
required for GDP-L-fucose synthesis, resulted in a mutant strain with a fucose-lacking O-
antigen and not able to express the Le, antigen (Edwards et al., 2000). This mutant exhibited
a reduced ability to colonize a mouse model of infection and was not able to interact with
the human gastric mucosa of biopsy specimens in situ.

Some sugar polymers have applications in the food and pharmaceutical industries, like
alginate, xanthan, gelan and polysaccharides from lactic acid bacteria (LAB) (Sabra et al.,
2001; Becker et al., 1998; Fialho et al., 2008; Boels et al., 2001). These applications led to an
increased interest in the study of the metabolic pathways leading to the formation of these
polymers and their regulation, with the objective to optimize the microbial production
process.

Alginate is a polymer composed of D-mannuronic acid and L-guluronic acid residues
arranged in an irregular sequence (Sabra et al., 2001). It is produced by bacterial species of
the Pseudomonas and Azotobacter genera, as well as by brown algae (Sabra et al., 2001). The
viscosity and gel-forming properties of this polymer have important commercial
applications in the pharmaceutical industry. For example, high-quality alginates have been
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studied for the reversal of type I diabetes by immobilising insulin-producing cells within
alginate capsules that could be transplanted to the body of the patient (Dufrane et al., 2010).
The D-mannuronic acid blocks of alginate seems to stimulate the immune cells to secrete
cytokines (e.g. tumour necrosis factor, interleukin-1 and interleukin-6) (Otterlei et al., 1991).
The polymer has also several applications in the food industry. For example, alginate is used
to enhance foam in beer production and to help in the suspension of fruit pulp in fruit
drinks (Sabra et al., 2001). The textile and paper industries also use alginates to improve the
surface properties of cloth and paper, and to improve the adherence of dyes and inks (Sabra
et al., 2001). Alginate-immobilised cell systems are used as biocatalysts in several industrial
processes, like in ethanol production by yeast cells, and in the production of monoclonal
antibodies from hybridoma cells (Sabra et al., 2001; Selimoglu and Elibol, 2010). Currently,
the vast majority of the alginates commercially in use are produced from brown algae.
However, environmental concerns raised due to intensive algae harvesting and processing
turned the attention to bacterial alginates, which are now considered as potential
commercial products.

Lactic acid bacteria (LAB) produce a wide variety of structurally different EPSs that are
responsible for the rheological characteristics and texture properties of specific fermented
dairy and food products (Boels et al., 2001). In addition, LAB as food additives may confer
health benefits to the consumer, having immunostimulatory, antitumoral and cholesterol-
lowering activities (Boels et al., 2001). LAB EPSs are preferable over presently used
stabilizers, like xanthan, since they are produced by food-grade microorganisms.
However, these EPSs are produced in low amounts (40 to 800 mg per liter), compared
with the commercially produced EPS xanthan (10 to 25 g per liter) (Boels et al., 2003). LAB
EPSs are produced from intracellular sugar nucleotides, including glucose, galactose,
rhamnose, glucuronic acid, fucose, N-acetylglucosamine (GIcNAc), and N-
acetylgalactosamine (GalNAc). A study of the enzymes involved in the biosynthetic
pathways of these sugar nucleotides revealed some key enzyme activities, like the UDP-
galactose epimerase (GalE). In a Lactococcus lactis galE mutant, undetectable levels of UDP-
D-galactose and null EPS production were described when the organisms were cultured
on glucose as the sole carbon source (Boels et al., 2001). The availability of dTDP-
rhamnose that is incorporated on the side chain of EPS is also a bottleneck in EPS
production by LAB (Boels et al., 2001).

Several molecules with antibacterial, antifungal, antiparasitic or anticancer activity
contain sugar moieties. These are of crucial importance for the biological activity and
pharmacological properties of the compound (Nedal and Zotchev, 2004). Some
microorganisms, like the actinomycetes, are able to produce deoxyaminosugars. The
amino group of these metabolites can be ionized under physiological pH, being involved
in both electrostatic interactions with other ionisable groups or in the formation of
hydrogen bonds with specific chemical groups on the target molecule (Nedal and
Zotchev, 2004). For example, some macrolide antibiotics containing these metabolites bind
to the peptidyl transferase ring on the ribosome and block the tunnel that channels the
nascent peptide into the center of the ribosome (Schlunzen et al.,, 2001). Macrolide
antibiotics (e.g. erythromycin and streptomycin) can be divided in two classes, being the
major difference between the two classes the structure of the sugar precursors (Nedal and
Zotchev, 2004) (Table 1).
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Deoxyaminosugar Antibiotic
D-Desosamine Erythromycin
Oleandomycin
Pikromycin
D-Mycaminose Tylosin
D-Mycosamine Polyene Macrolides
D-Perosamine Polyene Macrolides
N-methyl-L-glucosamine Streptomycin
Dimethylforosamine Spinosyns
a-Methylthio lincosaminide Lincomycin
L-Daunosamine Daunorubicin

Table 1. Deoxyaminosugars present in antibiotics (Nedal and Zotchev, 2004).

The 12- to 16- macrolide aminosugar moieties (e.g. D-desosamine and D-mycaminose)
originate from TDP-D-glucose. The polyene macrolides (e.g. mycosamine and
perosamine) derive from GDP-D-mannose. The study of the synthesis of the
deoxyaminosugars moities and the mechanisms of attachment to their targets is of critical
importance for the elaboration of new macrolide derivatives with potential antimicrobial
activity.

6. Concluding remarks

Sugar nucleotides are essential precursors for the biosynthesis of various sugar-containing
bacterial cell structures. In pathogenic bacteria, some of these structures are important
virulence factors involved, in the majority of the cases, in the evasion of the bacteria from
the host immune system. Other sugar-containing structures, like peptidoglycan, have
important roles in bacterial viability. In addition, some of these structures and their
biosynthetic pathways are being regarded as attractive targets for the development of new
antimicrobial drugs. Some sugar polymers also have applications in the food,
pharmaceutical, textile and paper industries, having important economical significance.
Therefore, the study of these metabolic pathways and their regulation is of critical
importance for the optimization of the microbial production processes of carbohydrate-
containing polymers. In the present work, some examples of these studies were presented
and discussed.
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1. Introduction

Xerography is a well established technology that has revolutionized document processing
(Borsenberger & Weiss, 1993). The word “xerography” has its origin from the Greek words
“xerox” - dry and “graphos” - writing. In a laser printer, micrometer sized electrically
charged toner particles are assembled by means of electric fields on a development drum
and afterwards transferred to a substrate. This basic xerographic process, forming arbitrary
particle patterns on a substrate, can be exploited to conduct the combinatorial synthesis of
peptide arrays. Specially designed bioparticles can be used to transport amino acids to the
dedicated synthesis areas and hence, we call our approach “biofunctional xerography”.

The increased interest in novel fabrication methods of molecular arrays results from the
large application potential in life sciences. The groundbreaking development of high-density
oligonucleotide arrays (>40.000 per cm?2) boosted the field of genomics both in scientific and
in economic terms (Fodor et al., 1991). However, these elegant methods are not suited for
the synthesis of peptide arrays, mainly due to increased number of coupling cycles (one
cycle per monomer) needed to complete one layer in a peptide array (20 different
monomers) when compared to an oligonucleotide array (4 different monomers).
Biofunctional xerography resolved this drawback of the lithographical method with only a
single coupling cycle per layer (Beyer et al., 2007).

Other methods, based on printing liquids, address the different monomers at once to the
support, but all of these methods have to handle tiny droplets in the nano- or picoliter range
which tend to evaporate, intermingle with adjacent droplets, or clog the printing mechanics.
These difficulties obviously prohibit the use of a piezo- or inkjet printers for the
combinatorial synthesis of peptide arrays. Therefore, the available state-of-the-art is still
dominated by the 15-years-old SPOT technology that yields until now only 25 peptides per
cm?, at a cost of >5 € per peptide spot (Frank, 1992).

Compared to fluid droplets, solid particles keep their shape, even at the nanometer regime,
they do not spread or evaporate during deposition and they do not dissolve previously
deposited materials. Furthermore, chemicals and monomers which are embedded inside of
the particles are protected against decay (Adler, 1999). This unique property of solid
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particles encouraged further research on selective particle deposition with xerographic
methods: One of the most impressive among them being nanoxerography (Jacobs &
Whitesides, 2001; Jacobs et al., 2002), which demonstrated the possibility of patterning
charged submicron particles by the use of conductive stamp generated electric fields in thin
PMMA layers. Modifications of this method use an ion beam instead of a stamp to generate
latent electric field images (Fudouzi et al., 2002).

The following proposed method of biofunctional xerography for peptide synthesis is based
on a computer chip and allows for complete freedom in combinatorial particle deposition,
i.e. all arbitrary particle patterns can be deposited on the same substrate. In this chapter we
will consider the three basic elements needed for biofunctional xerography: bioparticles,
solid phase polymer chemistry with particles and combinatorial particle deposition on a
solid support.

2. Bioparticles

2.1 Composition of bioparticles
As mentioned in the introduction, solid particles are used to transfer activated monomers to
a synthesis area. In our case, Fmoc protected amino acids are embedded and immobilized in
a solid particle matrix. If the particles are deposited and melted at temperatures up to 90 °C,
the monomers can diffuse inside the melted matrix and couple to the solid support
according to the classical Merrifield peptide chemistry (Figure 1). Thus, the biofunctional
xerography exploits the possibility to form peptide bonds in the melted polymer phase at
relatively high temperatures.
solid matrix activated
nonoImers

melting of the
solid particle

functionalised i
substrate

\“‘

Fig. 1. Solid amino acid particles for combinatorial peptide synthesis

Besides the commercially available standard amino acid monomers suitable for peptide
synthesis (Fmoc transient protection group; OPfP ester activation of the C-terminus), the
particle composition includes a resin, building the particle polymer matrix and serving for
the physical particle stability, charge transfer agents and anti-aggregation components
(Table 1). The charge transfer agents provide for the stabilization of the electrical charge on
the surface of toner particles.

Indeed, all 20 different Fmoc-amino acids, which have C-terminal OPfp-ester activation
groups, proved to be stable for months at room temperature when embedded in the particle
matrix, with the single exception of Fmoc-arginine-OPfp. This compound decayed at a
moderate rate of 4% per month. It is a remarkable finding, considering that carboxy-
activated Fmoc-arginine derivatives are notoriously unstable in other solvents (Cezari &
Juliano, 1996).
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Component Function Relative amount (w/w)
Fmoc-L-aminoacid-OPfpester | Activated amino acid, monomer [10%

SLEC PLT 7547 Resin for physical stability 84.5%

Pyrazolone orange Charge stabilizer 4.4%

(Fe)2 naphthol complex Charge stabilizer 1%

Silica particles, Aerosil 812 Anti-aggregation 0.1%

Table 1. Components of amino acid particles (Stadler et al., 2008)

2.2 Generation of bioparticles

In order to produce a toner mass with uniformly dispersed particle components, a mixture
of one Fmoc-amino acid OPfp-ester, a polymer and charge stabilizers is dissolved,
homogenized and then solidified. The toner mass finally has to be milled with an air jet mill
(50AS, Hosokawa). During sieving the milled particles, silica nanoparticles are added which
prevents the tendency of particles to agglomerate and enhance their flow ability. The
particle size distribution was measured with a Mastersizer (Malvern, type 2000).

Figure 2 shows the air and product transport in an air jet mill 50AS (Hosokawa ALPINE AG
& Co. OHG). Small pieces of the mass are introduced into the funnel (a). The drive air (c) is
sucked in at the injector (b) and mixed with the raw mass. This mixture is transported to the
mill chamber (g). The milling air (d) passes through the air ring (e) and jet apertures (f) to
the mill chamber. The particle mass is accelerated by the spiral air jets (h). The milling of the
particles occurs by their collision with other particles or with the jet ring wall (i). The fine
product leaves the mill trough the outlet (j) in the chamber center. The raw product remains
in the chamber and is accelerated again. The separation limit depends on the pressure of the
milling air.

Fig. 2. Air jet millz funnel (a), injector (b), drive air (c), milling air (d), air ring (e), jet
apertures (f), mill chamber (g), spiral air jets (h), jet ring wall (i), outlet (j)

2 http:/ /www.alpinehosolawa.com
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The influence of milling air pressure on particle size is shown in Figure 3. In principle, the
higher the milling air pressure is, the smaller is the resulting particle size. This experimental
dependence can be derived from the particle separation conditions at the outlet: Feent = Fy,
where Feent is the centripetal force and Fq the drag force. Since Feent ~ d3v2 and Fq ~ dv, where
d is the particle diameter and v the velocity, the relation v ~ d2results. In this estimate, the
relation between the normal and tangential components of the particle velocity in the
milling chamber is assumed to be independent of the pressure.

—i 2 bar
== 3.0 bar

8 =.u250ar

«aa 15 bar

d (um)
Fig. 3. Distribution of the particle diameter as a function of the milling pressure.
The last expression can be rewritten with the milling pressure as p ~ d-2, because v is
proportional to p according to the operating manual of the mill. Figure 4 presents the

comparison between the obtained dependence and the experimental data, whereby the
maximum of the size distribution in Figure 3 is taken as the particle size.
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Fig. 4. Maximum values of the size distributions in Figure 3 versus the reciprocal root of the
milling pressure (p-1/2).

However, this dependence is not valid at higher pressures. Higher pressures do not lead to
finer products but rather to a stronger precipitation of the melted mass on the milling
chamber wall. Due to the higher kinetic energy of the particles, it is partially converted into
heat by inelastic collisions and causes the melting of the particles. Such inelastic collisions
occur at critical velocities which are reached by increasing the pressure in the mill chamber.
In this case, the size of the milled product depends on the melting point of the different
components of the raw mass. The introduction of components with higher melting
temperature enables the fabrication of the finer particles in the air jet mill. Further
adjustment of the particle size distribution can be realized by sieving.
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2.3 Electricity and charge of bioparticles

The q/m-value (the ration of particle charge q and particle mass m) is one of the most
important characteristics determining particle behavior in electrical fields. The measurement
of triboelectric charging of bioparticles is used for particle characterization and optimization
in xerographic processing.

Amino acid | gq/m-value, | errorstand. | Amino acid | g/m-value, error stand.
type 103 [C/kg] deviation type 103 [C/kg] deviation
Cys -3.48 0.70 Val -1.78 0.26
His -2.08 0.20 Pro -1.32 0.11
Trp -2.05 0.34 Glu -2.57 0.42
Arg -1.70 0.31 Ser -2.28 0.18
Gln -1.72 0.56 Leu -2.87 0.24
Phe -2.55 0.22 Asp -2.26 0.34
Met -3.40 0.25 Tyr -1.79 0.23
Ile -2.66 0.18 Gly -1.76 0.33
Thr -2.14 0.35 Asn -1.49 0.08
Val -1.78 0.26 Ala -1.07 0.27

Table 2. q/m-values of amino acid particles

The set up illustrated in Figure 5 was used to measure the q/m-values of the amino acid
particles (Nesterov et al.,, 2007a, 2007b). This method possesses some advantages over
conventional methods based on measuring and collecting the particles in a Faraday cup. The
charge of the particles is measured without influencing the particle motion, the
measurement is contact-free. Hence, the charging and discharging processes can be
monitored during the particle motion. The measurement benefits from the real time data,
acquired in the process, because rapid changes in the charging processes occur in less than a
second. The particle charge can be measured without any further undesired particle contact
with the walls of different tubes before they pass into the filter. On the other hand, a
Faraday cup with the particles must be weighed to obtain the particle mass. Since a Faraday
cup is made of metal, it is rather heavy. The particle filter in the here presented method can
be fabricated of a lighter material, which makes weighing easier.

b
- (=<

f—Ja

Fig. 5. Measurement of the q/m-values with the inductive cylindrical probe.
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The amino acid particles with a relatively narrow size distribution around 10 um (size
distribution generated at a milling air pressure of 4.2 bar, see Figure 3) were electrically
activated by contacting the walls of an acrylic glass cone chamber and passed a cylindrical
inductive probe into a particle filter. The triboelectric charging of the particles reaches its
saturation with an air flow above 30 1/min. The charge of the particle cloud was obtained by
the evaluation of the amplitude of the corresponding inductive current. The mass was
measured as the difference of the particle filter mass before and after the particles were
guided through the experiment. Table 2 summarizes the measured q/m-values for biogenic
amino acid particles used in the combinatorial peptide synthesis. The 20 different amino
acid particles are composed of similar components: solid matrix, special additives and
chemically activated amino acid (see Table 1). The only variable component was the amino
acid, which makes up 10% of the composition. This variability and a certain deviation in the
mean particle diameter caused the different q/m-values of particles in triboelectric charging.
All the amino acid particles have negative q/m-values, which corresponds to the average
surface charge densities of -0.5-105 to -2:105 C/ma2. Thus, an activated particle has several
thousand elementary charges. It is a rather effective charging process, compared to the
critical air breakdown charge density of ¢ =-2.6-10> C/m? (Hughes, 1984), at which air
breakdown occurs on a conductive surface. Remarkably, the cysteine and methionine amino
acid particles, i.e. particles including amino acids with a sulfur atom in the side chain,
possess the largest q/m-values.

3. Combinatorial peptide synthesis with particles

The amino acids can polymerize with each other by forming peptide bonds. The peptide
bond arises as a result from the chemical reaction between the amino group and the
carboxyl group of two different amino acids accompanied by releasing a water molecule
(Figure 6). However, it is not trivial to synthesize a defined peptide chain from several
amino acids in a test tube. A large number of random oligomers or cyclic bipetides is
generated at the simple mixing of activated amino acids.

side chain

T T

H 0
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| \OH
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H peptide bomnd H

Fig. 6. Formation of peptide bond in reaction between two amino acids

The first synthesis of defined peptides was conducted by T. Curtius at the Ruprecht-Karls-
University in Heidelberg in 1881 (Jakubke & Jeschkeit, 1973). The azide-method developed
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by him turned out to be of large practical importance. The method utilizes chemical
protecting groups for the suppression of uncontrolled formation of peptide bonds. About 50
various protecting group procedures are known today. Nevertheless only a few procedures
have been established for routine application.

The invention of the Nobel prize awarded peptide synthesis on a solid substrate (solid
phase peptide synthesis) made by R.B. Merrifield at Rockefeller-Institute in New York in
1963 was a breakthrough in peptide chemistry (Merrifield, 1963). The solid phase peptide
synthesis enabled routine production of peptides in technical scale for the first time.

Figure 7 schematically shows the principle of the Merrifield synthesis (Koch & Mahler,
2002). The method consists of binding an amino acid by its C-terminal carboxyl group to the
insoluble polymer and consequent assembling of the peptide chain at the N-terminal end.
Each cycle begins with the removal of the protecting group and results in the growth of the
peptide chain by one further amino acid. The multiple repetition of the cycle leads to the
synthesis of amino acid chains. Some amino acids possess side chains with hydroxyl, amino
or carboxyl groups, which must be chemically neutralized by special protecting groups
during synthesis. After the complete synthesis of the peptide, these protecting groups are
removed with one chemical step.

Two main peptide synthesis strategies are distinguished according to the kind of protecting
groups: Fmoc-(9-fluorenylmethyloxycarbonyl) and BOC-(tert-butyloxycarbonyl) synthesis.
The BOC protecting group can be removed with TFA (trifluoroacetic acid) solution without
influence on side chain protecting groups of the benzyl type. Finally, the side chain protecting
groups are detached with HF (hydrofluoric acid). The BOC strategy goes back to Merrifield.
Fmoc synthesis is a chemically milder procedure. The Fmoc protecting group can be removed
with a mild base, as a rule piperidin, and is stable in strong acids like TFA or HBr.

A N-terminal
Protecting growup

Temoving of |
NH theN-termainal NH side clinin
protecting group proieciing group
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e
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Fig. 7. Solid phase peptide synthesis cycle
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The main advantage of the solid phase peptide synthesis is that one can omit the complex
cleaning procedures. The removal of reagent excesses and byproducts is carried out through
the washing of the substrate, whereas the main product remains on the substrate.
Repeatable work cycles allow for automation.

The possible aggregation of growing peptide chains is one of the limits of the solid phase
synthesis. Due to the formation of peptide chain loops, ends become inaccessible and further
assembly of the peptide strand is impossible. The reason for these side reactions are
hydrogen bonds and hydrophobic interactions. Some amino acids like alanine, valine,
isoleucine, asparagine and glutamine favour such side reactions. Thus, the synthesis of
peptides with more then 15-20 amino acids becomes difficult.

Particle based peptide synthesis has, albeit pursuing the same chemical reactions, several
special features: the chemical reaction occurs in the melted polymer matrix with a limited
diffusion and this polymer matrix has to be removed during the washing step after coupling
amino acids to the surface.

Figure 8 illustrates the principle of the particle based peptide synthesis. First, toner particles
with a diameter of about 10 pm, imbedding different activated amino acids into the polymer
matrix, are deposited onto a substrate with free amino groups on the surface (Figure 8a).
The transition of the particles to a gel-like phase allows for the diffusion and coupling of the
imbedded amino acids to the surface (Figure 8b). Thereby, the standard Merrifield peptide
synthesis is initiated by melting the particles. This results in an excess of soluble monomer
over free amino groups on the array support (~15 nmol free amino groups per cm?). The
coupling step is conducted for 90 min at 90 °C. Afterwards, particle matrix and uncoupled
amino acids have to be washed away with DMF (dimethylformamide) (Figure 8c). The next
step provides for the removal of the N-terminal protecting groups of the amino acids with
20% piperidine diluted in DMF (Figure 8d). Finally, the support is cleaned with DMF and
methanol, before the next layer of amino-acid-particles is deposited on the dried array.
Eventually, these steps are repeated layer by layer until the final peptide array is rendered
(Figure 8e, f). The side chain protecting groups are removed by washing the array for 2
hours in 91% TFA, 4% DCM, 3% triisobutylsilane, and 2% H>O (Jones, 2002). The completed
peptide array is rinsed with methanol and dried in a stream of nitrogen.

)%%é' 45

Fig. 8. Schematic peptide synthesis: First, the particles are transferred to a substrate (a). Each
particle type imbeds a different amino acid. Afterwards, the particles are melted and the
amino acids couple to the surface (b). Then, excess particles and amino acids are washed
away (c) and finally, the protective groups are removed (d). The process can be repeated
with different particle patterns, until the desired peptide array is completed (e, f).
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As the particles can be deposited on glass supports or silicon wafers, a wide choice of
chemical methods is available to produce polymeric films with N-termini as the starting
points for peptide synthesis. Depending on the desired application, those can be monolayer
or polymeric films.

In principle, the biofunctional xerography can be adopted for the synthesis of any artificial
polymer such as peptoids, oligocarbamates or oligourea, where the protection group
strategy is applicable.

4. Combinatorial particle deposition on microelctronic chips

4.1 Particularities of selective deposition of particles on chips

The key element of biofunctional xerography is the combinatorial particle deposition that
allows for significant reduction of the number of chemical cycles. The complexity of the
produced peptide array is determined by the complexity of the deposited particle patterns.
Combinatorial deposition means that many kinds of particles can be deposited on the same
substrate. Our approach uses microelectronic chips on which surfaces electric field patterns
can be generated. In this section, we will consider results of experiments and simulations on
precise particle deposition on these chips, proof-of principle peptide synthesis and a
xerographic technique based on a CMOS chip as a printing head.

An electronic microchip can be used for generating a particle pattern. Figure 9 illustrates the
application principle of the chip for combinatorial solid phase peptide synthesis. Several
kinds of amino acid particles are selectively deposited according to the consecutively
generated electric field patterns (a)-(d). After the completed deposition of a particle layer,
the layer is melted (e). The coupling of amino acids occurs during the melting procedure.
The matrix substance and the rest of the uncoupled amino acids are removed by washing
(e). The chip is then ready for the combinatorial synthesis of the next amino acid residue
layer (f). High electric fields emanating from the chip are required to overcome the forces
participating in the transport. Such chips can be fabricated routinely in the framework of the
commercially available high voltage chip technology according to the design rules. Modern
high voltage technologies enable the integration of high and low voltage transistors, such
that the sequence of generated patterns can be completely automated.

Fig. 9. Solid phase peptide synthesis on the electronic microchip
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In comparison to nano particles, micro particles are rather heavy, no Brownian motion
occurs in air. Their motion is mainly determined by the drag force and, in absence of the
drag force, also by the gravitational force. Therefore the amino acid particles can be
transported with the air stream to the chip surface. The transport forces must be smaller
than the selective electrical forces on the chip surface. It is known that adhesion forces are
relatively large especially for particles with a diameter below 10 pm (Novick et al., 1989;
Desali et al., 1999). The addressing of amino acid particles onto the chip is conducted onto a
chemically modified surface. The chip surface is coated with a polymer layer, which is
necessary to start the peptide synthesis (see section 3). Thus, one must take into account the
influence of those layers on the adhesion and electrical forces.

4.2 Microelectronic chips

Two passive chips (without transistors) with a pixel to pixel raster of 100 and 50 um were
fabricated at the Institute for Microelectronics Stuttgart (Figure 10). The chips have the
following structure: (1) Si-Wafer; (2) metal layer I (AlISiCu 800 nm); (3) insulator (1000 nm
Si02); (4) metal layer II (AlISiCu 1000 nm); (5) Passivation (550 nm SiO2+ 300 nm Si3N4). A
grid electrode on the chip (between two pixels) serves for electrical shielding purposes. The
passive chip has pixels with a window above the pixel electrode. Thus, the peptide synthesis
is conducted on an aluminum surface. The passive chips allowed only for a limited number
of electric field patterns. A chess board like pattern was originally used to study the particle
transport processes and for a proof of principle peptide synthesis with solid particles
(Nesterov et al., 2010).

Fig. 10. Fragment of a passive chip (left). Pixel of the passive chip (middle) and its schematic
structure (right)

The full combinatorial freedom can be achieved if the voltage can be applied on each pixel
separately. A microelectronic chip with such function was designed in a high voltage CMOS
(Complementary Metal Oxide Semiconductor) process (Konig et al., 2010). The total silicon
area of the chip is 19.9mmx19.0mm. It is mounted on a PCB support with the dimensions of
a standard microscope glass slide (75.8mmx25.9mmx1.0 mm) (Figure 11). The array of
128x128 pixel electrodes (16,384 potential synthesis spots) is located in the center of the chip.
Voltages of up to 100 V can be applied independently on each pixel electrode, i.e. arbitrary
combinatorial electric field patterns can be generated on the chip surface.

Figure 12 schematically shows the circuit of the HV part in the fabricated CMOS chip. This
circuit is a voltage divider, which determines the voltage at the pixel electrode through the
gate-source voltage Vgs (0 or 5 V). In the case of 0V, the resistance of the HV-NMOS
transistor Rrr is significantly larger than the constant resistance R in the circuit and therefore
the voltage of 100 V is applied to the pixel electrode. In the case Vgs =5 V, Rtr << R and the
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pixel electrode is grounded. The resistance R is obtained by using a PMOS-transistor in the
chip. The gate voltage of the PMOS transistor was fixed to a bias voltage close to its
threshold voltage. The HV part was connected to the LV part through the gate of the HV-
NMOS transistor which enabled the programmable control of the voltage VGS and
consequently the voltage at the pixel electrode.

Fig. 11. CMOS chip for peptide synthesis

100 V
pixel electrode

HV-CMOS

Qor5V )
transistor

ov
Fig. 12. Principle of the circuit used in the HV part of the CMOS chip

4.3 Particle deposition on microelectronic chips
4.3.1 Forces participating in particle deposition
The forces participating in the particle transport and their deposition are shown graphically
in Figure 13. The image force Fing = q2 / (4w € d2), which results from the interaction of the
particle charge with the metal chip surface, and the gravitational force Fgay = m - g can be
neglected, being at least one order of magnitude smaller than the drag force and the
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Fig. 13. (left) Forces in the deposition process acting on an aerosol particle with the diameter
of 20 pm in a distance of 100 um from the chip surface; (right) forces as in the latter but for a
particle diameter of 2 um.

electrical force. A particle mass density of 1100 kg/m?® was used to estimate the gravitational
force. A q/m-value of 310 C/kg was chosen for the estimation of the electrical force F =
E - q (with E = U/L) resulting from a pixel electrode with the length L and the voltage U. We
estimated the electric force for two different pixel voltages: 30 V and 100 V.

The drag force basically depends on the particle size and on the respective velocity between
a particle and the surrounding air. For further calculations and simulations, we use the
Khan-Richardson (Coulson & Richardson, 1999) force Fxr instead of the standard drag force
Farag, which is a good approximation of the drag force for a wide range of particle diameters.

Fgg =1/ 4-d’py;-

Vair = Vpart

= 3.45
s 550

with Re v

-d- Pair / Nair - (2)

d is the particle diameter, vpare and vair are the corresponding velocities of the particle and
the surrounding air that can assumed as a laminar fluid with the dynamic viscosity 1 and
the density pair.

If we assume that particle movement does not influence the surrounding air flow and if
particle-particle interaction (e.g. collision) is negligible due to a low aerosol density, we can
limit the calculations of the forces acting in particle deposition to two forces: the Khan-
Richardson force and the electrical force.

part = [Vair = Vpart

4.3.2 Simulation

Using this approach, simulations of the particle deposition process can be used to improve
the deposition quality and significantly reduce contaminations (Loffler et al., 2011).
Especially the particle parameters like charge and size are the key players in spatial defined
particle deposition.

The following simulations for particle deposition analysis were obtained with the
commercially available program COMSOL Multiphysics (COMSOL, Inc., USA), a finite
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element analysis solver, and simulation software. First, the stationary Navier-Stokes
equation for the incompressible airflow and the Poisson equation for the electrical field on
the chip surface were solved. Then, the particle trajectories were simulated, established on
the solutions for the air velocity field and the electrical field.

A two-dimensional simulation model has been designed to investigate the particle
dynamics. As shown in Figure 14, particles with a predefined size and negative charge can
be attracted by the electrical field of the chip. The chip is modeled by two active pixels set at
100 V separated by three inactive pixels at 0 V each. The electrical fields between chip and
sieve selectively guide the aerosol particles to the activated deposition areas. We
experimentally verified that the more pixels are switched off in a voltage pattern on the chip
surface, the more contaminations on these pixels can be observed after deposition.

Grid electrode 100 V Pixel (on) 0 V Pixel (off)
(30V) 1Y

"~ Chip
surface

Fig. 14. Schematic particle deposition on a chip; particles move towards the chip and are
manipulated by electrical fields resulting from the voltage pattern on the chip surface to
enable spatial defined particle deposition

To investigate the causes of contamination, a pattern was modeled which consisted of two
active pixels separated by seven inactive pixels as this combination showed a high
probability of contamination.

Particles were injected into the air stream in a distance of 1 cm away from the chip surface
with an initial particle and air stream velocity of vo = 1 m/s in chip direction. The
exponential decay of the electrical field intensity emanating from the chip confines the
region of interest, where the selective effect of the chip is dominating particle manipulation.
Therefore, this region extends only 200um from the chip surface, as the subsequent
simulations demonstrate.

We systematically varied the charge per mass ratio (q/m value) of the particles and the
particle diameter in the simulations. Pixel voltages on the chip were set to either 100 V,
which yields the highest possible electrical attraction, or to 0 V, to obtain minimal attraction.
The voltage of the grid electrode was set to 0 V (Figure 15a) or 30 V (Figure 15b).

The grid electrode plays an important role in particle deposition: In Figure 15, particle
trajectories are represented as black lines and the electrical potential in V is shown in grey
scale. Above the trajectories, the voltage pattern of the chip surface is indicated (similar to
Figure 14). Two pixels are switched to 100 V and in between, seven grounded pixels are
located.

Figure 15 shows the simulation of particles with a diameter of 10 pm and a q/m value of -
31038 C/kg. In Figure 15a, the grid electrode is grounded and the particles reach the chip
surface. Several of them are not only deposited on the grid electrode, but also on the
grounded pixels, causing contaminations. In contrast to this, Figure 15b shows the same
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Fig. 15. Simulation of particle deposition on a chip; particles are 10 pm in diameter and
feature a q/m value of -3-10 C/kg; (a) the voltage of the grid electrode is 0 V, several
particles are deposited as contaminations on deactivated pixels; (b) voltage of the grid
electrode is 30 V, excess particles are solely deposited on the grid electrode (Loffler et al.,
2011) (Reprinted with permission)

configuration, but the grid electrode is set to 30 V. Here, particles, which are not deposited
on the desired pixels, are solely deposited on the grid electrode. Therefore, the grid
electrode serves as an adsorber for excess particles, as long as not too many particles
accumulate on the grid electrode. This effect is important for contamination free particle
deposition. Thus, in all further simulations, the grid electrode is set to 30 V.

4.3.3 Effect of the particle diameter on deposition

The particle size has an abundant effect on the selective particle deposition. In Figure 16,
the particle size was altered between 3 and 10 pm ((a) 3 pm; (b) 5 um; (c) 10 pm) and the
charge per mass ratio (q/m value) of the particles was defined as -3-10 C/kg in all three
cases.

As shown in Figure 16a, the simulated deposition features very few overall deposition
events on the chip surface. In Figure 16b and c, the total number of deposition events rises
with particle diameter (i.e. increased number of trajectories). All particles are deposited
either on the 100 V pixels or on the grid electrode, which resembles the ideal and desired
deposition pattern.

In contrast to these simulations, experiments exhibit a crucial difference: Particles with a
mean diameter of 10 pm or greater tend to cause contaminations; they are deposited on both
active and grounded pixels.

Hence, the q/m value was altered in one order of magnitude. In Figure 17, all initial
conditions were kept as in Figure 16, but a q/m value of -3102 C/kg was used. The overall
number of deposition events on the chip surface has risen because the particles experience a
higher attract ion due to the higher q/m value. In Figure 17a and b the particle deposition is
still as desired, without contamination. In the case shown in Figure 17c, many particle
trajectories end on grounded pixels, indicating contamination. However, due to the lack of
adhesion forces, some trajectories near the 100 V pixels are making unrealistic bends near
the chip surface. Nevertheless, significant conclusions can be derived from these
simulations.
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Fig. 16. Simulation of particle deposition on a chip; particle trajectories are represented as
black lines, grayscale represents the electrical potential [V]; particle diameters are (a) 3 pm,
(b) 5 pm, (c) 10 pm; with q/m value of -3103 C/kg; in all cases no contamination on
grounded pixels occurs (Loffler et al., 2011) (Reprinted with permission)

[um] T T T T T T T T T T

Fig. 17. Simulation of particle deposition on a chip; particle trajectories are represented as
black lines, grayscale represents the electrical potential [V]; particle diameters are (a) 3 pm,
(b) 5 pm, (c) 10 pm; with q/m value of -3-102 C/kg; in (a, b) no contamination on grounded
pixels occurs in contrast to (c) (Loffler et al., 2011) (Reprinted with permission)
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Intuitively, one would expect that particles with a higher q/m value are easier to
manipulate by electrical fields and therefore should yield a better deposition quality. This,
however, is not the case: A higher q/m value combined with a larger inert mass will cause
particles to divert from their appointed path, determined by the electrical field
configuration. Therefore, the impact of the selective force of the chip declines and the
deposition quality decreases.

Concluding from the results, we reason that highly charged particles are an intrinsic
characteristic of the aerosol created in our experiments. In fact, the critical surface charge
density (i.e. electrical breakdown occurs) between two parallel metal plates, is invalid for
dielectric particles. Due to the curvature of the particle surface and the dielectric character,
higher electrical surface fields are possible without electrical breakdown.

Summarizing this section, a greater particle diameter together with higher triboelectric
charge will cause contaminations in this present case of spatial defined particle deposition
by means of an aerosol.

4.3.4 Stopping distance

Using a different approach, the impact of the particle diameter on the deposition process can
be also demonstrated qualitatively. The stopping distance S of a particle, which is defined as
the product of initial particle velocity vo and the relaxation time 1 of a particle, which in turn
is the time needed, until a particle with no initial velocity, released into a moving fluid,
reaches (1 - 1/e) = 63.2 % of its final velocity v¢. Thus, the relaxation time is defined as
(Hinds, 1999):

T = Ppart x d2 x Cc /(18 x r]air)/ (3)

where ppart is the density of the particle matrix and d is the particle diameter, 1. is the
dynamic viscosity of the air. C. is the phenomenological Cunningham correction factor,
which can be approximated as C. =1 + 1.14 - K,, for particle diameters greater or equal than 1
pm. The Knudsen number is defined as K, =\ / (d/2), it is the quotient of the mean free
path A of the fluid and the particle radius d/2. As shown in Table 3, the stopping distance
decreases rapidly with the particle diameter, resulting in a lower overall number of
deposition events on the chip surface with decreasing diameter.

d [um] Kn Cc T [s] S(v=1 m/s) [um]
3 0.04 1.05 28.10-06 28
5 0.03 1.03 77.10-06 77
10 0.01 1.01 305.10-06 30

Table 3. The stopping distance S for particles with the diameters d and corresponding
Knudsen number K, with the Cunningham correction factor C,; initial particle velocity is v =
1m/s

Resulting from the short stopping distance of smaller particles, these particles are easier to
manipulate by electrical fields, resulting in highly precise particle deposition as shown in
the simulations (Figure 16a, b and 17a, b).
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4.3.5 Restriction of deposition layer thickness

An important restrictive effect in the selective particle deposition is illustrated in Figure 18:
A simulation of particles with a diameter of 5 um is shown. In Figure 18a and b, a 10 um
thick pre-deposited particle layer is shown, represented by a black rectangle with a surface
charge of 2.710° C/m? (a) and 54105 C/m?2 (b), which represents the possible surface
charge range of a deposited particle layer. Fewer particles are deposited on the 100 V pixel
in the bottom left picture, because of the increased repulsive force of the particle layer. In
Figure 18 c and d, a 20 pm thick pre-deposited particle layer is shown, again represented by
a black rectangle with a surface charge of 2.7.10> C/m?2 (c) and 5.4105 C/m? (d). Here, the
effect of the particle layer becomes more dominant (c) and eventually prevents any further
particle deposition on the 100 V pixel. Moreover, in (d), one particle trajectory ends on an
adjacent 0 V pixel, causing contamination.

[um] [um]

200 200

0 '] '] '] 1 1 '] 0 '] '] '] '] 1 ']
0 200 400 [um] 0 200 400 [um]
I ]
0 20 40 60 80 100

Fig. 18. Simulation of particles with a diameter of 5 pm, deposited onto a chip; (a, b) show a 10
pm particle layer (black rectangle), surface charge is 2.7.105 C/m?2 (a) and 5.4105 C/m?2 (b); (c,
d) show a 20 pm particle layer, surface charge is 2.7.105 C/m? (c) and 5.410-° C/m?2 (d).

These simulations imply that it is not only important to study the selective effect on single
particles: Especially the effect of already deposited particles on afterwards following
particles is not yet fully investigated. Experiments suggest that the selectivity of the CMOS
chip slowly declines with increasing particle load on the chip surface. Thus, each pattern has
a critical limit of maximum particle load, where further particle deposition will lead to
contaminations on the chip surface. Hence, it will be a topic of future research.

4.3.6 Improvements and consistency of experiments with simulations

Concluding from the preceding simulations, this section shows the improvements achieved
by applying the theoretical results in practical particle deposition.

In Figure 19 left, a deposition pattern of four different deposition patterns (chess board, 1 of
16, 1 of 36, 1 of 64) of particles with a mean diameter of 15.6 pm is shown. A lot of
contaminating particles are visible. In comparison, Figure 19 right shows the same
deposition pattern, but with a mean particle diameter of only 2.3 pm, it is almost free of
contaminations.
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Fig. 19. Four different deposition patterns of micro particles on each chip surface: (left) high

degree of contamination wide particle size distribution, mean diameter 15.6 pm; (right)
almost free of contamination; mean particle diameter 2.3 pym

To illustrate the consistency of simulations and experiments, we simulated the electric
potential of a detail of the chip surface. In Figure 20 left, a simulation of a 5 x 5 pixel
checkerboard pattern on the CMOS chip surface is shown. Only the highest electric
potential (between 99.8 V and 100 V) is shown in yellow, pixels are colored in grey, the
grid electrode is shown in brown. In Figure 20 right, the experimental result of particle
deposition with a diameter of 2.3 pm on the CMOS chip is shown. The particle deposition
clearly resembles the simulation of the highest electric potential, small particles tend to be
deposited in good agreement with the selective electrical field. Even the pincushion shape
(effect described in Loffler et al., 2011) of the on the pixels deposited particles can be
found in both cases.
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Fig. 20. (left) Simulation of a checkerboard pattern on the CMOS chip surface, only the
highest electric potential (99.8 - 100 V) is shown in yellow, pixels are grey, the grid electrode
is shown in brown; (right) experimental result of particle deposition (mean diameter of 2.3
pm)
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4.4 Particle-based synthesis on microelectronic chips

The first successful proof-of-principle peptide synthesis (Nesterov-Miiller, 2008) with amino
acid particles was conducted on passive chips (see section 4.2). Two kinds of peptides NH»-
DYKDDDDK-substrate and NH>-YPYDVPDY A-substrate were synthesized in a chess-board
like pattern. Here, the letters are the standard notation for the amino acids: D is aspartic
acid, Y tyrosine, K lysine, P proline, V valine, and A alanine. The first peptide can be
recognized by the monoclonal mouse antibody called anti-FLAG. The second peptide
epitope is an amino acid sequence characteristic for the hemagglutinin (HA) - a protein
found on the surface of the influenza virus. Six different aerosol chambers were used
according to the number of different amino acids. Two kinds of particles were deposited per
layer. After the peptide synthesis as described in section 3, the chip was exposed to the
antibodies to anti-FLAG and anti-HA antibodies which were stained with fluorescent
labeled secondary antibodies. Alexa Fluor 488 and Alexa Fluor 546 (fluorescein derivates)
were used as tag molecules for detection of the binding events. Finally, the chip was
processed by the standard microarray scanner (Axon scanner GenePix 4000A) usually
applied for the fluorescence measurement of the DNA microarrays. The results of
immunostaining confirmed the principle possibility of fabrication of the peptide epitopes on
the microelectronic chips. Lately, the same experiment has been repeated on the CMOS chip
(Figure 21)3. Prior to the synthesis, the chips have been coated with a ca. 100-nm thick
copolymer layer of 80% MMA  (methylmethacrylate) and 20%  PEG
(poly(ethyleneglycol)methylmethacrylate). This layer has two functions: it protects the
surface of the microelectronic chips - silicon nitride and aluminum electrodes against the
chemicals used by peptide synthesis and serves at the same time as covalent binding partner
for the initial amino acid groups.

Fig. 21. Fluorescence scan of CMOS chip with Flag (green) and HA (red) epitopes synthesized
and fluorescence-labelled by appropriate antibody combinations. The image was merged from
two fluorescence scans at different wavelengths, contrast and brightness were adjusted. Pixel
pitch is 100 um. This demonstrates the high uniformity of signals and signal intensities over
the whole chip and the compact coverage of all pixels (Kénig et al., 2010).

3Reprinted from Sens. Act. B: V. 147, K Konig et al. Programmable high voltage CMOS chips for particle-
based high-density combinatorial peptide synthesis, 418-427 (2010) with permission from Elsevier.
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Specially designed Teflon chambers were used to protect the bonding wires of the chip and
the PCB support during the peptide synthesis.

4.5 Chip printer

The peptide synthesis on the chip has several disadvantages. After 10-15 synthesis cycles and
the removal of the protective groups with trifluoroacetic acid in the last step, the chip cannot
be recycled for the synthesis of new arrays. This obstacle is not practical at today’s
manufacturing cost of high voltage microelectronic chips (up to 500 Euro/ mm? manufacturing
cost in the many project wafers run?). The chip cannot be separated from its PCB support and
thus requires a relatively complicated Teflon protection during the peptide synthesis. The
other drawback is that the size of the surface of the chip is limited by the technical process.
Thus, a considerable part of this expensive surface should be reserved for mechanical Teflon
protection contact (see black margins on the chip surface in Figure 11).

Print head

Substrate

Fig. 22. Chip printer, (top) schematic drawing and (bottom) photo

Hence, a CMOS-chip-based xerographic printing machine (Cheng et al., 2010) has been
developed to allow for the combinatorial particle deposition on dielectric surfaces (Figure
22). The CMOS chip is used as a printing head in this machine. The chip is mounted onto a
tilt stage, which can be moved in the x, y, and z direction. The combinatorial deposition of
particles consists of three steps: First, the electrical field pattern is generated on the surface

4 http:/ /www.europractice-ic.com/docs/ MPW2011-general-v2.pdf
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of the chip. Afterwards, the latent image is developed by contacting the chip with the
bioparticle aerosol. These two steps can be repeated until the complete chip surface is
covered with the desired particle pattern consisting of all 20 different amino acid particles.
Finally, the particle pattern is transferred to a dielectric surface, e.g. a glass slide, by
applying a homogenous electric field between the chip and an electrode on the backside of
the dielectric support. Figure 23 shows an example of a bioparticle pattern transfer from the
chip surface to a glass slide.
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Fig. 23. (left) Amino acid particles selectively deposited on a chip; (right) amino acid
particles printed onto a glass slide

5. Outlook

In this chapter, we have considered the three characteristics of biofunctional xerography:
bioparticles, combinatorial particle deposition and solid phase peptide chemistry. While the
solid phase peptide chemistry is a well established research field in biochemistry,
biofunctional xerography remains an ambitious field with many possibilities for further
development. Due to the rapid development in particle technology, particle parameters as
shape, size distribution and electricity can nowadays be widely varied and adjusted to the
specific application. Novel gentle particle production methods as a spray drying can be used
to fabricate composite particles with activated monomers or even biopolymers inside. The
use of particles with artificial monomers can stimulate the development of novel reaction
schemes in the solid chemistry.

As already mentioned, the complexity of molecular arrays produced with biofunctional
xerography is determined by the complexity of deposited particle patterns. Hence, there is still
a large need for the development of methods for combinatorial particle deposition. The aim of
this study should be, in the ideal case, a method of free combinatorial patterning of
submicrometer particles with high spot densities up to a million spots per cm2. The reported
chip-based methods and the nanoxerography are very promising approaches. Also, we should
not forget that xerography is still not exhausted by the electrophotographical principle used in
modern laser printers. Less known are magnetography, photoconductography, photoactive
pigment electrography et cetera, which proved to be non-competitive in imaging systems, but
could be an interesting option for functional printing.

Driven by the idea to obtain more and cheaper peptides for antibody profiling and peptide
diagnostics, biofunctional xerography emerged as a method for a large-scale synthesis of
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peptide arrays. We suppose that biofunctional xerography will become an efficient method
for the construction of molecular machines in a trial-and-error process and for the search of
artificial molecules with properties of broad interest. Obviously, biofunctional xerography
can be applied to fabricate high density arrays of artificial molecules such as PNA,
peptoides, oligoureas or metallopeptides. All these molecules possess a modular structure
with well defined distances between atoms and chemical groups. Thus, varying the residues
of synthesized polymers, one can systematically study in high density array format the
dependence of electrical, chemical, and optical properties of materials. Measuring the
response to variations and improving it with an evolutionary method by combinatorially
mutating the found molecules, one can create an unforeseen diversity in biofunctional
polymers.
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1. Introduction

The repertoire of chemistry available to native nucleotides in DNA and RNA is limited to
the purine and pyrimidine functional groups, along with the special role of the 2’-hydroxyl
of RNA. The nucleobases have exocyclic amino groups and imines, neither of which is
highly reactive or a good candidate for catalytic function. One might argue that the limited
range of chemical reactivity is an evolutionary advantage in molecules whose functions are
primarily to store (DNA) and process (RNA) genetic information. The most important
attribute of both DNA and RNA is the molecular recognition through base pairing. The
hydrogen bond pattern combined with the conformation of the ribose sugar gives rise to the
specific B-form double helix in DNA and A-form helix with a range of additional standard
folds in RNA, loops, bulges and pseudoknots. These structures are well known for their
ability to interact with proteins to provide a scaffold for transcription (DNA — RNA) to
create messenger RNA (mRNA), and processing of mRNA by enzymes that have active
components composed of RNA molecules. The chemical action of RNA on other RNAs by
means of the 2’-hydroxyl is an exception to the lack or reactivity of DNA and RNA. Self-
splicing by action of the 2’-hydroxyl as a nucleophile was the process that broke the dogma
that RNA is always a passive molecule that simply transmits information [1]. Indeed, RNA
is very active in processing other RNAs using the 2’-hydroxyl as a nucleophile for
hydrolysis of the phosphodiester bond leading to cleavage or to rearrangements of structure
such as RNA splicing. Outside of this reactivity, the components of the purine and
pyrimidine rings are largely inert. Aromatic amines are poor nucleophiles, and imines are
even less reactive. The purine and pyrimidine rings are not particularly electrophilic
because of the nitrogen heteroatoms and carbonyls.

Using in vitro selection (also known as SELEX) [2-4], and appropriate modification, RNA
and DNA have been developed for numerous applications that transcend their biological
functions. In this chapter we will consider the modifications of the nucleobase as a means to
expand upon the native function. The extensive literature on modifications of the
phosphodiester backbone and the ribose sugar will not be considered in this chapter due to
space limitations. Base modifications may consist of expansions of the purine/pyrimidine
ring, appended functional group or chemical modification to increase the stability of the
backbone with respect to hydrolysis. Expanded DNA or xXDNA has been developed as
mimics of native DNA with potential biotechnology applications [5, 6]. In these molecules,
the purine and pyrimidine rings are fused to phenyl or naphthyl rings to give rise to
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extended nucleobases. RNA and DNA aptamers have been obtained through in vitro
selection using both native nucleobases and modifications in the 5-position of uracil [7-10] or
the 8-position and 7-deaza positions of adenine [8, 10, 11]. In both of these cases, the ability
of polymerases to tolerate the modifications is crucial to the development of novel
technologies. The additional feature that is omnipresent in the strategy for the development
of new structure and function is the role played by divalent ions. We consider this as well
since it is a technological modification and non-natural ion concentrations are routinely
used in selections and in the technologies developed. One can divide technological
applications into two structural categories. 1.) the interaction with nucleic acids and 2.)
interactions with other classes of molecules, amino acids, or other ligands or substrates that
are completely unnatural. This chapter is concerned with the role of modified nucleic acids
in determining the structure of an oligonucleotide. The large number of modified
nucleosides and nucleotides for clinical applications are not considered here [12].

The structure of RNA and DNA is defined to promote interaction with other nucleic acids.
Both the base stacking and electrostatic repulsion of the phosphodiester backbone provides a
specific driving force and ionic atmosphere that favors interaction with a complementary
shaped molecule. The practical applications that involve nucleic interactions and molecular
recognition include ribozymes [13] which can play a role in gene regulation similar to
microRNA [14]. Therapeutic ribozymes catalytically hydrolyze transcripts and thereby
regulate gene expression, often by translational repression. The therapeutic implications of the
RNA regulation pathways are largely beyond the scope of this chapter, but one comment is in
order. The development of modified nucleobases may play a significant role in the
development of therapeutic RNA. However, the selections and functional testing must then
be carried out under the condition of low divalent ion concentration that mimics intracellular
conditions. This issue is discussed below further since it is relevant to the development of
strategies in the laboratory. Secondly, modified RNA for in vivo application may also be
fortified by alterations of the phosphodiester backbone to prevent degradation by hydrolysis.
One further point is that RNA is most adapted to the modification of other RNA. RNA
hybridization and the positioning of the 2’-hydroxyl are unique structural features that will
likely be important in therapeutic strategies. Precisely, for this reason therapeutic RNA
development is a separate topic from the thermodynamics of the modifications. Given the
susceptibility of RNA to hydrolysis a variety of alternatives have been sought in the laboratory
to permit the development of technologies that use the evolutionary advantage of RNA and
DNA. Modified nucleosides are needed to extend the functional range of binding and
catalysis beyond those of nucleic acids. For example, RNA and DNA catalysts have been
developed through in vitro selection using bases modified in the 5-U and 8-A,G positions [8,
15, 16]. DNA catalysts have been also designed using intercalators that contain metal centers
[17, 18]. Templated structures that use the advantage of recognition in chemistry have been
employed to advantage in the development of novel hydrolysis catalysts using both divalent
ions and embedded amino acid functionality [19-21].

Addition of chemical functionality that causes large changes in DNA or RNA properties
requires consideration of the structural and chemical aspects of nucleic acids in applications
ranging from binding interactions to enzymatic catalysis. In this chapter we consider the
effect of nucleobase modification on the stability of RNAs and DNAs for applications as
aptamers or enzymes. The relationship between the modified nucleobase and polyanionic
phosphodiester backbone requires consideration in the design of new molecules for catalytic
and binding applications. When DNA and RNA come into contact with proteins the
electrostatic repulsion can reduce binding constants and specificity of binding. For this
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reason the majority of (deoxy)ribozyme and aptamer applications to date involve the
processing or binding of other RNA and DNA molecules. While the majority of the altered
DNA and RNA structures involve hydrophilic groups that may be charged and may interact
with the phosphodiester backbone, there has also been a concerted effort to develop
hydrophobic groups for modification of DNA binding properties. The thermodynamics of
the hydrophobic effect and the ramifications for structure and binding of amphipathic
molecules will be applied to an understanding of the behavior of DNA in protein binding
assays based on these new modifications.

2. Thermodynamics of DNA and RNA structure

Calorimetric data and melting behavior have been used to determine the thermodynamic
stability of DNA and RNA. Breslauer et al. have tabulated the free energies of base pair
formation in DNA based on the calorimetric data [22]. Such analyses have led to accurate
prediction of the stability of base pairs used in design of primers, polymerase chain reaction,
and a host of other common applications that involve DNA. RNA thermodynamics and
structure have likewise been studied [23], tabulated and used in RNA structure prediction
programs such as mfold [24] and frabase [25]. The thermodynamic data do not account for the
changes in stability that occur when altered nucleobases are incorporated into the sequence.
There are three main contributions to formation of stable hybridized structures 1.) electrostatic
repulsion of the phosphodiester backbone, 2.) hydrophobic interactions due to base stacking
and 3.) hydrogen bonding interactions leading to molecular recognition in base pairing. In
terms of the magnitude, contribution 3.) is clearly the weakest, although it is the essential
feature of DNA and RNA recognition. Hydrogen bonding of the nucleobases in DNA or RNA
must be referenced to hydrogen bonding in water. Since the hydrogen bond strength with
water is significant, it is the molecular fit of the bases in the sequential base alignment rather
than strength of the individual hydrogen bonds that dominates the hydrogen bonding
contribution (effect 3). The hydrophobic effect, effect 2, is a major thermodynamic driving
force for assembly leading to base stacking and self-assembly. The hydrophobic effect results
primarily from the unfavorable entropy of solvation of hydrophobic molecules. The water
molecules surrounding a hydrophobic solute do not have strong interactions with the solute
and this leads to an altered structure, which can be described as an organized cage of
hydrogen bonds around the solute. There is a driving force for aggregation of hydrophobic
solutes in order to reduce the surface area-to-volume ratio, and hence to reduce the
unfavorable entropy of solvation. The magnitude of this effect is sufficiently large that it is
considered a dominant thermodynamic contribution in protein folding, membrane formation
and DNA and RNA folding. The phosphodiester backbone is a polyanion (effect 1), which
leads to unfavorable interactions that are overcome only when the ionic strength of the
solution is sufficiently large to screen the charge on adjacent nucleic acid strands. Screening
and specific structural interactions of divalent ions play a special role, particularly in RNA
folding. RNA forms predominately A-form helices that are part of hairpins, bulges and
pseudo-knots. DNA has a smaller conformational space than RNA. Hairpins form but the
thermodynamic stability decreases dramatically with increasing loop size [26].

The thermodynamic contributions to the total folding or hybridization energy are affected by
specific changes to DNA or RNA structure due to chemical modification or solvent conditions.
For example, base stacking depends on base size, which is an important consideration in
technologies based on expanded bases such as x- and yDNA shown in Figure 1. [27-29]
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Modified nucleosides capable of photocrosslinking reactions include 4-thio and 4-halogeno
derivatives of uridine of deoxyribouridine shown in Figure 2. Photocrosslinking with DNA or
DNA/RNA strands depends on appropriate conformations, which are accessible transiently in
DNA, and hence is dependent on the dynamics of the structure. Base modifications that
consist of charged and hydrogen-bonding nucleophilic groups tend to increase solubility and
stability as measured by melt temperature (Figures 3E and 3F). On the other hand,
hydrophobic base modifications reduce solubility by increasing the tendency for aggregation
and reducing the role played by base stacking in stabilizing the overall structure (Figure 3A-D
and 3G). Hydrophobic pendant groups could conceivably induce formation of a hydrophobic
core as observed in micelles or proteins. This possibility is considered in detail in this chapter.
In view of the complex chemistry of DNA and RNA, this chapter strives to examine the
thermodynamic studies available to explain the various modifications and their effects.

A B

OH H
Fig. 1. The expanded 2’-deoxyadenosine used in the synthesis of x- and y-DNA.

Y

NH

X=FCLBr,l , Y=0,8S , Z=H, OH, OCH;

Fig. 2. 4-thio and 5-halogeno modifications of uridine. The X substituent in the 5-position
can be any of the halogens, F, Cl, Br or I. The 4-oxo position shown as Y can be substituted
with a sulfur to produce the 4-thio derivative. Most frequently these modified uridines are
synthesized as the 2’-deoxy (Z = H) or the 2’-O methyl (Z = OCHj3) derivatives.
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Fig. 3. Modification of 2’deoxyuridine in the 5-position. The modifications shown A) indolyl
carboxamide, B) isopropyl carboxamide, C) phenyl carboxamide, D) naphthyl carboxamide,
E) amino ethenyl, F) guanidinium ethenyl G) pyridinyl carboxamide H) imidazolyl ethenyl
carboxamide and I) imdazolyl carboxamide ethynyl.

3. Expanded DNA and modification of the base stack

The concept of modification of the nucleobase to create a new kind of genetic code has been
implemented in x- and yDNA nucleobases shown in Figure 1. Quantum chemical
calculations estimate that interactions in a double helix composed of xDNA are 10-15%
stronger in expanded DNA compared to typical interactions native DNA [30]. The origin of
the effect is not hydrogen bond strength, which should be nearly identical in xDNA and
yDNA compared to native DNA [31]. Rather the base stacking interactions are the origin of
the increased stability, which is manifest in the change in melting temperature from [27].
The melting or denaturation temperature is the temperature at which the duplex is in
equilibrium with single-stranded DNA (ssDNA),

ssDNA;):(ssDNA, ) <> ssDNA; + ssDNA.
1 2 1 2 (1)

where the equilibrium constant

_ [ssDNA; |[ssDNA,|
k= [(ssDNA,): (ssDNAzz)] @
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and double stranded DNA (dsDNA) is represented by (ssDNA; ):(ssDNA, ) .However, by

measuring the absorbance change, AA, at the maximum wavelength of the combined purine
and pyrimidine bases, one is measuring the difference in concentration, between the ssDNA
and dsDNA forms. Although the individual nucleobases have small differences in the
maximum wavelength, Amax, the average wavelength of 260 nm is used. The difference in
concentration can be related to the fraction hybridized. If the initial concentration of dsDNA
is C, and the concentration of ssDNA is x then the fraction hybridized is

b [ (ssDNA, ) : (ssDNA4,) | _C,-x o
[(ssDNAI) :(ssDNA4, )] +[ssDN4,;| +[ssDNA,] C,+x
Since
2
K== @
C,-x
Thus,

JK?+4KC, - K
s ©)

2

Finally, the equilibrium constant contains the temperature dependence,

_ AH® A4S8°
K—exp{- RT }exp{ R } (6)

The equilibrium constant approaches, K = 1 at the the melt temperature, Tr,. This
temperature is determined by the ratio of the enthalpy to the entropy,

_AH®
48°

)

m

Finally, we note that the steepness of the melt curve depends on the magnitude of the
enthalpy and entropy in this ratio. Observation of a less steep melting curve is an indication

that 4S° is relatively small. It is noteworthy that xDNA melts at a significantly higher
temperature than a native DNA with the same nominal sequence, however, both the
enthalpy and the entropy of hybridization are significantly smaller than for native DNA.
The basic analysis presented here complements analysis based on the van’t Hoff plot [27].
The smaller entropy change is attributed to “prestacking” of the nucleobases in xDNA.
Since the nucleobases in xDNA are significantly larger they have greater exposed
hydrophobic surface area and this leads naturally to a greater tendency of these bases to
associate even in ssDNA. The greater thermodynamic stability of xDNA and yDNA may
have application in a new genetic code for biotechnology applications. In summary, the
hydrophobic modification appears to increase stability of hybridized x- and yDNA in a
highly specific manner since they are in the base stack.
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4. Photocrosslinking agents

Photocrosslinking is a known technique for structural biology applications. The
crosslinking requires that pairs of nucleobases are in proximity, which is dependent on
the range of their motion at a given temperature. Natural intrastrand crosslinking in
DNA involves the formation of thymine dimers, which is facile when these two
pyrimidines are adjacent in the base stack. However, photocrosslinking probes can also be
introduced artificially into the base stack to provide information on three-dimensional
structure. The naturally occurring modified nucleic acid 4-thiouridine (4-thioU) in RNA
is capable of inducing crosslinks upon excitation with 330 nm light [32]. RNA or DNA
made with 4-thioU provides a means to study the proximity of bases in a complex
structure [33]. Photocrosslinking followed by digestion of the nucleic acid uses nucleases
can be used to deduce the location of specific crosslinks. 5-halogeno uridines have been
used as artificial crosslinking agents to determine the interaction of polynucleotides with
proteins or as the basis technologies based on photocrosslinking selections based on 5-
bromouridine [34]. Based on this observation a recent innovation using 5-fluoro-4-
thuouridine (FSU) has been demonstrated to induce crosslinks to thymidine, which result
in the creation of a fluorescent molecule [35]. While 4-thiouridine forms a number of 6-4
and other crosslinks [33, 36], FSU forms a highly specific crosslink with thymidine that
have a fluorescence quantum yield of ~0.5 for excitation at 370 nm and emission at 470 nm
[35]. The thermodynamics of formation of the FSU fluorocrosslink has an analogy in the
protein world. The formation of the chromophore in green fluorescent protein (GFP)
involves ring formation (like the fluorocrosslink of FSU). In both cases the processes is
apparently driven thermodynamically by a second step that involves loss of a stable
molecule. In GFP there is an oxidative dehydrogenation step that results in the loss of
water. In the fluorocrosslink, HF is lost in the process of formation of the fluorescent
product [35]. The formation of covalent crosslinks has application in structural studies
(4-thioU), detection of crosslinked binding partners (5-BrU) and fluorescent detection of
DNA hybridization (5-fluoro- and 5-chloro-4-thioU). These crosslinks have the potential
to inform on dynamic states of DNA and RNA since two nucleobases must be in
proximity in order for photochemical crosslinking to succeed.

5. DNAzyme templates for enhanced nucleophilicity

Reactivity in DNA can be modulated using a templating approach that holds the catalytic
nucleophile of non-native ribose sugar in an appropriate geometry can be positioned to
accelerate hydrolysis [19]. This structural modification can be called templating since it
brings two strands into proximity using the molecular recognition of the DNA binding arms
to permit catalysis as shown in Figure 4. This idea has been tested using RNA-DNA hybrids
containing either the 2-OH and 3’-OH with an adjacent triphosphate [37], and more recently
using the incorporation of amino acids serine and tyrosine into the DNA sequence [21]. The
template approach is useful, but requires synthesis to prepare appropriate starting materials
that can hybridize to the flanking regions shown in Figure 4. DNA-templated
polymerization of peptide nucleic acid (PNA) aldehydes has been used to generate tetramer
and pentamer PNA building blocks with one, two or three lysine side chains at various
positions in the building block [38]. Controlled structural arrangement by hybridization
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provides a method to immobilize co-factors or selected nucleic acid catalytic structures,
which can serve as catalytic sites [39, 40]. The templating approach obviously has little or no
effect on the thermodynamic stability of the DNA in the binding arms, which are the
essential interaction for templating. This method is fairly conservative with regard to
modification of structure, which is one of the reasons it is regarded as a robust method.
However, the method also relies on high divalent ion concentrations for reactivity, but the
identities of the ions required depends strongly on the DNA sequence. Based on the recent
demonstration the a two-site mutant of 10MD5 DNAzyme switches from both Mg2* and
Zn?* to a requirement of only Zn2?*, one may consider the DNAzyme as a kind of
metalloenzyme [20]. However, the mechanistic role of the divalent ions in the DNAzymes is
unknown at this time.
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Fig. 4. Templating strategies that use DNA to hold modified structures in place to promote
catalytic efficiency. A.) a hydrolysis reaction is shown. B. a ligation reaction is shown.
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The major targets for templated DNA catalysis are hydrolysis reactions involving
phosphate esters, glycosidic, or amide bonds. One can compare the control over reactivity
with serine proteases, in which the reactive hydroxyl group of serine is partially negative
in charge because of controlled hydrogen bonding interactions in the Asp-His-Ser
catalytic triad [41]. In fact, modifications that incorporate serine into the DNAzyme
function very well. The charge relay concept involves the partial deprotonaion of the
hydroxyl group on serine by its hydrogen bond to imidazole. Imidazole in its turn is
partially negative in charge because of a hydrogen bond to anion aspartate. The hydroxyl
group has an alkoxide character and hence is a better nucleophile. Divalent metal ions
may play a similar role interacting with an alcohol, such as serine or the 2’-hydroxyl. This
role is well-known in RNA, but in DNAzymes it is less clear how divalent metal ions help
to lower the barrier for phosphodiester cleavage. The key thermodynamic consideration
in the design of such catalysts is the reactivity of the target amide, glycosidic or
phosphodiester bond relative to that of the nucleophile. Amides and DNA
phosphodiester bonds are ~20 and ~400 times less reactive than RNA phosphodiester
bonds, respectively, making RNA the least stable biopolymer [42, 43]. The high
thermodynamic stability of the DNA phosphodiester backbone relative even to protein
amide bonds is a key motivation for their development as tools for catalysis of hydrolytic
reactions [37].

6. Metal ions as cofactors: enhanced reactivity of chiral DNA scaffolds

Metal ions are a double-edged sword in RNA chemistry [44]. Divalent ions, usually Mg2*,
are needed for the function of catalytic RNA. Monovalent ions, such as Na* and K+ are often
sufficient for screening the charge of the phosphodiester backbone (vide infra), but divalent
ions can be required for specific function of the RNA catalyst. For example the group I
intron X-ray crystal structure shows two crucial Mg?+ ions required for function [45]. Yet,
the the increased nucleophilicity of the 2'-OH leads to hydrolysis of RNA itself. High
divalent metal ion concentrations are therefore useful for structure mapping of RNA, but
clearly they are detrimental to ribozyme stability. As discussed above, this reactivity and the
need to modify the 2’-hydroxyl has resulted in a shift in the field of in vitro selection towards
the use of DNA for aptamers and catalysts.

DNA can be regarded as a scaffold that can hold chelating agents and create active sites for
substrate binding. DNA is less sensitive to hydrolysis than RNA, in the presence of metal
ions, because it lacks the 2’-OH group. DNA can also be a metalloenzyme that binds a co-
factor that is capable of chelation of a metal. Examples include Cu?*-dependent,
stereospecific Diels-Alder catalysis [46, 47], carbon-fluorine bond formation [48] and the
Friedel-Crafts reaction [49]. This approach is not limited to common metals in biology, as
observed in an Ir*-diene-dependent allylic substitution catalyst [18]. Cofactors such as
bipyridines [17], polyaza crown ethers [50], dienes [18], and metalloporphyrins [51] have
been introduced by intercalation or clever use of the G-quadruplex motif of DNA.
Chelation of metal ions in proteins is the essence is much of biological catalysis. By
designing binding sites for metals in DNA and RNA, the number of catalytic reactions
accessible to the nucleic acids is greatly increased. Chelation obviates the problems
associated with free metals that can catalyze hydrolysis of the phosphodiester bonds.
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7. Thermodynamics of RNA and DNA aptamer binding

The stability of aptamers and the thermodynamics of their binding can be measured by
calorimetry and CD to reveal that the melting temperature and structural changes
associated the binding to a target. One key conclusion from such studies is that electrostatic
interactions are a dominant force in binding to amino acids, peptides and proteins. For
example, L-argininamide binds to its aptamer with a AGe = -5.1 kcal/mol and AHe = -8.7
kcal/mol [52]. The unfavorable entropy of binding, TASe = +3.6 kcal/mol, arises from the
ordering of the loop region when L-argininamide binds to the hairpin structure. The
melting temperature is 50.1 °C for this monomeric aptamer, but this value increases
proportional to L-argininamide concentration indicative of the stabilizing effect of the
bound cognate ligand [52]. The stabilization of DNA and RNA by cationic ligands and
proteins is a consequence of the interaction of the negatively charged phosphodiester
backbone. In the general case ligands such as L-tyrosinamide bind by electrostatic,
hydrophobic and hydrogen bonding interactions [53]. Typically, a conformational change in
the RNA or DNA aptamer is a hallmark of the small molecule binding [54]. However, the
driving force for binding by the small molecules has a large electrostatic component. This
holds true for the most studied of aptamer protein complexes. The thrombin aptamer binds
primarily by electrostatic binding at a surface fold that contains many exposed arginine and
lysine residues [55, 56].

The change in conformation associated with aptamer recognition stands in contrast to the
entropically-driven minor groove binding of many hydrophobic drugs to dsDNA. Dyes
such as Hoechst 33258 bind with little change in DNA structure leading to a reduction in
hydrophobic surface area [57]. Thus, the thermodynamics of minor groove binding is clearly
driven by the hydrophobic effect. On the other hand intercalators, such as the anthracyclines
have significant contributions from the hydrophobic effect by insertion into the base stack
and an electrostatic effect due to the charge-charge interactions, and hydrogen bonding
effects [58]. Hydrogen bonding effects are considered the smallest contribution, e.g. ~1
kcal/mol, in the case of the anthracyclines. Intercalators also lead to unwinding of DNA,
which gives rise to an unfavorable entropy contribution that essentially cancels the
hydrobphobic effect. Thus, binding of intercalators is largely enthalpic. One can conclude
that for both intercalators and cognate ligands such as L-arginamide, ionic effects are
particularly important determinants of aptamer binding strength.

Since DNA and RNA are polyelectrolytes it is useful to include the effects of ion
displacement in the measurement of free energies of binding by determination of the
binding constant as a function of salt. Using the relation between the equilibrium binding
constant, K and the free energy,

AG® = -RTInK ®)

The polyelectrolyte contribution to the binding free energy can be obtained from the
equation,

AG,.° =- 61’15{”]5;} RTIn| Na" | )
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4G,,° is the excess binding free energy relative that at [Naq = 1. The non-electrostatic free

energy change of binding is
AG = AG’ - AG,,° (10)

AGt° is useful for comparison of charged and uncharged ligands since it contains a minimal
contribution due to the ligand charge. This particularly important in cases where the
structure of phosphodiester backbone is altered. Any conformational change that brings the
charged phosphodiester groups in proximity will be highly dependent on the ionic strength
of the solution. Aside from hybridization itself, which requires an ionic strength of at least
0.1 M, conformational changes in DNA that will cause it to deviate from an extended B-helix
must depend strongly on ionic strength.

These considerations lead to separate discussion of the major types of modification of DNA
that are current in use. Hydrophilic modifications can also carry a positive charge and
partially neutralize the phosphodiester backbone. This effect can mitigate the repulsion and
permit different folds and can also enhance certain types of reactivity. The effect of
hydrophobic modifications of nucleobases is more difficult to predict. However, since the
short chemical linkers used for nucleobase modification (Figure 3) precludes intercalation,
there is a competition between standard B-form helix and a potentially new fold of DNA.

8. Modification of aptamers and (deoxy)ribozymes with hydrogen-bonding
groups

Polypeptides serve as one source for design of novel function in DNA and RNA.
Nucleobase modifications that include polypeptide functional groups involve the use of
pendant imidazoles, amines, or guanidinium groups, which mimic the amino acids lysine,
histidine and arginine, respectively [8]. In addition to those shown in Figure 3 for modified
uridine, there are also the modifications at the 8-position of adenosine and guanosine shown
in Figure 5. These groups provide reactivity that is normally absent in nucleic acid
chemistry. These modifications increase the range of catalytic activity of (deoxy)ribozymes.
These are water-soluble groups that tend not to interact with the hydrophobic interior of the
nucleic acid. They may have some tendency to interact with the anionic phosphodiester
backbone since they tend to be cationic with pKa at ~7, ~9 and ~12, respectively. These types
of modification have been successfully employed in strategies to make a new class of
phosphodiesterases for in vitro application [8]. The charged groups may enhance substrate
binding for recognition or catalysis [15]. Changes in pendant groups in the 5-position of
uridine or 8-position of guanine or adenine do not have a major impact on the
thermodynamic stability of DNA or RNA. However, specific charge interactions of
guanidinium and amine groups with the phosphodiester backbone can increase the stability
of modified DNA. The utility of these modifications has been shown recently in the
development of DNA phosphatases that function at physiological concentrations of Mg2+
[8]. There are numerous protein enzymes that function without a requirement for a metal
ion. Acid-base catalysis and nucleophilic displacement reactions are two common types of
mechanism that can be catalyzed using acidic or basic amino acids. By including these
functions in DNA structure, new tools can be developed for therapeutic degradation of
RNA sequences.
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NH,

Fig. 5. Modified 2'-deoxyadenosine molecules A. modification by an amino group in the 7-
deaza position. B. modification by an imidazole ring in the 8-position.

9. Hydrophobic modifications: thermodynamic effects in amphipathic
systems

Hydrophobic pendant groups have been used to structurally modify nucleobases in a
number of recent applications. While the initial concept for these groups was tested on RNA
aptamers and in vitro selection for enzymes, the field moved to DNA aptamers because of
their greater thermodynamic stability. The hydrophobic pendant groups shown in Figure
3A-3D in modified DNA and the pyridyl group in Figure 3G has been used in RNA various
applications. The phenyl, indolyl, and isopropyl groups mimic the hydrophobic amino
acids, phenylalanine, tryptophan and valine, respectively. The hydrophobic modifications
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have the potential to dramatically change the properties of both RNA and DNA. It is
essential to understand the thermodynamic properties of these amphipathic structures to
make sense of the consequences of the structural changes. If a single base is modified, as is
the case in most studies where each uridine carries the modification, then 25% of the sites on
the DNA or RNA sequence will contain the hydrophobic modification on average. The
naphthyl group is the most drastic change. It has a larger hydrophobic surface area than the
RNA and DNA nucleobases themselves.

The question for the structural library that is intended with these modifications is whether
the balance of forces leading to hybridization can be significantly altered by these
modifications. One can envision that a sufficient number of such modifications leads to a
change in the structure that deviates from the dominant B-form DNA. Alternatively, if the
thermodynamics that lead to B-form helix dominate then the hydrophobic groups will be on
the exterior and will present a hydrophobic surface. In this case, the exposed hydrophobic
surface area has the potential to produce aggregation. In applications that involve evolution
of aptamers the exposed surface area may lead to greater interaction with proteins.
However, give the nature of hydrophobic effects, this is unlikely to be a specific interaction.
In essence the hydrophobic modification of polynucleotides can be regarded as the creation
of a kind of organized surfactant, and the same properties must be considered as one would
consider for traditional surfactants including aggregation and protein denaturation.

The hydrophobic effect is considered the dominant effect in biological self-assembly ranging
from membrane formation to protein folding. The role of hydrophobic amino acids is
mainly to nucleate folding by providing a hydrophobic core for a protein. By analogy,
extensive use of hydrophobic amino acids and other even more hydrophobic groups such as
the naphthyl group can lead to some changes in structure and properties of nucleic acids.
Based on the foregoing considerations, there are two significant alternatives that one can call
refolding and hydrophobic surfactant formation, respectively. In the following we discuss
the thermodynamic factors that govern the structural dichotomy.

The free energy that accompanies the transfer of a hydrophobic solute into aqueous solvent
has been viewed as the key measurement to determine the relative contribution of a group
to protein folding and other self-assembly phenomena. The magnitude of hydrophobic
transfer can be quantified using the partitioning coefficient y, where,

r=c (11)

In this definition C,, is the concentration in water and C, is the concentration in the vapor
phase, i.e. the vapor pressure of the organic solute [59]. Although benzene and naphthalene
are considered less hydrophobic than isopropanol on the v scale, their absolute solubilities in
water are significantly lower.

DNA structures have a more limited repertoire than RNA structures, and consist mainly of
hairpin structures. One can consider the effects of alterations of nucleobases in the stem and
loop of a hairpin. In order to make a quantitative estimate of competing effects one can
compare the thermodynamic stability of B-form DNA to the hydrophobic contribution of
the added groups on modified nucleic acids. For DNA AGe per base pair is estimated to
range from -0.9 to -3.6 kcal/mol [60]. This interaction energy, which is mostly driven by
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hydrophobic interactions, can be compared with the gas phase dimerization energy for
naphthalene, which is ca. 4 kcal/mol [61]. The structure of benzene differs significantly from
that of naphthalene. While naphthalene tends to form cofacial dimers, benzene molecules
interact in a T-conformation in H»O with significant induced dipolar effects [62]. The
solvation energy of benzene has been calculated to 1.5 kcal/mol less than that of
naphthalene [63]. Sequestration of naphthalene dimers in hydrophobic surfaces has been
demonstrated by the formation 2:2 complexes (two naphthalenes joining two cyclodextrins)
with a free energy change of -11.8 kcal/mol [64]. This suggests that sequestration of
naphthalenes in the loop region would certainly solidify the loop region by means of the
hydrophobic effect.

Nucleobases interact with hydrophobic molecules, such as naphthalimide [65], leading to
the possibility that these groups can either intercalate, or bind in the major groove on the
hydrophobic surface of the double-helical base stack. Binding to the major groove is mainly
enthalpic, while binding to the minor groove has a large entropic contribution due to the
displacement of bound water in the A-T rich regions [66]. However, the pendant groups
attached to nucleobases in the 5-uridinyl or 8-adenosynyl positions have limited mobility
and can neither intercalate nor associate with the minor groove unless they significantly
modify the double-helical structure of DNA. Given that there is an average of one
hydrophobic group for every four nucleobases, this means that the average hydrophobic
interaction would need to overcome a hybridization free energy in the range from 4.2 - 12.4
kcal/mol [60] in order to alter the structure from B-form helix to another kind of fold. The
given range spans the possible sequence-dependent combinations of four nucleobases from
weakest to strongest [60].

The basic considerations of loop and stem stability lead to the conclusion that hydrophobic
base modifications will have the greatest effect on loop stabilization rather than
modification of the double helix. Such stabilization is analogous to the binding of ethidium
bromide to loops, which leads to increases in the free energy of formation of loops with n =
3, 5, 7 nucleotides [26]. Beyond these effects, the structural effects on the double helical
regions are likely to be very small for single base modifications. Overall only a small
structural effect is expected although there may be formation of a hydrophobic core in the
loop regions by hydrophobic groups. Similar considerations apply to pyridine-modified
RNA and have been examined structurally as discussed below.

9.1 Effect of hydrophobic interactions on ribozyme catalysis

A pyridyl-modified RNA, DA22, has been proposed to be capable of carbon-carbon bond
formation [7]. The mechanism of the reaction can be understood in terms of hydrophobic
surface presented by pyridyl-modified RNA (Figure 3G,Y = OH), which promotes binding
of Diels-Alder reactants and thereby facilitates carbon-carbon bond formation as shown in
Figure 6. Typical reactants in the Diels-Alder reaction are called the diene, a molecule
containing a double bonded carbon, and the dienophile, a molecule containing two
double bonds that reacts with the diene as shown in Figure 6. The diene and dienophile
are themselves quite hydrophobic. For this reason the hydrophobic effect has a long
history in acceleration of rates of Diels-Alder and related reactions in water using
molecules like cyclodextrin to provide a hydrophobic surface for the two participants in
the Diels-Alder reaction to find one another in a confined space [67]. The pyridyl-
modified RNA, DA22, behaves essentially like a cyclodextrin in its ability to bind the
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diene and dienophile. Structure mapping using mung bean nuclease or lead acetate
revealed that the pyridine modification had a minor effect on the structure of the RNA
[68]. Kinetic experiments have shown that DA22 is not a metalloenzyme, and the claim
the Cu2* participates in the reaction [7] has been disproven by both structure mapping
and kinetic studies of DA22 [68]. One difference between the pyridyl-modified RNA and
cyclodextrin is that there is no size discrimination in DA22. Therefore, relatively large
substrates such as anthracycline derivatives were accepted as substrates by DA22 [68].
Given that the original selection was for a much smaller substrate, it is clear that DA22
does not have substrate specificity [7], but rather works based on a general hydrophobic
effect [68]. This type of interaction is quite distinct from a subsequent development of a
true enzyme, J49, based on a fold of native RNA [69]. In fact the Diels-Alder reaction
catalyzed by DNA, which may further indicate the general nature of the requirement for
hydrophobic surfaces to bring the diene and dienophile together [46]. However, in the
case of the RNA J49, the specificity of binding by the hydrophobic effect reveals a second
major issue in the development of artificial ribozymes, namely product inhibition [70].

A. Enzymatic, multiple turnover
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Fig. 6. Illustration of two kinds of transformations that involve the Diels-Alder reaction
between a diene, Sy, and dienophile, S;. A.) In the enzymatic transformation the enzyme E is
unchanged during the course of the reaction. B.) In the non-enzymatic transformation the
bimolecular reaction between S; and S, causes the enzyme to become inactivated

Product inhibition is a major impediment to the development of enzymes with a well-
developed binding site, i.e. those where there is significant sequestration from solvent water
due to the hydrophobic effect. The first specific ribozyme-catalyzed Diels-Alder reaction
(Figure 6A) used only naturally occurring nucleic acids [69, 71]. Extensive structural
characterization reveals that the Diels-Alder product binds in a specific pocket in the RNA
[72]. While this is an excellent example of the power of in vitro selection, the tight binding of
the product, rather than the transition state, shows that product inhibition is an inherent



314 Biotechnology of Biopolymers

problem for the tethered substrate selection strategy [72]. It was later shown that product
inhibition can be potentially overcome with appropriate selection design using an in vitro
compartmentalization strategy [70]. In this strategy the reaction takes place under multiple
turnover conditions in a single droplet so that selection of a true enzyme can be
accomplished. However, pyridyl-modified RNA, DA22, cannot show product inhibition
since the product is itself a suicide inhibitor as shown in Figure 6B. Given the large
hydrophobic surface area in DA22 it is likely that there are many “active sites” on the
hydrophobic surface that can promote the second order reaction of the tethered dienophile
with a biotin labeled diene [68].

In considering the role of inhibition, one can use classical competitive kinetics to describe
the inhibition of a single substrate.

k. |E|l |S k... tk
v, = cat[ ]0[ ] , KI: cat off (12)
aK111+[S] kon
Where
a-1+ll g B (13)
K, EI]

The rate constants in this model are ke, kon and kog, which are the catalytic rate constant,
substrate on and off rates for binding, respectively. The competition of substrate, S, and
inhibitor, I, is expressed in terms of the magnitude of the inhibitor dissociation constant, KI
relative to the inhibitor dissociation constant, which is related to the ratio of the off rate, Ko
divided by the on rate, kon. While these equations are well-known textbook examples, they
are derived for protein catalysis and have been used incorrectly in some treatments of
ribozyme kinetics.

The equations should only be used for multi-turnover catalysts such as the J49. Eqns. 12 and
13 have no meaning for second-order reactions such as carbon-carbon bond formation by
DAZ22. The original discovery of RNA “catalysis” required a proof that RNA can function as
a true catalyst, which means that it is not changed structurally by the chemical
transformation. A second caveat is that product inhibition requires a more involved
treatment than Eqn. 13 above since the concentration of inhibitor I starts at zero
concentration and increases with time in the case of product inhibition. It is absolutely
incorrect to use methods such as Morrisons’s quadratic equation which is only valid for
tight-binding inhibitors when [I] ~ [E] [7]. Finally, the maximum substrate concentration
needs to be carefully checked since accurate fitting of the equation is only possible when
[Slmax > Km. In cases where data are limited due to lack of solubility of hydrophobic solutes,
this should be noted and the accuracy of the result will clearly be less. Double reciprocal
plots of the type used in Lineweaver-Burke analysis should be avoided since these plots
mask this problem and can give rise to incorrect parameters [7].

9.2 Hydrophobic effect in RNA-mediated materials synthesis
RNA-mediated materials synthesis is a relatively new concept that extends the potential
role of RNA processing to include inorganic materials. This challenging idea requires an
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in vitro selection for a templating reaction or catalysis of starting materials that will lead to
formation of a structure that is by definition much larger than the RNA itself. The first
example of this type used two sequences of pyridyl-modified RNA. The sequences
identified as Pd17 and Pd34 were reported to form Pd hexagons and cubes, respectively,
in aqueous solution [73]. In this case the hydrophobic effect is a major contributor to the
chemistry since the starting material in the synthesis is the zero-valent Pd complex
trisdibenzylideneacetone dipalladium(0), Pd>(dba)s, which is insoluble in water [74]. For
this reason approximately 50% THF was used in the experiments in Ref. 73, as was
revealed later as the mechanism of the formation was considered in more detail [75]. The
potential effect of such high concentrations of organic solvent on the hydrophobically
modified RNA is likely to be quite large. Although the goal was the production of Pd
nanoparticles [76], it is apparent from the data that aggregates of Pd(dba); were formed
instead [77-79]. These aggregates form spontaneously in hexagonal shaped crystalline
form, but degrade quickly at room temperature. One can liken the phenomenon of
particle formation to the formation of organometallic snowflakes composed of Pd>(dba)s
[78]. Given the increased hydrophobicity of pyridyl-labeled RNA, its solubility may be
enhanced in THF, which may in turn accelerate the process of nucleation of crystalline
aggregates of Pda(dba)s, although no specific role for the modified RNA has been
established in this process.

9.3 Amphpathic effects in the design of aptamers for proteomic applications

Aptamers are structured RNA or DNA molecules selected by in vitro selection methods to
bind to certain targets. Since RNA and DNA are polyanions, the binding of these molecules
is limited to certain regions of surface charge. Although polynucleotides are amphipathic
there is little evidence to date to suggest that the hydrophobic effect plays a major role in the
interaction of aptamers of native RNA or DNA with their cognate targets.

The hydrophobic modifications shown in Figure 3A-3D increase the amphipathic nature of
DNA aptamers. In order to understand the thermodynamics of amphipathic modes of
binding we can compare the possible modes of binding to the class of amphipathic
transcription activation domains, which bind to kinase-inducible (KIX) domain of histone
acetyl transferase CREB binding protein [80]. The KIX-transcription regulators are
amphipathic proteins consisting of alternating regions of negatively-charged
aspartates/glutamates and the range of hydrophobic amino acids. These amphipathic
proteins have multiple binding sites on their target CREB, which underscores the lack of
specificity of the binding of hydrophobic groups [80]. Moreover, competitive inhibition by
hydrophobic isooxazolidene molecules considerably smaller than the transcription activator
peptides strongly suggests that the mode of binding is hydrophobic. This mode of
interaction stands in contrast to the known modes of aptamer binding to proteins such as
the electrostatic binding of the thrombin aptamer (vide supra) [55, 56]. The electrostatic
mode of binding is a common mode of binding in proteins such as cytochrome ¢, which
docks via positive charged lysines to negative patches on its electron transfer partners. In
fact, the KIX-transcription regulators represent a relatively unusual amphipathic mode of
binding. The point of this comparison is that hydrophobic or amphipathic binding is
possible, but it is difficult to obtain specificity as reported in a study of the binding affinity
of these aptamers [81]. Studies of the binding of 1-anilino-8-naphthalene sulfonate (ANS) , a
small amphipathic molecule that is widely used as a probe of protein structure, show that it
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has a predominantly electrostatic mode of binding [82, 83]. Thus, one might interpret this as
a general observation that electrostatic interactions supercede hydrophobic interactions.
While this statement is relatively clear for small molecules, it is harder to ascertain for
typical aptamers with 40 nucleotides, of which 10 are modified on average. The novel
concept of using hydrophobic groups to increase binding affinity can clearly lead to high
affinity binding. The question that needs to be addressed is what structures are produced
and can they be made to confer high specificity?

The binding of the hydrophobically modified DNA aptamers designed for proteomic
analysis has recently been measured using gel electrophoresis and competition binding
assays [81]. These experiments demonstrated non-specific binding to the protein targets
both in the multiple bands in the gel and in the non-exponential dependence of binding in
the competition assay for a generic anionic substrate. The lack of specificity for the target
may be due to the amphipathic nature of the modifications introduced, which could lead to
several modes of binding similar to the multiple modes of binding of KIX-domain
transcription regulatory proteins [80]. These experiments demonstrate the need for a
comprehensive examination of the functional groups used from the point of view of the
structural folds accessible to DNA. Approaches using multiple modifications that mimic the
exterior electrostatic properties of proteins more closely may increase binding specificity [8].

10. Conclusion

This chapter discusses the effects of base modification from a thermodynamic perspective.
The use of modifications of nucleic acids must strike a balance between the opposing aspects
that determine DNA and RNA structure, the polyanion backbone and the hydrophobic base
stack. Base modification can be an advantage for design of catalysts because of the intrinsic
reactivity of the functional group attached to the base. The functional groups provide the
nucleophilicity of an amine, acid-base catalysis of an imidazole or the charge-withdrawing
ability of guanidinium. Based on these chemical contributions to nucleic acids, properties
well known in enzymatic catalysis are now being exploited to advantage in DNAzymes.
The data available suggest that the melting temperature is increased by these modifications,
which also means implicitly that DNA B-form structure is conserved. Less is known about
hydrophobic modifications. The thermodynamic consequences could be a change in
structure that would create new fold of DNA. However, no melting or spectroscopic data
have been published, so even the most basic aspects of the structural and energetic
consequences of the modifications remain unknown. There is a major difference between
the formation of a hydrophobic core in a modified DNA and a protein. DNA has a strong
propensity to form linear strands due to base stacking and electrostatic repulsion. The
hydrophobic effect of each modification would need to overcome free energy of stabilization
in the range of 4.2-12.4 kcal/mol for each 4 nucleobases in stem regions in order
dramatically alter the structure from B-form DNA to another kind of structure. Loop regions
of DNA may be stabilized by hydrophobic interactions, which may lead to formation of
larger loops. Whether they form a hydrophobic core or remain exposed on the surface of a
linear B-form helix, the hydrophobicity of the structure may increase binding interactions
with proteins either by presentation of negative charge or by denaturation of proteins onto
the exposed hydrophobic surfaces. Hydrophobic groups tend to have low specificity as
exemplified by the Diels-Alderase case, where DA22 plays only a role a non-specific
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environment that permits the the diene and dienophile to react without providing a specific
binding pocket for catalysis. We conclude judicious use of hydrophobic groups with an
appropriate mixture of charged or hydrophilic groups may provide a great repertoire of
functional DNAzymes and DNA aptamers in the future.
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1. Introduction

Milk fat globule membrane (MFGM) is a protein-lipid biopolymer that originates from the
apical surface of mammary epithelial cells and surrounds fat globules in milk. During milk
synthesis, fat droplets originate in the endoplasmic reticulum and travel directly to the cell’s
apical surface. As they travel from the epithelial cells into the alveolar lumen, they pass
through the apical membrane and are encapsulated in the plasma membrane complete with
the exterior glycocalyx resulting in discrete globules. These milk fat globules have a
nonpolar lipid core composed primarily of triglycerides that is surrounded by the MEGM
which contains both membrane polar lipids and glycoproteins.

While MFGM is in all dairy products containing milk fat, it is especially enriched in churn
buttermilk, a co product of butter production. When milk fat is churned, the membrane
surrounding the fat globules is disrupted, and the free fat released from the globules
coalesces. This process ultimately results in a solid fat phase, butter, and an aqueous phase,
also known as churn buttermilk. This material, buttermilk, has a long history of anecdotal
health-promoting associations, yet it does not currently generate any added value in the
market place for delivering nutritional benefit. MFGM has recently been shown in lipidomic
and proteomic characterizations to have an interesting carbohydrate, lipid and protein
profile. The phospholipids and membrane glycoproteins found in MFGM likely interact
extensively with the gut epithelia during digestion, both physically and biochemically.
Moreover, MFGM has a relatively high concentration of sphingolipids, which in purified
form have been demonstrated to be protective against colon cancer.

The unique composition of MFGM has led to the idea that it may have remarkable
nutraceutical properties, however, few studies have tested this hypothesis. Recent studies
from our laboratory have demonstrated that dietary MFGM improves gut barrier function
in cell and animal models and is protective against colon cancer in a rodent model. In this
chapter we will discuss the isolation, composition, biochemical properties and intestinal
health promoting effects of the biopolymer MFGM.

1.1 Milk fat globule membrane

The role of milk in biology is to nourish infant mammals and to provide vigor, while not
overtaxing the biosynthetic capacity of the mother. This functionality has been refined and
developed over time via evolutionary selective pressure. Like much of molecular evolution,
components of mammalian milks have been repurposed from other functions in biology,
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and the rationale for this is often not clear. While the nutritive value of milk has long been
recognized from a compositional perspective, research into the nutritional functionality of
milk components has consistently revealed novel pleiotropic beneficial effects which go
beyond simple nutrient content (2002; Ward and German 2004; Ward et al. 2004). As
unnecessary components would likely be selected against over time, it is hard to imagine
there is much that is in milk that would not be interesting from a nutritional perspective. For
example, while casein and whey proteins are each recognized as good sources of essential
amino acids, current studies are finding novel peptides, which are produced during
digestion of these proteins, which positively affect health beyond delivery of amino acids.
One interesting, yet underappreciated dairy-derived ingredient is the milk fat globular
membrane. Milk fat has a complex native structure which is the result of a novel synthesis
and secretion process (reviewed in (Ward, German, and Corredig 2005)). Milk triglycerides
are synthesized and/or assembled in the endoplasmic reticulum (ER) of the lactating
epithelial cell, and after budding off, are transported to the apical surface of the cell
complete with a monolayer of polar lipids derived from the ER. As the fat droplets reach the
surface of the cell they pass through the apical membrane and in the process are coated in a
bilayer of cell surface membrane. The result of this process is that all native milk fat droplets
contain 3 layers of polar membrane lipids, and the surface of the droplets has the molecular
characteristics of epithelia. In human, bovine, caprine and ovine milks (the only ones
reported), fat globules are present in a bimodal distribution with the diameter of the small
globules centered at roughly 0.4 pm and the larger at about 3pm (Figure 1). Based on this
size distribution, Ruegg and Blanc have estimated that there is up to 500cm? of membrane
surface area in one ml of milk (Ruegg and Blanc 1981). A scanning electron micrograph of
native milk fat globules (left) and MFGM recovered from buttermilk via ultrafiltration
(right) is shown Figure 2. Because each fat globule is enrobed in a coating of apical
membrane from the lactating epithelial cell, the outside surface is covered in glycocalyx.
Interestingly, when this material is removed from the fat globules, it may be recovered in a
form which appears to be an empty sac of membrane. A scanning electron micrograph of
MFGM isolated via an ultrafiltration process is shown on the right side of Figure 2.
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Fig. 1. Distribution of milk fat droplets by volume (left) and number (right) measured with
laser diffraction particle size analyzer. The majority of the fat in milk is present in the large
fat droplets (left), while the majority of the droplets are less than 1 pm in diameter (right).

When milk fat is churned, as in the production of butter, the membrane surrounding the fat
globules is disrupted and free fat released from the globules coalesces. This process
ultimately results in a solid fat phase (butter) and an aqueous phase, also known as churn
buttermilk. This material (buttermilk) has a long history of anecdotal health-promoting
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associations, yet it does not currently generate any added value in the market place for
delivering nutritional benefit. As large quantities are produced in the US annually, and as it
gets spray dried and used as an ingredient in many products, it seems worthy of
investigating potential benefits its consumption might confer. In November of 2008, 7.2 M
Ibs of (dried) buttermilk were produced in the US (http://www.ams.usda.gov). As
approximately 8% of buttermilk is MFGM (Astaire et al. 2003), annual production of this
material is estimated to be roughly 7 M Ibs.

D= =

Fig. 2. Scanning electron micrographs of native milk fat globules (left) and milk fat globular
membrane isolated from buttermilk with ultrafiltration (right).

2. MFGM composition

As a result of the synthetic process that produces it, MFGM has an interesting profile of
carbohydrates, lipids and proteins. The main lipid and protein constituents are listed in
Table 1 and were, for the most part, discovered and characterized using basic protein and
lipid analysis techniques. While this list of lipids is in the table is fairly comprehensive, the
proteins listed are the main components that have been studied using one dimensional gel
electrophoresis which is not particularly sensitive. However, recently several groups have
begun to detect many more proteins present at trace levels using proteomics techniques.
For example, Reinhart and Lippolis (2006) detected up to 120 proteins using a combination
of one dimensional SDS gel electrophoresis and micro-capillary HPLC nanospray-tandem
mass spectrometry of tryptic digests from the gel. Of the proteins detected, 71% were
membrane associated and the balance were identifies as either cytoplasmic proteins or
secreted proteins. The molecular function of the proteins identifies were membrane/protein
trafficking (23%) cell signaling (23%), unclassified (21%), fat metabolism/transport (9%),
protein synthesis/folding (7%), immune proteins 4%) and milk proteins (2%). Fong et al
(2007) investigated both protein and lipid constituents of the MFGM using mass
spectrometry. In this study, eight novel proteins were detected in the MFGM and a more
complete analysis of the lipid fraction was reported. A third group used direct liquid
chromatography-tandem mass spectrometry (LC-MS) and 2D gel electrophoresis followed
by matrix assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-
TOF) of individual protein gel spots to characterize minor proteins (Smolenski et al. 2007).
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In total, they identified 95 distinct gene products at least 15 of which were involved in host
defense.

Lipids % Polar lipids %  Proteins

Triacylglycerols 62 Sphingomyelin 22 Mucin1

Diacylglycerols 9 Phosphatidylcholine 36  Xanthine oxidoreductase
Monoacylglycerols Trace Phosphatidylethanolamine 27  PASIII

Sterols 0.2-2  Phosphatidylinositol 11 CD36

Sterol esters 0.1-0.3 Phosphatidylserine 4 Butyrophilin

Free Fatty acids 0.6-6  Lysophosphatidylcholine 2 PAS6/7

Hydrocarbons 1.2 Adipophilin
Phospholipids 26-31 Fatty acid binding protein

Table 1. Major Components of MFGM (Adapted from (Keenan and Patton 1995))

In these initial studies, the analyses were all qualitative and no attempt was made to
quantify specific proteins. Recently, Fong and Norris (2009) utilized the absolute
quantification (AQUA) technique, a proteomic to explore the abundance of specific MFGM
proteins. In their analysis, six proteins (fatty acid binding protein, butyrophilin, PAS 6/7,
adipophilin, xanthine oxidase and mucin 1) were measured and have all been long known
to be components of MFGM (Table 1). Although their absolute results appear to depend
somewhat on how the material was isolated, the relationship among the major proteins
appears to be stable. According to their results, the amount of these proteins are present in
the membrane in decreasing order PAS 6/7, butyrophilin, xanthine oxidase, mucin 1,
adipophilin, and fatty acid binding protein. In a somewhat related study, Affolter et al
(2010) compared proteomic profiles of a whey protein isolate with buttermilk powder.
Using a shotgun proteomics approach, they identified 244 proteins in the whey powder and
133 in the buttermilk isolate. In addition, they conducted a relative quantitative comparison
of the top 34 proteins identified.

While most studies of MEGM proteins have focused on membranes isolated from either
human or bovine milk, recently analyses of both goat and sheep MFGM have been reported.
Cebo et al (2010) used one dimensional SDS-PAGE to investigate goat MFGM. In their
analyses using peptide mass fingerprinting of proteins from the electrophoresis gel they
detected many of the same proteins listed in Table 1 (mucin 1, xanthine oxidase
butyrophilin, lactadherin and adipophilin). As for analysis of MFGM isolated from sheep
milk, Pisanu et al (2011) used SDS-PAGE combines with tandem LC-MS to characterize the
protein content of this biopolymer. In their analysis, 140 unique proteins were identified and
their relative abundance measured. Of the components detected, gene ontology classifiers
indicated that the majority were associated with membrane and vesicular trafficking (~35%),
protein synthesis, binding and folding (~15%), enzymatic activity (~15%) and cell signaling
(~12%). Other minor activities mediated by these proteins were immune function (~8%)
and fat transport/metabolism (~7%). The most abundant proteins were butyrophilin,
xanthine oxidase, lactadherin and adipophilin.

3. Isolation of MFGM

MFGM is a minor component of milk fat and in most dairy products. However, in modern
dairy operations it is produced as a byproduct in preparation of both cheese and butter.
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Nevertheless, to obtain it in a relatively concentrated form it must be separated from other
components. Isolation of MFGM may be conducted on a lab scale for detailed anayses
and/or functional characterization. In addition, in recent years several groups have
published methods for isolation of MFGM from byproducts such as cheese whey and churn
buttermilk. In work conducted in our laboratories MFGM is isolated using a combination of
casein precipitation and ultrafiltration. The process begins with raw milk and cream is
collected via centrifugation. The cream is churned in a Waring Blender for 30 minutes at
4°C. The resulting butter is removed from the buttermilk using filtration through cheese
cloth to remove butter particles. To precipitate caseins in the buttermilk the pH is lowered to
4.6 using acetic acid and the temperature raised to 37 °C for 30 minutes with constant
stirring. Precipitated caseins are removed via centrifugation at 1000 x g for 30 min. The pH
is readjusted to 6.7 with 1M NaOH, and the buttermilk is ultrafiltered with a Millipore
Prep/Scale benchtop unit using a MWCO filter of 300kD. The buttermilk is diafiltered for
several hours at 4°C, until 6 volumes of the starting material are collected as permeate. The
retained material, or retentate, issubsequently freeze dried.

In the past several years several groups have developed methods to isolate MFGM from
both cheese whey and buttermilk. Astaire et al (2003) used a two step process to produce a
MFGM isolate enriched in phospholipids. In the first step MFGM was subjected to
microfiltration with a 0.8 micron pore size filter. To remove nonpolar lipids the resulting
material was then subjected to supercritical fluid extraction. One drawback of isolating
MFGM from buttermilk with microfiltration is that casein micelles are also retained in the
process. Corredig et al (2003) addressed this problem by adding sodium citrate to the
process, which facilitates the dissolution of the micelles and their removal in the permeate.
Other groups have shown that MFGM may also be isolated from other dairy products, such
as butter serum. For example, Rombaut et al (2006) used microfiltration with both sodium
citrate and ethanol additions to facilitate the removal of casein micelles and reported
obtaining a relatively pure product. This group has also demonstrated that a similar process
is effective for recovering MFGM from acid buttermilk cheese whey (Rombaut,
Dejonckheere, and Dewettinck 2007). In an improvement on this process, it was found that
increased recoveries of MFGM can be achieved via a process termed thermocalcic
aggregation (Rombaut and Dewettinck 2007). This process utilizes pH adjustments as well
as heat and added calcium to facilitate the precipitation of MFGM aggregates. More
recently, Damodaran (2010) showed that zinc is a more effective divalent cation than ether
magnesium or calcium in causing MFGM components to aggregate.

4. Interactions of MFGM with microbiota

The large surface area of MFGM and its glycocalyx exterior suggests there may some
interaction with the human microbiota and several studies have focused on this interaction.
For example, Clare et al (2008) utilized an in vitro screening assay to test for antimicrobial
activity of intact MFGM and peptide hydrolysates against several human pathogens and
commensal bacteria. Interestingly, they found there was some activity against Salmonella
enteric Typhimurium and Pseudomonas fluorescens that the results were variable depending on
the growth media selected. They attributed these differential results to the presence of
purines in the active media, which can be used by the xanthine oxidase of MFGM to
generate peroxide. Other studies have focused on the interaction of microbes with the
surface of MFGM. For example, Brisson et al (2010) characterized the relationship between
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Lactobacillus reuteri and the surface of MFGM. According to their study, binding of L.
reuteri to the surface of MFGM was dependent on the hydrophobicity of the bacteria and
was correlated with a cell surface protein. In addition, this study involved determining
binding force measurements which were generated with optical tweezers. Other studies
have investigated the effects of dietary MFGM on the colonic microbiota. For example, the
ability of MFGM to inhibit intestinal B-glucuronidase activity was measured by Ito et al.
(1993). This enzyme is a product of colonic enterobacteria, and when present in the colon
has the ability to activate carcinogenic precursors into carcinogens (Simon and Gorbach,
1984). However, this activity is inhibited by sialoglycoproteins from porcine salivary glands
(Sakamoto, 1975). To test the hypothesis that sialoglycoproteins from bovine milk might
provide this benefit, Ito et al. (1993) conducted in vitro enzymatic assays and in vivo feeding
studies with mice. In the enzyme assay, 0.2% w/v MFGM inhibited 3-glucuronidase activity
on the substrate p-phenolphthalein B-D-glucuronide by 90%, while x-casein at the same
concentration inhibited the reaction by 35%. To determine whether this activity would
survive gastrointestinal transit, the authors fed mice diets supplemented with 5%, 10%, and
20% MFGM for five days, and measured p-glucuronidase activity in feces. The 5% and 10%
diets caused roughly a 15-20% inhibition of fecal B-glucuronidase activity, whereas the effect
rose to 50% when 20% MFGM was added to the standard diet.

5. In-Vitro studies conducted with MFGM

5.1 In vitro MFGM digestions

One model in which to study the bioactivities of MFGM is with cells in culture. However,
treating cultured cells with a complex material isolated from milk is not necessarily
physiologically relevant, and pursuing the effects of the digestion process on the integrity of
MFGM components is warranted. Using a method adapted from Adkins and Lonnerdal, in
vitro proteolysis of MFGM was conducted by incubating the material with porcine pepsin
for 30 minutes at a pH of 3, and then raising the pH to 7 and continuing the process with
porcine pancreatin (Adkins and Lonnerdal 2003). To characterize the effects of the
proteolysis, aliquots of the digestion process were seperated using SDS-PAGE with 4-20%
gels, stained the proteins with silver reagent (results not shown). Based on the peptide
migration patterns in the gels from before and after digestion, very little of the native
proteins escape digestion by gut proteases.

While the porcine pancreatin used in the proteolysis experiment also contains pancreatic
lipase, there is no commercial source for gastric lipase. However, von Ebner glands of rat
tongues are a rich source, and this enzyme was isolated according to the method of Hamosh
(Hamosh, Ganot, and Hamosh 1979). Lipolytic activity was confirmed using para-
nitrophenyl palmitate (Gupta, Rathi, and Gupta 2002). MFGM was adjusted to a pH of 3.0
with phosphate buffer, and crude isolate of rat tongues was added. The reaction was
allowed to proceed for 30 minutes, the pH was raised to 7.0, and pancreatin was added
along with CaCl, and bile salts according to the method of Bernback (Bernback, Blackberg,
and Hernell 1990). The reaction was allowed to proceed for 1 hour and then terminated by
submerging the sample in a 90°C water bath for 30 minutes. Samples were freeze dried,
lipids extracted by the method of Folch (Folch, Lees, and Sloane Stanley 1957), and
separated using thin layer chromatography. Lipids were visualized by spraying plates with
cupric sulfate, and heating to 180 °C for 20 minutes.

It is clear in left side of Figure 3 that the lipase treatment of MFGM causes significant
degradation of the polar lipids, and the majority of this activity was mediated by the
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pancreatin digestion. In addition, on the right side of the figure a second separation of lipid
classes (triglycerides, diglycerides, monoglycerides cholesterol esters, free fatty acids and
phospholipids) indicated that the majority of triglycerides were degraded as well. Of
significant interest are the two boxes superimposed over Lane 4. The lower box is consistent
with the mobility of lysophospholipids using this solvent system, whereas the top band is
probably phosphatidic acid. Both of these species have demonstrated bioactivity. One other
interesting feature of these results is that the sphingolipids do not appear to be affected by
the digestion process.
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Fig. 3. Results of lipolysis experiment indicate in vitro treatment of MFGM with lipases
causes significant digestion of the polar lipids (left) and lipid clases (right). Lipids were
isolated by chloroform:methanol extraction, and separated using thin layer
chromatography. Lane designations (left): 1) phophatidylcholine (PC) and
phosphatidylethanolamine (PE) standards, 2) MFGM, 3) MEGM treated with gastric lipase
(GL), 4) MFGM treated with GL then pancreatic lipase (PL), 5) phosphatidyl serine standard,
6) sphingomyelin standard. Boxes in Lane 4 are consistent with lipolytic generation of
lysophospholipids (bottom) and phosphatidic acid (top). Lane designations (right): A)
diglyceride (DAG) standard, B) MFGM, C) MFGM treated with GL, C) MFGM treated with
GL than PL, E) Free fatty acid standard (FFA) and F) phospolipid standard. It is clear from
Lane H that triglycerides and significantly degraded into free fatty acids, and a new band
appears above the phospholipids which, based on mobility, is likely lysophospholipids.

5.2 Studies in cell culture

To understand the interaction of MFGM with the gut epithelia during digestion, studies
with cultured epithelial cells have been wused to characterize this relationship.
Consequently, studies with cultured epithelial cells are an interesting system in which to
characterize molecular events resulting from the interaction between MFGM and the gut. To
probe this interaction, we have developed methods to isolate MFGM, to subject it to an in
vitro digestion as well as to use it as a treatment for the epithelial cells.

To investigate potential bioactive effects of the MFGM on gut integrity genome wide
expression analysis was conducted using the Caco-2 model of cultured epithelial cells.
MFGM was added to culture media at 1 mg/ml which was calculated to mimic the



328 Biotechnology of Biopolymers

concentration in milk. MFGM was reconstituted in culture media and confluent cells were
treated for 24 hours. mRNA was isolated and cleaned up with a commercial kit, and
analyzed using the Illumina whole genome gene expression system with the human-6 v2
chip which was conducted by Genome Quebec. Gene expression of MFGM treated cells was
compared to controls cells (no MFGM). Triplicate samples were run for both MFGM
treatment and controls.

Data was analyzed using Flex Array, a proprietary software program developed by Genome
Quebec. All replicates were normalized, and several statistical programs were run to
determine genes that were differentially expressed in response to MFGM (Empirical Bayes,
Significance Analysis of Microarrays, 2 sample Bayes algorithm). Surprisingly, of the
roughly 47,000 features on the array, very few genes were differentially regulated using the
limits of a 2 fold change and a significance level of p<0.05, and agreement was good
between algorithms. The majority of the genes identified were metallothioneins (MT), which
code for small molecular weight, cystein-rich proteins with redox and metal binding
activities. MTs are induced in the liver by a range of metals, and in the gut and pancreas
they respond to zinc status (Coyle et al. 2002).

MTs are thought to confer protection from heavy metal exposure and oxidative damage,
and the coordinate expression of several isoforms in our cell system raised the possibility
that MFGM treatment of the cells may have led to toxic exposure of heavy metals, or
perhaps may have induced oxidative stress. Alternatively, we hypothesized that MFGM
may be rich in zinc, and that induction of MT genes was part of mechanisms by which this
metal is delivered in milk. In support of the oxidative stress hypothesis, one of the main
MFGM proteins, xanthine oxidoreductase (XOR) can catalyze the formation of reactive
oxygen (ROS) and nitrogen species (RNS), and is thought to be part of the innate immune
system (Vorbach, Capecchi, and Penninger 2006). Perhaps not surprisingly, XOR has been
implicated as a pathological factor in gut damage induced by ischemia/reperfusion injury
via the generation of ROS and RNS (Blikslager, Roberts, and Argenzio 1999).

These findings compelled us to determine the metal composition of the MFGM we isolated.
To achieve this end, 200 mg of MFGM was wet ashed by successive digestion with nitric
acid and hydrogen peroxide and analyzed in a Thermo Electron Iris Advantage Inductively-
coupled plasma (ICP) spectrophotometer in a Utah State core analytical facility. Trace metals
which were above the detection limit are listed in Table 2. From the results we have
concluded that MTs are probably not induced by heavy metal contaminants of MFGM,
which left the possibility the effect was due to oxidative stress or due the relatively high
concentration of zinc. As we moved forward, we kept in mind these two possibilities, as is
discussed below.

metal Ca Co Cu Mg Ni Zn
Ppm 880 9 25 246 10 126

Table 2. Results of trace metal analysis of MFGM using ICP

Treatment of Caco-2 cells with digested MFGM resulted in the differential regulation of only
62 genes using the limits of a 2-fold change and a significance level of p<0.05. Similar to the
treatment with the native MFGM, several MT genes were upregulated, although not as
highly. In addition, genes coding for several other zinc binding proteins were induced.

To gain insight into the major cellular processes affected by MFGM treatment, an online tool
for pathway analysis of microarray data
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(http:/ /www.pantherdb.org/tools/ genexAnalysis.jsp) was utilized. This tool uses gene
expression data to indicate whole sets of genes whose regulation would be predicted to be
affected by the treatment, and generates statistical p-values indicating the likelihood the
effect is due to chance. The results of the pathway analysis with the digested MFGM are
listed in Table 3. According to the analysis, several pathways appear to be affected by the
treatment, and the majority are downregulated. Two interesting pathways affected, in
terms of our data, are those involved in histamine and angiotension signaling. The former
would suggest the treatment is associated with a reduction in inflammation and the latter
with increased blood flow. While these preliminary observations support our overall
hypothesis, we have noted some seeming contradictions. For example, some
proinflammatory pathways seem to be downregulated while others are upregulated by
treatment with MFGM. Nonetheless, due to the large volume of data generated in such
studies, analysis is ongoing. Because this data was generated from cultured enterocytes
the data must be interpreted with caution; therefore we are eager to adapt this model to
whole animals.

Pathway Number Change P-value
of genes

Histamine H1 receptor mediated signaling pathway 42 - 2.20E-03
Ubiquitin proteasome pathway 80 + 4.13E-03
Blood coagulation 60 - 4.27E-03
Thyrotropin-releasing hormone receptor signaling pathway 64 - 4.62E-03
5HT4 type receptor mediated signaling pathway 35 - 6.98E-03
5HT?2 type receptor mediated signaling pathway 71 - 1.07E-02
Endogenous_cannabinoid_signaling 26 - 1.09E-02
Alpha adrenergic receptor signaling pathway 31 - 1.15E-02
Proline biosynthesis 4 - 1.36E-02
Huntington disease 158 - 1.40E-02
Anglote.nsm II-stimulated .s,lgnahng through 54 ) 1.87E-02
G proteins and beta-arrestin

Beta3 adrenergic receptor signaling pathway 29 - 1.99E-02

Table 3. Biological pathways predicted to be significantly affected in Caco-2 cells by MFGM
subjected to an in vitro digestion process as determined by the free software tool, Panther
(Clark et al. 2003). Pathways that are upregulated by treatment are marked with a (+)and
those downregulated with a (-).

5.3 Effects of MFGM on membrane permeability

Based on the large membrane surface area in milk provided by the MFGM, we hypothesized
that this material may have positive effects on the gut epithelia. To test this hypothesis, we
conducted a barrier permeability assay with Caco-2 cells. Caco-2 cells were seeded on
Corning Transwell membranes inserts (0.4 pM pore size) and placed in 6-well plates
creating a bi-cameral chamber. Caco-2 cells were grown for 21 days on membrane inserts to
ensure polarization and formation of tight junctions. Culture media was changed every 3
days. As our proteolysis and lipolysis results indicated that MFGM is substantially
degraded by the digestion process, we compared the effect of treating cells with material
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resulting from this process, as well as native material. To test the effects of MFGM on
membrane integrity, cells were incubated with either: control, 1 mg/ml MFGM, 1 mg/ml
proteolyzed MFGM or 1 mg/ml lypolozized MFGM for 24 hours. After treatment, the
media was changed and mucosal barrier integrity was stressed by the addition of 2 mM
EGTA, which has been shown in previous studies to reduce the integrity of tight junctions
(Prosser et al. 2004). To determine Caco-2 membrane integrity we measured the flux of
phenol red from the upper chamber to the lower chamber which contained media without
phenol red. At 2.5 hours, 50 pl of media was sampled from the lower chamber and the
phenol red concentration was determined by spectroscopy using the method of (Jovov,
WIlls, and Lewis 1991). Our results, shown in Figure 4, indicate that MFGM reduced
permeability in the control (no EGTA) as well as the treated cells. Furthermore, this effect
was amplified when the MFGM was previously subjected to the in vitro digestion process
described above.
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Fig. 4. Results of membrane permeability study. Caco-2 cells were grown to polarization,
and treated with either: control (no MFGM), 1 mg/ml MFGM, 1 mg/ml proteolyzed MFGM
(P-MFGM), or 1 mg/ml lipolyzed (MFGM) for 24 hours. After treatment, media was
changed and a cohort of cells were stressed by the addition 2 mM EGTA (a known stressor
of barrier integrity) for 2 hours. Media in the upper chamber contained phenol red, whereas
the media in the lower chamber did not. The y-axis represents phenol red concentration,
which is indicative of membrane leakiness. It is clear that application of EGTA to the control
cells increases permeability, and MFGM treatment reduces this effect. Interestingly, protease
and lipase treated MFGM reduces permeability to a greater extent. Differently letter
columns are statistically different (p<0.05.)

5.4 Summary

To summarize our cell culture work, we have demonstrated that MFGM treatment of
Caco-2 cells results in a very specific induction of MT genes. This effect may be due to the
zinc concentration (or perhaps Cu or Mn), or perhaps due to the activity of XOR in
generating ROS and/or RNS. We have subsequently showed that MFGM is substantially
degraded by the digestion process, and that the products of these processes appear to be
more efficacious in promoting mucosal integrity in the Caco-2 cell model than native,
untreated MFGM.
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6. MFGM and colon cancer

Colon cancer is the third most commonly diagnosed cancer in the United States and the
second most common cause of cancer-related deaths (Society 2009). Diet is a well recognized
contributing factor to the etiology of cancer and may be associated with 35-70% of the
incidence of colon cancer (Doll and Peto 1981). Although various carcinogens are present in
foods, their effects may be minor when compared with dietary components that inhibit the
cancer process (Doll and Peto 1981). As a consequence, many dietary treatments have been
tested specifically for their ability to inhibit colon cancer.

Previous studies have demonstrated that purified sphingolipids, such as sphingomyelin, are
protective against colon cancer in animal models (Duan and Nilsson 2009; El Alwani et al.
2006). Sphingolipids are composed of a ceramide core, which in turn, is composed of a
sphingosine backbone with a fatty acid covalently bonded via an amide linkage. Several
different head groups may be covalently attached to the ceramide, each resulting in a
different class of sphingolipid. Examples include sphingomyelin, with a phosphocholine
headgroup, glycosphingolipids with one or more monosaccharides in the headgroup and
gangliosides, which have at least three sugars in head group including at least one sialic
acid. The anticancer activity of sphingolipids is primarily associated with their metabolites,
ceramide and sphingosine (Jayadev, Linardic, and Hannun 1994). Ceramide is an important
second messenger implicated in various physiological functions, like apoptosis, and has
recently been associated with targeting mitochondrial activity in colon cancer cells (Dahm et
al. 2008; Dindo et al. 2006). Sphingolipid digestion is slow and occurs along the entire
length of both the small intestine and the colon which results in high levels of ceramide and
sphingosine in the lumen producing the potentially beneficial effects (Nilsson and Duan
2006). Dietary sphingomyelin and glycosphingolipids isolated from milk have been shown
to inhibit chemically induced colon cancer in a mouse model (Dillehay et al. 1994; Schmelz
et al. 2000), and administration either before or after tumor initiation reduced tumor
formation (Lemonnier et al. 2003).

One significant source of dietary sphingolipids is the milk fat globule membrane (MFGM), a
protein-lipid complex that is derived from the apical surface of mammary epithelial cells
and surrounds the fat globules in milk. Milk fat globules are composed of a nonpolar lipid
core (mainly triglycerides) surrounded by the MFGM, which is composed of phospholipids
and membrane glycoproteins (see Table 1 for major components of MFGM). Triglycerides
are the dominant lipid class, and account for approximately 98% of milk fat, while the
balance is composed of phospholipids (0.8%), diglycerides (0.3%), monoglycerides (0.03%),
cholesterol (0.3%), and free fatty acids (0.1%) (MacGibbon and Taylor 2006).

Because of its unique lipid profile, relative sphingolipid enrichment and widespread
availability, MFGM is a good candidate for a colon chemopreventive, bioactive ingredient.
MFGM has an interesting profile of carbohydrates, lipids and proteins, and is the most
diverse fraction of milk. The unique compositional feature has led to the suggestion that
MFGM may have interesting nutraceutical properties (Spitsberg 2005), and several research
groups have conducted studies to facilitate its recovery from buttermilk (Astaire et al. 2003;
Corredig, Roesch, and Dalgleish 2003; Morin et al. 2007; Morin, Pouliot, and Jimenez-Flores
2006; Rombaut, Dejonckheere, and Dewettinck 2006, 2007; Rombaut and Dewettinck 2007;
Spence et al. 2009, 2009)

6.1 Experimental design
Although very few studies have been conducted to determine any nutritional benefits of
MFGM, some indicate positive effects. A recent study concluded digestion products of
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MFGM may have antimicrobial activity (Clare et al. 2008). Because of its unique biochemical
nature, sphingolipid enrichment and resulting putative chemoprotective properties, we
investigated whether diets containing MFGM are protective against colon cancer in Fischer-
344 rats using the aberrant crypt foci (ACF) model. Diets were formulated to differ only in
the composition of the fat. The control diet contained 5% fat provided as corn oil. The
MEFGM diet also contained 5% fat, but half of the fat for the MFGM diet was provided as
anhydrous milk fat and half was provided as MFGM isolate. = MFGM isolate is
approximately 60% triglycerides and 40% polar lipids. Besides dietary fat source, both diets
were identical in macro and micro-nutrients. Experimental diets were fed for 13 weeks and
rats were injected with 1,2-dimethylhydrazine (DMH, 25 mg/kg BW) weeks 3 and 4. After
13 weeks, rats were euthanized, tissues were collected and ACF were scored by light
microscopy using the method of (Finley et al. 2001). The Utah State University Institutional
Animal Care and Use Committee approved all protocols involving animals.

6.2 Effect of dietary MFGM on appearance of Aberrant Crypt Foci

The 1,2-dimethylhydrazine induced ACF model is a well established model of colon cancer
and has been used extensively in nutritional studies (Dillehay et al. 1994; Lemonnier et al.
2003; Schmelz et al. 2000; Schmelz et al. 1996; Finley et al. 2001; Pretlow et al. 1992; Tudek,
Bird, and Bruce 1989). Rats fed the MFGM (n=16) diet had a significantly reduced number of
ACF (P<0.005) compared to the control (n=17) (20.9 £ 5.7 vs. 31.3 + 9.5) and AMF (n=16)
diets (29.8 + 11.4), and ACF was not significantly different between control and AMF
treatments (Figure 5-A). Dietary treatment had no effect on ACF size (Figure 5-B) nor was
there a significant difference in the number of ACF with four or more crypts/focus (data not
shown) possibly suggesting that MFGM treatment is more relevant to preventing ACF
initiation as opposed to ACF growth progression.
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Fig. 5. Effect of experimental diets on (A) 1,2-dimethylhydrazine induced aberrant crypt foci
(ACF) and (B) ACF size. Values are means (n=17 control diet, n=16 anhydrous milk fat diet,
n=16 milk fat globular membrane diet) + standard deviation. Significant differences were
determined by ANOVA and Fisher’s LSD test. Adapted from (Snow et al. 2010)
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6.3 Effect of dietary MFGM on rat mucosal gene expression

Out of 21,792 genes, a total of 417, 450, and 321 genes were differentially regulated with
significance in the mucosa between the MFGM and control, AMF and control, and MFGM
and AMF dietary treatments, respectively. Despite the observation that MFGM treatment
decreased ACF compared to both control and AMF; no common gene regulation was
observed between MFGM vs. control and AMF.

Although dietary MFGM treatment did not influence the expression of common colon cancer
genes; sphingomyelin and MFGM's ability to regulate post-transcriptional gene expression
cannot be completely ruled out. A recent study demonstrated that sphingomyelin treatment
did not significantly alter mRNA levels but had a significant effect on protein levels of genes
critical to the early stages of colon cancer, such as, beta-catenin, connexin-43 and Bcl-2 (Simon
et al. 2009). Our results together with these recent findings suggest that the sphingolipids
present in the MFGM may not be regulating transcription but may be regulating specific post-
transcriptional events to reverse aberrant expression of individual proteins involved in colon
carcinogenesis. Because many of the phospholipids found in MFGM are common second
messengers, future studies utilizing pathway analysis and proteomics to examine any
relationships between MFGM and relevant metabolic pathways are needed.

6.4 Summary

Our results support the hypothesis that diets containing MFGM are protective against colon
cancer in Fischer-344 rats, perhaps because of MFGM’s high polar lipid content, namely,
sphingomyelin. By incorporating MFGM into the diet, animals were provided (0.11% w/w)
sphingomyelin. Previous studies using sphingomyelin concentrations ranging from 0.025%
to 0.1% sphingomyelin (by weight) have clearly shown sphingomyelin’s role in the
prevention of colon carcinogenesis (Dillehay et al. 1994; Lemonnier et al. 2003; Schmelz et al.
2000; Simon et al. 2009); however many of those studies used a very pure form of isolated
sphingomyelin. In this study, the sphingomyelin is in a more practical form or more similar
to how it would be incorporated into human diets, and the MFGM contains other important
phospholipids such as phosphatidylcholine and phosphatidylethanolamine. One other
major difference in the MFGM diet, compared to the control and AMF diets, was the
contribution of MFGM proteins. Several of these membrane proteins have been
hypothesized to provide biological effects, and we cannot rule out the fact that they may
have contributed to the protective effect of the diet. In pilot studies conducted in vitro, we
noted that these proteins are extensively proteolyzed by a combination of stomach and
pancreatic proteases, but this does not rule out bioactivity mediated by the peptide
fragments. Thus, the contribution of these proteins remains unknown. The results of this
study demonstrate that MFGM, a readily available byproduct from dairy processing, can be
incorporated into diets and is protective against colon cancer.

7. MFGM and inflammation

Inflammation causes increased intestinal permeability and gut barrier integrity is
compromised leading to dysfunction (Zayat, Lichtenberger, and Dial 2008). While the
mechanism of how gut barrier dysfunction occurs is unclear, pro-inflammatory cytokines,
such as, IL-4, IL-13, IFN-y, and TNF-a, have been reported to increase the permeability of
intestinal epithelia (Fink 2003; Lewis and McKay 2009; Yajima et al. 2009). Several studies
suggest that various milk sphingolipids, including sphingomyelin and gangliosides,
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positively affect the gut by exhibiting a protective effect against colon cancer (Dillehay et al.
1994; Duan and Nilsson 2009; Nilsson and Duan 2006; Schmelz et al. 1996; Schmelz et al.
2000), and other studies have linked sphingolipids and other milk fat fractions containing
phospholipids and gangliosides to the inhibition of a pro-inflammatory response and gut
barrier protection (Dalbeth et al. 2009; E1 Alwani et al. 2006; Park et al. 2007; Park et al. 2005;
Park, Thomson, and Clandinin).

One source of a variety of dietary sphingolipids is MFGM. The phospholipids and membrane
glycoproteins found in MFGM likely interact extensively with the gut epithelia during
digestion, both physically and biochemically. Its unique composition has led to the idea that
MFGM could have remarkable nutraceutical properties (Spitsberg 2005), and various research
groups are conducting studies to ease its recovery from buttermilk (Astaire et al. 2003;
Corredig, Roesch, and Dalgleish 2003; Morin et al. 2007; Morin, Jimenez-Flores, and Pouliot
2006; Morin, Pouliot, and Jimenez-Flores 2006, Rombaut, Dejonckheere, and Dewettinck 2006,
2007; Rombaut and Dewettinck 2007; Spence et al. 2005; Spence et al. 2009, 2009).

Although MFGM'’s recovery is well documented, very few studies have been conducted to
determine any nutritional benefits of MFGM, although some indicate beneficial effects of its
components. One study demonstrated that milk fat globule-EGF factor-8/lactadherin, a
major protein component associated with MFGM, is an important factor in maintaining
epithelial homeostasis and mucosal integrity of the intestinal tract (Bu et al. 2007), and other
groups have demonstrated the MFGM-derived polar lipids improve the resistance of
epithelia to stress (Dial and Lichtenberger 1987; Kivinen et al. 1995).

We investigated whether diets containing MFGM will promote gut mucosal integrity in
BALB/c mice challenged with lipopolysaccharide (LPS). LPS induces an inflammatory
response mimicking gastrointestinal injury (Zayat, Lichtenberger, and Dial 2008), and has
been used in numerous studies to emulate the inflammatory response seen in gram negative
bacterial infections. Because of MFGM’s phospholipid enrichment and unique biochemical
nature, we hypothesized that diets providing MFGM as a fat source might protect against an
exaggerated inflammatory response and corresponding compromised gut barrier integrity.

7.1 Experimental design

Diets were formulated to differ only in the composition of the fat. The control diet contained
5% fat provided as corn oil. The MFGM diet also contained 5% fat, but half of the fat for the
MFGM diet was provided as anhydrous milk fat and half was provided as MFGM isolate.
MFGM isolate is approximately 60% triglycerides and 40% polar lipids. Besides dietary fat
source, both diets were identical in macro and micro nutrients. The measurement of protein,
total fat, ash and lactose were conducted as previously described (Spence et al. 2009). Ash
was further analyzed for specific minerals by inductively coupled plasma spectroscopy
(ICP-AES) at a core facility on the USU campus.

To test the hypothesis that MFGM confers protective effects against LPS induced
inflammation and improves gut barrier protection; a 2 X 2 factorial design was used.
Weanling, male BALB/c mice (n=24/time point) were randomly assigned to one of the
following treatments: 1) control diet (AIN-76A), saline vehicle control injection (n=6); 2)
control diet, LPS injection (n=6); 3) MFGM diet (AIN-76A with milk fat), saline vehicle
control injection (n=6); or 4) MFGM diet, LPS injection (n=6) (Figure 6). Mice were fed
experimental diets for five weeks. This timeframe is precedented by a previous
investigation examining dietary Zn and LPS induced inflammation (Peterson et al. 2008).
On day 35, Mice were injected intraperitoneally (i.p.) with a dose of saline vehicle control or
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LPS (10 mg/kg body weight) known to induce inflammatory cytokines and compromise gut
barrier integrity. This dose of LPS (i.p.) has previously been shown to induce monocyte
adhesion and infiltration into intestinal tissues of mice and induce intestinal distress
(Peterson et al. 2008). To assess intestinal permeability, mice were gavaged with 4000 Da
Dextran-FITC (Sigma) suspended in PBS immediately after vehicle control or LPS injection
(Krimsky et al. 2000). After injection and gavage, animals were serially harvested at 24 h
and 48 h by CO; asphyxiation. In a preliminary study we saw no changes in the appearance
of plasma fluorescence after LPS injection at 0 and 12 h with peak fluorescence occurring at
24 h (data not shown). These time points and animal numbers have been used successfully
to determine statistical differences in membrane integrity (Krimsky et al. 2000). Serum,
liver, femur, and muscle samples were taken and stored for future analysis.

To assess gut barrier integrity, serum samples from all time points were assayed for dextran-
FITC (Amersham Typhoon Trio+® and ImageQuant® TL software, GE Healthcare Bio-
Sciences, Uppsala, Sweden). Dextran-FITC permeation of the gut has shown to be a sensitive
indicator of gut barrier integrity in vivo and serum dextran-FITC levels are positively
correlated with intestinal insult (Krimsky et al. 2000).

Serum cytokine analysis was performed on samples from all time points using the Q-Plex™
Mouse Cytokine - Screen (16-plex) array (Quansys Biosciences, Logan, UT, USA). Cytokines
analyzed include: IL-10, IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-17, MCP-1,
IFNy, TNFo, MIP-la, GMCSF, and RANTES. LPS has been shown to elevate serum
concentrations of various cytokines in mice, specifically IL-6, IL-10, IL-12, MCP-1, IFNy, and
TNFa (Nandi et al. 2009).

7.2 Effect of MFGM on gut permeability

Analysis of dextran-FITC levels in serum showed that gut permeability decreased
significantly at 24 h in animals fed MFGM diet (MFGM diet/LPS/24h: 5.92 + 0.59 ug/mL)
versus control diet (control diet/LPS/24h: 10.8 + 0.18 ug/mL; P<0.05) when challenged with
LPS, which is a 45% decrease. Animals injected with the vehicle control had the same serum
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Fig. 6. Effect of experimental diets and treatments on gut permeability at 24g. Serum
fluorescence levels of LPS challenged mice fed MFGM diet did not differ significantly from
those receiving vehicle injection but were significantly lower (P<0.05) than LPS challenged
mice fed control diet at 24 h. Data are mean dextran-FITC concentrations * standard
deviations. Differently labeled columns are significantly different (P<0.05).
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fluorescence levels of LPS challenged animals fed the MFGM diet at 24 and 48 h (control
diet/saline/24h: 6.37 + 1.29 ug/mL; control diet/saline/48h: 5.63 + 0.39 ug/mL; MFGM
diet/saline/24h: 5.80 + 0.31 ug/mL; MFGM diet/saline/48h: 5.75 + 0.46 ug/mL; MFGM
diet/LPS/48h: 5.68 + 0.55 ug/mL). All animals fed control diet and challenged with LPS
died before the 48 h time point. Serum fluorescence of animals fed control diet and challenged
with LPS was significantly higher than animals fed MFGM diet and challenged with LPS,
illustrating that MFGM plays a role in protecting against gastrointestinal injury. Also, animals
fed MFGM diet and challenged with LPS had serum fluorescence levels that did not differ
significantly from animals fed control and MFGM diets receiving vehicle injections, (Figure 6)
further demonstrating MFGM'’s protective effect on gut barrier integrity.

7.3 Effect of MFGM on serum cytokines

At the 24 h time point, six of the 16 total cytokines had a significantly lower serum
concentration among animals fed the MFGM diet versus the control diet. IL-6 was the most
significant difference (2.24 pg/mg serum protein + 0.34 vs. 4.00 pg/mg serum protein + 0.42;
P<0.002). Other serum cytokine concentrations that were significantly lower were IL-10
(3.12 fg/mg serum protein * 0.04 vs. 3.61 fg/mg serum protein * 0.30; P<0.04); IL-17 (2.79
fg/mg serum protein + 0.60 vs. 3.71 fg/mg serum protein + 0.64; P<0.03); MCP-1 (1.90
pg/mg serum protein * 0.67 vs. 3.07 pg/mg serum protein * 0.83; P<0.05); IFNy (2.87 fg/mg
serum protein + 0.29 vs. 4.13 fg/mg serum protein * 0.61; P<0.025); TNFa (2.47 fg/mg serum
protein + 0.12 vs. 3.21 fg/mg serum protein * 0.40; P<0.03); and IL-12p70 (2.67 fg/mg serum
protein * 0.02 vs. 3.52 fg/mg serum protein + 0.24; P<0.002). Serum concentrations of IL-3
were below the detection limit at 24 h and 48 h. Serum cytokines did not differ significantly
in any of the following cytokines at 24 h: IL-1a, IL-1B, IL-5, MIP-1a, GMCSF, and RANTES.
Cytokines IL-2 and IL-4 were not affected by LPS challenge (For summary see Table 4).

Cytokine | Effect of Diet on Serum Cytokine Concentrations 24 hours post 5 mg/kg
bodyweight LPS Challenge
GMCSF | No difference between control and MFGM dietary treatments

IL-1a No difference between control and MFGM dietary treatments

IL1-B No difference between control and MFGM dietary treatments

IL-3 Below detection limit in MFGM dietary treatment

IL-5 No difference between control and MFGM dietary treatments

IL-6 Significantly lower in MEGM dietary treatment compared to control (P <0.005)
I1L-10 Significantly lower in MFGM dietary treatment compared to control (P <0.05)
IL-12p70 | Significantly lower in MEGM dietary treatment compared to control (P <0.005)
IL-17 Significantly lower in MFGM dietary treatment compared to control (P <0.05)
INFy Significantly lower in MFGM dietary treatment compared to control (P <0.05)

MCP-1 Significantly lower in MEGM dietary treatment compared to control (P <0.05)
MIP-1 No difference between control and MFGM dietary treatments
RANTES | No difference between control and MFGM dietary treatments
TNF-o Significantly lower in MFGM dietary treatment compared to control (P <0.05)

Table 4. Significant effects of dietary treatment on serum cytokine levels after LPS challenge
at 24h.
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7.4 Summary

During inflammation, cytokines are released in response to trauma as represented by the
control diet with LPS challenge. The decreased serum levels of several cytokines in mice fed
the experimental diet suggest that MFGM reduces the inflammatory response following
stress. Our results are consistent with those investigating the effects of sphingolipids and
gangliosides on inflammation (Dalbeth et al. 2009; El Alwani et al. 2006; Park et al. 2007;
Park et al. 2005), suggesting that the high sphingolipid content of MFGM could be
responsible for the lowered inflammatory response.

Gut barrier dysfunction has been identified as a result of cytokine induction due to
inflammation (Sun et al. 1999). As adhesion molecules are expressed on the endothelial
membrane surface, inflammatory mediators are produced and released which compromise
gut barrier integrity by interacting with the circulating leukocytes (Formela, Galloway, and
Kingsnorth 1995). Our results suggest that MFGM as a dietary component plays a role in
protecting against intestinal permeability by controlling the inflammatory response, causing
the gut barrier to remain better intact.

In conclusion, after treatment with LPS, we saw that MFGM dietary treatment led to a 45%
decrease in gut permeability and significant differences of serum cytokine levels in eight of
the 16 cytokines analyzed when compared to control dietary treatment. Our results imply
that MFGM, a by-product of dairy processing, is protective against gastrointestinal stress.
Possible mechanisms for its protection are the increased polar lipid content of the MFGM
diet and the inhibition of several cytokines during the inflammatory response, leading to
increased gut barrier integrity.

8. Conclusion

MFGM is a complex biopolymer. It contains various protein and lipid components that
have been shown to exhibit beneficial properties in the gut. To date, no other studies have
examined the effects of dietary MFGM as a whole dietary component on cancer, gut
permeability and inflammation, contributing to the novelty of these studies.

The results of these studies support the hypothesis that dietary MFGM protects against
colon cancer in rats. Although no differences were seen in candidate carcinogenesis gene
mRNA levels by microarray analysis, we cannot rule out the suggestion that MFGM affects
gene regulation. A recent study demonstrated that sphingomyelin (a major component of
MFGM) did not alter mRNA levels but had a significant effect on protein levels of genes
critical to the early stages of colon cancer (Simon et al. 2009). Animals receiving the MFGM
dietary treatment were provided with three to four times the amount of sphingomyelin
compared to animals receiving control or AMF dietary treatments (0.11% vs. 0.03% w/w).
The high polar lipid content and unique protein profile of MFGM likely contributed to the
beneficial effects.

The results of this study also support the hypothesis that dietary MFGM protects against
gastrointestinal stress in mice and cultured Caco2 cells. Gut permeability, a common
condition during gastrointestinal stress, was significantly lower in MFGM treated Caco-2
cells challenged with EGTA and animals challenged with LPS receiving the MFEGM dietary
treatment compared with those receiving control dietary treatment. This effect is most
likely due to the inhibition of the inflammatory response seen in animals receiving the
MFGM dietary treatment, although the mechanism of how dietary MFGM inhibited the
inflammatory response is not yet understood. Many of the polar lipids and proteins found
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in MFGM have been shown to encourage mucosal integrity, maintain epithelial homeostasis
and improve the resistance of epithelia to stress; therefore, MFGM's high polar lipid content
and unique protein profile likely contribute to its decrease in gut permeability.

Through the course of these studies, we have demonstrated that MFGM can be incorporated
into diets. And, as a dietary component, MFGM plays a role in a protection mechanism
against colon cancer and gastrointestinal stress.
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1. Introduction

The accurate translation of the genetic information encoded by mRNA into proteins is critical
for proper cellular function. Transfer ribonucleic acids (tRNAs) are essential biomolecular
linkers that help maintain translational fidelity by accurately connecting genotype (mRNA) to
phenotype (protein) during protein synthesis. The initial stages of ribosomal protein synthesis
are controlled by aminoacyl-tRNA synthetases (AARSs). AARSs initiate protein synthesis by
catalyzing the acylation of tRNAs to their cognate amino acids. The resulting aminoacyl-
tRNAs (aa-tRNAs) are transported to the ribosome by the translation factor Elongation Factor
(EF-Tu) to undergo peptide bond formation. The synergistic interplay among the protein
translational machinery involved in this process is highly regulated and extremely accurate. In
E. coli, the error rate for protein synthesis correlates to roughly 1 misincorporation per 104
codons translated (Husaain et al., 2006; Loftield & Vanderjagt, 1972; Ogle & Ramakrishnan,
2005; Rosenberger & Foskett, 1981; Roy & Ibba, 2006). The high level of stringency is the result
of substrate discrimination that can occur at four different translation checkpoints: 1) amino
acid activation, 2) aminoacylation, 3) aa-tRNA transport to the ribosome (via EF-Tu) and 4)
initial binding of aa-tRNAs within the ribosome. The molecular recognition events mediated
by AARSs in checkpoints 1 and 2 provide the highest level of stringency. In vitro studies have
shown that AARSs possess a discrimination factor of 200 - 10,000 during amino acid
activation; the stringency factor increases to > 10,000 during aminoacylation (Giege et al., 1998;
Ling et al., 2009; Reynolds et al., 2010). EF-Tu binding interactions provide an additional, albeit
lower, degree of stringency in step 3. Reports show that EF-Tu binds cognate aa-tRNAs with
nearly identical affinities, while noncognate or misaclyated aa-tRNAs possess extremely broad
EF-Tu binding affinity profiles (~ 700-fold difference between noncognate aa-tRNAs) (Dale &
Uhlenbeck; 2005). It is presumed that these species are removed from the translation pathway
by EF-Tu to further enhance fidelity. Despite the large amount of studies focused on defining
the intricacies of translation, there are still a number of unanswered questions regarding the
basic tenants of translation. Two intriguing questions are: i) do tRNAs play an active or passive
role in the requlation of translation and ii) why is ribosomal protein synthesis limited to 20 amino acids?
An interrelated question that we would like to address is: can in vitro binding assays be used to
accurately define the mechanisms of cellular protein synthesis? This chapter focuses on current and
the development of two in vitro binding assays that are designed to investigate the role of
tRNA in the initial and intermediate stages of translation. The new assays offer rapid,
sensitive and straightforward techniques to monitor the role of tRNA in: activation,
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aminoacylation and aminoacyl transport. A more detailed view of the role of tRNA in
ribosomal protein synthesis could provide invaluable insight into the evolutionary role of
tRNA in protein synthesis. Moreover, this information could prove essential in the
development/adaptation of in vitro bacterial translation systems to synthesize novel
biomolecules (i.e. peptidomimetics).

2. The adaptor hypothesis

The characterization of tRNA has been a focal point of chemical biology since first postulated
by Francis Crick in the Adaptor hypothesis in the late 1950s (Crick, 1958). According to Crick,
accurate protein synthesis required: i) a nucleic acid template, ii) an adaptor molecule that
carried an amino acid to the template and iii) an organized binding arrangement between the
template and the adaptor. Research would later reveal the template as mRNA and the adaptor
as tRNA - while the organized binding interactions correlate to hydrogen-bonds between the
codon and the anticodon of each species. Crick’s hypothesis went further to accurately predict
the existence (and editing capability) of AARSs. Although certain aspects of the Adaptor
Hypothesis related to AARS functionality were disproven (i.e. a single AARS is not solely
dedicated to the aminoacylation of an individual tRNA) (Martin et al., 1977; Wilcox &
Nirenber, 1968; White & Bayley, 1972) the ideas put forth by Crick helped enable a more
accurate conceptualization protein synthesis. The Adaptor Hypothesis also laid the
groundwork for establishing and ultimately deciphering the genetic code.

2.1 Protein translation

tRNAs enter the protein synthesis pathway during the second stage of protein synthesis
(Figure 1). tRNAs are acylated or “charged” with amino acids by AARSs and the resulting
aa-tRNAs are transported to the ribosome by EF-Tu (step 3). The final stages of protein
translation are initiated in step 4 as each aa-tRNA undergoes initial binding to mRNA
within the A-site of the ribosomal 50S large subunit. The remaining translation factors EF-
Ts and EF-G are responsible for the reactivation of EF-Tu and movement (or translocation)
of each aa-tRNA along the mRNA template. Finally, ribosomal release factors (RFs1-3 and
RRF) mediate the termination and release of the protein from the ribosome. After
completing one round of synthesis, the translational machinery (i.e. tRNAs, AARSs and
translation factors) is free to re-enter the synthesis pathway to generate new proteins. Each
translational component is critical but tRNA is extremely important because it is involved in
nearly every stage of protein synthesis.
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Fig. 1. Schematic of E. coli ribosomal protein synthesis.
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2.1.1 Characterization of transfer ribonucleic acids (tRNAs)

Zamecnick and Hoagland achieved one of the first major breakthroughs toward the
discovery of tRNA in 1957. Their work showed that a radiolabelled amino acid becomes
covalently attached to a “soluble RNA” species (later reclassified as tRNA) when incubated
with ATP and cellular extracts (Hoagland et al., 1957). In the following year Zachau et al.,
demonstrated that an ester bond (between a nucleic acid 3’ adenine and 4C-Lue) provided
the attachment site (Zachau et al., 1958). Robert Holley and his colleagues reached another
major milestone in 1965 by successfully determining the complete sequence of tRNAAla from
yeast (Holley et al., 1965). These achievements helped confirm the existence of tRNA as the
adaptor molecule proposed by Crick and have ushered in a series of discoveries devoted to
the characterization of tRNAs.

2.1.2 Structural features of tRNAs

tRNAs may be most well known for their cloverleaf-like shape. Figure 2a displays the
cloverleaf structure embedded within a precursor tRNA. Prior to translation, E. coli
precursor tRNAs undergo enzymatic cleavage reactions at their 5 and 3" ends. 5-end
processing is carried out by the endonuclease RNase P (Frank & Pace, 1998), while
3’processing is mediated by a variety of endo- and exonucleases (Morl & Marchfelder, 2001).
The exact sequence of events and identity of the nucleases involved in 3" processing are still
undetermined. Once fully processed, the resulting tRNA is composed of the five canonical
structural regions labelled in Figure 2b; clockwise from the 3’ end is the: acceptor stem, T-
arm, variable loop, anti-codon loop and D-arm.

The acceptor stem and the anticodon loop are arguably, the most well known of the five
structural regions (Figure 2b). The acceptor stem encompasses both ends of the molecule,
including the -CCA terminal sequence. The -CCA sequence is encoded in all E. coli tRNAs
genes and serves as the site of attachment for amino acids. Aminoacylation does not occur if
the integrity of the -CCA terminal sequence is not intact. In the event of mutations or
damage to the 3’ end, the tRNA maturation/repair enzyme tRNA nucleotidyltransferase
(TNT) is upregulated. In eukaryotes, TNT is responsible for 3" end maturation by accurately
synthesizing the final three nucleotides (-CCA) in a template independent fashion
(Deutscher, 1982; Sprinzl & Cramer, 1979; Yue et al., 1996). TNT carries out a similar task in
E. coli if the -CCA end is altered (Zhu & Deutscher, 1987). The anticodon loop is located on
the opposite end of the molecule. The anticodon loop is composed of 7 nucleotides,
including the anticodon triplet. The first nucleotide of the anticodon can deviate from
Watson-Crick hydrogen-bond patterns. This phenomenon known as “wobble” facilitates the
degeneracy of the genetic code by permitting mRNA codons to bind multiple tRNA
anticodons.

The identity and composition of tRNA bases are also very intriguing. tRNAs contain a
number of highly conserved bases within the arms (T- and D-) and the anticodon loop
(labelled white in Figure 2c). Conserved bases serve a variety of functions ranging from
maintaining structural integrity to providing favourable contact sites for AARSs and EF-Tu
during aminoacylation and aa-tRNA transport. A number of tRNA bases also possess
additional or nonstandard functional groups (i.e. thiol and methyl groups). This class of
nucleotides is referred to as “hyper-modified”. To date > 100 tRNA hyper-modified bases
have been characterized, with some such as pseudouridine possessing strong evolutionary
conservation (Dunin-Horkawicz et al., 2006; Iwata-Reuyl, 2008; Rozenski et al., 1999). These
structural and chemical characteristics indicate that tRNAs are highly conserved
biomolecules that are equipped with an appreciable amount of chemical diversity.
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Fig. 2. tRNA structures before and after 5" and 3’ end processing. Panel a) displays
precursor tRNA. Panel b) displays the acceptor stem and anticodon loop regions. Panel c)
displays the five canonical tRNA secondary structural elements including the T-arm,
variable loop and D-arm. Bases indicated in panel c¢): A = adenosine, G = guanine, C =
cytosine, U = uracil, Pu = purine, Py = pyrimidine and y = pseudouridine.

2.1.3 Aminoacylation of tRNAs

Aminoacylation is initiated by AARSs. AARSs are highly specific enzymes that bind their
cognate amino acid in the presence of ATP and transfer the innermost phosphate from ATP
to the amino acid. This process is referred to as “activation” because the resulting adenylate
species, AA-AMP, is highly energetic. AA-AMPs remains tightly associated with their
AARS until the AARSeAA-AMP complex encounters a tRNA molecule. At this stage
translational fidelity is based on the interplay between the AARS and the tRNA, in that only
cognate (correct) tRNAs are acylated at a much higher level than noncognate tRNAs. Figure
3 displays a schematic of activation (step i) and aminoacylation (step ii).

AA + ATP + AARS _— AARS*AA-AMP + PPi Q)]

AARS*AA-AMP + tRNA 7 AARS + aa-tRNA + AMP  (if)

Fig. 3. Schematic of the translational machinery that mediate the early stages of ribosomal
protein synthesis: step i) amino acid activation and step ii) aminoacylation.

A more detailed view of each reaction is shown in Figure 4. During activation, the AARS
binds the amino acid and orients the o-carboxylate of the amino acid toward the o-
phosphate of ATP. This alignment promotes an in-line nucleophilic displacement reaction
as shown in panel a. The resulting adenylate (AA-AMP) remains bound to the AARS until
it encounters a tRNA molecule (panel b). The incoming tRNA binds the AARS, which
subsequently aligns the AA-AMP and tRNA. Next, the 2 or 3’ hydroxyl of the tRNA
initiates acylation via nucleophilic attack on the o-carboxylate of the amino acid adenylate
as shown in panel c. Finally, the aa-tRNA is generated, AMP is released and the AARS is
free to catalyze new activation and aminoacylation reactions.
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Fig. 4. Graphical representation of activation (b) and aminoacylation (d).

3. Importance of in vitro tRNA aminoacylation assays

Activation and aminoacylation are closely linked; in fact these steps are often depicted as a
single reaction. Although both reactions occur at a rapid rate, it is important to understand
the mechanistic details of both separately in order to determine the influence that each has
on translational fidelity. The section of this chapter will focus on the latter, aminoacylation.
In vitro aminoacylation assays are advantageous because this reaction format enables the
user to measure both the rate and the level of aminoacylation. While in vivo assays, despite
being the physiological benchmark for translation, only provide data that reflects the level
of aminoacylation. Despite a large amount of research using both assay formats, there are
several examples of conflicting results between in vitro and in vivo experiments. It is not
surprising that in vivo and in vitro data generate conflicting results since proteins are the
product of a biological paradox. In that, native proteins (i.e. full-length proteins without
mutations or truncations etc.) possess an enormous level of accuracy despite being
manufactured over a short period of time. Developing in vitro and in vivo assays that
accurately define how the two seemingly opposing forces of: translational speed and
translational accuracy coexist is a very complicated task. This point is more clearly shown by
the discrepancies that exist between in vivo and in vitro experiments designed to determine
the effect that the G3eU70 tRNAAl recognition element on aminoacylation. In vitro assays
showed that mutations within the recognition element drastically reduced aminoacylation
(Beuning et al, 1997; Frankyln & Schimmel, 1989; Hou & Schimmel, 1988; McClain et al.,
1988; Musier-Forsyth et al., 1991). While in vivo experiments indicated that mutations within
the recognition element had a minimal effect (Gabriel et al., 1996; McClain et al., 1999).
Despite advancements in in vitro and in vivo assays, a number of discrepancies between the
two formats remain. This section will focus on current and new assays designed to provide
a more clear view of aminoacyaltion.

3.1 In vitro aminoacylation assays using radioactive amino acids

The most predominately used in vitro aminoacylation assay is based on the techniques
developed by Zamecnick et al. using 4C labelled amino acids (Hoagland et al, 1957). The assay
measures the rate of formation of radiolabelled aa-tRNAs under steady state conditions. The
reaction is initiated by titrating a labelled amino acid into a reaction vessel containing the
cognate AARS, tRNA and ATP (complete buffer composition detailed in Figure 6).
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Fig. 5. Schematic of L-alanine illustrating the potential isotopic labelling sites for 14C (red)
and 3H (grey).

Aminoacylation is recorded by: i) removing aliquots at different time points, ii) spotting
each aliquot onto pre-soaked nitrocellulose filters [soaked with tricholoroacetic acid (TCA)],
iii) washing each filter with excess TCA and 95% ethanol. Finally, each filter is dried and
placed into a scintillation vial. The amount of ¥C or 3H precipitated onto the filter is
recorded using a scintillation counter. The major steps of this reaction are displayed below
in Figure 6.

ahquots removed at time x
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Fig. 6. Diagram of common method to measure aminoacylation using radioactive amino
acid substrates. Reaction buffer: 50 mM HEPES (or Tris-HCI) pH 7.5, 2 mM ATP, 10 mM
MgCly, 4 mM DTT, 20 mM KCl, bovine serum albumin (0.2 mg/mL). Nitrocellulose
membranes pre-soaked in excess TCA to ensure the maximum level of precipitation.

The level of aminoacylation is determined indirectly by first calculating the amount
radiolabelled amino acid that is bound to a filter (at time x) (Eigner & Loftield, 1974;
Loftield, 1974). The amount of precipitated amino acid is determined from the specific
activity of the amino acid and the scintillation counting efficiency. The level of
aminoacylation is determined by dividing the amount of labelled aminoacyl tRNA (bound
to the filter) by the total input tRNA. Although this assay is widely used, there are
significant drawbacks associated with it. One major limitation is related to the indirect
nature of the readout. The assay does not stringently distinguish active (acylated) from
inactive (non-acylated) tRNAs. This is a large potential source of error that could lead to
incorrect aminoacylation values. Other limitations are related to the use of 14C and 3H
labelled amino acids. Radiolabelled amino acids are generally limited to the 20 L-amino
acids. Hence, the analysis of unnatural (non-L) amino acids is prohibited. Also large
amounts of substrate are required due to the low affinity AARS have toward their cognate
amino acid (Ky values range of uM to mM) (Eriani et al., 1993; Hill & Schimmel, 1989; Ibba
et al, 1996). To offset the accompanying high levels of radioactivity, extremely high
amounts of tRNA must be supplied or the concentration of the amino acid must be reduced
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to levels that are below saturating conditions. The latter set of conditions (i.e. reducing
amino acid concentrations) prohibits the use of this assay to monitor pre-steady state
kinetics because the specific activity of each radioisotope is too low to generate a reliable
signal. Based on these issues, there is clearly a need to develop alternate methods to
measure aminoacylation.

3.2 In vitro aminoacylation assays using radioactive tRNAs
3.2.1 Aminoacylation of nicked ?P labelled tRNAs
One technique that has emerged as an alternative to the radiolabelled amino acid assay is
based upon on using 32P-labeled tRNAs. This approach, pioneered by the Uhlenbeck
laboratory offers a number of advantages vs. the classical aminoacylation assay. Their initial
strategy employed 32P-labeled “nicked” tRNAs as substrates (Wolfson et al, 1998). The tRNA
was prepared by annealing a longer unlabelled ribonucleic strand to a shorter 32P-labeled
strand. The longer strand (57-nt) encompassed the majority of the tRNA (5" acceptor region,
D-arm, anticodon, variable loop and part of the T-arm); while the shorter strand (19-nt)
encompassed a portion of the T-arm and acceptor stem. The longer strand was generated
via in vitro transcription using T7 RNA polymerase. The shorter strand was generated via
standard chemical synthesis and subsequently labelled with 32P-y-ATP using T4
polynucleotide kinase (T4PNK). A schematic of the resulting tRNA is shown in Figure 7b,
the position of the radiolabel within the T-arm is denoted with an arrow.
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Fig. 7. Schematic of intact (a) vs. nicked (b) tRNAs. The in vitro transcribed strand is shown
in black and the chemically synthesized strand is shown in grey.

To initiate the assay, radiolabelled tRNA is incubated with an amino acid and AARS of
interest. The reaction is then quenched and loaded onto an acid denaturing
polyacrylamide gel. Since aa-tRNAs possess a relatively larger positive charge than non-
acylated tRNAs, aa-tRNAs migrate slower than the non-acylated tRNAs. The level of
aminoacylation is measured by dividing the number of counts of the aminoacylated tRNA
by the number of counts of non-acylated tRNA (counts measured via Phosphorimager
analysis). The ability to distinguish aa-tRNAs from nonacylated tRNAs in a
straightforward manner significantly reduces the level of error associated with this assay
vs. the assay using radiolabelled amino acids. The 32P isotope also provides a much
stronger signal than 4C and 3H, this feature permits the use of much lower amounts of
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amino acid. As a result, this assay is capable of measuring aminoacylation at pre- and
steady state conditions. The expense and variable stability of 14C or 3H amino acids also
add to the attractiveness of an alternate assay. Finally, the use of 32P labelled tRNAs
provides a method to measure the aminoacylation of unnatural amino acids. Despite its
advantages, the nicked tRNA assay has drawbacks related to safety, compatibility and run
time. The high-energy 32P isotope requires the use of protective shielding and typical run
times range from 12-16 h to fully separate the acylated and non-acylated tRNAs. Taken as
a whole the benefits of this assay outweigh the disadvantages, but there is still room for
improvement.

3.2.2 Aminoacylation of full-length *2P labelled tRNAs

Uhlenbeck et al. improved the nicked tRNA assay by making several key adjustments
(Wolfson & Uhlenbeck, 2002). The first was related to the positioning of the 32P radiolabel.
The repair/processing enzyme terminal nucleotidyl transferase (TNT) was used to label the
3’-end of the tRNA. TNT labels tRNAs by exchanging the 3’-terminal non-labelled (“cold”)
adenosine with a 32P-a-adenosine to yield a new 3’ radiolabelled tRNA. This step is
displayed in Figure 8a; the radiolabelled product is denoted in red. This labelling procedure
circumvents the two-step process associated with the preparation of nicked tRNAs. The
aminoacylation reaction is identical to the approach described in section 3.2.1. The next
major change involves the use of nuclease P1 or Sl to separate aminoacylated from non-
acylated tRNAs. Both endonucleases digest aa-tRNAs to yield two products: 32P-AA-AMP
and 5" monophosphates. aa-tRNAs represent the former and nonacylated tRNAs the latter.
Each radioactive species is separated clearly and rapidly via thin layer chromatography
(TLC). This step obviates the lengthy run times associated with acid gel electrophoresis. The
level of aminoacylation is recorded by dividing the number of counts of the 32P-AA-AMP
species by the counts of 5 monophosphates (32P-AMP). Figure 8 displays a schematic of the
labelling (step a) and hydrolysis of 3’-32P-aa-tRNAs.

Due to the sensitivity of the 32P isotope, this assay can measure the rate of aminoacylation at
pre- and steady state conditions. As stated earlier, pre-steady state analysis is essentially not
feasible with the conventional aminoacylation assay.

The 32P tRNA assay also provides enhanced user flexibility. As a result, the steady state
reaction conditions can be altered to more closely resemble in vivo conditions. Wolfson &
Uhlenbeck exploited this feature to investigate the discrepancies between in vitro and in
vivo assays, describing the role of the G3eU70 tRNAAl recognition element (Wolfson &
Uhlenbeck, 2002). As discussed in section 3, in vitro assays indicated that changes within
the recognition element significantly reduced the rate of aminoacylation, while in vivo
experiments showed that mutations within the recognition element produced a minimal
effect. Since the reaction conditions of the 32P assay are more amenable to alerations, the
amounts of inorganic pyrophosphatase (PiPase) and EF-Tu were increased to levels that
more closely resemble in vivo conditions. The level and rate of aminoacylation were
shown to be clearly dependent upon the reaction conditions. Under standard in vitro
conditions (i.e. reduced levels of PiPase and in the absence of EF-Tu), the rate and the
level of aminoacylation was strongly affected by the integrity of the G3eU70 tRNAAl
recognition element. Mutations within the recognition element showed a significant
reduction in the both the rate (reduced k./Kwm) and the level of aminoacylation. Upon
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increasing the concentration of PiPase and EF-Tu to near in vivo levels, the level of
aminoacylation showed the opposite effect (a marked increase in aminoacylation). These
results clearly show the power of this assay. As a result, the intricacies of aminoacylation
can be investigated over a wider range of conditions that conventional in vitro and in vivo
assays cannot.
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Fig. 8. Panel a) Schematic of the 3’-32P labelling procedure using the repair/processing
enzyme terminal nucleotidyl transferase (TNT). Panel b) displays the hydrolysis products
following enzymatic digestion with either nuclease S1 or P1.

The versatility of this assay can also be extended to monitor the aminoacylation of unnatural
amino acids. We have used this assay to successfully aminoacylate a variety of natural and
unnatural amino acids. As shown in Figure 9, tRNAVal is aminoacylated with L-Val and two
unnatural amino acids: N-methyl val and a-hydroxy valine. The level of aminoacylation of
each residue is shown in the accompanying bar graph. Figure 9b clearly shows that ValRS
efficiently acylates both L- and N-methyl val, while o-hydroxy val is largely non-acylated.
Although more detailed analysis is required to determine the exact mechanism(s) of
discrimination, one can surmise that the reduced level of acylation of a-hydroxy valine is
the result of the editing domain of ValRS that works in concert with tRNAVal to hydrolyze
the a-hydroxy residue.
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a) b)

N-methyl Val a-hydroxy Val

Fig. 9. Panel (a) displays the TLC image from a typical aminoacylation reaction of tRNAVal
with three different amino acids: L-Val, N-methyl val and o-hydroxy valine with ValRS".
Panel (b) bar graph representation of the level of aminoacylation of each amino acid. *The
concentration of ValRS (0.5 uM) was optimized /reduced to ensure the level(s) of
aminoacylation of N-methyl val and o-hydroxy valine were not contaminated with L-Val.
Bell et al. unpublished results.
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3.3 Development of a novel aminoacylation assay using 2p |abelled amino acids

We are currently developing a novel assay to measure the level of aminoacylation that
merges the basic principles of the assays described sections in 3.1 and 3.2.2. In our assay, 32P
labelled amino acids are used as substrates. 32P labelled amino acids are prepared using a
modified version of the assay developed in the Perona laboratory (Gruic-Sovulj et al., 2005).
Amino acids are radiolabelled, by incubating the substrate in the presence of 32P-a-ATP and
an AARS. The newly formed 32P-labelled amino acid serves as a substrate for
aminoacylation. This process is shown in Figure 10b. Aminoacylation is again initiated by
introducing tRNA and the reaction proceeds to yield two species: acylated tRNA (aa-tRNA)
and AMP. 32P is highlighted in each step and serves as the readout to measure the level or
rate of aminoacylation.
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Fig. 10. Panel a) schematic displaying the formation of the 32P radiolabelled amino acid
[32P]AA-AMP during activation. Panel b) schematic of the formation of 32P-0-ATP during
aminoacylation.
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The readout for aminoacylation is based upon the “release” of 32P-0.-AMP from the activated
substrate ([32P]JAA-AMP) as the 2" OH of the tRNA attacks the carbonyl group of the
activated amino acid. The level of aminoacylation corresponds with the increase in 32P-o-
AMP counts and a decrease in [3P]AA-AMP counts. Each reaction component can be
separated and quantified via TLC and Phoshorimager analysis. An idealized schematic
displaying the electrophoretic mobility of an activated amino acid is shown in Figure 11.
The radiolabelled activated (adenylate) species is denoted with the grey arrow, note there is
also a measurable amount of AMP present due to spontaneous (albeit lower) hydrolysis of
the activated species. The intensity (or number of counts) of the [32PJAA-AMP correlates to
the relative amount of activated substrate that can undergo aminoacylation.

[*2P]AA-AMP
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Fig. 11. Schematic of the separation of an activated amino acid generated by incubating an
amino acid of interest with its cognate AARS.

In order to initiate the aminoacylation reaction, tRNAs are added in increasing amounts.
The level of aminoacylation generates a measurable readout when the amounts of tRNA,
AARS and amino acid approach equivalence. At this point, the level of [32P]JAA-AMP
decreases while 32P-a-AMP increases (as the radiolabelled monophosphate is released).
Figure 12 displays a schematic of the change in counts of each species during a typical
aminoacylation reaction.

We have used this assay to measure the aminoacylation of tRNATyr as shown in Figure 13.
Eight identical reactions (containing 10 pM L-Tyr and 10 pM TyrRS) were prepared without
tRNA to ensure an appreciable amount of amino acid was activated. Next, eight different
amounts of tRNA was added to each tube and the reaction was incubated for 5 min. As
shown in the bar graph the level of aminoacylation (32P-AMP) remains relatively constant until
the tRNA concentration increases to 0.50 uM (position 6, Figure 13). At this point, the 32P-AMP
counts begin to increase significantly. Aminoacylation is complete at tRNA levels > 5 uM
(position 8, Figure 13). Under these conditions, the highest amount of 32P-AMP was released
as noted by the large increase in 32P-a-AMP counts. Conversely, the level of activated amino
acid is completely consumed.
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Fig. 12. Schematic illustrating separation of each radiolabelled species during a typical
aminoacylation reaction containing a [32PJAA-AMP substrate. As the amount of tRNA

increases the level of aminoacylation increases, this corresponds to the release (and increase
in the counts) of 32P-a-AMP.
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Fig. 13. Aminoacylation of 10uM activated L-Tyr with increasing amounts of tRNATyr,
Reaction conditions: 10.0 uM aaRS, 10 uM AA incubated at 37° C for 2 minutes to permit
activation. tRNAs added to separate reaction activation reactions at concentration range of
0.001 - 5.0 uM. Each reaction quenched at 5 min in 0.1 U/pL Nuclease P1. Reaction buffer
composition: 30 mM HEPES (pH 7.0), 15 mM MgCl, 250 mM KCl, 20 mM j3-
mercaptoethanol, 2 puM ATP, Inorganic pyrophosphatase (0.2 U/uL) and 32P a-ATP.
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This reaction format has a number of advantages. Like the 32P tRNA assay, the sensitivity
of the 32P signal should permit the alteration of reaction components to more closely
resemble in vivo conditions. The assay provides a straightforward and rapid technique to
measure acylation that does not require labelling of tRNAs. As a result, this assay could
be used to rapidly evaluate the selectivity of tRNAs with various AARS/AA pairs. In
that, tRNAs can be rapidly screened with noncognate [32PJAA-AMP substrates to
determine any potential selectivity embedded within tRNAs toward noncognate amino
acids. We have also used this assay to aminoacylate in vitro transcribed tRNAs as well
(data not shown). Finally, the aminoacylation of unnatural amino acids can also be
monitored. We have evaluated several unnatural amino acids (i.e. 3-fluoro tyr, 3-NO- tyr
etc.) using this assay and each analogue displayed a similar aminoacylation trend as
shown in Figure 13 (data not shown). At this stage, this assay is being used in our
laboratory primarily as a qualitative tool to monitor the level of aminoacylation but we
believe that it offers a tremendous level of potential to help elucidate the role of tRNAs in
aminoacylation.

4. Importance of in vitro aa-tRNA: EF-Tu binding assays

As stated earlier, the third step in the protein synthesis pathway is the transport of aa-
tRNAs to the ribosome by the bacterial translation factor EF-Tu. The process begins
immediately after aminoacylation as EF-Tu binds aa-tRNAs to form a stable aa-tRNA:EF-
TueGTP ternary complex. X-Ray crystallography data reveals that EF-Tu binds the
acceptor stem and t-arm of each aa-tRNA (Figure 2) (Nissen et al., 1995; Nissen et al.,
1999) to effectively “protect” the aminoacyl bond during translation. At this stage,
translational fidelity is largely mediated by EF-Tu. Uhlenbeck et al. have used RNase
protection assays to elegantly show that EF-Tu binds cognate aa-tRNAs within a narrow
binding range (LaRiviere et al., 2001; Pleiss & Uhlenbeck, 2001; Dale et al., 2004; Ashara &
Uhlenbeck, 2005; Sanderson & Uhlenbeck 2007). Their data shows that EF-Tu binds
cognate aa-tRNAs with dissociation constant (Kp) values that range from 5 - 50 nM (Dale
& Uhlenbeck; 2005). It is presumed EF-Tu binds cognate aa-tRNAs with near uniformity
to deliver these substrates to the ribosome to undergo translation whereas misacylated or
non-cognate aa-tRNAs are removed from the translational pathway. The narrow binding
profile that EF-Tu has towards a limited, yet diverse set of substrates presents an
interesting scenario that can be best described from an evolutionary standpoint.
Uhlenbeck and others postulate that individual tRNAs and their respective cognate amino
acid have co-evolved. As a result, each aa-tRNA has undergone evolutionary fine-tuning
and EF-Tu binds each cognate aa-tRNA with near uniformity to mediate the next step of
translation. The exact mechanism(s) that EF-Tu uses to eliminate misaclyated aa-tRNAs
are unclear. Two plausible outcomes are: i) EF-Tu binds misacylated aa-tRNAs with a
very low affinity (Kp >> 50 nM) and as a result AARSs may intervene to
hydrolyze/remove the misaclyated amino acid or ii) EF-Tu binds the misacylated aa-
tRNA with an extremely high affinity (Kp << 5 nM) that prevents proper loading of the
aa-tRNA onto the ribosome. There is also growing evidence that shows EF-Tu works in
concert with the ribosome during the “initial binding” phase to ensure cognate aa-tRNAs
are translated. The focus of this chapter, however, will describe the individual binding
interactions between aa-tRNAs and EF-Tu.
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4.1 Current in vitro based assays aa-tRNA: EF-Tu binding assays

RNase protection assays are one of the most prevalent techniques used to measure EF-
Tu:aa-tRNA dissociation constants. The assay uses a nitrocellulose membrane to isolate aa-
tRNA:EF-Tu ternary complexes that remain intact following hydrolysis with the
ribonuclease, RNase A. RNase A is an ideal choice to investigate these binding interactions
because the enzyme cleaves single stranded RNAs at the 3’ cytosine (and uridine) position.
RNase A and EF-Tu essentially compete for the same position on the aa-tRNA, with the
former attempting to degrade the tRNA and latter protecting it.

To start the analysis, aa-tRNAs are generated using standard aminoacylation procedures
described in sections 3.1 and 3.2.2. Next, the labelled aa-tRNAs (3H, 14C or 32P) are purified
to remove the AARS(s). The ternary complex is formed, by incubating EF-Tu with the
labelled purified aa-tRNA. The RNase protection assay is capable of measuring EF-Tu
dissociation constants under either equilibrium or kinetic conditions. At equilibrium
conditions, the stability of individual ternary complexes is investigated. In each case, a set
amount of aa-tRNA (i.e. 10 nM) is mixed with a range of EF-Tu concentrations (0.1 - 500
nM) to form a series of ternary complexes. Each reaction is initiated with the addition of
RNase A at concentration known to rapidly and completely hydrolyze aa-tRNAs in the
absence of EF-Tu. Each reaction is quenched (~20s), placed onto the filter binding apparatus
that contains a nitrocellulose membrane and washed five times with 5-10% (w/v)
trichloroacetic acid (TCA). This step ensures an appreciable amount of ternary complex is
precipitated onto the membrane. Next, the membrane is removed, dried and exposed with a
Phosphorimager screen corresponding to the radiolabel of interest (3H, 4C or 32P). Finally,
the number of counts of each reaction (denoted as fraction xx-tRNAXx in Figure 14b) is
plotted vs. the EF-Tu concentration. The midpoint or region of 50% complex corresponds to
the Kp as shown in the idealized schematic in Figure 14b.
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Fig. 14. Panel a) schematic of nitrocellulose membrane representing the counts remaining
following the digestion of aa-tRNA:EF-Tu complex with RNase A under equilibrium
conditions. Panel b) schematic of fitting analysis used to derive EF-Tu dissociation constant,
Kbp.

As stated earlier, the RNase protection assay can be used to measure the kinetic properties
of EF-Tu binding also. In this case, the Kp is determined by calculating the rate of hydrolysis
(koff) of a single ternary complex. Using this format, a single ternary complex is formed by
incubating an aa-tRNA (10 nM) with excess EF-Tu (100 or 1 x 103 nM) at 4°C for 30 minutes.
Next, RNase A is added to initiate the hydrolysis reaction. During the reaction, aliquots are
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removed from the reaction vessel and quenched at different time points. Each aliquot is
loaded onto the filter binding apparatus and washed with TCA as described previously.
Next, the counts of each aliquot are measured and the k. is obtained by linear regression
analysis. More specifically, the In of counts at each time point is plotted vs. time (of
quenching). The negative slope is equivalent to the ko Finally, the Kp is obtained by
dividing the ko by the on-rate constant (kon). The kon for typical aa-tRNA:EF-Tu complexes
have been calculated as 105 or 106 M-Imin-! (LaRiviere et al., 2001).
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Fig. 15. Panel a) schematic of nitrocellulose membrane representing the counts remaining
following the digestion of aa-tRNA:EF-Tu complex with RNase A under kinetic
conditions. Panel b) schematic of linear regression analysis used to derive the off-rate
constant, kog.

To date, RNase protection assays could arguably be regarded as the gold standard for
measuring EF-Tu binding constants. These assays have proven to be a workhouse
technique that has provided an enormous level of insight toward to underlying
mechanisms of translation. However, there are significant disadvantages associated with
protection assays. The primary drawback is the large amount of experimental variability
associated with these assays. Reports show that these assays can typically generate
between 20 to 40% variability per analysis. The high level of variance may be related to
the weak signal strength associated with the 3H and 14C, while 32P despite being more
sensitive again requires shielding for protection. These reasons show that despite its
success there is a need to develop additional assays to investigate the binding properties
of EF-Tu to aa-tRNAs.

4.2 Development a novel fluorescent assay to monitor aa-tRNA: EF-Tu binding
interactions

We are currently developing a fluorescence based polyacrylamide gel assay as an alternate
technique to measure EF-Tu:aa-tRNA binding interactions. A fluorescence-based assay was
selected because this method offers a reliable and safe method to measure EF-Tu binding
that would circumvent the drawbacks related to the variability and safety of 14C and 32P
assays. The assay follows a similar procedure to those described in section 4.1 with three
noted exceptions: i) a fluorophore is conjugated to the tRNA prior to aminoacylation, ii) an
RNase mixture (RNase A/T1, Ambion) is used to hydrolyze aa-tRNAs and iii) a native
PAGE gel is used to separate hydrolyzed aa-tRNAs from the in tact ternary complexes.
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4.2.1 Conjugation of tRNA with fluorescent label

For our analysis the thiol-reactive Alexa Fluor® 488 Cs maleimide dye was selected to label
the tRNA. The maleimide functional group provides an ideal molecular handle that can
undergo a coupling reaction with the thiouridine (s4U) tRNA hyper-modified base. The
reaction is non-enzymatic and proceeds to completion in 2 hours at 37°C or in 12-16 hours at
4oC. The labelled tRNA is separated from non-conjugated dye via
phenol/chloroform/isoamyl extraction or NAP column purification. Figure 16a displays the
structures of Alexa Fluor 488 Cs maleimide and s4U. The location of s4U within the single
stranded region connecting the D-arm and acceptor stem is displayed in Figure 16b.
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Fig. 16. Panel a) schematic of Alexa Fluor 488 maleimide and 4-thiouridine functional
groups. Panel b) location of the 4-thiouridine hyper-modified base within the secondary
structure of tRNA.

4.2.2 Aminoacylation characteristics of fluorescently labelled aa-tRNAs

Despite the advantages related to safety and ease of conjugation, the presence of a relatively
large fluorophore near the tRNA acceptor stem could potentially perturb the
aminoacylation. To address this issue, we have measured the aminoacylation of tRNAs
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labelled with both 32P and Alexa Fluor 488. Figure 17 displays a TLC image of the
aminoacylation profile of tRNATr with L-Tyr and series of unnatural amino acids. As
evidenced in the high levels of acylation (> 70%) for L-Tyr (position 1) and 3-fluoro tyr
(position 3), the presence of the dye does not have a deleterious effect on aminoacylation.
The reduced level of acylation for the remaining unnatural amino acids (positions 2, 4 and 5)
is consistent with data using tRNAs labelled solely with 32P (data not shown). Hence, the
reduced aminoacylation levels for these samples are presumably the result of editing by
TyrRS and not the fluorophore.
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Fig. 17. Aminoacylation of dual labelled tRNATyr. The tRNA is labelled with 32P and Alexa
Fluor 488. The level of aminoacylation is recorded based on the technique discussed in
section 3.2.2. The resulting aa-tRNAs correspond to tRNATyr acylated with the following
amino acids in lanes 1 - 5: L-Tyr(lane 1), 3-nitro tyr (lane2), 3-fluouro tyr (lane 3), N-methyl
tyr (lane 4) and a-hydroxy tyr (lane 5).

4.2.3 Hydrolysis of fluorescently labelled aa-tRNAs

The positioning/conjugation of the fluorophore to a uridine base within a single stranded
region of the tRNA is a critical feature of the assay. As stated earlier, RNase A hydrolyzes
substrates at cytosine and uridine residues. Therefore, the fluorescent aa-tRNA should be
hydrolyzed in a similar fashion as described in section 4.1. To ensure the aa-tRNA
undergoes complete hydrolysis, we employed an RNase enzyme mixture composed of the
RNases A and T1. RNase T1 is an exonuclease that cleaves at single stranded guanine
residues. We presume that RNase A will provide the driving force to initiate hydrolysis due
to its relatively higher activity than RNase T1. A comparison of the hydrolytic activity of the
RNase A/T1 mixture vs. RNase III and RNase VI reveal that RNase A/T1 is the most
effective (data not shown). Figure 18 displays the hydrolysis of the fluorescent ValtRNAVal-
488, in the presence of RNase A/T1. Lane 1 corresponds to the intact aa-tRNA in the absence
of the RNase cocktail. Lanes 2 - 8 correspond to ValtRNAVa-488 hydrolyzed with RNase
A/T1 at time points of 5, 10, 15, 20, 25, 30 and 60 seconds. As noted in lanes 2-8, intact
ValtRNAVal488 js rapidly hydrolyzed. The major hydrolyzed species is presumably a longer
segment(s) of the labelled 5end; while the faster running species correspond to a
heterogeneous mixture of hydrolyzed labelled tRNAs.
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Fig. 18. Polyacrylamide gel analysis of the hydrolysis of labelled ValtRNAVa-488 with the
RNase cocktail - RNase A/T1. Lane 1 corresponds to 5.0uM ValtRNAVal-488 in the absence of
RNases. Lanes 2 - 8 correspond to individual ValtRNAVa-488 (5.0uM) samples incubated
with RNase A/T1 cocktail (1.25 Units A & 50 Units T1) for 5, 10, 15, 20, 25, 30 and 60
seconds, respectively. Each reaction was quenched with unfractionated yeast total tRNA
(1.0 mg/mL). Gel conditions: 15% tris boric acid gel, 1X TBE running buffer (90 mM
Trisma, 90 mM boric acid and 2 mM EDTA), run time 4 hours at 4°C.

4.2 .4 Evaluation of EF-Tu binding properties to fluorescent aa-tRNAs

This assay like the filter binding assay described in section 4.1 can be utilized to measure aa-
tRNA:EF-Tu binding constants under equilibrium and kinetic conditions. Thus far we have
only investigated the kinetic reaction format. One critical feature that must be determined is
the optimum RNase concentration that will permit reliable off rate measurements. The
RNase concentration used in Figure 18 (1.25 Units RNase A & 50 Units RNase T1) degrades
the ternary complex too rapidly to reliable measure the kinetics. To address, a series of
lower RNase concentrations have been used to measure stability of EF-Tu:aa-tRNA ternary
complexes. Figure 19 shows the typical hydrolysis profile of ValtRNAVal-488 bound to EF-Tu.
Panel a) displays the hydrolysis profile of the ternary complex using an RNase cocktail
concentration composed of 5 x 104 and 0.02 units of RNAase A and T1. Panel b) displays the
hydrolysis profile of the ternary complex using lower amounts of RNases. In this case, 1 x
10 and 4 x 10 units of RNase A and T1 are employed. As shown below, the second RNase
concentration is more amenable to measuring EF-Tu binding characteristics since the
complex is present throughout the duration of the reaction (2 - 120 seconds).

Using these RNase concentrations as a baseline, the reaction was extended to longer time
points in order to obtain k¢ measurements. As shown in Figure 20 lanes 5 - 9, the complex
degrades gradually in the presence of the RNase cocktail. The diminished level of ternary
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complexes (lanes 5-7) corresponds with an increase in the level of hydrolyzed products. The
accompanying graph displays the hydrolysis profile of the reaction. Although this data is
unable to be fit via linear regression analysis, it does indicate the ternary complex
dissociates appreciably with time.

Fig. 19. Polyacrylamide gel analysis of the hydrolysis of ValtRNAVal-488:EF-Tu ternary complex
with RNase A/T1 cocktail. Ternary complex composed of ValtRNAVa-488 (0.5 uM) and EF-Tu
(5.0 uM). Panel a) RNase A/T1 cocktail (5 x 104 Units A & 0.02 Units T1), panel b) RNase
A/T1 cocktail (1 x 104 Units A & 4.0 x 103 Units T1). Lane 1 ValtRNAVa-488 (0.5 uM), lane 2
ValtRNAVal-488:EF-Tu (0.5 uM and 5.0 uM), lanes 3 - 7 corresponds to reaction run times of 2, 5,
10, 30 and 120 seconds, respectively. Each reaction was quenched with unfractionated yeast
total tRNA (1.0 mg/mL). Gel conditions: 15% tris boric acid gel, 1X TBE running buffer (90
mM Trisma, 90 mM boric acid and 2 mM EDTA), run time 4 hours at 4°C.
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Fig. 20. Polyacrylamide gel analysis of the hydrolysis of ValtRNAVal-488:EF-Tu ternary
complex with RNase A/T1 cocktail. Ternary complex composed of ValtRNAVa-48 (0.5 uM) and EF-
Tu (5.0 uM), RNase A/T1 cocktail (1 x 104 Units A & 4.0 x 10 Units T1). Lane 1 ValtRNAVa-488 (0.5 uM),
lane 2 ValtRNAVa-48:EF-Tu (0.5 pM and 5.0 uM), lanes 3 - 9 corresponds to reaction run times of 0.3, 0.7,
1,14, 2, 6 and 8 minutes, respectively. Each reaction was quenched with unfractionated yeast total
tRNA (1.0 mg/mL). Gel conditions: 15% tris boric acid gel, 1X TBE running buffer (90 mM Trisma, 90
mM boric acid and 2 mM EDTA), run time 4 hours at 4°C.

The hydrolysis profile is very inconsistent at time points < 40 sec (Figure 20 and additional
data not shown). One possible approach to improve the hydrolysis profile may be related to
the optimization of the RNase composition. The inconsistent hydrolysis profile may occur
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since three enzymes are effectively competing for a single aa-tRNA. RNAse T1 is present at
nearly 50-fold excess to RNase A but despite the large excess of RNase T1 this enzyme is
much less reactive. As a result, RNase T1 may actually inhibit or reduce the efficacy of
RNase A at the initial stage(s) of the reaction. We are currently investigating the hydrolysis
of ternary complexes using RNase A alone.

5. Conclusion

We have presented two new assays that we believe can be used to further elucidate the role
of tRNA in aminoacylation and aa-tRNA transport. The aminoacylation assay merges
concepts from established techniques, while offering a novel approach to measure
aminoacylation. The new assay does not require labelling of tRNAs. Therefore, the
aminoacylation procedure is more straightforward. The presence of the 32P radioisotope
provides an extremely sensitive signal. Therefore, the reaction conditions can be readily
changed - this feature enables the investigation of aminoacylation under standard in vitro
and in vivo-like conditions. The second assay uses fluorescently labelled aa-tRNAs as
substrates to monitor the stability of aa-tRNA:EF-Tu ternary complexes. The assay is unique
in that it uses a fluorophore that is site specifically conjugated to a single-stranded region of
the tRNA. The location of the fluorophore within this region is critical for two reasons: i)
labels (moieties) located at the 5" or 3’ terminus could deleteriously affect aminoacylation
and ii) standard RNases (i.e. RNase A) should generate a predictable hydrolysis profile.
Despite the ease of use of this system the fluorophore does not supply the same sensitivity
as provided by 32P. However, the lack of sensitivity may be offset by the fact that the
“entire” reaction volume can be loaded onto a gel and subsequently quantified.
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