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Two categories of biodegradable polymeric materials which could be photocrosslinked by UV-cure were synthesized. One is water soluble glycidyl methacrylate
chitosan (GMA-Chitosan). Unsaturated methacrylate groups were introduced onto the
chitosan backbones as side groups to prepare hydrogel precursors for subsequent UV
crosslinking to generate a hydrogel having 3D network structure. The effect of reaction
conditions on the degree of substitution was studied. A series of hybrid hydrogels with
different composition ratios and with positive or negative charge, GMA-chitosan/2(acryloyloxy) ethyl trimethylammonium (AETA) and GMA-chitosan/vinyl sulfonic acid
(VSA) were then prepared by UV photocrosslinking of the methacrylate groups. GMAchitosan is also be used to fabricated hybrid hydrogels with different composition ratios
with unsaturated Arginine based polyester amide as the second hydrogel precursor for the
study of the wound healing model. The enzymatic degradation, mechanical strength and
swelling properties changes of the hybrid hydrogel depended upon the composition ratio
of the precursors. When the biodegradable hydrogels were used as protein carriers, the
release of bovine serum albumin (BSA) could be controlled by the hydrogel charge
density and the rate of degradation of hydrogels.
Another main category of polymer materials is Arginine based polyester urea
urethane

(Arg-PEUU) which

is

newly

synthesized

by

a

two-step

solution

polycondensation of three monomers: L-Arg hydrochloride alkylene diester (Arg-x-Cl),
hexamethylene diisocyanate (HDI) and glycerol α-monoallyl ether (GAE). Arg-PEUUs

can be photo-crosslinked into elastic gels. The newly synthesized polymers and gels were
characterized by standard polymer characterization methods like NMR, FTIR and
elemental analysis. By adjusting the composition ratio of three monomers, a wide range
of hydrophilicity, degradation, thermal and mechanical properties could be controlled.
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CHAPTER ONE:
SUMMARY OF CHITOSAN BASED HYDROGEL FABRICATION METHODS

1

1.1 Introduction of Chitosan and chitosan based hydrogel
Natural polymers (polysaccharides and proteins) are used in the development of
hydrogels as structural materials. Compared with other natural polymers,
polysaccharides have excellent biocompatibility, low immunogenicity, low toxicity,
and enzymatic degradation property. Chitosan is one linear polysaccharide composed
of randomly distributed β-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine
units. It is commercially produced by the deacetylation of chitin which is extracted
from crustaceans and insects. The chemical structure of chitosan is shown in Figure
1.1. Due to these characteristics and abundant source to produce, chitosan has attracted
a wide range of medical and pharmaceutical applications 1, 3. At pH below its pKa (pH
6.2), chitosan is water-soluble and positively charged due to protonation of amine
groups present on the polymer chain. When the pH exceeds 6.2, chitosan aqueous
solution forms a gel precipitation forms due to the neutralization of chitosan amine
groups, leading to the balance of repulsion between chitosan molecules breaks in the
stable water solution. By using this property of chitosan, the neutralization of chitosan
solution by counter-ionic salt is applied as one method to fabricate chitosan hydrogels
4

.

Figure 1.1 Chemical structure of chitosan

High water content crosslinked chitosan hydrogels are able to be used as
intelligent carrier which provides sustained, local delivery of therapeutic agents. Many
chitosan hydrogel preparation methods have been developed. In each method, chitosan
2

is either physically associated or chemically cross-linked to form 3D network
structures. To form stabilizing linkage, chitosan much have functional moieties that all
binding between the chains to prevent gel dissolution. The bonding can be
accomplished by non-covalent physical association, such as hydrogen bonding or ionic
bonding, physical entanglement, or by chemically covalent crosslinking. The physical
associations are reversible bonds, whereas the covalent crosslinkages of chitosan are
not. These methods were summarized below as physical association of chitosan
hydrogel and chemical crosslinked chitosan two approaches.
1.2 Physical association chitosan hydrogels
In order to fabricate physical chitosan hydrogels, chitosan polymer which is used
as precursor must has strong enough inter-chain interactions to form semi-permanent
junction points in the hydrogels. Another condition is this network should promote the
access and residence of water. There are four major physical interactions that lead to
the gelation of a chitosan solution, ionic, polyelectrolyte, interpolymer complex, and
hydrophobic associations 5. Figure 1.2 schematically shows these interactions between
the secondary chemical in the hydrogel formation and chitosan. The gel formation by
all of these interactions can be reversed. Chitosan-based physical gel can often be
obtained by simply mixing the components which make up the gel under the
appropriate conditions.

3

B

A

Figure 1.2 Schematic representation of chitosan based hydrogels derived from
different physical associations: (A) network of chitosan formed with counter-ionic
molecules, polyelectrolyte polymer and neutral polymers; (B) thermo-reversible
networks of chitosan graft copolymer 5.
1.2.1. Ionic complex chitosan hydrogel
Ionic complexation of chitosan and small anionic molecules can be formed by
the interaction of cationic amino groups and negatively charged molecules. In former
studies, small anionic molecules, such as sulfates, citrates and phosphates or anions of
metals like Pt (II), Pd (II) and Mo (VI)

6, 7

. The material properties vary with the

charge density and the size of the anionic agents. In the study of Chenite et al, βglycerol phosphate neutralized the chitosan solution without immediate gel-like
precipitation. Furthermore, this precursor forms hydrogel after subsequent heating 4.
The sol/gel transition temperature was pH-sensitive and gelling time was shown to be
temperature-dependent. Both of anions and metal ions bind chitosan via its protonated
amino group, but metal ion works through coordinate-covalent bonds instead of
electrostatic interactions. Chitosan has interesting metal ion uptake property which has
been extensively studied 5. In the study of Dambies et al, molybdate was used as the
gelling agent to prepare chitosan gel beads 8. This gelation technique leads to a
different structure compared with simple alkaline coagulation of chitosan solution.
4

Under optimum conditions, chitosan forms a double layer structure in a molybdate
solution, a nonporous thick external layer and an internal structure of small pores.
Another ionic complexation can be formed by other secondary interchain interactions
including hydrogen bonding between chitosan’s hydroxyl groups and the ionic
molecules or by using the interactions of chitosan after neutralization of cationic
amine groups. For instance, in the research of Mi et al, iron (III) forms crosslinked
hydrogel microsphere with carboxymethylchitin. It demonstrates iron (III) is able to
crosslink the hydroxyl groups of chitosan 9.

Figure 1.3 pH-sensitive swelling of an ionically crosslinked chitosan hydrogel
containing an ionic molecule as crosslinker 10
5

One advantage of this category chitosan hydrogels is, compared with covalently
crosslinked hydrogels, ionically crosslinked hydrogel cannot only swell in acidic but
also in alkaline conditions, as shown in Figure 1.3

10

. This property extends their

potential application in drug delivery.
1.2.2. Polyelectrolyte complexes
Polysaccharides, proteins and synthetic polyelectrolytes also form electrostatic
interactions with chitosan. The associations between the chitosan polymer and
polyelectrolytes are stronger than other secondary binding interactions like hydrogen
bonding or van der Waals interactions. Chitosan-based polyelectrolyte complex
networks have been produced by water-soluble anionic macromolecules like DNA,
alginate, GAGs (e.g. chondroitin sulfate, hyaluronic acid, or heparin), proteins (e.g.
gelatin, albumin), and anionic synthetic polymers (e.g. polyacrylic acid). The
formation of chitosan-based polyelectrolyte hydrogel can be a one-stage process or a
two stage procedure. Saether et al. used the one-stage process

11

. A sodium alginate

solution was added to a chitosan chloride solution under high shearing conditions, or
chitosan chloride was added to sodium alginate. The polyelectrolyte complex was very
stable at pH above 7 over a temperature range of 4-37 ºC 11. In a two stage procedure,
the first step in this process is the preparation of Ca-alginate gel beads

12

. Then the

beads are then transferred into a chitosan solution, and a polyeletrolyte complex
membrane is formed on the surface of the beads. The alginate/chitosan ratio in the
preparation was found to affect nanoparticle formation, as did polymer molecular
weight and pH. The smallest nanoparticles have a mean diameter of 314 nm, and are
prepared using low viscosity alginate and low molecular weight chitosan in a ratio of 2
: 3. The alginate/chitosan ratio in the preparation was found to affect particle size to a
greater degree than any other parameter 12. Polyelectrolyte complexes which consist of

6

chitosan and the polyelectrolyte are reversible. The stability of these compounds is
dependent on charge density, solvent, ionic strength, pH and temperature.
1.2.3. Physical mixtures and secondary bonding
Hydrogels can be formed by chitosan and other water-soluble nonionic polymer
through physical interactions. After lyophilization or after several freeze-thaw cycles,
nonionic polymer and chitosan formed junction points in the form of crystallites or
interpolymer complexation.

Figure 1.4 Hydrogels prepared by blending solutions of chitosan (CS) and PEI:
gel I (chitosan/PEI 10:90) and gel II (chitosan/PEI 40:60)

13

By mixing polyethylenimine with chitosan, a 3D hydrogel was formed within
5min that was stable under cell culture conditions and could support the growth of
primary human fetal skeletal cells. It is posited that the gel structure is held together
by chitosan–chitosan interactions. When the polymer mixture is prepared at pH 7.5,
chitosan is insoluble, possibly leading to crystallite formation between its chains 13.

7

A

B

Figure 1.5 (A) Schematic diagram of the multi-membrane onion-like structures; (B)
multi-membrane biomaterial with ‘onion-like’ structure based on chitosan hydrogel 14.
Ladet et al used a sodium hydroxide solution neutralized chitosan’s amino
groups. One interesting multilayered “onion-like” hydrogel could be prepared without
the addition of any other polymer or complexing molecule 14. This approach prevented
ionic repulsion between the polymer chains, allowing for the formation of hydrogen
bonds, hydrophobic interactions, and chitosan crystallites.
1.2.4. Thermo-reversible hydrogels and hydrophobic associations
Thermo-reversible polymer hydrogels that undergo a sol-to-gel transition in
response to temperature changes are of great interest in therapeutic delivery and tissue
engineering as injectable depot systems. The mechanism of thermo-reversible
hydrogel is that the hydrophobic interactions or secondary bonding of the polymer
form junctions between chains. These polymers undergo a hydrophilic-hydrophobic
transition when the solution temperature reaches a lower critical solution temperature
(LCST). The hydrophobic interaction made the system forms a semi-rigid gel. Some
ionic complex chitosan hydrogel has the thermo-reversible property. Glycerol
phosphate disodium salt has the temperature-sensitive behavior and can be used to
neutralize the amine groups of chitosan. The chitosan/glycerol phosphate mixture
remains a clear liquid at room temperature and gelation happens at 37 ºC 4.
8

Polyethylene glycol (PEG), poly (ethylene oxide) / poly (propylene oxide) block
copolymers or Poly N-isopropylacrylamide (PNIPAAM) modified chitosan systems
are another several main categories of thermo-reversible hydrogels. In the Bhattarai et
al. study, monohydroxyl PEG was chemically grafted on the chitosan backbone. At the
optimum feed ratio of chitosan and PEG, the modified chitosan polymer forms an
injectable solution at room temperature whereas it forms a gel at body temperature

15

.

Poly (ethylene oxide) / poly (propylene oxide) block copolymers is usually made as
amphiphilic triblock copolymer PEO-PPO-PEO. Traditional view considers this
triblock polymer has a center hydrophobic segment with two hydrophilic regions.
When the concentration of this polymer is above a critical value, polymer solution
undergoes a sol-gel transition. Park et al. grafted the terminal groups of PEO-PPOPEO on chitosan 16. The aqueous chitosan–PEO-PPO-PEO solution had a solution-gel
transition at about 25 °C which can be used as injectable hydrogel for cartilage
regeneration. Similarly, an aqueous PNIPAAM solution precipitates above 32 oC
(LCST). Below the LCST, the enthalpy term, which is mostly contributed by the
hydrogen bonding between polymer polar groups and water molecules, leads to
dissolution of the polymer. Gel formation at higher temperatures is caused by
dehydration of the hydrophobic isopropyl groups during the coil-to-globule transition.
In the study of Chen et al., PNIPAAM-COOH was synthesized and was conjugated on
the amine group of chitosan

17

. Chitosan-PNIPAAM hydrogels exhibit reversible

soluble-insoluble characteristics, fast phase transition kinetics, excellent phase
transition repeatability, and significant improvement in mechanical strength over
PNIPAAM hydrogels. The major advantage of thermo-reversible chitosan hydrogels is
it can be introduced in the body without big surgery and very suitable for irregular
shape of tissue cavity in clinic application.
1.3 Chemically crosslinked chitosan hydrogel
9

The limitation of physically bonded hydrogels is their inconsistent performance,
due to the lack of stable network structure formed by covalent crosslinking sites.
Moreover, to precisely control the physical gel shape and pore size are very hard.
More robust chitosan hydrogels is able to be fabricated by using small molecules
crosslinkers, secondary polymerization or irradiation chemistry. The primary amines
and hydroxyl groups of chitosan chain are able to react with many kinds of
crosslinkers. Chemical cross-linked network can be formed by using small molecule
cross-linkers, polymer-polymer reactions between activated functional groups.
1.3.1 Small molecule cross-linkers.
Many bifunctional small molecules could be used to crosslink chitosan.
Crosslinkers are molecules with at least two reactive functional groups that all the
formation of bridges between chitosan chains. One kind of commonly used
crosslinkers is dialdehydes, such as glutaraldehyde or glyoxal. The aldehyde groups
for covalent imine bonds with the amino groups of chitosan via a Schiff base reaction.
Dialdehydes react with amino groups in aqueous media without the addition of
auxiliary molecules such as reducer. For example, Yamada et al. produced a waterresistant adhesive by using glutaraldehyde as crosslinker of chitosan 18.
However, dialdehydes are generally considered to be toxic. The residue
dialdehydes which are not completely reacted may induce toxic effect. Besides
dialdehydes, diglycidyl ether, diisocyanate, diacrylate were used to crosslink chitosan
hydrogel

19-21

. Recently, genipin, which is a naturally occurring material and used in

herbal medicine and food dye are used as an alternative of chitosan crosslinker

22

.

Figure 1.6 shows the reaction between chitosan and genipin. Genipin has been
reported to bind biological tissues and biopoymers, such as chitosan and gelatin. In
addition, genipin cross-linked chitosan membranes exhibit a slower degradation rate
that induces extended drug release 23.
10

Figure 1.6 Genipin-chitosan crosslinking 23

1.3.2 Polymer-polymer crosslinking
Even though small molecules are able to provide desirable properties, but many
cross-linkers are considered to be toxic. In order to eliminate the use of crosslinker
molecules during gelation, functionalized polymer chains with reactive groups were
used in chitosan hydrogel fabrication. In Tan et al. study, chitosan and hyaluronic acid
hydrogel was produced by schiff bases reaction in situ

24

. A water soluble chitosan

derivative, N-Succinyl-chitosan and oxidized hylauronic acid were mixed with various
volume ratios to form chitosan / hyaluronic acid hybrid hydrogels. Schiff base was
formed with in 4 mins after N-Succinyl-chitosan and hylauronic acid with aldehyde
group. Chondrocytes culture test demonstrates the composite hydrogel supports
11

chondrocyte adhesion and encapsulation. Schiff bases reaction were also used in the
preparation of oxidized dextran and chitosan 25. Ono et al. reported Chitosan hydrogels
which have also been made by using Michael addition reactions

26

. In this study, thiol

modified chitosan was synthesized and mixed with PEG diacrylate. Hydrogel was
rapidly formed in situ under physiological conditions. Chitosan’s primary amino
groups react with the vinyl group on another polymer. The advantage of this approach
is its rapid reaction time and different choices of bonds. The disadvantage of polymerpolymer system is it requires multi-step preparation and purification processes.
Moreover, the reactive groups some times are cytotoxic.
1.3.3 Photo-crosslinking
Chitosan hydrogels can be formed in situ using photo-sensitive functional groups.
Chitosan with reactive moieties forms crosslinkage upon irradiation with UV light.
This technique offers considerable advantages (ease to control shape, safety, etc).
Functionalized chitosan with azide groups (-N3) has been developed by Ono et al

26

.

The azide is converted into a reactive nitrene group which reacts with chitosan’s free
amine group. The gelation happens within 60 seconds. Another type thermo-sensitive,
chitosan-pluronic hybrid hydrogel precursor which is functionalized with acrylate
groups was also made through UV photocrosslinking. After UV radiation, the
precursor could form a physical network at the temperature above its LCST

27

. Some

researchers tried to introduce unsaturated double bond on the chitosan main chain.
Figure 1.7 shows the scheme of chitosan derivative with the pendant double bonds.
Hong et al. developed one water soluble and crosslinkable chitosan derivative via the
condensation reaction between amino groups and carboxyl groups under the catalysis
of carbodiimide

28

. This chitosan hydrogel is soluble in neutral water and does not

precipitate till pH 9. The chitosan hydrogel was formed in the mold at a temperature of
37 ºC under the initiation of a redox system, ammonium persulfate (APS) / N, N, N,
12

N- tetramethylethylenediamine (TMEDA). The same reaction and gelation method
was used by Hong et al. again to synthesis another water-soluble chitosan derivative
having double bonds. Methacrylic acid (MA) and lactic acid (LA) was grafted via the
reaction between amino groups and carboxyl groups under the catalysis of
carbodiimide 29.

Figure 1.7 Illustration of the chitosan hydrogel network linked by alkyl chains which
are formed via carbon-carbon double bond polymerization.

Ramirez et al. took advantage of the rapid reaction between epoxy groups of
glycidyl methacrylate and the amine groups of chitosan to develop one chitosan
derivative with double bonds. The synthesis process is in acidic water solution 30. Pure
chitosan-glycidyl methacrylate derivative hydrogel has not been reported. Han et al.
used very similar method to produce a series of hybrid hydrogels based on glycidyl
methacrylated

chitosan

(CS-GMA)/

N-isopropylacrylamide

(NIPAAm)

UV

photopolymerization technology chitosan hydrogel with small molecule crosslinker,
N, N-methylene bisacrylamide (MBAA) 31 (Shown in Figure 1.8).
13

Figure 1.8 Scheme of preparation of Chitosan/NIPAAm hybrid hydrogels 31

This hydrogel system has temperature sensitivity which is contributed by NIPAAm
component. Due to the residue cationic amine groups of chitosan component, this
hybrid hydrogel also shows pH sensitivity in aqueous environment.
1.3.4 Enzymatic crosslinking
Even though photocrosslinking technology forms hydrogels in situ and represent
a promising class of chitosan hydrogels. But it usually requires photosensitizer and
UV radiation, which may damage neighboring cells and tissue in situ formation. A
mild and new approach, enzyme-catalyzed cross-linking reaction is employed to
fabricate chitosan hydrogel.
Tyrosinase (polyphenol oxidase, a copper-containing monooxygenation enzyme) was
used as catalyst for the modification of natural polymers. Phenol moiety-incorporated
chitosan derivatives were subjected to tyrosinase-catalyzed cross-linking, yielding
14

stable and self-sustaining gels

32

. The inspiration of this tyrosinase cross-linking idea

is from crosslinking of structural protein of animals. Protein cross-linking in biological
systems includes addition of amino groups of lysine to quinone. When the addition
reaction is followed by the rearrangement of hydrolysis of the azomethine, an
aldehyde is generated in a Streicker-type reaction. The aldehyde is itself reactive as
both an electrophilic amino group acceptor and a component in aldol condensation.
Chitosan is considered, because of the large availability of primary aliphatic amino
groups for carrying out selective reactions with phenols mediated by tyrosinase.
Another case of enzymatic chitosan hydrogel preparation is tyrosinase oxidizes the
tyrosyl residues of gelatin, forming quinone residues which then react with chitosan’s
amino groups and form crosslinked structure. The gelation time of chitosan and gelatin
is about 30 mins 33.

A

B
Figure 1.9 A. Formation of chitosan with Ph groups using EDC and NHS, B. Gelation
scheme for the gelation of Chit-Ph by HRP-catalyzed oxidative reaction 34.

15

Another enzyme used is called horseradish peroxidase (HRP), a single-chain βtype hemoprotein that catalyzes the coupling of phenol or aniline derivatives via the
decomposition of hydrogen peroxide, has been used to catalyze cross-linking reaction.
Sakai et al conjugated chitosan with HRP via carbodiimidemediated 3-(phydroxyphenyl) propionic acid condensation reaction (Figure 1.9 A). The resultant
chitosan derivative is water-soluble at neutral pH. The hydrogel was obtained via HRP
catalyzed crosslinking reaction by consuming H2O2 (Figure 1.9 B)

34

. Another

injectable chitosan-based hydrogel from water-soluble chitosan-graft-glycolic acid and
phloretic acid through enzymatic cross-linking with horseradish peroxidase and H2O2
was developed by Jin et al

35

. Gelation time could be from 4min to 10s depends the

concentration of polymer.
1.4 Conclusions
With the development of new molecular agents, variety of chitosan hydrogels can
be produced with tailored porosities, mechanical properties and stabilities in terms of
different applications. All of these engineering approaches are promising to be used in
the localizing drug delivery or 3D tissue engineering. The flexibility of chitosan as a
major material in biomedical use is compounded by its biocompatibility and
biodegradability.
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CHAPTER TWO
SYNTHESIS AND CHARACTERIZATION OF GLYCIDYL METHACRYLATE
CHITOSAN AND PHOTOCROSSLINKED GLYCIDYL METHACRYLATECHITOSAN HYDROGEL
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2.1 Abstract
A new method to synthesize water soluble, enzymatic biodegradable and
photo-crosslinkable glycidyl methacrylate chitosan (GMA-chitosan) was developed
for providing a multifunctional precursor to efficiently fabricate cationic chitosanbased hydrogels with improved swelling and protein release property. Unsaturated
methacrylate groups from glycidyl methacrylate (GMA) were introduced into chitosan
as the pendant functional groups, and the level of GMA incorporation was
significantly higher than other reported studies. The effects of feed ratio of reactants
and reaction time on the incorporation of glycidyl methacrylate onto the chitosan were
examined. The chemical structure of the resulting GMA-chitosan was characterized by
nuclear magnetic resonance (NMR), Fourier transform infrared spectroscopy (FTIR),
and carbon and nitrogen elemental analysis. GMA-chitosan is a new type of cationic
polyelectrolyte with zeta potential from +14.15 to +18.04 mV, depending on the
degree of GMA substitution. MTT assay shows virtually non-cytotoxicity of GMAchitosan toward porcine aortic valve smooth muscle cells.
Optical transparent GMA-chitosan hydrogels were synthesized from the GMAchitosan aqueous precursor using UV-photo-crosslinking. GMA-chitosan hydrogels
showed very high swelling (6,768±456%) in deionized water. The GMA-chitosan
hydrogel has an average initial compressive modulus 17.640 ± 0.75 KPa. The
morphology of the GMA-chitosan hydrogels was examined by scanning electron
microscopy (SEM). The in vitro enzymatic biodegradation property of the GMAchitosan hydrogels was studied. Bovine serum albumin was used as a model protein to
examine the release profiles of the protein up to 12 days, and the data show sustained
BSA release from GMA-chitosan hydrogels. The cationic character, hydrophilicity,
biodegradability, cell biocompatibility, and photo-crosslinkable in an aqueous medium

22

make this GMA-chitosan a promising biomaterial in drug delivery and tissue
engineering applications.
2.2 Introduction
2.2.1 Hydrogel
Hydrogels are networks of synthetic or natural polymer chains that are
hydrophilic. Hydrogels can be hydrated in an aqueous environment and retain large
amounts of water (generally more than 50% of the total weight) due to the presence of
hydrophilic groups or hydrophilic domains in the polymeric network 1. Crosslinks of
polymer chains prevent the dissolution of the hydrophilic polymer chains into an
aqueous phase. On the macroscopic scale hydrogels are solid: they are in definite
shapes without flowability. However, they also behave like solutions on the molecular
scale; water soluble molecules can diffuse into hydrogels with a wide range of
diffusivity that reflects the diffusant size, shape, and chemical nature 2. Due to their
high water contents as human tissues as well as their 3D porous morphology,
hydrogels have been extensively studied as scaffolds in tissue engineering or
sustained-release drug delivery systems. For the controlled release of bioactive
molecules, in particular pharmaceutical proteins, hydrogels with biodegradability
under physiological condition and good biocompatibility are promising drug carriers
as biodegradation of hydrogels could permit the complete release of the impregnated
proteins. In a hydrogel, crosslinks must be present in order to prevent dissolution of
the hydrophilic polymer chains in an aqueous environment. Many different methods
were developed to establish crosslinking of hydrogels which could be categorized
mainly into physically crosslinking and chemically crosslinking 3.
Physically crosslinked hydrogels were prepared by a non-covalent strategy that
takes advantage of electrostatic, hydrophobic, and hydrogen bonding forces between
polymer chains. Chitosan and poly (ethylenimine) hybrid hydrogel form by physically
23

blent is one example 4. The advantage of physically crosslinked hydrogels is to
eliminate the use of chemical crosslinking agents to prepare such hydrogels.
Physically crosslinked hydrogels can often be fabricated by simply mixing the
components that make up the hydrogels under appropriate conditions. These hydrogels
have a short life time in physiological media, ranging from a few days to a month.
Therefore, physical gels are good for short-term drug release applications. Whereas
physically bonded hydrogels also have their limitations, weak mechanical properties,
instability in a changing environment (e.g., pH, electrolytes, temperature),
uncontrolled dissolution

4, 5

. Moreover, it is difficult to precisely control the physical

hydrogel pore size, chemical functionalization, and degradation or dissolution, leading
to inconsistent performance in vivo.
Chemically crosslinking is a better alternative to fabricate irreversible
hydrogels. Polymeric chains of hydrogels are covalently bonded together either by
using small crosslinker molecules, secondary polymerization, irradiation chemistry,
even enzymatic crosslinking

6, 7

. Among the chemically crosslinking methods of

hydrogel fabrication, photocrosslinking has many advantages: short reaction time at
room temperature or physiological temperature, minimal heat production and the
possibility to form hydrogels in situ from aqueous precursor. In the photocrosslinking
process, visible or UV light in a range of specific wavelength interact with lightsensitive compound called photo-initiators to create free radicals that can initiate
chemical reactions to form crosslinked hydrogels. In some biomedical applications,
such as tissue engineering, the polymerization of small molecule monomers is not
preferable because most photocrosslinkable vinyl-monomers and crosslinking agents
are cytotoxic 8. Thus, most photocrosslinked hydrogels for biomedical applications are
generally been formed from water soluble macromolecular hydrogel precursors which
have two or more reactive groups. Moreover, the biodegradability of these
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photocrosslinked hydrogels is usually required when they are used as tissue
engineering scaffolds or drug carriers.
2.2.2 Chitosan
Chitosan is the partially deacetylated derivative of chitin, which is the second
most abundant natural polysaccharides existing in nature 4. Chitin is a structural
biopolymer of most crustaceans and cell walls of fungi, and it has the similar role as
that of collagen to higher animals and cellulose to terrestrial plants. The primary unit
of chitin is N-acetyl-D-glucosamine while that of chitosan is D-glucosamine linked by
β, 1-4 glucosidic linkage 9. Chitosan is a nonphysiological glycosaminoglycan (GAG)
that has antimicrobial properties
healing capability

14, 15

10, 11

, biocompatibility

12, 13

and accelerates wound

. Moreover, chitosan and its derivatives are intrinsically

enzymatic biodegradable: the hydrolysis of chitosan could be accelerated by enzymes,
such as chitosanase and lysozyme 16. Lysozyme is the primary enzyme responsible for
in vivo degradation of chitosan, which appears to target acetylated residues. The final
degradation products of chitosan are biocompatible chitosan oligosaccharides of
variable length 17. Therefore, chitosan is an ideal biopolymer with a wide variety of
biomedical applications, such as tissue engineering scaffold and drug delivery matrix.
Chitosan is insoluble in water, alkali and many organic solvents but is soluble in many
dilute aqueous solutions of organic acids, of which the most commonly used are
formic and acetic acid. In dilute acids (pH < 6.2), the protonated free amine groups on
the D-glucosamine units of chitosan facilitate solubility of the biopolymer 18.
Generally, there are three types of reactive functional groups on chitosan: one
amine group on D-glucosamine unit and both primary and secondary hydroxyl groups
at C (3) and C (6) positions (shown in Scheme 2.1). These groups allow modification
of chitosan for specific applications.
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Scheme 2.1 Chemical structure of chitosan
2.2.3 Modification of Polysacchride by glycidyl methacrylate GMA
Glycidyl

methacrylate

(GMA)

was

used

to

modify many natural

polysaccharides, including dextran, galactomannan, cashew gum, hyaluronic acid 17, 1922

. The GMA-polysaccharide derivatives were demonstrated to have good

biocompatibility, little inflammatory response, similar levels of vascularization at the
edge of GMA-polysaccharide derivative hydrogel compared with fibrin positive
controls

21

. GMA is a small molecule with one epoxy group at one end and

methacrylate group at the other end (Shown in Scheme 2.2). The epoxy group of
GMA can react with the hydroxyl groups of polysaccharide in the presence of 4-(N, Ndimethylamino) pyridine (DMAP) catalyst

19,

23,

24

. Prior published studies

demonstrated that the methacrylate derivatives of natural polysaccharide: GMAdextran, GMA-hyaluronic acid are water-soluble and could be radically crosslinked to
form hydrogels by using water-soluble initiation systems 21, 25.
In the synthesis of GMA -polysaccharide derivatives, choice of a proper solvent
in reaction is crucial for controlling the degree of substitution of methacrylate groups.
An acidic aqueous reaction condition usually require a longer reaction time

26

(~5

days), high feed ratio of glycidyl methacrylate to polysaccharide 21, 27 (6-fold or 20fold excess of GMA) and always lead to products of low degree of substitution
product (DS, number of methacrylate groups per 100 glucose unit)
26

29

. The GMA-

chitosan synthesized in aqueous media usually need other water soluble
photocrosslinkable macromolecules, for example, Poly (N-isopropylacrylamide) or
water soluble polymer (Polyethylene glycol diacrylate), even small molecule
crosslinker (N, N -methylene bisacrylamide) to form hydrogels to have

proper

mechanical property and structural integrity 27, 29. The reason is that the epoxy group of
GMA can react with water, yielding glyceryl acrylate which does not react with
polysaccharides like dextran further under an alkaline aqueous reaction condition 25.
Hennink et al. developed an alternative method of incorporating GMA into
polysaccharide by dissolving dextran in a suitable aprotic solvent, dimethyl sulfoxide
(DMSO) before reacting with GMA with the presence of basic catalyst including
triethylamine, DMAP, pyridine

25

. The quantitative incorporation of GMA was found

and the degree of substitution can be controlled. The reaction of GMA and dextran
was a transesterification resulting in a dextran derivative with methacrylate group
directly attached to the dextran chain (product 3b in Scheme 2.2) 30.

Scheme 2.2 Reaction of dextran with GMA in DMSO 40

Scheme 2.2 Reaction of dextran with GMA in DMSO 30
Based on the study of Hennink et al, the absence of a catalyst lead to no
incorporation of GMA onto dextran at 50 oC after 70 h reaction 25 as the presence of a
basic catalyst is necessary to help the reaction of epoxy group of GMA. The possible
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mechanism is the hydroxyl groups of dextran could be polarized by the alkaline
catalyst which could help the transesterification reaction

24, 31

. Based on their

investigation, the methacrylation of dextran by GMA indeed occurs via a
transesterification reaction, yielding dex-MA with the methacryloyl group directly
attached to dextran. Triethylamine, pyridine and 4-(N, N-dimethylamino) pyridine
(DMAP) could be used as effective alkaline catalysts. However, triethylamine and
pyridine required a significantly longer reaction time to achieve a substantial degree of
substitution compared to DMAP 25.
2.2.4 The attempts to synthesize photo crosslinkable chitosan derivatives in organic
solvent
Compared with dextran, chitosan has more structure similarity to GAG, cationic
property, accelerating wound healing, enzymatic biodegradable by lysozyme which is
one enzyme existing in human body. Photocrosslinkable chitosan derivatives based
hydrogel for the biomedical applications have attracted significant interests , however,
due to the difficulty of chitosan dissolution in organic solvents, the attempts to
introduce photocrosslinkable vinyl-groups onto the hydroxyl or amine groups of
chitosan have been challenging and less successful 32. To design chitosan derivatives
which could be dissolved in common organic solvents has been one of the strategies
adopted by researchers before their attempt to perform further chemical modification
of the hydroxyl groups of chitosan. Harata and Kurita studied synthesized
phthaloylated chitosan as an organosoluble precursor 34, 35 (shown in Scheme 2.3). Nphthaloylation reaction was performed between chitosan with phthalic anhydride in N,
N-dimethylformamide (DMF) at 130 oC. At this reaction condition, the final product
usually involves partial O-phthaloylation in addition to the expected N-phthaloylation.
By adding 5% water into the DMF solvent, O-phthaloylation was completely
suppressed to give regiospecifically substituted 2-N-phthaloyl-chtiosan 34 (shown in
28

Scheme 2.3) . The resulting phthaloyl-chitosan exhibits much improved solubility in
common organic solvents such DMF, N, N-dimethylacetamide, DMSO, and pyridine.
With the phthaloylated chitosan, either N, O-phthaloylated or N-phthaloylated
chitosan, as a key intermediate, various chemical modification reactions could take
place regioselectively in organic solvents

35

. The hydroxyl groups of phthaloylated

chitosan can be connected with acrylate groups or even another oligosaccharide such
as α-Mannoside

35

. However, N-phthaloylation reaction consumes large amounts of

free amine group of chitosan. Another drawback of these resulting phthaloyl-chitosan
derivatives is its insolubility in water. After further modification reaction of
phthaloylated chitosan, if the amine group is required to be recovered, hydrazine is the
most effective way to deprotect the amine group of chitosan. But hydrazine can also
destroy unsaturated vinyl groups or methacrylate groups. Therefore, poor water
solubility and the need of using a strong reducing agent in the deprotection of amine
groups limit the use of phthaloylated chitosan in the fabrication of chitosan derivative
having photo-reactive unsaturated double bonds.

Scheme 2.3 Phthaloylation of chitosan in DMF and DMF/water 34
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Prior studies attempted to perform the reaction between chitosan and GMA in an
acidic aqueous solution

29, 36, 37, 38

. Because of the side reaction of GMA with water

and the lack of proper basic environment to promote the reaction between the epoxy
groups of GMA and hydroxyl groups of chitosan, the degree of substitution of
methacrylate group on chitosan derivative is low

38

(no higher than 10%). This low

degree of GMA substitution in chitosan derivatives synthesized from an aqueous
medium may be attributed to the lack of successful fabrication of a pure GMAchitosan hydrogel, as no such effort has been reported in the literatures. In the
published studies, GMA-chitosan synthesized in aqueous solutions is used to fabricate
hybrid hydrogels with PMMA or N-isopropylacrylamide and even small molecule
photocrosslinker 29, 38 (N, N-methylene bisacrylamide). In the several published studies
referred GMA-chitosan based hybrid hydrogels, the addition of the second precursor
largely limits the application of GMA-chitosan and eliminate the special cell-benign
functions of chitosan. For example, in the Elizalde-Pena et al. study

29

, the final

crosslinked product of GMA-chitosan and methyl methacrylate (MMA) is mainly
hydrophobic and non-biodegradable. By using the other chemical modification to
introduce vinyl groups onto chitosan to fabricate photocrosslinkable chitosan
derivatives is much more difficult than the modification method of dextran

25

as well

due to the acidic aqueous reaction environment required for chitosan solubility. Most
photocrosslinked chitosan hydrogel systems usually require the formulation that needs
one chitosan derivative precursor and another water soluble non-chitosan-based
precursor with a large feed ratio of chitosan derivative precursor to the non-chitosanbased precursor. The non-chitosan-based precursor could be macromolecules which
have two or more than two photocrosslinkable groups, such as polyethylene glycol
diacrylate (PEGDA) or small molecule photocrosslinker

37, 38

. The disadvantage of

PEGDA-contained hydrogels in the applications of tissue engineering and drug
30

delivery is their lack of affinity towards proteins and hence cells

39, 40

. The

incorporation of PEGDA does not promote the biocompatibility and cell attachment of
chitosan-based hydrogels which are designed to use the cell-benign features of
chitosan. Moreover, PEGDA does not contain degradable segments on its polymer
backbone. The use of large molecular weight of PEGDA in chitosan based hydrogels
may lead to the presence of high molecular weight fragmented products. Hence, two
component chitosan-based hydrogels having non-biodegradable precursors is not the
optimal system in many specific biomedical applications. Actually, the poor chitosan
dissolution in organic solvent problem could be solved into DMSO by adding proper
amounts of p-toluenesulfonic acid (TsOH) (one solid organic and non-oxidizing acid)
to protonate the free amine group of chitosan. Chitosan is able to form a 1.5 wt%
homogenous clear solution in DMSO with the presence of 1 wt% p-toluenesulfonic in
the solution. Then, the addition of DMAP, an alkaline catalyst, could neutralize the
acidity of p-toluenesulfonic acid and provide a mild basic reaction environment for the
reaction between chitosan and GMA. Because DMSO is not ionized as easily as water,
chitosan does not precipitate out from DMSO when the pH of the solution is lower
than 9. So, this DMSO with p-toluenesulfonic acid and excessive DMAP solution
system (aprotic solvent, basic pH) appeared suitable for the reaction of GMA and
chitosan. The GMA-chitosan synthesized by using the new method could be
photocrosslinked without the addition of another non-chitosan-based precursor.
Table 2.1 compared the difference of the synthesis method and property
difference of GMA-chitosan with others reported chitosan derivatives having photoreactive unsaturated double bonds. In this chapter, this novel GMA-chitosan synthesis
method will be given; and the effect of reaction time and molar feed ratio of the
reactants on the finished products were studied. These newly synthesized GMAchitosan was characterized by nuclear magnetic resonance (NMR), Fourier transform
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infrared spectroscopy (FTIR), carbon and nitrogen elemental analysis. The resulting
GMA-chitosan precursor show good water solubility, high degree of GMA
substitution, low cytotoxicity to porcine aortic valve smooth muscle cells and the
ability to be used as hydrogel precursor to fabricate a pure chitosan-based hydrogels.
The transparent GMA-chitosan hydrogel could be fabricated in an aqueous medium by
using a simple photocrosslinking technique. The interior morphology of GMAchitosan hydrogels was examined by using scanning electron microscopy (SEM). The
enzymatic degradation of GMA-chitosan hydrogel by lysozyme in vitro was studied.
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Table 2.1 Comparison of GMA-chitosan to other reported chitosan derivatives with unsaturated groups
Author

Published
year

Final product

Reaction
media

Catalyst, temperature,
time

E.A. ElizaldePena

2007

2005

Jing Han

2009

M. Chellapandian

1998

Acetic acid
aqueous
solution
Acetic acid
aqueous
solution
Acetic acid
aqueous
solution
Acetic acid
aqueous
solution

No catalyst, 70 oC, 3h

Nelly FloresRamirzes

GMA-chitosan and
MMA copolymer (no
hydrogel)
GMA-chitosan (no
hydrogel)

Chao Zhong

2010

Our approach

2009

Methacrylated chitosan
/ PNIPAAm hybrid
hydrogel
Chitosan-poly (glycidyl
methacrylate)
Copolymer (no
hydrogel)
Maleic chitosan
(Maleic
chitosan/PEGDA
hybrid hydrogel)
GMA-chitosan
hydrogel

Water
solubility of
chitosan
derivatives
No

Degree of
substitution

No catalyst,
60 °C,
>2h
No catalyst,
60 °C, 6h

Yes

N/A

Yes

10.4

No catalyst,
60°C, 2h

No

N/A

Formamide

No catalyst
50 °C, 48h

Yes

33

DMSO/Tolue
ne sulfonic
acid

DMAP,
35 oC, 48h

Yes

10~37

33

N/A

2.3. Experimental
2.3.1 Materials
Chitosan (75- 85% deacetylated) of molecular weight (MW) 50,000 -190,000 and
Bovine serum albumin (BSA) of molecular weight ~66,000 Da were purchased from
Sigma Chemical Co., USA. Glycidyl methacrylate (GMA, 97%), 4-(N, Ndimethylamino) pyridine (DMAP, 99%), p-toluene sulfonic acid monohydrate
(TsOH·H2O), dimethyl sulfoxide (DMSO), Triton-X 100, hydrochloric acid (HCl, 33 wt
%), lysozyme (from Chicken egg), Thiazolyl blue tetrazolium bromide (MTT reagent),
minimal essential medium (MEM) were purchased from VWR Scientific (West Chester,
PA). FBS was purchased from Germini (Woodland, CA). Ethyl acetate, acetone,
isopropyl alcohol were purchased from Mallinckrodt incorporation (St.Louis, MO) and
used without further purification. Micro BCA protein assay kit was purchased from
Thermo Scientific Co., USA. Irgacure 2959 was donated by Ciba Specialty Chemicals
Corp. Porcine aortic valve smooth muscle cells (PAVSMC) that used for cytotoxicity
study were from Dr. Butcher’s lab at Cornell University.
2.3.2 Synthesis of glycidyl methacrylate chitosan (GMA-chitosan)
The reaction scheme of synthesizing GMA-chitosan is depicted in Figure 2.1.
Chitosan (3.0 g, about 0.0126 mol -NH2) was dissolved in 200 mL DMSO with TsOH
(2.4 g, 0.0126 mol) at 50 ºC for 3 h under dry nitrogen with magnetic stirring to form a
viscous clear solution. Then, 1 g DMAP was dissolved in 10 mL DMSO and then added
dropwise into the chitosan solution. The addition of DMAP significantly increased the
viscosity of the chitosan/DMSO solution. After the total solution was cooled down to
room temperature in about 1 h, GMA (2.4 g, 4.8 g or 7.2 g) was added to chitosan at
different molar feed ratios of GMA to the repeat units of chitosan ranging from 1/1, 2/1,
to 3/1. The reaction was continued at 35 ºC for 48 h under stirring. GMA-chitosan
samples (20 mL) were taken periodically from the reaction mixture to test the GMA
degree of substitution, and the reaction was stopped by adding 0.5 g TsOH to neutralize
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the DMAP and to reduce the viscosity of the reaction solution for an easier extraction of
the GMA-chitosan product. Then, the sample solution was precipitated out from the
solution by adding 200 mL ethyl acetate and dried in vacuum oven at room temperature
for 2 h. The resulting crude gel-like GMA- chitosan was cut into 1.5~2 mm cubic pieces

Figure 2.1 Schematic description of functionalization of chitosan by glycidyl
methacrylate in DMSO solution with DMAP as catalyst
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and were completely washed by Soxhlet’s extraction with acetone for 8 h to remove
TsOH, DMAP and unreacted GMA and then drying under vacuum. The degree of
substitution (DS; the amounts of methacrylate groups per 100 chitosan repeat unit) of
GMA-chitosan was determined by 1H NMR spectroscopy.
2.3.3 Characterization of GMA-chitosan
1

H NMR spectra of GMA-chitosan were recorded on a Varian Unity spectrometer

operating at 400 MHz. Samples of GMA-chitosan (15 mg) were dissolved in 800 µL of
DMSO-d6 (Cambridge Isotope laboratories, USA). Chemical shifts were reported in parts
per million (ppm). For FTIR spectroscopic characterization, dried GMA-chitosan was
grinded to powders. FTIR spectra were then obtained with a Perkin-Elmer Nicolet Magna
560 FTIR spectrometer with Omnic software for data acquisition and analysis. The
spectra of both raw chitosan and GMA were recorded as the controls. Carbon and
nitrogen contents of GMA-chitosan and raw chitosan (as control) were performed on a
Thermo Scientific ConFlo III elemental analyzer by stable isotope laboratory of Cornell
University. Zeta potentials of GMA-chitosan were tested by using Zetasizer Nano-ZS
(Malvern, USA).
2.3.4 Cytotoxicity of GMA-Chitosan
2.3.4.1 Cell culture
Porcine aortic valve smooth muscle cells (PAVSMC) were maintained in
minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS)
and 1% each of penicillin-streptomycin. The cells were incubated in CO2 incubator at 37
ºC with 5% CO2. After reaching confluence, the cells were detached from the flask with
Trypsin-EDTA (Invitrogen, Carlsbad, CA). The cell suspension was centrifuged at 3,000
rpm for 3 min and then re-suspended in the growth medium for a further study.
PAVSMCs were used between passages 4 and 7.
2.3.4.2 Cytotoxicity of GMA-chitosan
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Evaluation of the cytotoxicity of GMA-chitosan (DS 37) was performed using the
MTT assay. GMA-chitosan (DS 37) sample solution (6 wt %) was obtained by dissolving
GMA-chitosan in PBS (0.05M, pH 7.4). 6 different concentrations of GMA-chitosan
(0.1, 0.3, 0.6, 1, 2 and 4 mg/mL) were prepared by diluting 6 wt % GMA-chitosan
solution with MEM media. PAVSMCs at cell density 2,000 cells well -1 were seeded onto
96-well plates and incubated overnight. After 24 h, the cells were treated with 100 µL
freshly prepared GMA-chitosan / MEM media at 6 different GMA-chitosan
concentrations. The cells treated only with normal cell culture media were used as the
control. After 24 h treatment, 10 µL of MTT solution (5 mg/mL thiazolyl blue
tetrazolium bromide in deionized water after filtration by 0.22 µm filter) was added into
each wells and incubated for another 4 h at 37 ºC under a 5 % CO 2 atmosphere to allow
the formation of formazan crystals by mitochondrial dehydrogenases. After that, the cell
culture medium including GMA-chitosan solution was then carefully removed and 100
µL of acidic isopropyl alcohol (contains 10% Triton-X 100 with 0.1M HCl) was added
into each well and gently shaken at room temperature for 1 h to ensure that the purple
crystals were completely dissolved. The optical density of the solution was measured at a
wavelength of 570 nm and 690 nm (Spectramax plus 384, Molecular Devices, USA). The
cell viability (%) was calculated according to the following equation:
Viability (%) = [OD570 (sample) - OD690 (sample)]/[OD570 (control) -OD690
(control)] × 100%,
where the OD570 (control) represents the measurement from the wells treated with
medium only, and the OD570 (sample) from the wells treated with various polymers. 8
samples were analyzed for each experiment.
2.3.4.3 Statistical analysis
Differences between group means were assessed using one-way ANOVA followed by
parametric multiple comparison tests. A value of p < 0.05 was considered statistically
significant.
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2.3.5 Fabrication of photo-crosslinked GMA-chitosan hydrogel
GMA-chitosan hydrogel can be obtained by using GMA-chitosan (DS 37) as
precursor in an aqueous medium under UV radiation. 300 mg GMA-chitosan (DS 37)
was dissolved in 4 mL deionized water with magnetic stirring for at least 3 h to reach a
clear viscous solution. 10 mg Irgacure 2959 photo-initiator was dissolved in 100 µL
deionized water and then added to the GMA-chitosan aqueous solution prepared. Every
400 µL of the mixed GMA-chitosan aqueous solution with Irgacure 2959 was then
transferred onto a custom-made 20 well Teflon

®

mold (11 mm diameter, 6 mm depth)

and then irradiated by a long wavelength UV light (100 watts, 365nm, Blak-ray

®

lamp)

at room temperature for about 30 min until disk-shaped hydrogel was obtained. The
resultant hydrogels were immerged into deionized water for 16 h at room temperature to
leach residues and reach the swelling equilibrium. The GMA-chitosan hydrogels were
then dehydrated in the ambient air at room temperature until the dry weight was constant
for further swelling study. The weights of the initial dry hydrogel samples were measured
and used for determining equilibrium swelling later. A representative hydrogel network
structure is shown in Figure 2.2
2.3.6 Equilibrated swelling ratio (Qeq) of GMA-chitosan hydrogel
The equilibrium swelling of GMA-chitosan hydrogel was performed at room
temperature (25 oC) by immersing the purified dehydrated GMA-chitosan hydrogels
individually in glass vials containing 15 mL deionized water. After 16 h, the GMAchitosan hydrogels reached their swelling equilibrium. The swollen hydrogels in the
deionized water were then removed, the excess surface water was wiped and the
hydrogels were weighed until a constant weight was obtained. The swelling ratios of the
hydrogels were calculated from the swollen and dry weights of the hydrogels according
to the following equation.
Swelling ratio (Qeq, %) = (Wt-W0)/W0×100
Wt is the weight of the hydrogel at swelling equilibrium
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W0 is the initial dry weight of the hydrogel before immersion.
The reproducibility of the swelling profiles of a hydrogel was determined in triplicate.

Figure 2.2 A representative possible photo-crosslinked network structures of GMAchitosan hydrogel
2.3.7 Compressive modulus test of GMA-chitosan hydrogel
The compressive modulus testing of the GMA-chitosan hydrogel was performed
on a DMA Q800 Dynamic Mechanical Analyzer (TA Instrument Inc., New Castle, DE)
in a “controlled force” compression mode. The compressive modulus of dehydrated
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GMA-chitosan hydrogels in circular disc shape after reaching their equilibrium swelling
in deionized water were measured at room temperature (25 oC). The swollen hydrogels
were mounted between the movable compression probe (diameter 15 mm) and the fluid
cup without any liquid media. A compression force from 0.01 to 4 N at a rate of 0.5
N/min was applied on the hydrogel samples at room temperature until fragment of the
hydrogel was produced. The initial compressive modulus was calculated from the slope
of the initial linear portion of the curve. For each type of hydrogel, five samples were
used for the compression test, and their mean value was calculated with a standard
deviation.
2.3.8 Morphology of GMA-chitosan hydrogel
The interior morphology of GMA-chitosan (DS 37) hydrogel was probed by
scanning electron microscopy (SEM). The equilibrium swollen hydrogel samples were
quickly frozen in liquid nitrogen and then freeze dried in a Freezone 2.5 Freeze-dring
system (Labconco, USA) under vacuum at -50 ºC for 3 days until all water was sublimed.
The freeze-dried hydrogel specimens were cut and fixed on aluminum stubs and then
coated with gold for 30 s for SEM observation by Leica Microsystems GmbH (Wetzlar,
Germany) 440.
2.3.9 Enzymatic biodegradation of GMA-chitosan hydrogels in vitro
The enzymatic biodegradation of the disk shaped GMA-chitosan hydrogels (11
mm diameter, 5 mm thickness) was evaluated by its weight loss at 37 ºC in 20 volume
glass vials with a constant reciprocal shaking (100 rpm). In the enzymatic biodegradation
group, 15mL 0.05M pH 7.4 PBS with 1mg/mL lysozyme was added into the vials which
contain GMA-chitosan hydrogels. The incubation media were refreshed daily in order to
maintain enzymatic activity. In the control group, the same GMA-chitosan hydrogel
samples were incubated in 15 mL PBS (pH 7.4, 0.05M) at 37 ºC without any enzyme.
The course of enzymatic biodegradation of GMA-chitosan hydrogels was followed
gravimetrically until the loss of structural integrity of the hydrogels.
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Weight change of the hydrogels was measured at predetermined intervals. For
each measurement, three replicated samples were used. Weight loss measurement: The
weight of each dry GMA-chitosan hydrogels was measured before immersion. At various
immersion intervals, GMA-chitosan hydrogel samples were removed from the immersion
medium, washed gently with deionized water and dried under vacuum at room
temperature for about 12 h till the weight reached constant. The weight loss was
calculated according to the following equation
% Weight loss=(Wo-Wt,)/ Wo×100,
where Wo was the initial (t=0) dry hydrogel weight, and Wt was the dry weight of the
hydrogel after t incubation time. Mean value of experimental data was calculated at time t
with a standard deviation.
2.3.10 In vitro release of bovine serum albumin (BSA) from GMA-chitosan hydrogel
75 mg BSA was dissolved in 5 mL deionized water to obtain BSA stock solution
of 15 mg/mL concentration. GMA-chitosan precursor solution was prepared by
dissolving 300 mg of GMA-chitosan dissolved in 4.8 mL deionized water in a 20 mL
volume glass vial. A 200 μL BSA stock solution and 2 mg Irgacure 2959 were then added
into the GMA-chitosan precursor aqueous solution and mixed well with GMA-chitosan
precursor after 10 min stirring. The 400 μL BSA-preloaded GMA-chitosan aqueous
solution was transferred to a 20-well Teflon

®

mold and photo-crosslinked by using a

long wavelength UV light (100 watts, 365nm) for about 30 min. After gelation, each
BSA-preloaded GMA-chitosan hydrogel sample (11 mm diameter, 4~5 mm thickness
disk-like hydrogel with 240 μg BSA loaded) was removed from Teflon ® mold carefully
and placed in glass vials individually filled with 5 mL 0.05 M PBS of pH 7.4. At each
predetermined time, 100 μL PBS solution was removed from the vial and diluted to 1mL
by deionized water. 100 μL fresh PBS was added back into the glass vial to keep the PBS
medium constant during the immersion.
MicroBCA kit (Thermo Scientific, USA) was used to determine the BSA
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concentration. The protocol in the MicroBCA kit was followed. PerkinElmer Lambada
35 UV-Vis spectrophotometer was used to determine the absorbance of the samples at
562 nm wavelength. The standard BSA calibration curve was prepared by plotting the
average Blank-corrected 562nm reading for each BSA standard vs. its concentration in
μg/mL. This BSA standard calibration curve was used to determine the BSA
concentration released from the GMA-chitosan hydrogel at a particular time. The
amounts of BSA released from GMA-chitosan hydrogel was then calculated from the
calibration curve. Samples in triplicate were averaged for each experiment.
2.4. Results and discussion
2.4.1. Synthesis of GMA-chitosan in DMSO
In our proposed new synthesis scheme for GMA-chitosan, chitosan is first
dissolved in DMSO as a polar aprotic solvent by adding proper amounts of TsOH to
protonize the amine groups of chitosan which is crucial to improve the solubility of
chitosan in DMSO. In Dijk-Wolthuis et al. study

25

about GMA-dextran, they found a

basic catalyst like triethylamine, pyridine or DMAP is necessary to improve the
incorporation of GMA. DMAP was used as the catalyst in our new synthesis method.
This catalyst could lead to the shortest reaction time in order to obtain a substantial
degree of substitution. The pH of the reaction system was tuned to a mild basic
environment (pH 8.5-9) by adding DMAP that didn’t make chitosan precipitate out from
the DMSO solution, and also accelerated the reaction between GMA and chitosan. The
role of DMAP is either to work as a Bronsted base to polarize the hydroxyl groups of
chitosan that makes hydroxyl groups react with less hindered methylene carbon of the
epoxy group of GMA or as a nucleophilic agent promoting the formation of the
metacryloyl pyridinium salt
Flores et al.

36

20,25,30

.

reported the use of 0.4 M acetic acid solution for the synthesis of

GMA-chitosan. The disadvantage of this method is the reaction between GMA and water
leads to a low reaction efficiency and lower incorporation of acrylate groups onto the
42

GMA-chitosan product when compared with our proposed new method. The Flores et al.
36

GMA-chitosan synthesis method was subsequently used by Elizalde-Pena et al

29

and

Han et al.38. In those studies, the aqueous medium used led to GMA-chitosan having
significantly lower levels of incorporating methacrylate groups, i.e. 10.4%

38

than our

new synthesis method reported here.
There are two different pathways that could be considered for the chemicals
modifications involving polysaccharides when GMA is used as the modifier

20,24,25,30

.

Using an aqueous environment, the dextran could react with GMA by opening the epoxy
ring of GMA. In DMSO, the GMA was introduced into the dextran through
transesterification reaction yielding glycidol as a by-product

30

. In our new approach as

shown in Figure 2.1, the reaction between chitosan and GMA in DMSO resulted in a
direct attachment of methacrylate esters to chitosan and the glycidol byproduct was
removed in the purification process.
The major benefit of having higher DS of GMA in GMA-chitosan is that the new
GMA-chitosan can be used as a water soluble hydrogel precursor for fabricating single
component pure chitosan hydrogel without the need of another polymer precursor and
crosslinkers for biomedical applications, such as drug control delivery or tissue
engineering scaffolds. Low DS GMA-chitosan synthesized in water media by Han et al,
38

required the help of another synthetic polymer [poly(N-isopropylacrylamide)] as a co-

precursor at a substantial feed ratio to chitosan component (i.e., very low chitosan
component in the resulting hybrid hydrogels, 6-30%) as well as the need of low
molecular weight crosslinker (N,N-methylene bisacrylamide). The pure GMA-chitosan
hydrogel obtained in our current approach can retain the biological advantages of
chitosan, such as good biocompatibility and biodegradability far better than those
reported hybrid hydrogels because of the pure chitosan.
2.4.2 Characterization of GMA-chitosan
The 1H-NMR spectrum of GMA-chitosan (DS 13) is displayed in Figure 2.3. The
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incorporation of double bonds into the chitosan backbone was confirmed by 1H-NMR, as
indicated by the appearance of proton signals from the double bond of methacrylate
group at δ 5.74 and δ 6.2 ppm 25. The methyl groups from GMA and from undeacetylated
chitosan unit were observed at δ 1.95 ppm. The signal of the anomeric proton (position 1
in Figure 2.1) shows a shoulder at δ 5.05 ppm. The 6 protons at position 2~6 merge into a
peak which is observed at δ 3.1-3.5 ppm. Based on the assignment of the 1H-NMR
spectrum, the degree of substitution of the GMA-chitosan is calculated as (600x)/y, in
which x is the average integral of the protons at the double bond at δ 5.74 and δ 6.2 ppm
and y is the integral of the 6 protons of chitosan repeat unit at δ 3.1-3.5 ppm except the
proton at position 1. The calculated DS of methacrylate groups on GMA-chitosan ranged
from 13 to 37. Han et al.

38

reported the DS of GMA-chitosan synthesize in acidic

aqueous environment is about 10.4%, which is lower than the GMA-chitosan synthesized
by using the new developed method. As we predicted, the new GMA-chitosan synthesis
route significantly improved the GMA DS on chitosan.
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Figure 2.3 1H-NMR spectrum of GMA-chitosan (DS 13) dissolved in DMSO-d6
Figure 2.4 shows the FT-IR spectra of chitosan (A) and GMA-chitosan of two
different DS (Fig.4 B for DS 37, and Fig.4 C for DS 13) and GMA (D). Both a broad
band around 3430 cm-1 (attributed to -NH and -OH stretching vibration) and a weak band
at 2930 cm-1 (from -CH stretching) were shown on both chitosan and GMA-chitosan FTIR spectra (Figure 2.4 B, C). The characteristic peaks at 1650, 1590 cm-1 were assigned
to the amide I, amide II absorption bands of chitosan. The absorption band at 1150 cm-1
was assigned to the asymmetric stretching of the C-O-C of chitosan (Figure 2.4 A, B, C).
In the spectra of GMA and GMA-chitosan, the absorptions at 1720 cm-1 and at 815 cm-1
are indicative of the carbonyl group and the double bond of methacrylate group
respectively, which were not presented on the spectra of chitosan (Figure 2.4 A).
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Figure 2.4 FT-IR of GMA-chitosan which is synthesized from different GMA to
Chitosan repeat unit molar feed ratio and two raw materials: Chitosan and GMA. (A)
Chitosan; (B) GMA-chitosan (DS 37); (C) GMA-chitosan (DS 13); (D) GMA

The elemental analysis data (Table 2.2) shows the relative nitrogen contents
decreased when DS of GMA-chitosan increased which means more methacrylate (MA)
groups have been grafted onto chitosan. While the carbon contents of the sample
increased as the DS of GMA group increased. This is because the GMA group doesn’t
contain nitrogen element, the relative nitrogen contents of GMA-chitosan would
obviously be decreased from chitosan after the substitution reaction. Due to the
difference of the relative carbon contents of GMA and chitosan, the carbon content of
GMA-chitosan slightly increased, while the relative nitrogen content slightly decreased
when DS of GMA to chitosan increased (Table 2.2). The data from elemental analysis
was consistent with the composition calculated.
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Table 2.2 Relative carbon and nitrogen contents of raw chitosan and GMA-chitosan of
different GMA degree of substitutions (DS)
Sample
Carbon content
Nitrogen content
(%)
(%)
Chitosan

40.3

7.5

Calculated
carbon
content (%)
40.9

Calculated
nitrogen
content (%)
7.5

GMA-chitosan
(DS 13)

42.1

6.8

42.6

7.05

GMA-chitosan
(DS 28)

43.6

6.4

44.3

6.6

GMA-chitosan
(DS 37)

44.4

6.1

45.3

6.4

GMA-chitosan was only soluble in water or DMSO at room temperature (Table
2.3). Due to the protonation of amine groups of chitosan in water, GMA-chitosan
solutions (0.5 mg/mL) of different DS showed positive zeta potentials ranging from
+14.15 to +18.04 mV, depending on DS (Table 2.4) in deionized water. The zeta
potential of GMA-chitosan slightly decreased with an increasing degree of GMA
substitution. This might be attributed to the partial shielding effect of the incorporated
neutral methacrylate group on the positive charge of amine groups on the chitosan
backbone.
Table 2.3 Solubility of GMA-chitosan in several common solvents at room temperature
H2O DMF DMSO DMAc THF Ethanol Chloroform Benzene
Chitosan
GMA+
+
chitosan
(DS 37)
+, soluble (solubility≥ 5mg/mL); -, insoluble
Before chitosan react with GMA, TsOH was used to help chitosan dissolve in
DMSO. The amine groups of chitosan and TsOH would form the salt that caused the
difficulty of the reaction between the amine groups of chitosan and epoxy groups of
GMA, i.e., directing the GMA to the -OH sites of chitosan. After the reaction with GMA-
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chitosan, a substantial amount of primary amine groups was in TsOH salt form that
attributes the GMA-chitosan water solubility and its cationic property in aqueous media.
Table 2.4 Zeta potential@ of GMA-chitosan of different glycidyl metharylate (GMA)
degree of substitution (DS).
Sample
GMA-chitosan (DS

Zeta potential (mV)

GMA-chitosan (DS

GMA-chitosan (DS

13)

28)

37)

+18.04 ±0.35

+15.86 ±0.63

+ 14.15 ±0.64

@ GMA at 0.5 mg/mL concentration in deionized water at room temperature
2.4.3 Effect of reaction time and molar feed ratio of GMA to chitosan on the DS of
GMA-chitosan
Figure 2.5 shows the relationship between the DS of methacrylate group on
GMA-chitosan (as determined by 1H-NMR data) and reaction conditions (i.e., the molar
feed ratio of GMA to chitosan glucosamine unit, and reaction time). Increasing the
reaction time and feed ratio of GMA to chitosan can effectively improve the DS of
GMA-chitosan. For example, the DS of GMA-chitosan synthesized after 16 h at the
GMA to chitosan repeat unit 3/1 molar feed ratio is about 28, while the same reaction
continued to 48 h could improve DS to 37. At the same reaction time (16 h), the DS of
GMA-chitosan synthesized with GMA to chitosan 1/1 molar feed ratio is only about 13.3.
The DS of GMA-chitosan up to 37 can be achieved and DS can also be controlled by
tuning the reaction time and feed ratio. Although DS greater than 37 was reachable by
increasing the reaction time and feed ratio, the resulting GMA-chitosan solubility in both
water and DMSO is unsuitable for many applications, such as hydrogel fabrication in an
aqueous medium. Due to the hydrophobic nature of GMA group, a higher DS of GMA
would make GMA-chitosan difficult to dissolve in water and as we preferred to use an
aqueous medium for fabricating hydrogels to minimize adverse
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Figure 2.5 Effects of molar feed ratio of GMA to chitosan glucosamine unit and reaction
time on the GMA degree of substitution (DS) on GMA-chitosan reacted at 35 ºC with
DMAP as the catalyst (DS; the amount of methacrylate groups per 100 chitosan repeat
unit)
organic solvent effect in biomedical applications. The decreasing solubility in deionized
water with the increasing GMA DS was also reported in other study of GMAgalactomannan

20

. Moreover, the 1H-NMR data are hard to obtain from GMA-chitosan

with DS higher than 37 due to the poor solubility in DMSO-d6. GMA-chitosan having
DS lower than 37 is also not suitable because the hydrogel fabricated from GMAchitosan precursor with DS lower than 37 usually had low mechanical strength,
premature loss of structural integrity, and inconsistent performance which is not proper
for further degradation and protein release studies as well as impractical for eventual
biomedical uses. Therefore, GMA-chitosan (DS 37) precursor was chosen to fabricate
hydrogel samples for all subsequent studies, and this optimized fabrication conditions
were: a reaction time of 48 h, and GMA/chitosan repeat unit feed ratio of 3/1 (weight
feed ratio of GMA/ chitosan is about 2.4 /1).
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2.4.4 Cytotoxicity of GMA-chitosan in aqueous media
MTT assay was done for the six different concentrations of GMA-chitosan: 0.1,
0.3, 0.6, 1, 2 and 4 mg/mL (Figure 2.6). The data in Figure 2.6 indicates no significant
difference in cytotoxicity toward porcine aortic valve smooth muscle cells (PAVSMC) in
all of the concentration of GMA-chitosan aqueous solution after 24 hr incubation when
compared with a blank control. These results indicated that the prepared GMA-chitosan
solutions up to 4 mg/mL have virtually no cytotoxicity to

Figure 2.6 MTT assay (porcine aortic valve smooth muscle cell) of GMA-chitosan 0.05M
PBS solution at 0.1 mg/mL, 0.3 mg/mL, 0.6 mg/mL, 1 mg/mL, 2 mg/mL, 4 mg/mL
concentration (after cultured for 24 h, tissue culture plate as control)
PAVSMC cells.
Although there is no GMA-chitosan cell culture study had been reported before,
Zhong et al.

36

reported the cytotoxicity study of an anionic chitosan derivative (i.e.,

maleic chitosan) which can also be used to fabricate photo-crosslinked hybrid hydrogel,
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and maleic chitosan aqueous solutions showed little cytotoxicity to bovine aortic
endothelial cells (BAEC). More than 80% of cells treated with 3mg maleic chitosan /well
for 4 h were viable; however, the viability of BAEC reduced to about 65% after 48 h
incubation. Groot et al.

41

and Moller et al

19

reported the biocompatibility of

methacrylated dextran (GMA-dextran) and methacrylated hyaluronan (MA-HA)/
methacrylated aminoethyl carbamidomethyl dextran (MA-ACMD) hybrid hydrogel. The
cell proliferation inhibition index (CPII) of human fibroblast cultured with 100 mg/mL
GMA-dextran (DS 5, DS 30) showed a relative inhibition of 41±13% and 35±8% after 72
h and no statistically significant difference from the CPII of dextran control which can be
considered as low cytotoxicity

41

. In summary, the synthesized GMA-polysacchride

derivative like GMA-chitosan, GMA-dextran does not change the cell benign
characteristics of polysaccharides.
2.4.5 Photo-crosslinked GMA-chitosan hydrogel Qeq and hydrogel compressive
modulus
A representative crosslinked chemical structure of GMA-chitosan (DS 37)
hydrogel is shown in Figure 2.2. After swelling in deionized water, GMA-chitosan
hydrogel is elastic and transparent. The freshly made disc-shaped GMA-chitosan
hydrogels were dehydrated at room temperature in air for 2 days, their size was reduced
to about 5 mm diameter and 1.5~2 mm thickness (Figure 2.7A).
The equilibrium swelling ratio of GMA-chitosan hydrogel could reach as high as
6,768 ± 456% after immersed in deionized water for about 16 h. (Figure 2.7B). GMAchitosan hydrogel could absorb more than 60 folds of its own weight of water which is
probably due to the loosely crosslinked polymer network and good hydrophilicity of
GMA-chitosan. This very high level of equilibrium swelling of GMA-chitosan is far
greater than all reported GMA-polysaccharide-based hydrogels. For example, Chen et al.
23

reported that GMA derivatized dextran hydrogels had an equilibrium water content
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Figure 2.7 Image of photo-crosslinked GMA-chitosan (DS 37) hydrogel. (Gel sample A:
dehydrated at room temperature in the air for 2 days on left; gel sample B: swollen GMAchitosan hydrogel in deionized water after 16 h swelling on right). The swell ratio of
GMA-chitosan hydrogel in deionized water is about 6,768±456%. The compressive
modulus of swollen GMA-chitosan hydrogel in deionized water was 17.640±0.75 KPa.

about 42.6% that is much lower than the current GMA-chitosan. The possible reason is
the difference of hydrophilicity between chitosan and dextran. GMA-chitosan polymer
chain is more hydrophilic than that of GMA-dextran after the free amine group on each
D-glucosamine forms salt with TsOH which could be protonated in water

23

. Whereas,

GMA-dextran only has hydroxyl groups which is not easily to be protonated in water.
The calculated compressive modulus for the GMA-chitosan hydrogel was 17.640
± 0.75 KPa. The mechanical properties of polysaccharide-based hydrogels were rarely
reported in the literatures. Zhong et al. 36 recently reported a new family of maleic
chitosan/polyethylene glycol diacrylate (PEGDA) hybrid hydrogels fabricated in the
similar manner as the current UV-crosslinking GMA-chitosan hydrogels. The initial
compressive modulus of the maleic chitosan / PEGDA (MW 8,000) hybrid hydrogels was
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61±1.9 KPa which was significantly higher than our GMA-chitosan hydrogel. This is
because the high composition of PEGDA in maleic chitosan / PEGDA hybrid hydrogel (2
: 1 ratio) can lead to higher crosslinking density than that of our current GMA-chitosan
hydrogel which didn’t have any co-precursor for gelation as Zhong et al. hybrid hydrogel
did (PEGDA co-precursor).
2.4.6 Interior morphology (SEM) of GMA-chitosan hydrogel
The porous interior morphology of a swollen GMA-chitosan hydrogel (swollen in
deionized water and then freeze-dried) was shown in Figure 2.8. GMA-chitosan (DS 37)
hydrogel shows irregular shaped pores with diameter size ranging from 10~50 µm. The
GMA-chitosan (DS 37) hydrogel interior structure is similar to that of the GMA-dextran
(DS 4.7, synthesized by the reaction of GMA and dextran) / gelatin hybrid hydrogel that
Chen et al.

23

reported which has pore size ranging from 17 µm -50 µm diameter. The

porous structure of GMA-chitosan hydrogel provides a great opportunity to be used as
tissue engineering scaffold 23.
2.4.7 Enzymatic biodegradation of GMA-chitosan hydrogel by lysozyme
The in vitro enzymatic biodegradation property of GMA-chitosan hydrogel (DS
37) was investigated in terms of weight loss in 18 days in both PBS and 1mg/mL
lysozyme solutions of pH 7.4 at 37 ºC. The weight loss rate of GMA-chitosan hydrogel in
the lysozyme solution (Figure 2.9) was faster than that in a pure PBS buffer. For example
the weight loss of GMA-chitosan hydrogel in the presence of 1mg/mL lysozyme is about
42% after 14 days degradation, whereas the same hydrogel in the PBS control group
showed only about 34% weight loss at the same time. In the
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Figure 2.8 SEM images of swollen GMA-chitosan (DS 37) hydrogel in deionized water
after 3 days lyophilization (A) 1,000×; (B) 2,000×

presence of lysozyme medium, however, GMA-chitosan hydrogels became visibly
smaller in size and lose their structure integrity much faster than in the PBS medium.
After 5 days incubation, the weight losses of GMA-chitosan hydrogels in the presence of
lysozyme were 5% ~ 10% greater than the same hydrogels samples in the PBS only.
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Figure 2.9 Weight loss of photo-crosslinked GMA-chitosan (DS 37) hydrogel as a
function of time in 1mg/mL lysozyme 0.05M PBS solution and in 0.05M PBS as the
control (pH 7.4) at 37 ºC.

The degradation of GMA-chitosan hydrogel can be attributed to two different
paths: the hydrolytic degradation of the ester bond of the methacrylate group in GMA,
and lysozyme-catalyzed fragmentation of the GMA-chitosan backbones at the β (1, 4)
linked glucosamine unit and N-acetyl-D-glucosamine unit 13. The degradation of GMAchitosan hydrogel in a pure PBS and by lysozyme are mainly followed a bulk erosion
model: the degradation happened both at the surface and interior simultaneously
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.

Because GMA-chitosan has good hydrophilicity and porous structure after swelling, it is
able to absorb water and lysozyme into the hydrogel network structure, the degradation of
methacrylate linkage and chitosan polymer chain is also happened at the interior of the
hydrogel.
After 8 days degradation, the weight loss of GMA-chitosan hydrogel in the next 8
days is about 10%. The possible reason of degradation rate change of chitosan based
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hydrogel in lysozyme solution is the result of partial degradation 42. During the initial
stage of enzymatic degradation of GMA-chitosan by lysozyme, breakage of a small
number of glycosidic bonds of GMA-chitosan makes part of hydrogel which doesn’t
contain too much crosslinked methacrylate groups separated from the hydrogel network
and diffused in water. This results in the fast weight loss of GMA-chitosan hydrogel in
the initial stage. The remained crosslinked region of GMA-chitosan hydrogel takes longer
time to be completely degraded, since lysozyme must targets acetylated residues of
chitosan before it cleaves the polymer backbone 43.
Figure 2.10 shows the morphological structure of the GMA-chitosan upon
degradation. When compared with the undegraded GMA-chitosan morphology (16 h in
PBS medium, Figure 2.8), the morphological structure of GMA-chitosan hydrogels after
2 days enzymatic biodegradation (Figure 2.10 B) showed less distinctive high profile
pores as the control (Figure 2.8 B), and the distinctive pore structure of the GMAchitosan hydrogels disappeared via the collapsing and merging of pores after 14 days in
lysozyme medium (Figure 2.10 D). In the presence of a pure PBS, the porous structure of
GMA-chitosan hydrogel was largely filled (Figure 2.10. A, C). The possible reason is the
degradation product of GMA-chitosan at the end of 14 days could still be high molecular
weight chitosan derivative because hydrolytic scissions only cleave the ester bonds of the
pendant methacrylate groups that act as a crosslinker to tie chitosan macromolecules
together, i.e., no chitosan backbone fragmentation in a pure PBS environment. The high
molecular weight degradation product aggregated on the pore walls and eventually filled
up the pores (Figure 2.10 C), whereas the enzymatic biodegradation produces
oligosaccharides from chitosan backbone with much lower MW than chitosan. These low
MW oligosaccharides degradation products can be easily dissolved away from chitosan
hydrogel. So, GMA-chitosan can still keep the porous structure during the process of
enzymatic biodegradation, but could not in a PBS medium.

56

Figure 2.10. SEM images of morphologic changes of GMA-chitosan hydrogel in vitro at
pH 7.4 and 37 ºC. (A) GMA-chitosan hydrogel after 2 days incubation in 0.05M PBS,
1,000 X; (B) GMA-chitosan hydrogel after 2 days incubation in 1mg/mL lysozyme
0.05M PBS solution, 1,000 X; (C) GMA-chitosan hydrogel after 14 days incubation in
0.05M PBS, 2,500 X; (D) GMA-chitosan hydrogel after 14 days incubation in 1mg/mL
lysozyme 0.05M PBS solution, 1,000 X

A similar collapse of the pore structure of other types of chitosan-based hydrogels
was also reported by Hong et al.

42

as they observed the pores of the chemically

crosslinked CML hydrogel upon lysozyme biodegradation collapsed together with many
rumples on the coarse pore walls.
2.4.8 Release of BSA from GMA-chitosan hydrogel
57

GMA-chitosan hydrogel has been evaluated as the delivery vehicle for controlled
release of BSA protein. The advantage of the current GMA-chitosan hydrogel and UVcrosslinking technology in protein drug delivery is that the protein drug can be pre-loaded
into the hydrogel precursor aqueous solutions before gelation, and hence provides a more
homogeneous and uniform loading without the adverse effect of organic solvents.
Release profiles of BSA (MW ~66,000) from GMA-chitosan as a function of incubation
time in PBS media are shown in Figure 2.11. At the end of 11 days, more than 80% of
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Figure 2.11 Cumulative BSA release from GMA-chitosan (DS 37) hydrogel in PBS (pH
7.4) at 37 ºC.

BSA was released from GMA-chitosan hydrogels at 37 ºC. Burst release of BSA
happened in the first h of incubation which is due to dissolution of BSA near GMAchitosan hydrogel surface.
The BSA release data from GMA-chitosan hydrogels were further analyzed as a
function of the square root of time for assessing whether such a BSA release from the
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GMA-chitosan hydrogel would follow a Fickian diffusion mechanism. As shown in
Figure 2.12, a close to linear relationship was observed after the initial burst release and
before 12 days. In the case of diffusion-controlled system, the release behavior follows
the Higuchi square-root of time relationship:

for 0 ≤ Mt / M∞ ≤ 0.6 where Mt and M∞ are the fraction of drug released at time t and at
equilibrium, D is the diffusion coefficient of the drug in the matrix and l is the sample
thickness
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. The diffusion coefficient (D) of BSA from the GMA-chitosan can be

calculated from the linear fitted slope value from Figure 2.12. and hydrogel sample shape
and size parameter. Between 2nd and 7th days (excluding the initial burst release), the D of
BSA from GMA-chitosan hydrogel is about 0.786×10-7 cm2/s. In the last 3 days release
(after 7th day), the diffusion coefficient (D) of BSA is about 1.522×10-7 cm2/s. These D
data suggested that the BSA release kinetics in the GMA-chitosan hydrogel in a PBS is
mainly a diffusion-controlled mechanism before the hydrogel lost its microstructure due
to degradation. After 7th day, the release rate of BSA was accelerated (i.e., a higher slope
in Figure 2.12.) by the degradation of the GMA-chitosan as shown in the weight loss data
in Figure 2.9.
When comparing with the Hennink et al.
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diffusion coefficient study of BSA

release from GMA-dextran hydrogel (D 5.9 ×10 -7 cm2/s), the D of BSA from our GMAchitosan hydrogel was significantly smaller than that of the Hennink et al. methacrylated
dextran. Release of a protein through a hydrogel matrix can be influenced by ionic
interactions between the protein and the hydrogel
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. Zeta potential data have

demonstrated that GMA-chitosan shows positive charge in its aqueous solution (Table
2.4). The protonized residual amine groups of GMA-chitosan in an aqueous media are
able to hold the negatively charged BSA (isoelectric point is about 4.7 44) by electrostatic
interaction. The electrostatic interaction between anionic BSA and the cationic GMAchitosan could slow down the BSA release, while the GMA-dextran hydrogels didn’t
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have any positively charged groups to interact with BSA. Compared to GMA-dextran,
GMA-chitosan is able to achieve a more sustained protein release in vitro. A slower and
more sustained drug release at local sites can prevent the systemic toxicity of many
therapeutic agents. GMA-chitosan fabricated as a cationic polyelectrolyte hydrogel is a
promising protein controlled delivery device for biomedical applications.
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Figure 2.12. Square-root of time relationship for release of BSA from GMA-chitosan in
PBS (pH 7.4) buffer at 37 ºC
2.5 Conclusions and recommendation for future work
An efficient method has been developed for the synthesis of glycidyl metharylate
derivatized chitosan (GMA-chitosan) having significantly higher degree of GMA
substitution than prior others’ reported studies. The degree of substitution (DS) ranged
from 13 to 37 and can be controlled by the molar feed ratio of GMA to chitosan and
reaction time. The GMA-chitosan with DS lower than 37 can dissolve in water or DMSO.
The GMA-chitosan is a cationic polymer with positive zeta potentials from +14.15 to
+18.04, depending on the degree of GMA substitution. MTT assay showed GMA60

chitosan solution shows no significant cytotoxicity to porcine aortic valve smooth muscle
cell. GMA-chitosan (DS 37) can be used as the precursor to fabricate photo-crosslinked
cationic hydrogel in an aqueous solution. The GMA-chitosan hydrogel has porous
structure and high capacity of water absorption (6,768±456% equilibrium swelling ratio
in deionized water). The GMA-chitosan hydrogel has an average initial compressive
modulus 17.640 ± 0.75 KPa. The enzymatic biodegradation study also demonstrated the
biodegradability of the GMA-chitosan hydrogel in the presence of lysozyme. GMAchitosan hydrogels were under investigation as a protein controlled delivery device and
showed 12 days sustained release of BSA at room temperature in vitro. The
biocompatibility of the GMA-chitosan hydrogel toward 3T3 fibroblast needs to be
characterized for the further study by live/dead assay and F-actin staining. The GMAchitosan hydrogel encapsulation with 3T3 fibroblast needs to be determined by UVcrosslinking the GMA-chitosan hydrogel precursor which mixed with cell suspension.
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CHAPTER THREE:
SYNTHESIS AND CHARACTERIZATION OF WATER SOLUBLE GLYCIDYL
METHACRYLATE CHITOSAN AND 2-(ACRLOYLOXY) ETHYL
TRIMETHYLAMMONIUM AND THE FABRICATION INTO HYBRID HYDROGEL
IN AQUEOUS MEDIUM
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3.1 Abstract
A new family of cationic hybrid hydrogels from two new positively charged
aqueous soluble precursors, glycidyl methacrylate-chitosan (GMA-chitosan) and 2(acryloyloxy) ethyl trimethylammonium (AETA), was developed via a simple
photocrosslinking fabrication method. These hybrid hydrogels have pendant quaternary
ammonium functional groups on the AETA segments. The chemical composition of
GMA-chitosan / AETA hybrid hydrogels were characterized by fourier transform
infrared spectroscopy (FTIR) and their mechanical, swelling and morphological
properties were examined as a function of the composition of the hybrids as well as the
effect of pH and ionic strength of the surrounding medium. GMA-chitosan/AETA hybrid
hydrogels show a porous network structure with average pore diameter 20-50 μm. The
compression moduli of these hybrid hydrogels ranged from 27.24 to 28.94 KPa which are
significantly higher than a pure GMA-chitosan (17.64 KPa). GMA-chitosan / AETA
hybrid hydrogel shows pH / ionic strength responsive swelling behavior due to the
presence of the positive charge pendant groups. These hybrid hydrogels showed a sustain
BSA protein release and a significantly lower initial burst release than a pure GMAchitosan hydrogel. The two aqueous soluble precursors and the cationic charge
characteristics of the resulting GMA-chitosan / AETA hybrid hydrogels may suggest that
this new family of biomaterials may have promising applications as the pH responsive
protein drug delivery vehicles.
3.2 Introduction
3.2.1 Polysaccharide hydrogels
Natural polymers which are used in the development of hydrogels, including
polysaccharides and proteins have been used as structural material. Compared with other
natural polymers, polysaccharides have excellent biocompatibility, low immunogenicity,
low toxicity, and enzymatic degradation property. Chitosan is one linear polysaccharide
composed of randomly distributed β-(1-4)-linked D-glucosamine and N-acetyl-D68

glucosamine units. It is commercially produced by the deacetylation of chitin which is
extracted from crustaceans and insects. Due to these characteristics and abundant source
to produce, chitosan has attracted a wide range of medical and pharmaceutical
applications 1, 2. At pH below the pKa of amine groups of chitosan (pKa 6.2), chitosan is
water-soluble and positively charged due to protonation of amine groups present on the
polymer chain. When the pH exceeds 6.2, chitosan aqueous solution forms a gel
precipitation forms due to the neutralization of chitosan amine groups, leading to the
balance of repulsion between chitosan molecules breaks in the stable water solution.
High water content crosslinked chitosan hydrogels are able to be used as
intelligent drug carrier which provides sustained, local delivery of therapeutic agents.
Many chitosan hydrogel preparation methods have been developed

1, 2-5, 7

. In each

method, chitosan is either physically associated or chemically crosslinked to form 3D
network structures. To form stabilizing linkage, chitosan must have functional moieties
that all binding between the chains to prevent gel dissolution. The bonding can be
accomplished by non-covalent physical association, such as hydrogen bonding or ionic
bonding, physical entanglement, or by chemically covalent crosslinking. The physical
associations are reversible bonds, whereas the covalent crosslinkages are not. These
methods were summarized below as physical association of chitosan hydrogel and
chemically crosslinked chitosan two approaches.
3.2.2 Polyelectrolyte complexes hydrogel
Polysaccharides, proteins and synthetic polyelectrolytes also form electrostatic
interactions with chitosan. The associations between the chitosan polymer and
polyelectrolytes are stronger than other secondary binding interactions like hydrogen
bonding or van der Waals interactions. Chitosan-based polyelectrolyte complex networks
have been produced by water-soluble anionic macromolecules like DNA, alginate, GAGs
(e.g. chondroitin sulfate, hyaluronic acid, or heparin), proteins (e.g. gelatin, albumin), and
anionic synthetic polymers (e.g. polyacrylic acid). The formation of chitosan-based
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polyelectrolyte hydrogel can be a one-stage process or a two stage procedure. H.V.
Saether et al. used the one-stage process 3. A sodium alginate solution was added to a
chitosan chloride solution under high shearing conditions, or chitosan chloride was added
to sodium alginate. The polyelectrolyte complex was very stable at pH above 7 over a
temperature range of 4-37 ºC 3. In a two stage procedure reported by Douglas et al., the
first step in this process is the preparation of Ca-alginate gel beads 4. Then the beads are
then transferred into a chitosan solution, and a polyeletrolyte complex membrane is
formed on the surface of the beads. The alginate / chitosan nanoparticles ratio in the
preparation was found to affect nanoparticle formation, as did polymer molecular weight
and pH. The smallest nanoparticles have a mean diameter of 314 nm, and are prepared
using low viscosity alginate and low molecular weight chitosan in a ratio of 1: 1.5. The
alginate / chitosan ratio in the preparation was found to affect particle size to a greater
degree than any other parameters 4. Polyelectrolyte complexes which consist of chitosan
and the polyelectrolyte are reversible. The stability of these compounds is dependent on
charge density, solvent, ionic strength, pH and temperature.
3.2.3 Crosslinked chitosan hydrogel
The limitation of physically bonded hydrogels is their inconsistent performance,
due to the lack of stable network structure formed by covalent crosslinking sites.
Moreover, to precisely control the physical gel shape and pore size are very hard. More
robust chitosan hydrogels is able to be fabricated by using small molecules crosslinkers,
secondary polymerization or irradiation chemistry. The primary amines and hydroxyl
groups of chitosan chain are able to react with many kinds of crosslinkers. Chemical
crosslinked network can be formed by using small molecule crosslinkers, polymerpolymer reactions between activated functional groups.
3.2.3.1 Small molecule crosslinkers.
Many bifunctional small molecules could be used to crosslink chitosan. Crosslinkers
are molecules with at least two reactive functional groups that all the formation of bridges
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between chitosan chains. One kind of commonly used crosslinkers is dialdehydes, such as
glutaraldehyde or glyoxal. The aldehyde groups form covalent imine bonds with the
amino groups of chitosan via a Schiff base reaction. Dialdehydes react with amino groups
in aqueous media without the addition of auxiliary molecules such as reducer. For
example, Yamada et al. produced a water-resistant adhesive by using glutaraldehyde as
crosslinker of chitosan 5. However, dialdehydes are generally considered to be toxic. The
residue dialdehydes which are not completely reacted may induce toxic effect. Besides
dialdehydes, diglycidyl ether, diisocyanate, diacrylate were used to crosslink chitosan
hydrogel. Recently, genipin, which is a naturally occurring material and used in herbal
medicine and food dye are used as an alternative of chitosan crosslinker 6.
3.2.3.2 Polymer-polymer crosslinking
Even though small molecules are able to provide desirable properties, but many
crosslinkers are considered to be toxic. In order to eliminate the use of crosslinker
molecules during gelation, functionalized polymer chains with reactive groups were used
in chitosan hydrogel fabrication. In Tan et al. study, chitosan and hyaluronic acid
hydrogel was produced by schiff bases reaction in situ 7. A water soluble chitosan
derivative, N-Succinyl-chitosan and oxidized hylauronic acid were mixed at various
volume ratios to form chitosan/hyaluronic acid hybrid hydrogels. Schiff base was formed
with in 4 mins after N-Succinyl-chitosan and hylauronic acid with aldehyde group.
Chondrocytes culture test demonstrates the composite hydrogel supports chondrocyte
adhesion and encapsulation 7.
Schiff bases reaction were also used in the preparation of oxidized dextran and
chitosan 8. Chitosan hydrogels have also been made by using Michael addition reaction 9.
In Ono et al. study, thiol modified chitosan was synthesized and mixed with Polyethylene
glycol diacrylate (PEGDA). Hydrogel was rapidly formed in situ under physiological
conditions. Chitosan’s primary amino group reacts with the vinyl group on PEGDA. The
advantage of this approach is its rapid reaction time and different choices of bonds. The
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disadvantage of polymer-polymer system is it requires multi-step preparation and
purification processes. Moreover, the reactive groups some times are cytotoxic.
3.2.4 Photocrosslinking of chitosan based hydrogel
Chitosan hydrogels can be formed in situ using photo-sensitive functional groups.
Chitosan with reactive moieties forms crosslinkages upon irradiation with UV light. This
technique offers considerable advantages (ease to control shape, safety, etc).
Functionalized chitosan with azide groups (-N3) has been developed by Ono et al. The
azide is converted into a reactive nitrene group which reacts with chitosan’s free amine
group. The gelation happens within 60 seconds 9.
Another type thermo-sensitive, chitosan-pluronic hybrid hydrogel precursor
which is functionalized with acrylate groups was also made through UV
photocrosslinking. After UV radiation, the precursor could form a physical network at the
temperature above its LCST 10. Some researchers tried to introduce unsaturated double
bond on the chitosan main chain. Figure 3.1 shows the scheme of chitosan derivative with
the pendant double bonds.
Hong et al. developed one water soluble and crosslinkable chitosan derivative via
the condensation reaction between amino groups and carboxyl groups under the catalysis
of carbodiimide. This chitosan hydrogel is soluble in neutral water and does not
precipitate till pH 9. The chitosan hydrogel was formed in the mold at a temperature of
37 ºC under the initiation of a redox system, Irgacure 2959 / N, N, N, N- tetramethyl
ethylenediamine (TMEDA) 11. The same reaction and gelation method was used by Hong
et al. again to synthesize another water-soluble chitosan derivative having double bonds.
Methacrylic acid (MA) and lactic acid (LA) was grafted via the reaction between amino
groups and carboxyl groups under the catalysis of carbodiimide 12.
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Figure 3.1 Illustration of the chitosan hydrogel network linked by alkyl chains which are
formed via carbon-carbon double bond polymerization.

Nelly Flores-Ramirez et al. took advantage of the rapid reaction between epoxy
groups of glycidyl methacrylate and the amine groups of chitosan to develop one chitosan
derivative with double bonds. The synthesis process is in the acidic water solution 13.
Pure chitosan-glycidyl methacrylate derivative hydrogel has not been reported. This
hydrogel
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isopropylarylamide (NIPAAm) component. Due to the residue cationic amine groups of
chitosan component, this hybrid hydrogel also shows pH sensitivity in aqueous
environment 14.
3.2.5 pH and ionic strength sensitive hydrogel
Stimuli-responsive hydrogels have been produced that exhibit dramatic changes in
their swelling behavior, network structure, permeability and mechanical strength in
response to a number of external stimuli, including pH, ionic strength of the surrounding
fluid, temperature, presence of specific solute and applied electrical or magnetic fields 15.
Stimuli-responsive hydrogels can be used in a wide variety of applications, including
tissue engineering, biosensors and drug delivery devices. Hydrogels exhibiting pH73

dependent swelling behavior can be swollen from ionic networks. Polyelectrolyte gels
change their conformation with the degree of dissociation which is the function of
quantities such as pH value, ionic strength, polarity of the solvent and temperature of the
external solution. These ionic networks contain either acidic or basic pendant groups. In
aqueous media of appropriate pH and ionic strength, the pendant groups can ionize,
developing fixed charges on the gel. In these gels, ionization occurs when the pH of the
environment is above the pKa of the ionizable group. As the degree of ionization
increases (increased system pH), the number of fixed charges increases, resulting in
increased electrostatic repulsions between the chains and resulting in an increased
hydrophilicity of the hydrogel structure, and greater swelling ratios. Conversely, cationic
materials contain pendent groups such as amines. These groups ionized in media which
are at a pH below the pKb of the ionizable species. Thus, in a low pH environment,
ionization increases, causing increased electrostatic repulsions. The hydrogel becomes
increasingly hydrophilic and will swell to an increased level. One polysaccharide,
hyaluronic acid (HA) which is also one kind of linear natural polyelectrolyte with a high
molecular weight has a disaccharide repeat unit consisting of 2-acetamide-2-deoxy-β-Dglucose and β-D-glucuronic acid linked by alternating (1-3) and (1-4) glycoside bonding.
HA is a weak polyelectrolyte with a low negative charge density. HA-PVA hybrid
hydrogel was reported that it has pH-dependent swelling behavior and responsive
swelling behavior to the electric filed 16.
In the study of drug delivery, stimuli-responsive hydrogels have been produced
that exhibits dramatic changes in their swelling behavior, network structure, permeability
and mechanical strength in response to a number of external stimuli, including pH, ionic
strength of the surrounding fluid, temperature, presence of specific solute and applied
electrical or magnetic fields

15,17

. Stimuli-responsive hydrogels can be used in a wide

variety of applications, including tissue engineering, biosensors and drug delivery
devices. Polyelectrolyte hydrogels exhibit pH-dependent swelling behavior that is the
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function of ionic strength, polarity of the solvent and temperature. These ionic networks
contain either acidic or basic pendant groups. In aqueous media of appropriate pH and
ionic strength, the pendant groups can ionize, developing charges on the hydrogel.
Depending on the type of ionizable pendant groups, ionization can occur when the pH of
the environment is either above or below the pKa of the ionizable group. As the degree of
ionization changes due to the change of pH, the number of charges can increase or
decrease, resulting in increased or decreased electrostatic repulsions between the chains
and resulting in greater or lower swelling ratios. pH-sensitive hydrogel have been most
frequently used to develop controlled release formulation; for example, polycationic
hydrogels in the form of semi-IPN have been used for antibiotics drug delivery in the
stomach for the treatment of Helicobacter pylori.18
3.2.6 Quaternary ammonium group
Quaternary ammonium cations are permanently positively charged, independent
of the pH of their solution. Quaternary ammonium compounds are well-known
antiseptics with a favorable safety profile, and have been added to a variety of personal
hygiene products

19

. Moreover, in the drug release applications, introduction of cationic

property in nanoparticles has been considered as an effective approach to increase the
permeability of the nanoparticles across the blood-brain barrier. The cationic charge of
primary amine usually has high toxicity, but quaternary ammonium cations on polymers
which were derived from poly (glycidyl methacrylate) shows significantly reduced
cytotoxicity 18. Permeability of quarternization of β-cyclodextrin polymer nanoparticles
through blood-brain barrier was investigated as drug carrier by et al

20

. In their study,

quaternary ammonium β-cyclodextrin (QAβCD) nanoparticles showed permeability
coefficients about twice higher than that of fluorescein thiocarbamoyl-dextran (FITCdextran). Moreover, QAβCD significantly enhanced the viability of bovine brain
microvessel endothelial cells by protecting cells from the cytotoxicity effects of
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doxorubicin. The possible mechanism for the permeability of QAβCD nanoparticles
across the blood-brain barrier is endocytosis.
One commercial source of quaternary ammonium cation is 2-(Acryloyloxy) ethyl
trimethylammonium (AETA) which is a water-soluble chemical with quaternary
ammonium group and unsaturated double bond that is photo-reactive. The unsaturated
vinyl end group can be used as the reactive site for chemically incorporating quaternary
ammonium cation onto polymers having unsaturated double bonds. In the study of this
chapter, GMA-chitosan was used as such a polymer for incorporating quaternary
ammonium cation. The aqueous solution of GMA-chitosan which is synthesized by using
the new method could be photocrosslinked to form hydrogel. By adding AETA into the
GMA-chitosan aqueous solution, cationic hydrogel with quaternary ammonium group
could be easily fabricated by using the similar photocrosslinking method.
3.3 Experimental
3.3.1 Materials
Chitosan (75-85% deacetylated) of molecular weight (MW) 50,000-190,000 Da,
2-(Acryloyloxy) ethyl trimethylammonium (AETA) (80 wt% in aqueous solution),
bovine serum albumin (BSA) of molecular weight ~66,000 Da were purchased from
Sigma Chemical Company (St.Louis, MO). Glycidyl methacrylate (GMA, 97%), 4-(N,
N-dimethylamino) pyridine (DMAP, 99%), toluene sulfonic acid monohydrate
(TsOH·H2O) dimethyl sulfoxide (DMSO) were purchased from VWR Scientific (West
Chester, PA). Ethyl acetate, acetone were purchased from Mallinckrodt incorporation
(St.Louis, MO) and used without further purification. The DMSO, toluene, isopropyl
alcohol, ethyl acetate, and acetone were ACS grade. Potassium hydrogen phthalate,
hydrochloric acid (10%,v/v), disodium hydrogen phosphate, sodium hydroxide, sodium
dihydrogen phosphate monohydrate were purchased from VWR Scientific (West Chester,
PA) to prepare buffer solutions of different pH (i.e. 3, 7.4, 10) and different ionic strength
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(i.e. 0.05, 0.1, 0.2 M). MicroBCA kit was purchased from Thermo Fisher Scientific
(Waltham, MA). Irgacure 2959 was donated by Ciba Specialty Chemicals Corp.
3.3.2 Methods
3.3.2.1 Synthesis of glycidyl methacrylate chitosan (degree of substitution 37)
In order to prepare glycidyl methacrylate chitosan (GMA-chitosan), chitosan was
first dissolved in DMSO to achieve 1.5wt%~2wt% solution at a comparatively mild
acidic pH (pH 3.5). Then, glycidyl methacrylate and DMAP were added into the chitosan
DMSO solution. The epoxy groups of GMA reacted with hydroxyl groups in chitosan.
Through this reaction, the unsaturated double bond of the methacrylate group was
introduced onto the chitosan backbone which could then be used for a further
photocrosslinking reaction. According to published studies of the methacrylation of
polysaccharides (dextran, galactomannan or even disaccharide sucrose) by GMA, the
reaction did not take place at the epoxide ring

18,20-22

. The only reaction mechanism

between GMA and polysaccharides is transesterification, yielding polysaccharide-MA
derivative with methacryloyl group attached to hydroxyl groups and glycidol. DMAP
worked as a catalyst to help the transesterification reaction between the epoxy groups of
GMA and hydroxyl groups of chitosan.
In a typical synthesis, 1.5 g chitosan and 1.2 g TsOH·H2O were dissolved in 150
mL DMSO at 50 oC under magnetic stirring for 6 h. The dissolution is preceded by the
protonation of the NH2 groups in chitosan by the TsOH to give a toluene sulfonic acid
salt adduct. After chitosan formed a clear solution, 0.5 g DMAP was dissolved in 5 mL
DMSO and then added into the chitosan DMSO solution with rapid stirring. The mixture
solution was then cooled down to room temperature, 3.6 g of glycidyl methacrylate was
then added. The reaction was continued at 35 oC for 48 hours with magnetic stirring.
Afterwards, the reaction was stopped by adding 2 molar ratio amounts of toluene sulfonic
acid to neutralize the DMAP. GMA-chitosan was precipitated in 600mL ethyl acetate and
dried in vacuum oven at room temperature for 2 hours. The crude gel-like GMA-chitosan
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was cut into 1.5~2 mm cubic pieces and was completely washed by Soxhlet’s extraction
with acetone for 8h. The residue toluene sulfonic acid, DMAP, GMA are all have very
high solubility in acetone and could be removed in this purification step. Finally, the
GMA-chitosan was dried in vacuum oven at room temperature overnight. According to
the H-NMR data, the degree of substitution of GMA-chitosan synthesized as described is
about 37 (DS is defined as the amount of methacrylate groups per 100 polysaccharide
repeat unit). This GMA-chitosan with degree of substitution 37 had good aqueous
solubility and is used for all the subsequent GMA-chitosan / AETA hybrid hydrogel
study to achieve good mechanical properties of the fabricated hydrogels.
3.3.2.2 Fabrication of GMA-chitosan/2-(Acryloyloxy) ethyl trimethylammonium
(AETA) hybrid hydrogel
To fabricate GMA-chitosan/AETA hybrid hydrogels, 0.3g GMA-chitosan (degree
of substitution 37) was dissolved in 2 mL water and mixed well with predetermined
amounts of AETA aqueous solution. The weight ratio of GMA-chitosan to AETA could
be any ratio with GMA-chitosan contents no less than 67/33 to achieve good structural
integrity and proper mechanical strength of hybrid hydrogels; in this study, the weight
feed ratio of GMA-chitosan to AETA used are 80/20 and 67/33. 5 mg Irgacure 2959
photoinitiator was added into the solution and mixed well at room temperature. Every
400μL mixture aqueous solution was transferred onto a Teflon® mold (12 mm diameter,
6 mm thickness) and irradiated by a long wavelength UV light (100 watts, 365nm) at
room temperature for about 30 min until a disk-shaped hydrogel was obtained. The
hydrogels were soaked in deionized water for 16 h at room temperature to remove the
unreacted GMA-chitosan and AETA residues. The swollen GMA-chitosan/AETA hybrid
hydrogel samples were then dehydrated on a Teflon plate in the ambient air at room
temperature until the dry weight was constant for further studies, such as FTIR,
equilibrium swelling ratio.
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A representative chemical structure of GMA-chitosan/AETA hydrogels is shown in
Figure 3.2. Pure GMA-chitosan hydrogels as a control were fabricated by photocrosslinking 6% GMA-chitosan aqueous solution without the presence of AETA.

Figure 3.2 One representative GMA-chitosan / AETA hybrid hydrogel
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3.3.2.3 Fourier Transform Infrared (FTIR) Characterization of dried GMA-chitosan /
AETA hybrid hydrogel
Dehydrated GMA-chitosan/AETA hybrid hydrogel (dehydrated in ambient air at
room temperature) were analyzed by Fourier Transform Infrared (FTIR) using a
PerkinElmer (Madison, WI) Nicolet Magna 560 FTIR spectrophotometer with Omnic
software for data acquisition and analysis. The spectra of dry GMA-chitosan / AETA
hybrid hydrogel were recorded and compared with a pure GMA-chitosan FTIR spectra.
3.3.2.4 Swelling ratio (Qeq) under different ionic strength and pH environment
The Qeq of

dehydrated GMA-chitosan/AETA hybrid hydrogel and the pure

GMA-chitosan hydrogel (as control) were performed at room temperature (25 oC) by
immersing dehydrated hydrogels individually in glass vials containing 15 mL 0.05M
buffers (pH 3, 7.4, 10) or 15 mL pH 7.4 (0.05 M, 0.1 M, 0.2M). After 16 h, the GMAchitosan/AETA hybrid hydrogels reached their swelling equilibrium. The swollen
hydrogels were then removed, the excess surface water was wiped and the hydrogels
were weighed until a constant weight was obtained. The swelling ratios of the hydrogels
were calculated from the swollen and dry weights of the hydrogels according to the
following equation.
Qeq (%) = (Wt-W0)/W0×100
Wt is the weight of the hydrogel at swelling equilibrium
W0 is the initial dry weight of the hydrogel before immersion.
The swelling profiles of a hydrogel were determined in triplicate.
3.3.2.5 Morphological study of GMA-chitosan/AETA hybrid hydrogel
Scanning electron microscope (SEM) was employed to analyze the interior
microstructure of GMA-chitosan/AETA-67/33 hybrid hydrogel. A pure GMA-chitosan
hydrogel was examined for comparison. Individual hydrogels were soaked in deionized
water at room temperature to reach their swelling equilibrium. Then, the hydrogels were
transferred into liquid nitrogen immediately to freeze and retain the swollen structure.
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The samples were subsequently freeze-dried for 72 h in a Labconco (Kansas City, MO)
Freezone 2.5 Freeze drier under vacuum at -50 oC, and finally glued onto aluminum stubs
and coated with gold for 30s for SEM observation by Leica Microsystems GmbH
(Wetzlar, Germany) 440 SEM.
3.3.2.6 Compression mechanical properties of GMA-chitosan / AETA hybrid hydrogel
The mechanical testing of the GMA-chitosan/AETA hybrid hydrogel and GMAchitosan hydrogel was performed on a DMA Q800 Dynamic Mechanical Analyzer (TA
Instrument Inc., New Castle, DE) in a “controlled force” compression mode. The
compressive mechanical property of GMA-chitosan/AETA hybrid hydrogels and GMAchitosan hydrogel in circular disc shape after reached their equilibrium swelling in
deionized water were measured at room temperature (25 oC). The hydrogels were
mounted between the movable compression probe (diameter 15mm) and the fluid cup
without any liquid media. A compression force from 0.01 to 4 N at a rate of 0.5 N/min
was applied on the swollen hydrogel samples at room temperature until fragment of the
hydrogels was produced. TA Universal Analysis software was used for mechanical data
analysis. Initial compressive modulus and compressive strain at break were used to
examine the hydrogel mechanical property. The initial compressive modulus was
calculated from the slope of the initial linear portion of the curve. For each type of
hydrogel, five samples were used, and their mean value was calculated with a standard
deviation.
3.3.2.7 Enzymatic degradation of GMA-chitosan/AETA hybrid hydrogel
The enzymatic biodegradation of the circular disk shaped GMA-chitosan/AETA67/33 hybrid hydrogel and GMA-chitosan hydrogel was evaluated by their weight loss at
37 oC in 15mL lysozyme (1mg/mL) in 0.05M pH 7.4 phosphate buffered saline (PBS)
over a period of 10 days. A 15 mL PBS of pH 7.4 served as the control.
The weight of each dry GMA-chitosan/AETA-67/33 hybrid hydrogel or GMAchitosan hydrogels was measured before immersion. At various immersion intervals,
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three GMA-chitosan/AETA-67/33 hybrid hydrogels (or GMA-chitosan hydrogels)
samples were removed from the immersion solution and dried under vacuum at room
temperature till constant weights. The weight loss was calculated according to the
following equation: % Weight loss=(Wo, -Wt, )/ Wo, ×100%, where Wo, was the initial
(t=0) dry weight of hydrogel, and Wt, was the dry weight of the hydrogel after incubation
at time t. Mean value of was calculated as the weight loss at time t with a standard
deviation.
3.3.2.8 Release study of bovine serum albumin (BSA) from GMA-chitosan / AETA
hydrogel.
75 mg BSA was dissolved in 5 mL deionized water to obtain BSA stock solution
of 15 mg/mL concentration. GMA-chitosan/AETA-67/33 precursor solution was
prepared in a 20 mL glass vial wherein 300 mg of GMA-chitosan and 187 mg AETA
aqueous solution (80 wt%) dissolved in 4.6 mL deionized water. 200 μL BSA stock
solution and 10 mg Irgacure 2959 were then added into the GMA-chitosan/AETA-67/33
aqueous solution and mixed well after 10 min magnetic stirring. The 400 μL BSApreloaded GMA-chitosan/AETA-67/33 aqueous solution was transferred to a 20-well
Teflon ® mold with a micropipette and photo-crosslinked by using a long wavelength UV
light (100 watts, 365nm) for about 30 min. After gelation, each BSA-preloaded GMAchitosan/AETA-67/33 hydrogel sample (with 240 μg BSA loaded) was removed from
Teflon ® mold carefully and placed in glass vials individually filled with 5 mL 0.05M pH
3 buffer or 0.05 M PBS of pH 7.4 supplemented with 0.02 w/v% sodium azide, and then
incubated at 37oC (Julabo, waterbath). At each predetermined time interval, 100 μL
buffer solution was removed from the vial and diluted to 1mL by deionized water. 100
μL fresh buffer solution (0.05M pH 3 buffer or 0.05 M PBS of pH 7.4) was added back
into the glass vial to keep the PBS medium constant during the immersion.
MicroBCA kit (Thermo Scientific, USA) was used to determine the BSA
concentration. The protocol in the MicroBCA receipt was followed when using the
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MicroBCA kit. PerkinElmer (Madison, WI) Lambada 35 UV-Vis spectrophotometer was
used to determine the absorption of the samples at 562nm wavelength. The standard BSA
calibration curve was prepared by plotting the average Blank-corrected 562nm reading
for each BSA standard which is provided in the kit vs. its concentration in μg/mL. This
BSA standard calibration curve was used to determine the BSA concentration released
from the testing hydrogels at a particular time interval. The amounts of BSA released
from the testing hydrogels were then calculated from the calibration curve. Samples in
triplicate were averaged for each experiment.
3.4 Results and discussion
3.4.1 FTIR spectroscopy
Figure 3.3 shows the FTIR spectra of GMA-chitosan / AETA- 67 / 33 hybrid
hydrogel. The sharp carbonyl bands of ester bonds at 1745-1749 cm-1 was shown on
AETA spectra. The ester bond of methacrylate in GMA-chitosan is about 1725 cm-1. The
peak at 1475 cm-1 is ascribed to the symmetrical bending vibration of -CH3 of quaternary
ammonium group. GMA-chitosan also shows amide (I) band and amide (II) band at
1648~1650 cm-1 and 1538~1542 cm-1, respectively due to the incomplete deacetylated Nacetyl-D- glucosamine units. The GMA-chitosan/AETA hybrid hydrogel also showed the
amide (I) and amide (II) bands which are absent in the AETA spectrum. The amide
groups were from the N-acetyl-D-glucosamine repeat unit of chitosan. On the spectrum
of the chitosan / AETA hybrid hydrogel, the peak at 1475 cm-1 of quaternary ammonium
group was shown but absent in a pure GMA-chitosan. The FTIR data demonstrated that
AETA was successfully incorporated into the GMA-chitosan hydrogel network upon the
UV-crosslinking process. The absorption of ester bond at 1745 cm-1 of GMAchitosan/AETA hybrid hydrogel is strengthened when comparing with a pure GMAchitosan hydrogel due to the presence of the ester unit in AETA.
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Figure 3.3 FTIR of GMA-chitosan/AETA-67/33 hybrid hydrogel and its corresponding
pure precursors.
3.4.2 Images of GMA-chitosan/AETA hybrid hydrogel after swelling
Figure 3.4 A shows the image of a dehydrated GMA-chitosan/AETA hydrogel in
an ambient environment after 48 h. Figure 3.4 B shows the optical image of a GMAchitosan / AETA hydrogel after 16 hours swelling in deionized water. The GMAchitosan/AETA hybrid hydrogel shows high swelling in water and good transparency
with no color.
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Figure 3.4 Images of GMA-chitosan/AETA-67/33 hydrogel. (A) dehydrated GMAchitosan/AETA-67/33 hydrogel; (B) after swelling in deionized water for 16 hours
immersion
3.4.3 The influence of ionic strength on the swelling ratio of GMA-chitosan / AETA
hybrid hydrogel
All of the GMA-chitosan / AETA hybrid hydrogels and the pure GMA-chitosan
hydrogel control reached their largest swelling ratio after 16 hours immersion in
deionized water as shown in Figure 3.5. The swelling ratio of GMA-chitosan / AETA
hybrid hydrogel in pH 7.4 buffers at different salt concentrations ranged from 2,994% to
1,035%, depending on the GMA-chitosan to AETA feed ratio. As the concentration of
the salt in buffer increased, i.e., stronger ionic strength, the swelling ratio of the hybrid
hydrogel and the GMA-chitosan based hydrogels decreased. For example, GMA-chitosan
/ AETA-67/33 hybrid hydrogel achieved 2,109% 1,887% and 1,332% swelling ratio in
0.05M, 0.1 M and 0.2M pH 7.4 buffer, respectively, but they were all smaller than the
same hybrid hydrogels in deionized water (2,675%).
Moreover, GMA-chitosan / AETA hybrid hydrogels having higher AETA
contents showed smaller swelling ratios than those hybrids having smaller AETA
contents in deionized water and the 0.05M ionic strength aqueous environment. For
example, the swelling ratio of GMA-chitosan/AETA-80/20 hydrogel is about 2,994% in
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0.05 M pH 7.4 buffer, while the data of GMA-chitosan/AETA-67/33 in 0.05 M pH 7.4
buffer is 2,109%. However, higher AETA contents in hybrid hydrogel led to larger
swelling ratios in 0.1M and 0.2 M pH 7.4 buffer.

Figure 3.5 The influence of ionic strength of the immersion media to the swelling ratio of
GMA-chitosan/AETA hybrid hydrogel of different GMA-chitosan to AETA contents in
deionized water and pH 7.4 at room temperature

Many polyelectrolyte hydrogels have the ionic strength responsive swelling
behavior

22-24

. For example, in the study of Poly(L-glutamic acid) (PLG) / Polyethylene

glycol (PEG) hybrid hydrogels which have secondary amine groups, Markland et al.

21

reported that an increase in ionic strength of medium resulted in a reduction in the
swelling ratio of the PLG/PEG hydrogels at several different pH (2.5-7). Generally, the
extent to which a polyelectrolyte hydrogel swells at equilibrium in a buffer solution
depends on the amounts of the ionizable groups of the polyelectrolyte and the ionic
strength of the immersion medium. An increase in ionic strength of the medium generally
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decreases the difference in concentration of mobile ions between a hydrogel and
surrounding medium, which subsequently reduce the osmotic swelling pressure inside a
hydrogel, i.e., reduced swelling ratio.
In 0.1M or 0.2M buffer medium, the hybrid hydrogels with higher AETA content
achieve higher swelling, i.e. GMA-chitosan/AETA-67/33. Consequently, there are more
cationic moieties dispersed in the GMA-chitosan / AETA hybrid hydrogels with higher
AETA content. Those cationic quaternary ammonium moiety of AETA is still positively
charged (pKa ~10), and the electrostatic repulsion among the quaternary ammonium
groups in those hybrids having high AETA contents could result in a higher swelling
ratio of the hybrid hydrogel than a pure GMA-chitosan hydrogel. Another factor which
could influence the swelling ratio of GMA-chitosan / AETA hybrid hydrogels is their
level of the crosslinking density. Because the molecular weight of the chitosan raw
material is 50,000-190,000 Da, the GMA grafted onto the chitosan backbone could be
relatively “invisible” in the mass of chitosan space due to the shorter spacer between the
chitosan backbone and the photo-reactive vinyl end group in GMA pendant group, i.e.,
lesser level of photocrosslinking. The presence of unsaturated small molecules like
AETA in the GMA-chitosan precursor, however, could promote the crosslinking between
the methacrylate groups on the GMA-chitosan molecules and AETA. Several published
studies have demonstrated that the two component hybrid hydrogel system that contains
both water soluble small moiety having vinyl groups and polysaccharide derivative
having unsaturated groups is able to achieve a higher crosslinking density than those
hydrogels formed by a single component and hence influence the swelling.

21-23

In

Markland et al. study 21 about Poly(L-glutamic acid)/PEG hybrid hydrogel, the formation
of a higher intermolecular crosslinking density resulted in a reduced degree of swelling.
An increase in the AETA contents in the GMA-chitosan / AETA hybrid hydrogels could
led to higher crosslinking level in a 0.05M buffer or deionized water, i.e, smaller swelling
ratio of the hybrid hydrogel (2,994% swelling in 0.05 M pH 7.4 buffer) than a pure
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GMA-chitosan hydrogel (3,668% swelling in 0.05M pH 7.4 buffer). This higher
crosslinking in the GMA-chitosan / AETA hybrid hydrogels was also reflected in their
higher mechanical property as described later.
3.4.4 The influence of pH on the swelling ratio of GMA-chitosan / AETA hybrid
hydrogels
Figure 3.6 shows the effect of pH of the medium on the swelling behavior of
GMA-chitosan / AETA hybrid hydrogels of different GMA-chitosan to AETA feed ratio
at the same ionic strength (0.1M). All GMA-chitosan / AETA hybrid hydrogels and the
pure GMA-chitosan hydrogels changed their ability to swell when the environmental pH
was altered, i.e., lower swelling at a higher pH. For example, GMA-chitosan/AETA80/20 hybrid hydrogels achieved 2,187%, 1,732% and 587% swelling ratios in pH 3, 7.4
and 10 buffers, respectively. In an acidic medium (pH 3), both hybrid hydrogels exhibited
similar swelling ratios (2,187% for 80/20 and 2,253% for 67/33), but a pure GMAchitosan hydrogels had the highest swelling ratio (2,592%). However this trend
disappeared in a basic medium. In a slightly basic medium (pH 7.4), there was no
significant difference in swelling among the 2 types of hybrid hydrogels and the control
pure GMA-chitosan hydrogel. In a more basic medium (pH 10), both hybrids showed
higher swelling than the pure GMA-chitosan control, particularly the hybrid having
higher AETA content, i.e., GMA-chitosan / AETA - 67/33 hybrid hydrogel shows the
largest swelling (1,177%) while the swelling data of GMA-chitosan / AETA -80/20 and
pure GMA-chitosan are 587% and 317%, respectively.
The swelling ratio of the hydrogels increases only when the amine groups of
chitosan and quaternary ammonium groups of AETA are ionized under the condition of
low or acidic pH, i.e., protonation. And the pKa of quaternary amine in the GMAchitosan/AETA is about 10, while the pKa of amine groups of GMA-chitosan is about
7.3-7.6.24 The primary amine groups of GMA-chitosan in these hydrogels deprotonized
and the quaternary ammonium groups are partially deprotonized with the increasing
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environmental pH from 3 to 10. So, the osmotic pressure inside the hydrogels decreases
as the pH increasing. As a consequence, the decrease in swelling with increasing pH from
3 to 10 can be explained in that a dissociation process of amine groups and quaternary
ammonium groups in these hydrogels.

Figure 3.6 The influence of pH environment to the swelling ratio of GMA-chitosan /
AETA hybrid hydrogels of different GMA-chitosan to AETA contents in an ionic
strength 0.1M aqueous buffer at room temperature.

In the same basic environment (pH 10), the swelling of hybrid hydrogels with
more AETA contents (1,177%) is significantly higher than that hybrid hydrogels having
lower AETA contents (587%), and much higher than a pure GMA-chitosan hydrogel
(317%). The reason is because the primary amine groups of GMA-chitosan hydrogel is
deprotonated at pH 10, while the quaternary ammonium groups in AETA can remain
partially ionized at pH 10. So, the GMA-chitosan/AETA hydrogel interior is able to keep
part of positively charge character at this high pH. The osmotic pressure generated by the
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ionized quaternary ammonium groups led to the higher AETA content hybrid hydrogel
achieved higher swelling than a lower AETA content hybrid hydrogel.
The pH effect on the swelling property of other polysaccharide-based hydrogels
has also been reported 25,26. The direction and magnitude of pH effect depend on the type
of polysaccharides, particularly their charge characteristic of the ionizable groups. In the
Zhong et al.

25

study of anionic maleic-chitosan /PEGDA hybrid hydrogels, they also

discovered pH-dependent swelling; but the anionic maleic-chitosan/ PEGDA hybrid
hydrogel achieved a higher swelling ratio at an alkaline pH than at an acidic condition,
opposite to what we observed in the current cationic GMA-chitosan/AETA hybrids. This
is because the ionizable groups in maleic-chitosan / PEGDA hybrids is mainly carboxyl
group (pKa 1.8-2.4), the osmotic pressure inside the maleic-chitosan/ PEGDA hybrid
hydrogels is higher at an alkaline condition as carboxyl groups in maleic chitosan are
easier to be ionized (deprotonized) in such an alkaline condition.
3.4.5 Morphology of GMA-chitosan/AETA hybrid hydrogel
GMA-chitosan/AETA hybrid hydrogels also have 3D porous network structure
upon swelling. Based on the SEM images in Figure 3.7, the GMA-chitosan/AETA hybrid
hydrogel network has pores that exhibit irregular shape and thin wall (Figure 3.7 A & B),
and the diameter of the most pores ranges from 20 μm to 50 μm. The micro-structure of
GMA-chitosan/AETA hybrid hydrogel shows no apparent difference from a pure GMAchitosan hydrogel (Figure 3.7 C, pore size ranging from 10 μm to 50 μm).
In the Bhattarai et al. study of the PEG grafted chitosan (PEG-g-chitosan), they
reported that an increase in the genipin treatment time to PEG-g-chitosan (i.e., increasing
crosslinking density) decreased the porosity of the hydrogel

27

. But the PEG-g-chitosan

shows very irregular pores (about 30 µm diameter) and drastic morphology change after
increasing genipin treatment time. When comparing with dextran-based hydrogels 28, 29,
GMA-chitosan/AETA hybrid hydrogels show more interconnected network structure and
larger pore size which could lead to faster drug release rate. In the Sinhee et al. study of
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dextran methacrylate hydrogels, the pore size varied from the hydrogel surface to its
interior because the dextran methacrylate precursor is not completely transparent and the
level of UV radiation strength decreased with increasing depth from the surface. The
pores of the hydrogel surface were mainly smaller pores from 2 µm to 25 µm, while the
pore size of interior ranged from 10 to 40 µm 29.

Figure 3.7 SEM images of GMA-chiotsan hydrogen and GMA-chitosan/ AETA hybrid
hydrogels (A, GMA-chitosan/AETA -67/33 hybrid hydrogel at 500 ×; B, GMAchitosan/AETA -67/33 hybrid hydrogel at 2,000 ×; C, GMA-chitosan hydrogel at 1,000 ×

3.4.6 Compressive mechanical properties of GMA-chitosan/AETA hybrid hydrogel
The compression mechanical data of the GMA-chitosan/ AETA hybrid hydrogels
are shown in Table 3.1. In general, the compression moduli of the hybrid hydrogels are
significantly higher than the pure GMA-chitosan control, and no significant different
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moduli due to different feed ratios of GMA-chitosan to AETA (27.24 ± 3.22 vs. 28.94 ±
4.44 KPa). The compression moduli of the crosslinked GMA-chitosan/ AETA hybrid
hydrogels were about 59%-63% higher than that of a pure GMA-chitosan hydrogel
(17.64 ± 5.52 KPa). The addition of AETA co-precursor apparently increased the
stiffness of the hybrid hydrogel. The reason might also be attributed to a higher level of
crosslinking density of the GMA-chitosan/AETA hybrid hydrogels than a pure GMAchitosan hydrogel due to the presence of the much smaller AETA co-precursor that could
facilitate crosslinking reactions. The effect of feed ratio of the 2 precursors on the
compression modulus of the GMA-chitosan/AETA hybrid hydrogels appears not
apparent, i.e., 28.94 ± 4.44 KPa (GMA-chitosan/AETA at 80/ 20) vs. 27.24 ± 3.22 KPa
(GMA-chitosan/AETA at 67/ 33).

Table 3.1 The compression initial modulus of swollen GMA-chitosan hydrogel and
GMA-chitosan/AETA hybrid hydrogel at room temperature
Hydrogel samples
GMA-chitosan
GMA-chitosan/AETA-80/20
GMA-chitosan/AETA-67/33

Compressive modulus (KPa)
17.64±5.52
28.94±4.44
27.24±3.22

The compression moduli of the GMA-chitosan/AETA hybrid hydrogels are lower
than the Zhong et al.

25

recently reported a new family of anionic maleic

chitosan/polyethylene glycol diacrylate (PEGDA) hybrid hydrogels fabricated in the
similar manner as the current UV-crosslinking method. The initial modulus of anionic
maleic chitosan / PEGDA (MW 8,000) hybrid hydrogel at 1:2 feed ratio is 61±1.9 KPa.
This value is about 1~2 times higher than the current GMA-chitosan / AETA hybrid
hydrogel, probably due to the fact that the high composition of PEGDA in maleic
chitosan / PEGDA hybrid hydrogel can lead to a higher crosslinking density than that of
the GMA-chitosan / AETA hybrid hydrogels. Different from GMA-chitosan /AETA
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hybrid hydrogel, the mechanical property of the maleic chitosan/PEGDA hybrid
hydrogels largely depended on the molecular weight of the PEGDA co-precursor and the
content of PEGDA in the hybrid hydrogel. The composition of PEGDA in the Zhong et
al. maleic chitosan hybrid hydrogel is higher than 50%, while the AETA co-precursor
composition in the current GMA-chitosan/AETA hybrids are no more than 33% for the
purpose of retaining more physiochemical characteristics of chitosan in the hybrids
through a higher GMA-chitosan composition.
3.4.7 Enzymatic degradation of GMA-chitosan/AETA-67/33 hybrid hydrogels.
The biodegradation behavior of GMA-chitosan/AETA-67/33 hybrid hydrogels
was evaluated in terms of their weight loss in both pure PBS control and lysozyme
solution of pH 7.4 at 37 oC over a period of 18 days. The total weight loss of these
hydrogels ranged from as high as 45% to as low as 35% over the period of 18 days,
depending on the hybrid vs. pure hydrogels and enzymes vs. PBS medium. Figure 3.8
shows that GMA-chitosan/AETA-67/33 hybrid hydrogels in the presence of 1 mg/mL
lysozyme were degraded faster than the same hybrid hydrogel in the PBS. GMAchitosan/AETA-67/33 hybrid hydrogels lost 40.7% of original weight in 1 mg/mL
lysozyme solution, but 34.2% in PBS after 10 days incubation at 37oC. Compared to the
biodegradation profiles of a pure GMA-chitosan hydrogel, GMA-chitosan/AETA-67/33
hybrid hydrogel was degraded slightly slower in PBS (i.e. 1.5~4% less weight loss) and
in 1mg/mL lysozyme solution (i.e. 1.9~4% less weight loss) at the same incubation time.
Lysozyme naturally presents in wound fluid and secretions. Chitosan derivatives
are hydrolyzed in vivo by lysozyme to oligomers. 30 Lysozyme is able to cleave GMAchitosan backbone structure at the β (1, 4) linked glucosamine unit and N-acetyl-Dglucosamine unit.32 The biodegradation of GMA-chitosan based hydrogel has two
mechanisms simultaneously happened in the presence of lysozyme: (1) the chitosan
polymer backbone was cleaved by lysozyme and (2) the ester bonds of methacrylate
group on GMA-chitosan was degraded by hydrolysis. The accessibility of the enzyme to
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polysaccharide-based hydrogel is one key factor to influence the biodegradation rate
because lysozyme needs to target N-acetyl-D-glucosamine unit of chitosan to proceed the
degradation

31

. Lysozyme is a 14.4 KDa protein with an isoelectric point 11.2 which is

mainly positively charged in water solution. 32 The presence of electrostatic repulsion
between lysozyme and GMA-chitosan/AETA may led to a slower biodegradation of
GMA-chitosan/AETA-67/33 hybrid hydrogel than a pure GMA-chitosan hydrogel
because the strong positively charged AETA moiety increased the difficulty of lysozyme
to target the specific N-acetyl-D-glucosamine site of chitosan. The higher crosslinking
density of GMA-chitosan/AETA hybrid hydrogel than a pure GMA-chitosan which is
also reflected in the lower Qeq is another factor also contributed to a slower degradation
GMA-chitosan in PBS
GMA-chitosan in 1mg/mL lysozyme PBS solution
GMA-chitosan/AETA-67/33 in PBS
GMA-chitosan/AETA-67-33 in 1mg/mL lysozyme PBS solution
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Figure 3.8 In vitro enzymatic degradation of GMA-chitosan hydrogel and GMAchitosan/AETA-67/33 hybrid hydrogel at 37oC, pH 7.4, 0.05M PBS. The solid symbol:
degradation of hydrogels with the presence of 1mg/mL lysozyme; open symbol:
degradation of hydrogel control samples in PBS. The DS of GMA-chitosan composition
is 37.)
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rate in the GMA-chitosan/AETA hybrid hydrogels than a pure GMA-chitosan hydrogel
in 1 mg/mL lysozyme PBS solution.
The enzymatic biodegradability of GMA-chitosan/AETA hybrid hydrogels could
overcome the poor biodegradability of synthetic pH-sensitive polymers for implantable
drug delivery agents or implantable biosensors. 17 The combination of pH-sensitivity and
biodegradability of GMA-chitosan/AETA hybrid hydrogel can provide an alternative
biomaterial for these applications.
3.4.8 BSA release from GMA-chitosan/AETA hybrid hydrogel at pH 3 and pH 7.4
The BSA release profiles from the GMA-chitosan/AETA-67/33 hybrid hydrogels
are shown in Figure 3.9. Both GMA-chitosan/AETA hybrid hydrogels and GMAchitosan hydrogel show burst releases in the first hour of immersion in a pH 3 and 7.4
media, but the hybrid hydrogels showed significantly lower BSA burst release amounts
than a pure GMA-chitosan hydrogel at pH 7.4, i.e., 12.0% BSA release from GMAchitosan/AETA hybrid vs. 32.8 % release from a pure GMA-chitosan hydrogel in the first
hour. This significantly lower BSA release rate from the GMA-chitosan/AETA hybrid
hydrogels persisted over the entire period of study (11 days). At the end of 11 day, 56%
BSA released from the hybrids vs. 88% BSA released from a pure GMA-chitosan
hydrogel at pH 7.4. However, the BSA release profiles between GMA-chitosan/AETA67/33 hybrid hydrogels and pure GMA-chitosan hydrogels are very close at pH 3.
This difference in BSA release profiles at pH 3 and 7.4 is related to pHresponsive property of the hybrid hydrogels and the electrostatic interaction between
anionic BSA and cationic hybrid hydrogel structure. The isoelectric point of BSA is
about 4.7, and in pH 7.4 PBS, BSA is a negative charge protein of 60,000-70,000
molecule weight.33 The quaternary ammonium group in the AETA segment of the hybrid
hydrogels has pKa ~10, i.e., exhibiting strong positive charge in pH 7.4 PBS, i.e., the
GMA-chitosan/AETA-67/33 hybrid hydrogel shows positively charge in a pH 7.4 buffer
which could provide stronger eletrostatic attraction to the anionic BSA than a pure GMA95

chitosan alone i.e., resulting in a slower and more sustained BSA release from the hybrid
hydrogels in this pH level, even though some weak attractions may exist between anionic
BSA and cationic GMA-chitosan macromolecules. The cationic nature of GMA-chitosan
depends on the amounts of primary amine groups (deacetylation level of chitosan) on the
deacetylated chitosan repeat unit, and this primary amine has pKa 7.3-7.6, i.e., a weak
cationic in a pH 7.4 medium.
GMA-chitosan/AETA-67/33 hydrogel at pH 7.4
GMA-chitosan hydrogel at pH 7.4
GMA-chitosan/AETA-67/33 hydrogel at pH 3
GMA-chitosan hydrogel at pH 3
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Figure 3.9 Cumulative BSA release profile from GMA-chitosan/AETA-67/33 hybrid
hydrogels and GMA-chitosan hydrogel in buffer solutions at 37oC. The solid symbol:
BSA release at pH 3, 0.05 M; open symbol: BSA release at pH 7.4, 0.05 M.

At pH 3, the negative charge character of BSA is largely decreased, hence the
eletrostatic attraction between BSA and cationic GMA-chitosan/AETA-67/33 hybrid
hydrogel also decreased, i.e., the advantage of AETA for electrostatic attraction for BSA
disappeared. Hence, the BSA release profile of the GMA-chitosan/AETA-67/33 hybrid
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hydrogel became similar to that of the pure GMA-chitosan hydrogel at pH 3. The loss of
the advantage of electrostatic attraction between BSA and GMA-chitosan/AETA hybrid
hydrogels at pH 3 also resulted in a faster BSA release from the hybrid than that of pH
7.4.
pH-sensitive hydrogels have been most frequently used to develop controlled
released formulation for oral administration. For example, the pH in the stomach (< 3) is
quite different from the neutral pH in the intestine and such a difference is able to elicit
pH-dependent drug release behavior from GMA-chitosan/AETA hybrid hydrogels.
Another advantage of the current photo-crosslinking fabrication method of proteinimpregnated GMA-chitosan/AETA hybrid hydrogels is that water soluble protein drug
can be pre-loaded into the hydrogel precursor aqueous solutions before gelation, and
hence provides a more homogeneous and uniform loading without the adverse effect of
organic solvents. Many other chemically crosslinking methods must follow a postloading method to prevent the undesirable side reactions between hydrogel precursors,
crosslinkers and drugs.34, 35
For example, the dextran hydrogel crosslinked by epichlorohydrin, phosphorus
oxychloride and N, N’-methylenebisacrylamide is only suitable for protein post-loading
method, because the epoxy group of epichlorohydrin is also able to react with the amine
or hydroxyl groups of protein which can change the protein chemistry structure and lead
to a unpredictable release dynamics.36 A post-loading method can also lead to nonhomogeneous and non-uniform drug distribution within the hydrogel matrix as most of
the post-loaded drugs stay near the surface of the hydrogels. It usually leads to lower drug
loading efficiency and shorter drug release period. In our study, GMA-chitosan /AETA
hybrid hydrogels and GMA-chitosan hydrogels achieved at least 11 days sustained
release of BSA, whereas, the reported release of post-protein loaded dextran-based
hydrogels could only last several hours. 20
3.5 Conclusions
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A new family of cationic biodegradable GMA-chitosan/AETA hybrid hydrogels
was successfully designed and fabricated in an aqueous medium via UV
photocrosslinking. The cationic GMA-chitosan/AETA hybrid hydrogels have 3D porous
microstructure and a high capacity of water absorption. By varying the feed ratio of
GMA-chitosan to AETA, the swelling (from 297.8% to 3318.2%, depending on pH and
ionic strength) and mechanical (compressive modulus, 17.649 ± 0.78 ~18.103 ± 1.30
KPa) properties of this hybrid hydrogel system could be adjusted. GMA-chitosan/AETA
hybrid hydrogels and GMA-chitosan hydrogels achieve their largest swelling ratio in a
lower pH PBS solution and lower ionic strength environment due to the balance of
osmotic pressure of the hydrogel interior and exterior solution environment. Lysozyme
was able to effectively accelerate the GMA-chitosan/AETA hybrid hydrogel
biodegradation in aqueous media. A sustained and pH responsive release of BSA can be
achieved from GMA-chitosan/AETA hybrid hydrogels in 11 days in vitro. This newly
developed cationic GMA-chitosan/AETA hybrid hydrogel system offers the advantage in
terms of water soluble precursors for pre-loading therapeutic protein, flexible mechanical
property, pH responsive release behavior and biodegradability.
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CHAPTER FOUR:
SYNTHESIS AND CHARACTERIZATION OF WATER SOLUBLE GLYCIDYL
METHACRYLATE CHITOSAN AND VINYL SULFONIC ACID AND THE
FABRICATION INTO HYBRID HYDROGEL IN AQUEOUS MEDIUM
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4.1 Abstract
A new family of cationic hybrid hydrogels from positively charged glycidyl
methacrylate-chitosan (GMA-chitosan) and vinyl sulfonic acid (VSA) was developed via
a photocrosslinking fabrication method. The chemical composition and mechanical
property of GMA-chitosan / VSA hybrid hydrogels were characterized by fourier
transform infrared spectroscopy (FTIR) and dynamic mechanical thermal analysis
(DMA). Optical transparent GMA-chitosan / VSA hydrogel with high water absorbent
capacity was synthesized from GMA-chitosan / VSA aqueous precursor with tunable
feed ratio by using photo-crosslinking technique. The compression modulus of GMAchitosan / VSA hybrid hydrogel is lower than that of pure GMA-chitosan hydrogel.
The morphology of GMA-chitosan / VSA hybrid hydrogel was examined by
scanning electron microscopy (SEM). GMA-chitosan / VSA hybrid hydrogel shows ionic
strength responsible swelling behavior due to the presence of the negative charge in the
interior. The incorporation of negatively charged sulfonic group makes GMA-chitosan /
VSA hybrid hydrogel sustained protein release rate and thoroughly release at low protein
concentration. GMA-chitosan / VSA hybrid hydrogel has promising application in the
protein drug delivery.

4.2 Introduction
4.2.1 Glycosaminoglycans
Glycosaminoglycans (GAGs) are linear polysaccharides that can be divided into two
main types, non-sulphated GAGs such as hyaluronic acid (HA), sulphated GAGs
including chondroitin sulphate (CS), dermatan sulphate (DS), keratan sulphate (KS),
heparin and heparan sulphate (HS). GAGs differ according to the type of hexosamine,
hexos and hexuronic acid unit that they contain, as well as the geometry of the glycosidic
linkage between the units. CS and DS which contain galactosamine are called
galactosaminoglcans, whereas heparin and HS, which contain glucosamine, are called
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glucosaminoglycans. The amino sugar may be sulphated on carbon 4 or 6 or on the nonacetylated nitrogen. As a result, the sugar backbone of GAGs can be sulphated at various
positions and have numerous sulphation sequences. At physiological pH, all carboxylic
acid and sulphate groups are deprotonated, giving GAGs very high negative charge
densities 1. GAGs play a major role in cell signaling and development, angiogenesis,
axonal growth, tumor progression, metastasis and anti-coagulation because they act as
co-receptors for growth factors of the fibroblast growth factor (FGF) family. Anticoagulation was the first described function for sulphated GAGs. Moreover, sulphated
GAGs are a common constituent in many different types of amyloid, playing an
important role in the pathology of amyloid diseases such as amyloid A-amyloidosis,
Alzheimer’s disease, type-2 diabetes, Parkinson’s disease and prion diseases which are
characterized by the deposition in tissues of fibrillar aggregates of polypeptides2.
Diseases such as rheumatoid arthritis, inflammatory bowel disease and microbial
infections are associated with inflammatory responses. Glycosaminoglycans such as
heparin have important roles in these processes, as adhesion ligands in leukocyte
extravasation and carriers ⁄ presenters of chemokines and growth factors.
In nature, all GAG chains with the exception of HA are covalently linked to a
core protein to give a Proteoglycans (PG). These saccharide residues are coupled to the
protein core through an O-glycosidic bond to a serine residue. Some forms of KSs are
linked to the protein core through an N-asparaginyl bond. The highly sulphated analogues
heparin and HS have been studied extensively due to their functions in anticoagulation.
Heparin is a linear, unbranched polysaccharide that tends to have an extended
conformation in solution because of its highly hydrophilic nature arising from its
extensive degree of sulphation. Heparan sulphate contains a higher level of acetylated
glucosamine and is less sulphated than heparin.
On the cell surface, the O-sulphonate and N-sulphonate groups are deprotonated
in HS and attract positively charged counter ions to form a salt under physiological
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condition. Structure and sequence-based statistical analyses indicate that Asp, Glu, Gln,
Arg, His and Trp are more likely to make up the binding sites for non-sulphated
carbohydrates than other amino acids. The aromatic residue Trp has a significantly higher
mean solvent accessibility in carbohydrate binding locations, whereas aliphatic residues
Ala, Gly, Ile and Leu, hydrophobic residues which are usually buried inside proteins, do
not appear to participate in sugar binding. The aromatic ring in Trp can pack against the
hydrophobic face of a sugar molecule. Strong ionic interactions are expected between
GAGs and proteins. Clusters of positively charged basic amino acids on proteins form ion
pairs with spatially defined negatively charged sulphate or carboxylate groups on heparin
chains. Glycosaminoglycans interact with residues that are prominently exposed on the
surface of proteins. The main contribution to binding affinity comes from ionic
interactions between the highly acidic sulphate groups and the basic side chains of
arginine, lysine and, to a less extent, histidine 3. The relative strength of heparin binding
by basic amino acid residues has been compared and arginine has been shown to bind 2.5
times more tightly than lysine. The guanidino group in arginine forms more stable
hydrogen bonds as well as stronger electrostatic interactions with sulphate groups. The
ratio of these two residues is said to define, in part, the affinity of a binding site in a
protein for GAGs 4. The periodicity of sulphate group cluster in an oligosaccharide chain
can play a key role in determining the structure of the GAG binding site on the surface of
either α-helical or β-sheet proteins. The relative proportion of N- and O-linked sulphate
groups and N-linked acetyl groups in heparin / HS can influence their interaction with
proteins too.

4.2.2 The interaction of polysaccharide and protein
Protein adsorption on material’s surface is generally regarded as a primary event that
occurs when the material comes into contact with biological surroundings. In some cases,
this type of biofouling is detrimental to technologies that require precise manipulation of
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proteins, such as controlling cell organization, screening of DNA and protein libraries
and blood contacting devices. On the other hand, it is beneficial to wound healing
application which demands plasma protein absorption and platelet adhesion and
activation 5.
The carbohydrate-protein interactions may be mimicked by designing small
molecule drugs with appropriate binding affinity and selectivity. The binding affinity of
carbonhydrate-protein interactions are in the mili- to micromolar range. Consequently,
synthetic compounds have been specifically designed to mimic the structure and
interactions of carbonhydrates. The design of GAG mimetics requires an understanding
of the mechanism and specificity of a given GAG-protein interaction. The specificity of
GAG-protein interactions is governed by the ionic interactions of the sulfate and
carboxylate groups with the basic amino acids on the protein as well as the optimal
structural fit of a GAG chain into the binding site of the protein 6, 7.
The development of chemical modification strategies lead to material’s surface
having desirable biofouling characteristics. Researchers have reported that the
incorporation of sulfonate groups into hydrogel reduced protein absorption or platelet
adhesion due to their negative charge in aqueous solutions 7. Chitosan is a partically
deacetylated form of chitin, a natural substrate found abundantly in the exoskeletons of
insects, shell of crustaceans and fungal cell walls. The repeat units of chitosan are β-(1,
4)-linked glucosamines that constitute a large number of hydroxyl and amino groups
which offer several possibilities for derivatization and immobilization of biological active
species. Under acidic conditions, chitosan in its original form adopts a positive charge
which can attract negatively charged plasma proteins leading to platelet adhesion and
activation followed by thrombus formation and blood coagulation 8, 9. It was revealed that
blood compatibility of a chitosan surface can be improved by complexationinterpenetration methods using sulfonate derivative of poly (ethylene glycol)

10

. Taking

advantage of functional group availability in the formation of chitosan based hydrogel,
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this research aims to tailor protein adsorption and release of the hydrogel in aqueous
media by introducing sulphate groups.
In this study, we developed a chitosan based hydrogel with sulfonic groups and
investigate the properties change brought by adding VSA component in the hydrogel and
the possibility to use the hybrid hydrogel as protein drug release material.

4.3 Experimental
4.3.1 Materials
Chitosan (75-85% deacetylated) of molecular weight (MW) 50,000-190,000 Da,
vinyl sulfonic acid (VSA) sodium salt solution (25 wt% in aqueous solution) and Bovine
serum albumin (BSA) of molecular weight ~66,000 Da and Irgacure 2959 (ACS reagent)
were purchased from Sigma Chemical Company (St.Louis, MO). Glycidyl methacrylate
(GMA, 97%), 4-(N, N-dimethylamino) pyridine (DMAP, 99%), toluene sulfonic acid
monohydrate (TsOH·H2O), dimethyl sulfoxide (DMSO) were purchased from VWR
Scientific (West Chester, PA). Ethyl acetate, acetone were purchased from Mallinckrodt
incorporation (St.Louis, MO) and used without further purification. The DMSO, DMAc,
toluene, isopropyl alcohol, ethyl acetate and acetone were ACS grade. Disodium
hydrogen phosphate, sodium chloride, Sodium dihydrogen phosphate monohydrate were
purchased from VWR Scientific (West Chester, PA) to prepare buffer solutions with
different ionic strength (i.e. 0.05M, 0.1M, 0.2M). MicroBCA kit was purchased from
Thermo Fisher Scientific (Waltham, MA). Irgacure 2959 was donated by Ciba Specialty
Chemicals Corp.

4.3.2 Methods
4.3.2.1 Synthesis of glycidyl methacrylate chitosan (degree of substitution 37)
In order to prepare glycidyl methacrylate chitosan (GMA-chitosan), chitosan was
first dissolved in DMSO to acquire 1.5wt%~2wt% solution at a comparatively mild
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acidic pH (pH 3.5). Then, glycidyl methacrylate and DMAP was added into the chitosan
DMSO solution. The epoxy groups of GMA reacted with hydroxyl groups in chitosan.
Through this reaction, the unsaturated double bond of the methacrylate group was
introduced onto the chitosan backbone which could be used for a further photocrosslinking reaction.
In a typical synthesis, 1.5 g chitosan and 1.2 g TsOH·H2O were dissolved in 150 mL
DMSO at 50 oC under magnetic stirring for 6 h. The dissolution is preceded by
protonation of NH2 groups to give a toluene sulfonic acid salt adduct. After chitosan
formed a clear solution, 0.5 g DMAP was dissolved in 5 mL DMSO and then added into
the chitosan DMSO solution with rapid stirring. The mixture solution was then cooled
down to room temperature, 3.6 g of glycidyl methacrylate was added in. The reaction was
continued at 35 oC for 48 hours with magnetic stirring. Afterwards, the reaction was
stopped by adding 2 molar ratio amounts of TsOH·H2O to neutralize the DMAP. GMAchitosan was precipitated in 600mL ethyl acetate and dried in vacuum oven at room
temperature for 2 hours. The raw gel-like GMA-chitosan was cut into 1.5~2 mm cubic
pieces and was completely washed by Soxhlet’s extraction with acetone for 8h. The
residue TsOH, DMAP and GMA are all have very large solubility in acetone and could
be removed in this purification step. Finally, the GMA-chitosan was dried in vacuum
oven at room temperature overnight.
According to the H-NMR data, the degree of substitution of GMA-chitosan
synthesized as described is about 37. (The degree of substitution, DS; the amount of
methacrylate groups per 100 chitosan repeat unit). The GMA-chitosan with degree of
substitution 37 is used for all the GMA-chitosan / VSA study to achieve good solubility
in the aqueous precursor and good mechanical properties of formed hydrogel.

4.3.2.2 Fabrication of GMA-chitosan/VSA hybrid hydrogel and bovine serum albumin
(BSA) loaded hybrid hydrogel fabrication
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To fabricate GMA-chitosan hydrogel, GMA-chitosan was dissolved in deionized
water at room temperature to obtain a final homogenous solution with 7% w/v
concentration. To this solution, Irgacure 2959 was added as a photo-initiator at room
temperature and mixed well. The mixture aqueous solution was transferred onto a
Teflon® mold and irradiated by a long wavelength UV light (100 watts, 365nm) for
about 30 mins at room temperature until a solid hydrogel was formed (12 mm diameter, 6
mm thickness).To fabricate GMA-chitosan hybrid hydrogel with VSA, 0.3g GMAchitosan (synthesized as described before, degree of substitution 37) was dissolved in
about 2 mL water and mixed well with desired amount of vinyl sulfonic acid (VSA)
aqueous solution (The weight ratio of GMA-chitosan could be any ratio with GMAchitosan content no less than 67/33 to achieve good integrity of hybrid hydrogel and
proper mechanical strength, the feed ratio used in further hybrid hydrogel studies of
GMA-chitosan/VSA are 80/20, 67/33). The detailed composition of GMA-chitosan/VSA
hybrid hydrogel precursor is shown in Table 4.1. 5 mg Irgacure 2959 was added into the
solution as photo-initiator and mixed well at room temperature. Every 250μL mixture
aqueous solution was transferred onto a Teflon® mold and irradiated by a long
wavelength (100 watts, 365nm) UV light at room temperature until a disk-shaped
hydrogel was obtained (12 mm diameter, 6 mm thickness). The chemical structures of
GMA-chitosan/VSA hydrogels are presented in Figure 4.1. The hydrogels were soaked in
deionized water for 16 hours at room temperature to remove the unreacted GMA-chitosan
and residue of VSA.
BSA loading method: calculated volume of 15 mg/mL BSA aqueous solution was
added in 2 mL GMA-chitosan hydrogel precursor or 2 mL GMA-chitosan/VSA hydrogel
precursor. (The weight ratio of GMA-chitosan/VSA is no less than 67/33) and mixed well
after 10 mins magnetic stirring. Then, the precursor with BSA loaded was UVcrosslinked by using long wavelength (100 watts, 365nm) UV light for 30 mins with 5mg
Irgacure

2959.
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Table 4.1 Compositions of GMA-chitosan in GMA-chitosan / VSA hybrid hydrogel precursor
Weight of GMA-

Deionized water used to

Weight of VSA in hybrid

Weight of VSA aqueous

chitosan (g)

dissolve GMA-chitosan

hydrogel precursor (g)

solutions added in hybrid

(g)
GMA-chitosan

hydrogel precursor (g)

0.4

6.2

0.1

0.4

0.4

5.7

0.2

0.8

0.4

6.5

0

0

/VSA-80/20
GMA-chitosan
/VSA-67/33
GMA-chitosan
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Figure 4.1 Fabrication of GMA-chitosan / VSA hybrid hydrogel

4.3.2.3 Fourier Transform Infrared (FTIR) characterization of GMA-chitosan/VSA
hybrid hydrogel
Freeze-dried GMA-chitosan hydrogel, GMA-chitosan/VSA hybrid hydrogel
were analyzed by fourier transform infrared (FTIR). Individual GMA-chitosan/VSA
hybrid hydrogel were soaked in deionized water at room temperature to reach its
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swelling equilibrium and freeze-dried for 24 hours. The spectra of dry GMAchitosan/VSA hybrid hydrogel were recorded and compared with the GMA-chitosan
hydrogel FTIR. All of FTIR spectra were recorded on a PerkinElmer (Madison, WI)
Nicolet Magna 560 FTIR spectrophotometer with Omnic software for data acquisition
and analysis.

4.3.2.4 Swelling ratio test under different ionic strength
The swelling study of GMA-chitosan hydrogel and GMA-chitosan/VSA hybrid
hydrogels were performed at room temperature (25

o

C) immersing hydrogels

individually in glass vials containing 15 ml buffer solution of different buffer
concentration (0.05M, 0.1M, 0.2M). After 16 hours, GMA-chitosan based hydrogels
reach their swelling equilibrium. The swollen hydrogels were removed, the excess
surface water was wiped and the hydrogels were weighed until equilibrium was
attained. The swelling ratios of the hydrogels were calculated from the swollen and
dry weights of the hydrogels. The reproducibility of the swelling profiles of a hydrogel
was determined in triplicate. Each hydrogel samples after swelling in the buffer
solutions was then individually soaked in 50 ml deionized water to remove the
absorbed inorganic salt in the swelling hydrogels. The weight of the dry hydrogel
samples was measured after vacuum dried for 24 hours at room temperature.
Swelling ratio (%) = (Wt-W0)/W0×100
Wt is the weight of the hydrogel after swelling equilibrium
W0 is the weight of the dry hydrogel

4.3.2.5 Morphological study of GMA-chitosan/VSA hybrid hydrogel
Scanning electron microscope (SEM) was employed to analyze the interior
microstructure of GMA-chitosan/VSA hybrid hydrogels. Cryofixation technique was
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used to observe the swollen hydrogel structure with minimal artifacts. Individual
GMA-chitosan/VSA hybrid hydrogels were soaked in deionized water at room
temperature to reach its swelling equilibrium. Then, the hydrogels were transferred
into liquid nitrogen immediately to freeze and retain the swollen structure. The sample
was subsequent freeze-dried for 72 hours in a Labconco (Kansas City, MO) Freezone
2.5 Freeze drier under vacuum at -50 oC, and finally stuck on aluminum stubs and
coated with gold for 30s for SEM observation by Leica Microsystems GmbH
(Wetzlar, Germany) 440 SEM.

4.3.2.6 Compressive mechanical properties of GMA-chitosan/VSA hybrid hydrogel
The compressive mechanical properties of GMA-chitosan/VSA hybrid hydrogels
were measured by a TA Dynamic Mechanical Thermal Analysis Q800 (TA
instruments) at room temperature (25 oC) and submersion compression load clamp.
The hydrogels swollen in deionized water were placed on the top plate of a
submersion compression load plate without any liquid media and compressed between
the plate and a parallel disk (diameter 14mm) at a constant increasing load rate of 0.5
N/min until fragment of the hydrogel was produced. Initial compression modulus, was
used to represent the hydrogel strength. For each type of hydrogel, three samples were
used for the compression test. Mean value was calculated with a standard deviation.
The initial compression modulus was calculated from the stress-strain curve.

4.3.2.7 Release study of bovine serum albumin from GMA-chitosan/VSA hydrogel.
Each GMA-chitosan/VSA hydrogel sample (11 mm diameter, 6 mm thickness
disk-like hydrogel with 240 μg BSA loaded) was put in 20ml volume glass vials
individually with 5mL PBS. At each time point, 100 μL solution was taken out from
the vial and was diluted to 1 mL. 100 μL fresh PBS was added in the PBS bath of
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hydrogel to compensate the amount extracted for the test. MicroBCA kit was used to
acquire the BSA concentration data in the PBS bath solutions. The test was followed
the protocol in the MicroBCA manual. PerkinElmer (Madison, WI) Lambada 35 UVVis spectrophotometer was used to test the absorption of samples at 562nm
wavelength. The standard curve was prepared by plotting the average Blank-corrected
562nm reading for each BSA standard which is provided in the kit vs. its
concentration in μg/mL. The standard curve was used to determine the protein
concentration of each unknown sample.

4.4Results
4.4.1 FTIR spectroscopy
Figure 4.2 shows the FT-IR spectra of the GMA-chitosan/VSA-67/33hybrid
hydrogel UV-crosslinked for 30 min. The absorption band of ester (–COO–) appeared
at 1725–1730 cm-1 was evident on both of the GMA-chitosan and GMAchitosan/VSA-67/33 hybrid hydrogel, but not in VSA since VSA does not contain
ester bond in its chemical structure. Moreover, the appearance of amide (I) band and
amide (II) band at 1648~1650 cm-1 and 1538~1542 cm-1 on GMA-chitosan and GMAchitosan/VSA-67/33 hybrid hydrogel demonstrate that GMA-chitosan is one main
component in the hybrid hydrogel.
According to Chansaia et al. and Rhim et al. studies about hydrogels with sulfate
groups

11, 12

, the absorption bands at 1088 cm-1 and 1255 cm-1 on the GMA-

chitosan/VSA-67/33 hybrid hydrogel indicate the presence of sulfonic acid group from
VSA, and hence the crosslinking reaction occurs mainly between the vinyl groups of
VSA and the methacrylate groups of GMA-Chitosan

11, 12

. From the results in Figure

4.2, the spectral change are evidence of crosslinking occurred between GMA-chitosan
and VSA.
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Figure 4.2 FTIR of GMA-chitosan hydrogel and GMA-Chitosan/VSA-67/33 hybrid
hydrogel

4.4.2 Images of GMA-chitosan/VSA hybrid hydrogel after swelling in deionized
water
One advantage of GMA-chitosan is its hydrogels (shown in Figure 4.3 A) and
hybrid hydrogels are usually hydrophilic and transparent with well-defined shape.
While the films or hydrogels made by chemically crosslinked chitosan material
usually failed forming a transparent appearance. And the material is mainly
hydrophobic similar to the raw chitosan material too 5, 9.
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A

B

Figure 4.3 Images of GMA-chitosan/VSA hybrid hydrogel or GMA-chitosan hydrogel
(A) GMA-chitosan hydrogel swollen in deionized water for 16 hours,
(B) GMA-chitosan/VSA – 67/33 hydrogel swollen in deionized water for 16 hours

Figure 4.3 B shows the optical images of the GMA-chitosan/VSA hybrid
hydrogel after 16 hours swelling in deionized water. The negatively charged VSA are
able to be covalently bonded in the hydrogel matrix and the hybrid hydrogel is still
transparent.

4.4.3 The influence of ionic strength to the swelling ratio of GMA-chitosan/VSA
hybrid hydrogel
The effect of ionic strength of the medium and the effect of VSA contents on the
swelling behavior of GMA-chitosan/VSA hybrid hydrogels are shown in Figure 4.4.
All of the GMA-chitosan/VSA hybrid hydrogel and pure GMA-chitosan hydrogel
reach their largest swelling ratio at the lowest ionic strength environment (i.e.,
deionized water). The swelling ratio of GMA-chitosan/VSA hybrid hydrogel and
GMA-chitosan hydrogel in PBS buffer (pH 7.4) of different salt concentration varied
from 6,768% to 554%. The swelling ratio of GMA-Chitosan/VSA 80/20 is
6,625±45% in deionized water, whereas the same hydrogel only achieved 1,154±44%
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in 0.2M PBS. As the concentration of saline increase which means stronger ionic
strength, the swelling ratio of GMA-Chitosan and GMA-Chitosan/VSA hydrogels
decrease. GMA-chitosan/VSA hybrid hydrogel with higher VSA composition shows
smaller swelling behavior in the same ionic strength aqueous environment. For
example, in 0.05M PBS, GMA Chitosan/VSA-80/20 achieved 3,574±33% which is
higher than that of GMA Chitosan/VSA-67/33 (3,185±152%). When ionic strength
increased to 0.2M, the swelling ratio of both of these two types of hybrid hydrogels
decreased to 1,154±44% and 1,274±22%, respectively, and the swelling ratio of GMA
Chitosan/VSA-80/20 is still higher than that of GMA Chitosan/VSA-67/33. In the
study of hydrogel swelling theory, if the polymer chains making up the network
contain ionizable groups, the forces influencing swelling may be increased greatly

Figure 4.4 The influence of ionic strength environment to the swelling ratio of GMAchitosan or GMA-chitosan/VSA hybrid hydrogel of different GMA-chitosan to VSA
contents at neutral pH (deionized water, pH 7.4)

118

because of the localization of charges within the hydrogel

13

. GMA-chitosan/VSA

hybrid hydrogel and GMA-Chitosan are ionized hydrogel that their swelling behavior
depends on the ionic strength of the medium. The swelling of electrolyte hydrogel was
influenced by the force of localized charges within the hydrogel, and the osmotic
pressure difference between the interior ionic strength of the hydrogel and external
ionic strength of the external solution. Polyelectrolyte behavior is governed by the
ratio of the electrostatic energy between two neighboring charges on the chain to the
thermal energy. As the density of charges on the polymer molecules increased, the
relative importance of van der Waals force and repulsive electrostatic interactions
changes. The relevant characteristic length scale is defined by the Bjerrum length 14

  e2 /  kT
Where e is the electron charge, ɛ is the permittivity of water, and k is the Boltzmann
constant. (At λ=1, attractive to repulsive interactions are equal.) When the distance, d,
between neighboring charges is much larger than the λ (d/ λ >>1), counterions are
uniformly distributed throughout the gel. Consequently, swelling is driven by their
osmotic pressure. When (d/λ < 1), the charge density exceeds a critical threshold
value, and counterions are closely bound to the chain 15.
In deionized water, the polyelectrolyte hydrogel will absorb solvent and expand
in volume due to the osmotic pressure difference caused by the presence of ionizable
groups within the hydrogel

15

. One driving force of the swelling process of GMA-

chitosan / VSA hydrogel in saline solution is the presence of mobile osmotically active
counterions in PBS. When the salt concentration increases, ions diffuse from the
solution into the network. Consequently, the driving force (congeneric localized
charge repulsion) of swelling decreases with increasing salt concentration due to the
charge shielding effect. For the GMA-chitosan / VSA hydrogel, the negative charged
sulfate group is dominant in the localized charges within the interior of hybrid
119

hydrogel. The counterions are Na+, K+ ions. Whereas the swelling decreases too, due
to the reduced charge repulsion.
For pure GMA-chitosan hydrogel, the swelling ratio value at equilibrium
depends on the positively charged -NH3+ ions. The local electrostatic repulsion of the
congeneric charge in the hydrogel network becomes weaker when the saline
concentration increasing. Meanwhile, the osmotic pressure between the interior of
GMA-chitosan and saline solution is decreased when the exterior saline concentration
increasing. As a result, the decrease of swelling driving force leads the decrease of
swelling ratio in saline solution. For GMA-chitosan/VSA hybrid hydrogels, the
increasing ionic strength shielding and decreased the repulsion interaction of the
bonded sulfonic groups in the hydrogels and the osmotic pressure change lead to the
lower swelling ratio of hybrid hydrogel in the saline solution with higher ionic
strength as well.
In low ionic strength environment (deionized water, 0.05M PBS), pure GMAchitosan always shows larger swelling than GMA-chitosan / VSA hybrid hydrogel.
One possible reason is when two water soluble precursors with opposite charges
mixed together. The ionic interaction makes them form polyelectrolyte complex which
creates more hinderance to prevent hydrogel expansion 16. However, in high ionic
strength environment, the GMA-chitosan / VSA hybrid hydrogel has larger swelling
ratio than that of pure GMA-chitosan hydrogel. In the 0.2M saline solution, the
equilibrium swelling ratio of GMA Chitosan/VSA-80/20 is 1,154±44%, and the
swelling ratio of pure GMA-chitosan hydrogel is 554±30%. This is attribute to the
presence of strong negative charge sulfonic groups (pKa -2.8) makes the crosslinked
network structure still keep anion-anion repulsion in some extent due to the repulsion
between sulfonic groups 18. While the pKb of amine groups of GMA-chitosan hydrogel
is 6.5-6.7 (pKa 7.3-7.5 at room temperature), in pH 7.4 PBS, part of the amine groups
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are not ionized

19

. As a result, GMA-chitosan hydrogel has less ionized groups in 0.2

M PBS which leads to lower swelling driving force after the ionic groups was
screened by 0.2M saline solution.
In the Sun et al. study about the dextran based hydrogel which has amine groups,
the dextran-allyl isocyanate ethylamine (Dex-AE) / PEGDA hybrid hydrogel achieved
about 800% swelling in deionized water, about 700% swelling in 1.0 M ionic strength
aqueous solution and about 570% swelling in 2.5 M ionic strength aqueous solution
after 16 hours swelling

20

. The increased ionic strength of the surrounding medium

reduced the mobility of ions due to the electrostatic interaction. Thus, the reduction in
ion mobility in the surrounding medium could give rise to a higher osmotic pressure,
in turn could facilitate the diffusion of pure water molecules from interior of DexAE/PEGDA hydrogel into saline solution, i.e., lower swelling ratio in a high ionic
strength medium. In the study of Namkung et al. about the dextran-maleic acid (DexMA) / N-isopropylacrylamide (NIPAAm) hybrid hydrogel, ionic strength sensitivity is
observed too

21

. The swelling ratio of Dex-MA / NIPAAm hybrid hydrogel with

certain two precursor feed ratio in deionized water is about 650% and about 50% in
2.5M saline solution after 4 hours swelling. As the ionic strength increased, the
swelling ratios of all hybrid hydrogels with different Dex-MA / NIPAAm content
decreased due to the shielding effect caused by the counter ions in high ionic strength
solutions and osmotic pressure change. Moreover, similar to GMA-chitosan/ VSA
hybrid hydrogel, in this system, Dex-MA / NIPAAm hybrid hydrogels both have
carboxylic anions from Dex-MA and secondary amine groups from NIPAAm. They
suggested that the expansion of ionized hydrogels was hindered by the formation of
the polyelectrolyte complex between two components with positive and negative
charge. As a result, the swelling ratios of the hybrid hydrogels which are made from
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two opposite charged components are lower than that of the pure single component
hydrogel in low ionic strength medium 16, 21.

4.4.4 Morphology of GMA-chitosan/VSA hybrid hydrogel
GMA-chitosan/VSA hybrid hydrogel has porous structure after freeze-drying.
Based on the SEM images in Figure 4.5 A, B, C, the size of the most pores of GMAchitosan/VSA hybrid hydrogel with 67/33 and 80 /20 feed ratio is from 15μm to 35μm
(Figure 4.5 B). The GMA-chitosan/VSA hybrid hydrogel showed more compact
structure, thinner wall and bigger pore size than pure GMA-chitosan hydrogel (shown
in Figure 4.5 D ). In general, the GMA-chitosan / VSA hydrogel has more
homogenous and slightly larger porosity than that of pure GMA-chitosan. This was
probably due to the addition of VSA into GMA-chitosan hydrogel increased
uniformity of crosslinked chitosan molecules, because the high molecular weight of
chitosan creates hindrance for unsaturated methacrylate groups covalently bonded to
each other. When the viscous GMA-chitosan aqueous solution forms hydrogel, it
usually has uneven spot which has lower or higher crosslinking density than other
parts of the hydrogel. The addition of VSA increased the reactive double bond amount
in the precursor and makes the reactive double bonds distributed more even in the
hydrogel precursor. The morphology of hydrogel microstructure reflected the
distribution of the pore and pore size of hybrid hydrogel is more uniform by adding
VSA.
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A

B

C

D

Figure 4.5 SEM images of GMA-chitosan/VSA hybrid hydrogels (A, GMAChitosan/VSA -67/33 hybrid hydrogel at 500 ×; B, GMA-Chitosan/VSA -67/33
hybrid hydrogel at 1,500 ×; C, GMA-Chitosan/VSA -80/20 hybrid hydrogel at 1,500
×; D, GMA-Chitosan hydrogel at 1,000×)

Forming porous structures for use in cell transplantation is one of chitosan’s most
promising features. Freezing and lyophilizeing chitosan based hydrogel is the most
common method in suitable molds to prepare porous structure. During the freezing
process, ice crystals nucleate from solution and grow along the lines of thermal
gradients

22

. In Zhong et al. study, maleic chitosan / PEGDA hydrogels show

honeycomb-like porous structures and the pore size could be adjusted from 5 µm to 20
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µm by changing the feed ratio of maleic chitosan /PEGDA

23

. And the change of

morphology represents the variation of crosslinking density of hybrid hydrogel. In
their result, higher crosslinking density leads to lower swelling ratio, tighter network
structure.

4.4.5 Mechanical properties of GMA-chitosan/VSA hybrid hydrogel
The compressive mechanical properties of the GMA-chitosan/VSA hybrid
hydrogel scaffolds were next evaluated (Figure. 4.6). In general, the compression
modulus of GMA-chitosan hydrogel/VSA hybrid hydrogels with different ratio of
VSA is between 7~18 kPa. The initial compression modulus of the crosslinked GMAchitosan/VSA hybrid hydrogel (7.83~8.59 kPa) was lower than GMA-chitosan
hydrogel (17.64±7.52 kPa), indicating that the stiffness of the GMA-chitosan/VSA
hydrogel decreased with the addition of VSA. Pore size and the interaction between
the crosslinked molecule chains are the two main factors which can influence the
mechanical properties of the hydrogel

22, 24

. The tensile testing of hydrated chitosan

samples shows porous structure have greatly reduced elastic moduli compared to nonporous chitosan samples. Higher porosity usually leads to lower mechanical strength
22

. Comparing Figure 4.5 B. C., the porous structure of GMA-chitosan / VSA hydrogel

has thinner wall and higher porosity than that of pure GMA-chitosan hydrogel. So, the
morphology difference is one possible reason that GMA-chitosan / VSA has lower
compression modulus than that of hydrogels without VSA. Zhong et al.23 recently
reported the compressive mechanical properties of maleic chitosan/polyethylene
glycol diacrylate (PEGDA) that was fabricated by using similar UV-crosslinking
technology. Different with GMA-chitosan /VSA hybrid hydrogel, the mechanical
property of the maleic chitosan/PEGDA hybrid hydrogels largely depended on the
molecular weight of the PEGDA co-precursor. Because the major composition
124

PEGDA (PEGDA in the maleic chitosan / PEGDA hybrid hydrogel is no less than
67%) determines the crosslinking density of the hydrogel. Low molecular weight
PEGDA as co-precursor means more crosslinkable unsaturated acrylate end groups
was added. Thus, the hydrogel could achieve higher crosslinking density and further
higher mechanical strength. The compression modulus of maleic chitosan / PEGDA
(MW 8,000)= 1/ 2 hybrid hydrogels is 61±1.9 KPa.

Figure 4.6 The initial compression modulus of GMA-chitosan hydrogel, GMAchitosan/VSA hybrid hydrogel swollen in deionized water at room temperature

The feed ratio change of GMA-chitosan/VSA in the hydrogel precursor doesn't
show big difference on the compressive initial modulus. The compression modulus of
the GMA-chitosan/VSA -80/ 20 is 7.83±1.62 KPa and the compression modulus of the
GMA-chitosan/VSA- 67/ 33 is 8.59±2.20 KPa. The incorporation of VSA in the
precursor solution helped GMA-chitosan to form more homogenous hydrogel. In
GMA-chitosan hybrid hydrogel precursor solution, increased amount of VSA
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molecules was also be mixed and well distributed among GMA-chitosan as low VSA
content hybrid hydrogel precursor because VSA is a much smaller molecular which
has good water solubility compared to GMA-chitosan. From the SEM image, higher
composition of VSA didn't change the porosity (Figure 4.5 B, C) and crosslinking
density of GMA-chitosan hybrid hydrogels in a very large extent.

4.4.6 BSA release from GMA-chitosan/VSA hybrid hydrogel
The BSA release profile was shown in Figure 4.7, GMA-chitosan hydrogel and
GMA-chitosan/VSA hybrid hydrogel show burst release in the first hour after be
immersed in PBS. GMA-Chitosan and GMA-chitosan/VSA-80/20 hybrid hydrogels
released about 30% of total loaded BSA in the first 2 hours. The burst release of BSA
is due to part of loaded BSA is on the hydrogel surface or close to the hydrogel surface
which could be easily diffused into aqueous media. In the first 7 days, the release
profile of GMA-Chitosan and GMA-chitosan/VSA -80/20 hybrid hydrogels did not
show too much difference. Only after 9 days, the BSA release rate from GMAchitosan/VSA hybrid hydrogels is higher than that of GMA-chitosan hydrogel and
GMA-chitosan/VSA hybrid hydrogels BSA achieved more complete BSA release.
After 12 days, 96% of the pre-loaded BSA was released into PBS from GMAchitosan/VSA hybrid hydrogel. While the amount of BSA release from GMA-chitosan
is 88% at the same time.
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Figure 4.7 Cumulative BSA release of GMA-chitosan hydrogel, GMA-chitosan/VSA 80/20 hybrid hydrogel in 0.05M PBS (pH 7.4) at 37 ºC

Albumin is the major constituent of blood plasma and is one of the smallest
proteins in the plasma. The shape of this protein is a prolate ellipsoid with a size of
about 15×3.8×3.8nm 17. It contains a comparatively large number of polar and charged
residues and thus it is highly soluble in water. The isoelectric point of bovine serum
albumin is about 4.7. In pH 7.4 PBS buffer, BSA is a negative charge water soluble
protein with 60,000-70,000 molecule weight

25

. On the other hand, in the hybrid

hydrogel, the pKa of sulfonic group on VSA is -2.8 that means very strong negative
charge in an aqueous environment

18

. Several interactions, including hydrophobic

interaction, hydrogen bonding and electrostatic interaction, simultaneously take part in
the protein release / adsorption behavior. The information should be important in
apprehending the behavior of GMA-chitosan hydrogel with sulfonic groups in
physiological environment when it is used as protein drug carrier 3.
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The release profile of GMA-chitosan with negative charge didn't show
significant difference with pure GMA-chitosan hydrogel in the first 7 days when the
concentration of albumin remained in the hydrogel is higher than 40% of its original
amount. The electrical repulsion between the sulfonic groups of GMA-chitosan/VSA
and BSA is not able to be the driving force to accelerate the release of BSA because
the inner space between hydrogel molecules are much larger than the size of BSA in
PBS (15×3.8×3.8nm). However, the sulfonic groups creates a structure prevent the
albumin adsorption. When the albumin content in the hydrogels is lower than 40% of
its original weight, the GMA-chitosan/VSA achieved higher release speed of BSA and
almost release all of BSA loaded in 12 days. Whereas the GMA-chitosan hydrogel still
can reserve about 12% BSA in PBS solution which shows its interface is more
favorable for protein adsorption. The GMA-chitosan/VSA hydrogel achieved higher
release rate after 7 days release (BSA content < 40 % original amount at this time)
than the GMA-chitosan hydrogels whose protein release driving force is only by
diffusion without sulfonic groups. It could be useful for some drug release process
which requires more sustained the release rate because for most hydrogels when the
protein concentration decreased to some extent, the residue protein will attach to the
hydrogel molecules and slow down the release speed from it. In some protein drug
release application, such as growth factors, the protein concentration in the hydrogel is
very low, from ng/ml to pg/ml

26

, if the hydrogel is not able to create a surface

preventing the protein absorption, the release rate of protein drug will be slow down
by the hydrogel absorption. Moreover, the mechanism of many polysaccharides
containing sulfonic groups such as heparin and HS can prevent proteins attachment,
including globulin or fibrinogen attachment is the repulsion of their negative charge to
proteins 7. Because protein adsorption is involved in many physical processes such as
blood coagulation, cell attachment, by adding VSA in GMA-chitosan can be used as
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an approach to control the anti-biofouling properties of GMA-chitosan as well 3. In
other BSA release study from other chitosan base hydrogels, Bhattarai et al. developed
one BSA preloaded PEG-grafted chitosan hydrogel crosslinked by genipin

27

. The

burst release from PEG-grafted chitosan hydrogel (crosslinked by genipin for 10min)
in the first 24 hours is about 12% preloaded BSA and 42% of BSA was released in 7
days. By adjusting the genipin treatment time, the PEG-grafted-chitosan can achieve
longer BSA release time up to 40 days. The BSA release profile of GMA-chitosan /
VSA hybrid hydrogel is about 10% more cumulative release than PEG-grafted
chitosan hydrogel (crosslinked by genipin for 10min) at the same release time. Sun et
al. reported BSA release from one positive charged dextran-allylisocyanate ethylamine
(Dex-AE) / PEGDA hydrogel

28

. The cationic free amine groups of Dex-AE

component effectively decreased the burst release of BSA and a longer-last sustained
BSA release period (in 11-30 days by tuning the feed ratio of Dex-AE / PEGDA) than
the release profile of GMA-chitosan /VSA hydrogel. One synthetic polymer hydrogel
with mild cationic charge (poly (N-isopropylacrylamide) hydrogels) have larger
adsorption to BSA. Zhang et al. reported the BSA release study from poly (Nisopropylacrylamide) hydrogels

29

. After 100 hours release in aqueous environment,

poly (N-isopropylacrylamide) based hydrogel release about 50% of loaded BSA and
the cumulative release of BSA is almost no change after 50 hours release which means
the release rate is very slow approaching 0. The possible reason of BSA adsorption in
poly (N-isopropylacrylamide) based hydrogel maybe attributed to two reasons: (a)
BSA was entrapped in the hydrogel network; (b) low BSA loading concentration leads
to weak release driving force. Compared with synthetic polymer based hydrogel,
GMA-chitosan /VSA hydrogel is able to achieve a more thoroughly albumin release
than synthetic polymer hydrogels. Low protein adsorption of GMA-chitosan /VSA
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hydrogel is a useful feature for the some types of protein drug release which is loaded
in hydrogel with comparatively low concentration.

4.5 Conclusions
This chapter describes the synthesis and characterization of the GMAchitosan/VSA hybrid hydrogel. Unsaturated methacrylate groups were incorporated
onto the hydroxyl groups of chitosan. Under 365nm UV radiation and presence of
photo-initiator, the methacrylate groups of GMA-chitosan are able to react with the
vinyl groups of VSA molecule to form crosslinked hybrid hydrogel.
By varying the feed ratio of VSA to GMA-chitosan, the negative charge density
in the hybrid hydrogel could be controlled. The hydrogel of GMA-chitosan/VSA has
porous structure and high capacity of water absorption. The incorporation of VSA in
the hybrid hydrogel decreased the compression modulus of the hydrogel due to the
reduced hydrogen bond interaction between GMA-chitosan molecules. The presence
of negative charge sulfonic groups attributes the hybrid hydrogel the ionic strength
responsive swelling behavior. GMA-chitosan/VSA and GMA-chitosan achieve their
larger swelling ratio in lower ionic strength environment. The reason of swelling ratio
change is related to the balance of osmotic pressure of the hydrogel interior and
exterior solution environment. The photo-crosslinked negatively charged GMAchitosan / VSA can be used as protein drug carrier. The protein drug is incorporated in
the hydrogel precursor solution to be preloaded into the hydrogel. The 3D porous
structure and negatively charged interior of GMA-chitosan /VSA hybrid hydrogel
achieved higher release rate at low protein concentration than that of GMA-chitosan
hydrogel without VSA and a more thoroughly release of the preloaded BSA protein
drug model in 11 days.
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CHAPTER FIVE:
SYNTHESIS, CHARACTERIZATION OF CATIONIC ARGININE BASED
POLYESTER AMIDE / GLYCIDYL METHACRYLATE CHITOSAN HYBRID
HYDROGEL AND ALBUMIN RELEASE STUDY
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5.1 Abstract
A new family of biodegradable cationic hybrid hydrogels was designed and
fabricated from an unsaturated arginine (Arg) based functional poly(ester amide)
(Arg-UPEA) and glycidyl methacrylate chitosan (GMA-chitosan) precursors by UV
photocrosslinking in an aqueous medium. The hybrid hydrogels were characterized for
their chemical structures by fourier transform infrared spectroscopy (FTIR), and
elemental analysis. MTT assay of the Arg-UPEA/GMA-chitosan mixed aqueous
solution showed virtually non-cytotoxicity toward porcine aortic valve smooth muscle
cells at polymer concentration up to 6 mg/mL. These hybrid hydrogels were further
characterized in terms of their equilibrium swelling ratio (Qeq), compressive modulus
by dynamic mechanical analysis (DMA), and interior morphology by scanning
electron microscope (SEM). By varying the feed ratio of Arg-UPEA to GMA-chitosan
and the methylene group length (x) of the diol building block of Arg-UPEA, the
swelling (from 297.8% to 3318.2%, depending on pH), mechanical (compressive
modulus, 17.649±0.78 KPa ~ 18.103±1.30KPa) and morphological properties of this
hybrid hydrogel system could be adjusted. The enzymatic biodegradation of ArgUPEA/GMA-chitosan hybrid hydrogels by lysozyme in vitro was studied. Lysozyme
effectively accelerated the biodegradation rate of the hybrid hydrogels at 37 ºC.
Bovine serum albumin (BSA) was used as a model protein to study the protein drug
release from this cationic hybrid hydrogel. A sustained release of BSA can be
achieved from Arg-UPEA/GMA-chitosan hybrid hydrogels in 11 days in vitro with a
lower burst and more sustained BSA release than a pure GMA-chitosan hydrogel. This
new family of biodegradable cationic Arg-UPEA/GMA-chitosan hybrid hydrogels
may have the potential as the protein delivery vehicles as well as scaffolds for tissue
engineering.
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5.2 Introduction:
5.2.1 Arginine metabolism
Arginine (2-amino-5-guanidinovalieric acid) is one nonessential amino acid
which presents in animal protein 1. Arginine is of particular interest in the regard as it
was demonstrated to have many fundamental roles in nitrogen metabolism, creatine
and polyamine synthesis and the production of nitric oxide (NO). One major function
of arginine within the mammal body is as an intermediate in the urea cycle. Arginase-I
removes the guanidino group from arginine to produce urea and ornithine (Figure 5.1).
In the protein synthesis, which is another major function of arginine, arginine can be
converted into proline, glutamate and glutamine (Figure 5.1). Synthesis of these three
amino acids begins with ornithine which is converted from arginine. The process of
arginine metabolism generates several essential nitrogen-containing compounds,
including creatine, polyamines, agmatine and nitric oxide 2.
There are two identified pathways of arginine metabolism. First, the "arginase"
pathway: arginine is converted to urea and ornithine, generates polyamines, including:
putrescine, spermine, spermidine, by the action of ornithine decarboxylase.
polyamines, such as spermine, play a key role in cell proliferation, cell division, DNA
replication, and regulation of cell cycle. Second, arginine is the sole substrate for NO
synthesis in biological systems. NO is synthesized from arginine by the activity of
nitric oxide synthase (NOS) resulting in the formation of nitric oxide and citrulline.
The metabolism of NO is critically depends on the metabolism of L-arginine, because
arginine is the sole source of produced NO

3, 4

. The rate of cellular NO synthesis is

limited by the rate of arginine uptake.
Arginine could be converted into NO by three NO synthase (NOS) isoforms,
neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS).
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Figure 5.1 Metabolic fates of arginine in mammalian cells 2

nNOS and eNOS are constitutive isoforms which are permanently active generating
low concentration of NO. The enzymatic activities are regulated by intracellular
calcium fluxes or exogenous calmodulin. Compared to the amount of NO generated by
the constitutive isoforms, iNOS could release high levels of NO and the expression,
transcription and function are induced by a variety of cytokines, growth factors and
inflammatory stimuli on target cells 3. During wound healing, burn injury, endotoxin
exposure, arthritis and inflammatory bowel dieases, iNOS releases high amounts of
NO.
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Many studies demonstrated vascular dysfunctions, septic shock, cerebral
infarction, diabetes mellitus are associated with the impaired production of NO

4-7

.

However, the NO overproduction is associated with neurodegenerative disorders. The
rate of NO production depends on the availability of intracellular arginine. On the
other hand, arginine can also be consumed via arginase in wound. In some cases,
arginase can decrease NO production by decreasing intracellular arginine
concentration. Arginase exists in two known isoforms, liver-type arginase I and
nonhepatic type arginase II. Arginase I is located in the cytosol, and arginase II is
located in the mitochondrial matrix 4. Through the action of arginase, ornithine is
formed which is a precursor for proline and polyamines. This is one possible
significant pathway for wound healing because proline serves as one substrate for
collagen synthesis, whereas polyamines are involved in cell proliferation 1. The
activities of iNOS and arginase are regulated reciprocally in cells by cytokines.
Because arginine is one of the regulating factors of NO synthesis, it is theoretically
feasible to regulate NO production by controlling the availability of arginine for NOS
reaction.
5.2.2 NO physiological functions
NO works as a messenger molecule functioning in vascular regulation, immunity,
neurotransmission, wound healing etc 4. In wound healing, NO production is critical to
wound collagen accumulation and acquisition of mechanical strength 8. Inflammatory
and mesenchymal cells both have been shown to synthesize large amount of NO in
response to lipopolysaccharide (LPS) and cytokines

9, 10

. With the development of

analysis technology of NOS, the time course of NO was well elucidated. In rat models
of healing, iNOS expression is highest in the first 5 days after injury (Figure 5.2) 3, 11.
During the early phase of healing, the majority of NO synthesis is due to the present of
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inflammatory cells, particularly, macrophages. Fibroblasts, keratinocytes and
endothelial cells contributed to NO synthesis as well but in a lower level.

Figure 5.2. Phases of wound healing and the generation of wound NO 3
The up-regulation of iNOS in wounded tissue is probably related to the antimicrobial function of NO. As the number of inflammatory cells decreasing, the NO
generation during wound healing shows a decreasing curve over time. NO acts to cells
in multiple and different mechanism. Some of its effects are due to its chemical
reaction to produce reactive radical species. NO influences the cell proliferation,
cellular differentiation, gene expression. The regulations to cells by NO probably
occur indirectly and are not completely understood 3.
In wound healing process, NO plays a functional role. Many studies provided
evidences: (1) arginine-free nutrition inhibits LPS-induced NO synthesis in several
organs not only at the wound site; (2) NO mediates inflammation-induced edema
formation and inhibits cell infiltration into granulomas; (3) The healing process of
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eNOS knock-out mice was impaired demonstrates: iNOS-mediation is not the only
way to control NO generation; (4) The group of injured animals which are treated with
high concentration iNOS inhibitors show high lethality. Some studies showed collagen
synthesis during wound healing correlates with NO synthesis. iNOS inhibition impairs
matrix synthesis whereas iNOS transfection enhance collagen synthesis

8, 12

. Wound

contraction which is a major contributor to closure of open wounds is delayed by
iNOS inhibition

13

. In vitro studies also showed that NO induces keratinocyte in a

locomotory phenotype which is involved in the closure of open wound

14

. And also,

the lack of iNOS gene expression alters wound cytokine expression. The loss of
functional iNOS impaired expression vascular endothelial growth factor (VEGF) and
Interleukin-4 (IL-4) that partially explained the delay of wound healing of iNOS
knock-out animals

3

. Several studies have demonstrated diabetes decrease the

formation of NO metabolites in the wound environment

15, 16

. Arginine and NO donors

can partially reverse the impaired healing of diabetes.
5.2.3 The role of arginine in wound healing
Wound healing is a complex biological process which could be divided into four
phases, haemostasis,

inflammation, proliferation and tissue remodeling.

In

haemostasis, platelets play a crucial role in wound healing process. Not only they are
essential for clot formation, but also produce multiple growth factors and cytokines
which continue to regulate the healing cascade. The key aim of inflammation stage of
wound healing is to prevent infection. Neutrophils which are highly motile cells
infiltrate the wound with in an hour of the insult and migrate in sustained levels for the
first 48 hours. Various chemical signaling mechanisms mediated neutrophils migration,
including interleukin activation and transforming growth factor-β (TGF-β). When the
neutrophils completed ingesting and destroying foreign particles and bacteria, they
undergo apoptosis or are phagocytosed by macrophages. Macrophages are much larger
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phagocytic cells which reach peak concentration in a wound at 48-72 hours after
injury. Macrophages harbor a large amount of growth factors, such as TGF-β and
epidermal growth factor (EGF), which is important in regulating the inflammatory
response, stimulating angiogenesis and enhancing the formation of granulation tissue.
Lymphocytes appear in the wound after 72 hours and are thought to be important in
the production of an extracellular matrix scaffold and collagen remodeling. The
inflammatory stage will persist until all excessive bacteria and debris are cleared from
the wound. After haemostasis has been achieved, the inflammatory response is
balanced, the proliferation stage can begin to repair the defect. This complex process
incorporates angiogenesis, the formation of granulation tissue, collagen deposition,
epithelialization and wound retraction which occur simultaneously. The final stage of
wound healing can take up to 2 years and results in the development of normal
epithelium and scar tissue. Eventually they will regain a similar structure to the
unwounded tissue. However, wounds never achieve the same level of tissue strength
and scar tissue has lower vascularity than unwounded tissue

17

. In many experimental

wound model studies, activated macrophages avidly consume or deplete arginine from
culture medium via the action of iNOS and arginase

18, 19

. The uptake of arginine into

macrophage is mediated by cationic amino acid transporters (CAT)

20,

21

.

Inflammatory macrophages convert arginine to citrulline and NO through NOS
pathway and produce ornithine and urea from arginine by the activity of arginase. In
the early stage of inflammation (< 3 days), activated macrophages show increased
NO-production for their anti-bacterial function. The sustained expression of NOS is
critical to the accumulation of collagen and the acquisition of mechanical strength in
wound. This NO production is subsequently down-regulated by arginase through
substrate competition 22.
Macrophages have both arginase I and arginase II. Arginase II which is localized
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in mitochondria and is inducible by LPS and cytokines seems to play an important role
in the metabolism process from arginine. Ornithine produced by arginase I may be
preferentially used for polyamine synthesis which is the possible mechanism whereby
arginine augments lymphocyte mitogenesis, whereas ornithine produced by arginase II
may be preferentially used for synthesis of proline or glutamate

19

. Arginase could be

brought to the wound by macrophages. The polyamines which are synthesized through
arginase metabolism pathway are required for the proliferation and differentiation of
mammalian cells. And arginase metabolism pathway was demonstrated as the
predominant pathway of arginine metabolism in maturing wounds. And in healing
wound, the degradation of extracellular arginine is mainly caused by arginase activity
23

. However, arginase was expressed by macrophages only after cell lysis and no

arginase was released by viable macrophages in vitro. Thus, the extracellular arginase
of wounds may derive from dead macrophages within the injured tissue 24. Some study
proposed that arginine depletion occurs in inflammatory sites is through the action of
release arginase 25.
5.2.4 The effect of arginine dietary supplement on wound healing, diabetic ulcer
and tumor
Under normal conditions, arginine is not required for normal growth and
development and in human, adequate arginine can be produced from citrulline.
However, trauma and severe sepsis could lead to depletion of arginine in plasma. In an
inflammatory milieu, the activity of macrophage derived arginase depletes the
extracellular fluid of arginine. Moreover, some study reported arginine free diet
suppressed nitric oxide production in wounds

26

. Arginine supplementation has been

reported to be beneficial to wound healing 27. Supplemental arginine is associated with
increased lymophocyte and monocyte proliferation, enhanced T-helper cell production,
activation of macrophage cytotoxicity, reinforcement of natural killer cell activity and
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increased phagocytosis through the mediation of NO production

28

. Heffernan et al.

demonstrated that continuous supplemental arginine infusion produced significant and
sustained increases in wound fluid NO production without significant difference in
concentrations of ornithine, citrulline, or proline. Their result also showed sustained
NO production maybe inhibit arginase function, there by limits polyamines and
ornithine synthesis which are also crucial to wound healing. In their conclusion, early
supplemental arginine may disturb the reciprocal regulation of iNOS and arginase,
leading to the preferential iNOS metabolism pathway of arginine to produce excess
NO rather than ornithine which is produced in arginase metabolism pathway, with
consequent reductions in angiogenesis and granulation tissue formation. Diabetic
patients usually suffer diabetic foot. If the diabetic foot is not properly treated, diabetic
foot will produce amputation of the damaged lower limb

29

. Diabetic ulcer healing is

impaired, but the mechanisms are not completely understood. High blood glucose
decreased cell proliferation and affect collagen synthesis. Production of growth factors
and the mediators of collagen synthesis are reduced in the wound milieu. And
reduction of phagocytosis and increased apoptosis were observed which is potentially
reduced granulation tissue formation 30. Arginine dietary supplement was studied as a
treatment to diabetic wound healing. In diabetes, NO synthesis is reduced in the
wound milieu. The NO deficiency could occur because of a decreased inflammatory
reaction with less iNOS activity in the diabetic wounds. And also, wound fluid of
diabetic animals shows lower arginase activity and ornithine concentration. Animal
studies demonstrated arginine dietary supplement restored diabetic NO levels toward
normal values and improves diabetic rats wound healing (increasing breaking strength
of the healing wound, collagen content of implanted sponges in diabetic healing)

30

.

Clinical research demonstrated dietary arginine supplement in elderly population that
result in increased T-cell activity and increased protein and collagen deposition in
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experimental wound 31. However, in the animal study, arginase activity in wound fluid
is unaffected by dietary arginine treatment. Only the NO synthesis in the diabetic
wound milieu was partially be reversed which was helpful to restore impaired healing
in the acute wound. But the function of NO in diabetes is not simple. NO is the
mediator of autoimmune disease in diabetic onset and development as well. Elevated
systemic NO in diabetes are usually observed with the NO synthesis level is lower
than normal NO level at the wound. The possible reason brought by some studies is
decreased insulin levels lead to a down-regulation of transforming growth factor beta
(TGF-β). The lack of the inhibition function of TGF-β to NOS elevated systemic NO
in diabetes 32. Some researchers suggest that the wound site and the plasma reflect two
distinct compartments of arginine metabolism

30

. In the clinical studies, arginine

dietary supplement did not significantly change the size of diabetic ulcer 29.
The metabolism of arginine has a complex and paradoxical action on tumor
growth which is tightly related with the behavior of tumor-associated macrophages.
And also the role of tumor-associated macrophages in tumor growth is controversial
and is still not completely understood. But one thing has been recognized that
macrophage can inhibit tumor by achieving tumor cytotoxicity, or promote tumor
growth. Both actions are exerted via arginine metabolism.
Macrophages are able to infiltrate tumors. Actually, in animal models, the mass
of infiltrated macrophages in a tumor varies greatly from 0 to more than 80% of the
total cellular tumor mass

33

. Activated macrophages are able to recognize bind and

subsequently kill tumor cells including those that are resistant to cytostatic drug and
activated macrophages can distinguish between tumorigenic and non-tumorigenic cells.
However, the role of tumor-associated macrophages in tumor angiogenesis seems to
be influenced by the stage of the tumor growth. In the early stages, the presence of
tumor-associated macrophages will delay tumor cell proliferation. When the tumor
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grows beyond a size of 1 cm3, angiogenesis is thought to be necessary to provide
sufficient blood supply to tumor. At this time, tumor-associated macrophages may
support tumor growth by secretion of angiogenic factors. In addition, the tumor may
be able to produce substances to prevent macrophages from being tumor cytotoxic.
Moreover, tumors sometimes produce factors that are likely to be responsible for
accumulation of macrophages in the tumors 33.
Macrophages produce NO enzymatically from arginine by NOS. The toxic effect
of NO and its oxidative end products on target cells are due to three mechanisms. First,
NO medicates loss of iron from cells thereby inactivating iron-sulfur clustercontaining enzymes of the mitochondria electron transport. Second, NO is capable of
inducing zinc release from zinc-containing proteins there by inducing disulfide
formation. Disulfide formation inhibits DNA-binding activity of zinc finger type
transcription factors. Third, NO is capable of influencing the activity of iron channels
thereby destroying the mitochondrial membrane potential

33, 34

. Although the anti-

tumor role of NO in the anti-tumor effect of rodent macrophages is established, the
anti-tumor cytotoxicity of NO in humans is still controversial. NO or NO metabolite
secretion in human cells was substantially lower than in rodent macrophages

35

.

Experimental studies have shown that NO has a complex and paradoxical action on
tumor growth, depending on the local concentration of the molecule: high
concentration of NO may inhibit tumor growth by induction of apoptosis in
susceptible cells

36

, whereas low concentration of NO protects tumor cells from

apoptosis 37. Low levels of NO may stimulated tumor neovascularization through the
modulation of angiogenesis inducers and may be responsible for maintaining the
expanded blood vessel in and around the tumor 38.
The other arginine metabolism path way which is co-expressed in macrophage is
to produce ornithine and polyamines by arginase. The synthesis of polyamines via
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arginase I and arginase II isoforms is essential for human tumor cell proliferation

39, 40

.

Experimental studies observed tumor associated macrophages from the mid and late
tumor-bearing stages had an enhanced arginase activity compared with the early tumor
associated macrophages or normal macrophages. Tumor associated macrophages
might gradually switched over from NOS metabolism pathway of the early tumorbearing stages to the arginase metabolism pathway during the course of progressive
tumor growth 41.
Both of arginine depletion and arginine supplementation were considered as anticancer treatment. Arginine depletion is not feasible because normal cells are able to
synthesize arginine through arginosuccinase synthase. Some studies show arginine
supplementation augments both specific and nonspecific anti-tumor mechanisms,
retards tumor growth and prolongs survival in some animal tumor models

42

. But the

supplement of arginine without regulation of it metabolism pathway is still a risky
strategy to inhibit tumor growth.
5.2.5 The effect of chitosan on arginine metabolism in macrophage
Chitosan is a linear polymer of N-acetyl-D-glucosamine and deacetylated
glucosamine which could be utilized as wound-healing accelerator in clinical and
veterinary medicine. Chitosan is able to enhance the functions of many kinds of
inflammatory cells, such as polymorphonuclear leukocyte, macrophages and
fibroblasts 43-46. Some study observed the chitosan oligosaccharides could activate the
production of interleukin-12 (IL-12) of macrophage. The stimulation is relied on the
acetylated residue of chitosan 47. However, the binding of N-acetyl-D-glucosamine to
the specific receptors of macrophages is a prerequisite for enhancing macrophage
activation. The mechanism of chitosan induced macrophage activation involves
mannose receptor-mediated phagocytosis. High affinity binding to mannose receptor
requires the cooperation of multiple carbohydrate recognition domains. During
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inflammation, the mannose receptor is highly regulated on local macrophages,
increasing the possibility to interact with suitable ligand, like chitosan. Chitosan
signaling through the up-regulated mannose and other possible receptors together with
the inhibition of NO production is one possible mechanism of the enhancement of the
arginase pathway in chitosan treated inflammatory cells.
The effects of low molecular weight (LMW) chitosan (50k Da) and high
molecular weight (HMW) chitosan (~1,000k Da) on inflammatory macrophage were
studied. LMW chitosan strongly enhanced the arginase activity of inflammatory
macrophages. HMW chitosan shows no effect on the arginine metabolism pathway 48.
Even though the over-expression of arginase in macrophages enhances tumor cell
growth by providing polyamines, no evidence was reported that chitosan can help
tumor cell growth. Particularly, HMW chitosan has little effect to improve arginase
activity. Different targeted cells and different dosages, sources and preparation
methods of chitosan and its derivatives may achieve different cell proliferation effect.
5.2.6 The rationale of the design of glycidyl methacrylate Arg-UPEA/GMA-chitosan
hybrid hydrogel and its possible application in wound healing study and tumor study
Even though the metabolism of arginine is well established, the treatment to
arginine related disease is not largely improved. In most animal and clinical studies,
arginine supplement is provided in diet. Despite free arginine supplement in diet is
safe and easy, the medical effect is not satisfying. In normal wound healing, dietary
arginine supplement disturbs the reciprocal regulation of iNOS and arginase.
Sustained NO production is excessively improved might be inhibit arginase function,
there by limits polyamines and ornithine synthesis. Even though NO production is
crucial in the first several days after injury, the inhibition of iNOS metabolism
pathway lead to low production of polyamine and ornithine which are important in the
later stage of wound healing. In diabetic wound studies, arginine dietary supplement
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does not obviously reduce the ulcer area or show obvious improvement to the
impaired wound healing due to the difference of metabolism of arginine at the wound
site and in systemic plasma. Moreover, free arginine which is easily dissolved in
plasma is not able to form a concentrated area around the wound site. Whereas the
arginase released from dead macrophages are mainly acquire arginine from the local
extracellular microenvironment.
Arginine rich degradable hydrogel is one ideal device that it can sustainably
improve the local arginine concentration around the wound milieu. The hydrophilic
and soft, flexible nature of hydrogel is also suitable for the treatment of wound healing.
One series of novel unsaturated arginine based polyester amide (Arg-UPEA) with
photocrosslinkable unsaturated double bonds on the polymer chain was developed
which is degradable through hydrolysis of ester bond. However, Arg-UPEA is water
soluble and could not be able crosslinked by itself due to the low activity of the double
bonds on the backbone of the polymer and space hindrance of the guanidino group of
arginine. Arg-UPEA could be incorporated can chemically bonded in other
photocrosslinkable water soluble materials to form a hydrogel in aqueous solution,
such as polyethylene glycol diacrylate (PEGDA), by a UV-photocrosslinking
technology

49

. To achieve improved polyamine and ornithine production, chitosan

which is able to improve arginase activity was used as the starting material to
synthesize a new type of photocrosslinkable material as another composition of
hydrogel. By utilizing the reaction between the epoxy groups of glycidyl methacrylate
and reactive amine and hydroxyl groups of chitosan, methacrylate chitosan (GMAchitosan) was successfully developed. It could be combined with Arg-UPEA to form
UV-photocrosslinked hydrogel in aqueous solution. Lysozyme which exists in the
human body is able to accelerate the hydrolysis of chitosan 50.
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In this chapter, the chemical structure of GMA-chitosan and Arg-UPEA was
characterized by nuclear magnetic resonance (NMR), Fourier transform infrared
spectroscopy (FTIR), carbon and nitrogen elemental analysis. Scanning electron
microscopy (SEM) and dynamic mechanical test were employed to characterize the
morphology and mechanical properties GMA-chitosan and Arg-UPEA hybrid
hydrogel. The enzymatic degradation process of GMA-chitosan hydrogel by lysozyme
in vitro was studied. And bovine serum albumin is used as model drug to study the
protein drug release from this hybrid hydrogel.
5.3 Experimental
5.3.1 Materials
L-Arginine (L-Arg), fumaryl chloride, ethylene glycol, 1,4-butanediol were
purchased from Alfa Aesar (Ward Hill, MA). p-toluene sulfonic acid monohydrate
(TsOH·H2O), p-nitrophenol (J. T. Baker, Philipsburg, NJ) and triethylamine (Avantor
Performance Materials, Center Valley, PA) were used without further purification.
Solvents including toluene, isopropyl alcohol, and N, N-dimethylacetamide (DMAc),
DMSO, were purchased from VWR Scientific (West Chester, PA), ethyl acetate,
acetone were purchased from Mallinckrodt incorporation (St.Louis, MO). All solvents
were ACS grade and used without further purification. Chitosan (75-85%
deacetylated) of molecular weight (MW) 50,000-190,000 Da and bovine serum
albumin (BSA) of molecular weight ~66,000 Da. were purchased from Sigma
Chemical Company (St.Louis, MO). Glycidyl methacrylate (GMA, 97%), 4-(N, Ndimethylamino) pyridine (DMAP, 99%), 0.05 M buffer solutions (pH 3, pH 7.4, pH
10) and lysozyme (from Chicken egg) were purchased from VWR Scientific (West
Chester, PA). Irgacure 2959 was donated by Ciba Specialty Chemicals Corp.
5.3.2 Methods

150

5.3.2.1 Synthesis of unsaturated Di-p-nitrophenyl ester of dicarboxylic acid
(monomer 1)
Unsaturated Di-p-nitrophenyl ester of dicarboxlic acid was prepared by reaction
by fumaroyl dichloride (0.03mol) with p-nitrophenol (0.063mol) in acetone in the
presence of triethylamine (0.063mol). A dry ice/isopropyl alcohol mixture was
prepared to keep p-nitrophenol and triethylamine mixed acetone solution (100mL) at 78 oC. Fumaroyl dichloride was diluted in 50mL of acetone before dropped to the
above chilled solution with stirring for 2h at -78 oC and keep overnight at room
temperature. The resulting di-p-nitrophenyl ester of succinic acid was precipitated in
distilled water, dried in vacuo at room temperature before final recrystallization from
ethyl acetate three times. Figure 5.3 A shows the chemical process of this reaction.
5.3.2.2 Synthesis of tetra-p-toluene sulfonic acid salt of bis (L-arginine) alkylene
diesters (monomer 2).
L-Arginine (0.02 mol) and ethylene glycol or 1, 4-butanediol (0.01 mol) were
directly condensed in refluxed toluene (b.p. 110 degree) (80mL) with the presence of
p-toluene sulfonic acid monohydrate (0.04 mol). The heterogeneous solid-liquid
reaction mixture was heated to 120 oC and reflux for 24 hours after 1.08 mL (0.06
mol) of water generated and collected by a dean-stark apparatus. The reaction mixture
was then cooled to room temperature. Toluene was decanted. The dried resulted
mixture was then purified by repeated precipitation in isopropyl alcohol three times.
The dried resulted mixture was put in a 500mL round bottom flask filled with
sufficient amount of isopropyl alcohol to completely dissolve the reaction mixture
with refluxing at 100 oC. The clear solution was then cooled down to room
temperature naturally, and left still for overnight before transferred to freezer (-20 oC)
to promote further precipitation. Isopropyl alcohol was decanted afterwards, and the
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left white powder which is bis (L-arginine) ethylene diester (Arg-2) or bis (L-arginine)
butane diester (Arg-4). The whole reaction is shown in Figure 5.3 B.
5.3.2.3 Synthesis of Unsaturated Arg Polyester amide (Arg-UPEA)
Synthesis of unsaturated arginine based polymer ester amide by solution
condensation of monomer 1 and monomer 2 through different combination as shown
in Figure 5.3 C. In one typical reaction of the synthesis of 2-UArg-4-S Arg PEA,
monomer 1 (1.0 mmol) and Arg-4 (1.0 mmol) in 0.54 mL of dry DMSO were mixed
well by vortexing. The mixture solution was slowly heated up while keeping vortexing

A

B
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C
Figure 5.3 (A) synthesis of di-p-nitrophenyl ester of dicarboxylic acid (monomer 1),
(B) synthesis of tetra-p-toluene sulfonic acid salt of bis (L-arginine) alkylene diesters
(monomer 2), (C) Synthesis of 2-UArg-4-S polyester amide.
to obtain a uniform mixture. Triethylamine (0.31 mL, 2.2mmol) was added dropwise
to the mixture while heating up to 70 oC with vigorous stirring until the complete
dissolution of the monomers. The reaction was then kept for 48 hours at 70 oC with
stirring. The resulting solution was precipitated in cold ethyl acetate, decanted, dried
re-dissolved in methanol and re-precipitate in cold ethyl acetate to further purify.
Repeat purification for 2 times before final drying in vacuo at room temperature.
5.3.2.4 Cytotoxicity of Arg-UPEA/ GMA-chitosan hybrid hydrogel precursor in the
aqueous solution
Porcine aortic valve smooth muscle cells (PAVSMC) were maintained in
minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS)
and 1% each of penicillin-streptomycin. The cells were incubated in CO2 incubator at
37 ºC with 5% CO2. After reaching confluence, the cells were detached from the flask
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with Trypsin-EDTA (Invitrogen, Carlsbad, CA). The cell suspension was centrifuged
at 3,000 rpm for 3 min and then re-suspended in the growth medium for further study.
PAVSMCs were used between passages 4 and 7.
Evaluation of the cytotoxicity of Arg-UPEA/GMA-chitosan hydrogel precursor
was performed using the MTT assay. 20 mL Arg-UPEA/GMA-chitosan (DS 37)33/67 sample solution (total 3 wt %) was obtained by dissolving 400 mg GMAchitosan and 200 mg Arg-UPEA in PBS (0.05M, pH 7.4). 6 different total
concentrations of Arg-UPEA/ GMA-chitosan-33/67 (0.1 mg/mL, 0.3 mg/mL, 0.6
mg/mL, 1 mg/mL, 3 mg/mL and 6 mg/mL) were prepared by diluting 3 wt % ArgUPEA/ GMA-chitosan-33/67 PBS solution with MEM media and sterilized after
filtration through a 0.45µm filter. Cultured PAVSMCs at an appropriate cell density
(2,000 cells well-1) were seeded into 96-well plates and incubated overnight. After 24
h, the cells were treated with 100 µL freshly prepared Arg-UPEA/GMA-chitosan33/67 in MEM media at 6 different concentrations. The cells treated only with normal
cell culture media were used as the control. After 24 h treatment and incubation, 10
µL of MTT solution (5 mg/mL thiazolyl blue tetrazolium bromide in deionized water
after filtration by 0.22 µm filter) was added into each wells and incubated for another
4 h at 37 ºC under a 5 % CO2 atmosphere to allow the formation of formazan crystals.
After that, the cell culture medium including Arg-UPEA/ GMA-chitosan - 33/67 was
then carefully removed and 100 µL of acidic isopropyl alcohol (contains 10% TritonX 100 with 0.1M HCl) was added into each well and gently shaken at room
temperature for 1 h to ensure that the purple crystals have been completely dissolved.
The optical density of the solution was measured at a wavelength of 570 nm and 690
nm (Spectramax plus 384, Molecular Devices, USA). The cell viability (%) was
calculated according to the following equation: Viability (%) = [OD570 (sample) OD690 (sample)]/[OD570 (control) -OD690 (control)] × 100%, where the OD570
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(control) represents the measurement from the wells treated with medium only, and
the OD570 (sample) from the wells treated with various polymers. 8 samples were
analyzed for each experiment. Differences between group means were assessed using
one-way ANOVA followed by parametric multiple comparison tests. A value of p <
0.05 was considered statistically significant.
5.3.2.5 Fabrication of Arg-UPEA/ GMA-chitosan hybrid hydrogel
Although almost all Arg-UPEAs have water solubility at room temperature, the
methylene chain length (x) in the diol part between the two adjacent ester groups is
one crucial material parameter of Arg-UPEA which can largely influence the polymer
solubility in water.51 Only the Arg-UPEA with x = 2 and 4 were used in the fabrication
of Arg-UPEA/GMA-chitosan hybrid hydrogel, because the water solubility of ArgUPEA with x > 4 is too low to form water soluble hydrogel precursor solution with
some other water-soluble polymer precursors, such as GMA-chitosan. In a typical
Arg-UPEA/GMA-chitosan hybrid hydrogel fabrication process, 0.3 g GMA-chitosan
(DS 37) and desired amounts of Arg-UPEA (2-UArg-4-S or 2-UArg-2-S,
43mg~150mg), were added into a glass vial and dissolved in deionized water (6.0 mL)
to form a clear homogeneous solution with light yellow color. 10 mg Irgacure 2959
photo-initiator was added into the precursors’ solution and dissolved completely. In
order to keep the structure integrity of the hybrid hydrogels, the weight feed ratio of
Arg-UPEA to GMA-chitosan could not be higher than 33 to 67.
Every 400 μL of this aqueous solution mixture was transferred onto a custommade 20 well Teflon mold (11 mm diameter, 6 mm depth) using a micropipette and
then irradiated by a long wavelength UV light (100 watts, 365nm, mercury spot lamp,
Blak-ray ®) at room temperature for about 30 min until disk-shaped solid hydrogels
were formed. The resultant hydrogels were immerged into deionized water for 16 h at
room temperature to leach residues and to reach the swelling equilibrium. The swollen
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Arg-UPEA/GMA-chitosan hydrogel samples were then dehydrated on a Teflon plate
in the ambient air at room temperature until the dry weight was constant for further
studies, such as FTIR, equilibrium swelling ratio. Pure GMA-chitosan hydrogels were
fabricated from 6wt% GMA-chitosan water solution. In the further study (swelling
test, morphology, compressive mechanical study, enzymatic degradation etc.), pure
GMA-chitosan hydrogels served as the control sample.
5.3.2.6 Characterization of 2-UArg-4-S PEA and its hybrid hydrogel with GMAchitosan
Dehydrated Arg-UPEA/GMA-chitosan hybrid hydrogels were analyzed by FTIR,
and elemental analysis. FTIR spectra of Arg-UPEA/GMA-chitosan hybrid hydrogel
samples were recorded on a PerkinElmer (Madison, WI) Nicolet Magna 560 FTIR
spectrophotometer with Omnic software for data acquisition and analysis. Elemental
analysis of Arg-UPEA and Arg-UPEA/GMA-chitosan hybrid hydrogels was
performed with a Thermo Scientific ConFlo III elemental analyzer by Stable Isotope
Laboratory of Cornell University.
5.3.2.7 Equilibrium swelling ratio (Qeq) test under different pH environment at room
temperature
The Qeq of

Arg-UPEA/GMA-chitosan hybrid hydrogel and the pure GMA-

chitosan hydrogel (as control) were performed at room temperature (25 oC) by
immersing dehydrated hydrogels individually in glass vials containing 15 mL 0.05M
buffers (pH 3, 7.4, 10). After 16 h, the Arg-UPEA/GMA-chitosan hybrid hydrogels
reached their swelling equilibrium. The swollen hydrogels were then removed, the
excess surface water was wiped and the hydrogels were weighed until a constant
weight was obtained. The swelling ratios of the hydrogels were calculated from the
swollen and dry weights of the hydrogels according to the following equation.
Qeq (%) = (Wt-W0)/W0×100
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Wt is the weight of the hydrogel at swelling equilibrium
W0 is the initial dry weight of the hydrogel before immersion.
The reproducibility of the swelling profiles of a hydrogel was determined in triplicate.
5.3.2.8 Morphological study of 2-UArg-4-S/GMA-chitosan hydrogels
Scanning electron microscope (SEM) was employed to analyze the interior
microstructure of two hybrid hydrogels having different Arg-UPEA to GMA-chitosan
feed ratios: 2-UArg-4-S/GMA-chitosan-12.5/87.5 and 2-UArg-4-S/GMA-chitosan33/67 hybrid hydrogels. A pure GMA-chitosan hydrogel was examined for
comparison. Individual hydrogels were soaked in deionized water at room temperature
to reach their swelling equilibrium. Then, the hydrogels were transferred into liquid
nitrogen immediately to freeze and retain the swollen structure. The samples were
subsequently freeze-dried for 72 h in a Labconco (Kansas City, MO) Freezone 2.5
Freeze drier under vacuum at -50 oC, and finally glued onto aluminum stubs and
coated with gold for 30s for SEM observation by Leica Microsystems GmbH
(Wetzlar, Germany) 440 SEM.
5.3.2.9 Compression mechanical properties of 2-UArg-4-S/GMA-chitosan hydrogels
The mechanical testing of the GMA-chitosan and Arg-UPEA/GMA-chitosan
hybrid hydrogel was performed on a DMA Q800 Dynamic Mechanical Analyzer (TA
Instrument Inc., New Castle, DE) in a “controlled force” compression mode. A pure
GMA-chitosan hydrogel was tested for comparison. The compressive mechanical
properties of Arg-UPEA/GMA-chitosan hybrid hydrogels and GMA-chitosan
hydrogel in circular disc shape after reached their equilibrium swelling in deionized
water were measured at room temperature (25 oC). The hydrogels were mounted
between the movable compression probe (diameter 15mm) and the fluid cup without
any liquid media. A compression force from 0.01 to 4 N at a rate of 0.5 N/min was
applied on the swollen hydrogel samples at room temperature until fragment of the
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hydrogels was produced. TA Universal Analysis software was used for mechanical
data analysis. Initial compressive modulus and compressive strain at break were used
to examine the hydrogel mechanical property. The initial compressive modulus was
calculated from the slope of the initial linear portion of the curve. For each type of
hydrogel, five samples were used, and their mean value was calculated with a standard
deviation.
5.3.2.10

Enzymatic degradation of 2-UArg-4-S/GMA-chitosan-33/67 hybrid

hydrogels
The enzymatic biodegradation of the circular disk shaped GMA-chitosan and
2-UArg-4-S/GMA-chitosan-33/67 hybrid hydrogel was evaluated by their weight loss
at 37 oC in 15mL lysozyme (1mg/mL) in 0.05M pH 7.4 PBS over a period of 10 days.
A 15 mL PBS of pH 7.4 served as the control. The weight of each dry GMA-chitosan
or 2-UArg-4-S/GMA-chitosan-33/67 hydrogels was measured before immersion. At
various immersion intervals, three GMA-chitosan hydrogel and 2-UArg-4-S/GMAchitosan hybrid hydrogel samples were removed from the immersion solution and
dried under vacuum at room temperature till constant weights. The weight loss was
calculated according to the following equation: % Weight loss=(Wo,-Wt, )/ Wo, ×100%,
where Wo, was the average initial (t=0) dry weight of hydrogel in the biodegradation
test, and Wt, was the dry weight of the hydrogel tested after incubation at time t. Mean
value of experimental value was calculated as the weight loss at time t with a standard
deviation.
5.3.2.11 Release study of bovine serum albumin from 2-UArg-4-S/GMA-chitosan33/67 hydrogel
BSA was selected as the model protein to investigate the release behaviors of
2-UArg-4-S/GMA-chitosan hybrid hydrogels. In order to load proteins, 100 μL 15
mg/mL BSA aqueous solution was added to a solution of GMA-chitosan (150 mg, DS
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37) and 2-UArg-4-S (75 mg or 21 mg) and in 2.5mL deionized water and mix well. 5
mg Irgacure 2959 was dissolved in 400 μL deionized water and was then added into
the BSA-loaded Arg-UPEA/GMA-chitosan hybrid hydrogel precursor solution. A 400
µL BSA loaded hybrid hydrogel precursor solution was then transferred onto a Teflon
mold (11 mm diameter, 6 mm depth) and irradiated by a long wavelength (100 watts,
365nm, mercury spot lamp, Blak-ray ®) UV light at room temperature for about 30
min until disk-shaped solid hydrogel was obtained. GMA-chitosan hydrogel precursor
with BSA loaded (6 wt% GMA-chitosan with 500 μg /mL BSA) was used to fabricate
pure GMA-chitosan hydrogel in the BSA release study.
In the BSA control release study, each Arg-UPEA/GMA-chitosan hybrid
hydrogel or pure GMA-chitosan hydrogel sample (11 mm diameter, 6 mm thickness
circular disk-shaped hydrogel with 200 μg BSA loaded) was placed in glass vials
individually and filled with 5 mL 0.05 M PBS (pH 7.4) supplemented with 0.02 w/v%
sodium azide, and then incubated at 37oC. At each pre-determined time intervals, 200
μL PBS bath solution was taken out from the vial and diluted with PBS to 1mL. 200
μL fresh PBS was added back into the glass vial to compensate the amounts removed
for the BSA release study.
MicroBCA kit was used to measure the BSA concentration of the diluted PBS
bath solutions. PerkinElmer (Madison, WI) Lambada 35 UV-Vis spectrophotometer
was used to determine the absorption of sample solutions at 278 nm wavelength. Pure
GMA-chitosan hydrogel samples with the same amounts BSA loaded were used as the
control to evaluate the effect of Arg-UPEA co-precursor on the BSA release behavior.
The standard curve was prepared by plotting the average Blank-corrected 278nm
reading for each BSA standard which is provided in the kit vs. its concentration in
μg/mL. The standard curve was used to determine the BSA concentration of each
sample at each time point. The release kinetics were calculated as Ct/C0 where Ct was
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the amounts of BSA in the release medium at a given time and C0 is the initial
amounts of the BSA loaded in each hydrogel sample (200 μg).
5.4 Results
5.4.1 1H NMR spectroscopy of Arg-UPEA monomers
The chemical structure of monomer 2 (tetra-p-toluenesulfonic acid salts of bis(Larginine butaindiol diester monomer) were confirmed by 1H NMR in Figure 5.4. 1H
NMR (DMSO-d6, ppm, δ): 1.52 [4H, -OC(O)-CH(NH3+)-CH2-CH2-CH2-NH-], 1.65
[4H, -(O)C-O-CH2-CH2-], 1.80 [4H, -OC(O)-CH(NH3+)-CH2-CH2-CH2], 2.29 [6H,
H3C-Ph-SO3-], 3.10 [4H, -CH2-CH2-CH2-NH], 4.04 [2H, +H3N-CH(R)-C(O)-O-],
4.14 [4H,-(O)C-O-CH2-CH2], 7.18, 7.53 [16H, Ph]. The ratio of integration of peak
area of benzene group to that of peak 10 is about 8. It demonstrated the monomer has
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4 p-toluene sulfonic acid molecules attached on one diester of arginine-butanediol
molecule. The peak 10 (δ=4.04 ppm) also demonstrated the formation of ester bond of
the diester of arginine-butanediol.
5.4.2 Fabrication of Arg-UPEA/ GMA-chitosan Hybrid Hydrogel.
2-UArg-4-S/GMA-chitosan-33/67 hybrid hydrogel was used as a representative
hybrid hydrogel sample. The optical images of 2-UArg-4-S/GMA-chitosan (DS 37)33/67 hybrid hydrogel after photocrosslinking before (Figure 5.5 A) and after (Figure
5.5 B) swelling in deionized water showed that this hybrid hydrogel had good
transparency with the light yellow color came from the 2-UArg-4-S. A representative
chemical network structure of the photocrosslinked Arg-UPEA/GMA-chitosan hybrid
hydrogel is shown in Figure 5.5 C.
5.4.3 FTIR spectroscopy
Figure 5.6 shows the FTIR spectra of the 2-UArg-4-S PEA and GMA-chitosan
and their hybrid hydrogels after dehydration in the air after 2 days. The carbonyl bands
of ester bonds at 1738-1742 cm-1 were shown on 2-UArg-4-S PEA. The ester bond of
GMA on GMA-chitosan is about 1725 cm-1. The characteristic absorption bands of the
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Figure 5.5 Images of 2-UArg-4-S/GMA-chitosan-33/67 hybrid hydrogel (A) 2-UArg4-S/GMA-chitosan-33/67 hybrid hydrogel after photocrosslinking, (B) 2-UArg-4S/GMA-chitosan-33/67 hybrid hydrogel after 16 h swelling in deionized water. (C)
One reprentative chemical structure of Arg-UPEA/GMA-chitosan hybrid hydrogel.
The degree of GMA substitution in GMA-chitosan is 37, the swelling ratio of 2-UArg4-S/GMA-chitosan-33/67 hybrid hydrogel is 3,826.1% in deionized water.
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unsaturated C=C bond (∼3030 cm-1) in 2-UArg-4-S disappeared in the 2-UArg-4S/GMA-chitosan hybrid hydrogel. 2-UArg-4-S PEA and 2-UArg-4-S/GMA-chitosan
also shows amide (I) band and amide (II) band at 1648~1650 cm-1 and 1538~1542cm1

. And -C-O-C structure of GMA-chitosan repeat unit shows absorption at 1150 cm-1

which is absent at 2-UArg-4-S PEA spectra. 2-UArg-4-S/GMA-chitosan has
absorption at 1150 cm-1 which shows the feature of chitosan repeat unit. All of the
samples have NH linkage, they showed NH vibration at 3290 cm-1. The FT-IR spectra
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Figure 5.6 FTIR spectra of 2-UArg-4-S, GMA-chitosan and 2-UArg-4-S/GMAchitosan-33/67 hybrid hydrogel. (A) 2-UArg-4-S; (B) 2-UArg-4-S/GMA-chitosan33/67 hybrid hydrogel; (C) GMA-chitosan.
GMA-chitosan is 37.
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The degree of GMA substitution in

demonstrated the presence of chitosan and 2-UArg-4-S in the dried hydrogel. The
water soluble 2-UArg-4-S was chemically bonded with the GMA-chitosan hydrogel
network.
5.4.4 Elemental analysis of Arg-UPEA/GMA-chitosan hybrid hydrogel
Carbon and nitrogen elemental analysis was also used to characterize the
chemistry composition of GMA-chitosan and Arg PEA. 2-UArg-4-S PEA has much
higher nitrogen composition than GMA-chitosan. The result is shown in Table 5.1.
The nitrogen content of 2-UArg-4-S/GMA-chitosan hydrogels which are made with
different ratio of two components is in 5.4%-7.8% range. This value is between that of
GMA-chitosan and 2-UArg-4-S PEA nitrogen content. It is another proof that GMAchitosan and 2-UArg-4-S are bonded together in the hydrogel. The theoretical data
was calculated with the assumption that 100% of the two components are bonded
together. On the other hand: the difference of carbon content and nitrogen content of
2-UArg-4-S/GMA-chitosan between the calculated data and the data acquired from
elemental analysis shows a little portion of unsaturated arginine PEA is not covalently
linked to the GMA-chitosan matrix.
5.4.5 Cytotoxicity of 2-UArg-4-S/GMA-chitosan-33/67 hybrid hydrogel
Figure 5.7 shows MTT assay data for PAVSMCs after 24 h treatment in six
different concentrations of the aqueous mixture of 2-UArg-4-S/GMA-chitosan at the
feed ratio of 33 to 67 in MEM media (0.1, 0.3, 0.6, 1, 3, 6 mg/mL). PAVSMCs
cultured onto the 24 well cell culture plate without 2-UArg-4-S and GMA-chitosan
treatment were used as the blank control. The MTT data indicated no significant
difference in cytotoxicity in all of the concentrations of 2-UArg-4-S/GMA-chitosan33/67 aqueous solution when compared with a blank control. It is evident from the
results that at least 85% PAVSMCs were viable when these cells were incubated with
up to 6 mg/mL 2-UArg-4-S and GMA-chitosan aqueous mixture at the 33 to 67 mixed
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ratio for 24 h. These results indicated that the 2-UArg-4-S/GMA-chitosan-33/67
mixed solutions up to 6 mg/mL had virtually no cytotoxicity to PAVSMC cells.

Figure 5.7 Porcine aortic valve smooth muscle cell viability test by MTT assay of 2UArg-4-S/GMA-chitosan-33/67 mixed solution at 0.1, 0.3, 0.6, 1, 3, 6 mg/mL total
concentration. 24 h culture and culture medium without the polymers as the control.

Arg-UPEA was reported to be non-cytotoxic to rat vascular smooth muscle cells,
Detroit 539 human fibroblast cells and bovine aortic endothelial cells.20,35 Arg-UPEA
also had a special function to improve the cell attachment, proliferation and cell
viability in the Arg-UPEA/Pluronic acid (F127) hybrid hydrogels, probably due to its
cationic property.20 In the current study, the aqueous solution mixture of Arg-UPEA
and a new chitosan based derivative (GMA-chitosan) also showed good
biocompatibility to PAVSMCs based on the MTT assay. The combination of 2-UArg4-S and GMA-chitosan components in their hybrid hydrogel could provide a cell165

friendly environment that may make the Arg-UPEA/GMA-chitosan hybrid hydrogels
suitable as scaffolds for cell seeding in tissue engineering applications.
5.4.6 Equilibrium swelling ratio (Qeq) test of Arg-UPEA/GMA-chitosan hybrid
hydrogels under different pH environment at room temperature
Figure 5.8 shows the effect of pH environment on the swelling behavior of
Arg-UPEA/GMA-chitosan hybrid hydrogels at the same ionic strength (0.05M). The
swelling results demonstrated that the Arg-UPEA/GMA-chitosan hybrid hydrogels
changed their ability to swell significantly when the environmental pH was altered,
i.e., a lower swelling at a higher pH. For example, 2-UArg-4-S/GMA-chitosan-33/67
hybrid hydrogel achieved 2,779%, 1,558% and 298% Qeq in pH 3, 7.4 and 10 buffers,
respectively. The Qeq of a pure GMA-chitosan hydrogel also significantly decreased as
the pH increased. The Qeq of GMA-chitosan were 5,914%, 3,668%, 914% at pH 3, 7.4
and 10. The data in Figure 5.7 also demonstrate that the incorporation of the ArgUPEA precursor into GMA-chitosan reduced the swelling of GMA-chitosan over the
pH range studied.
Apparently, the swelling ratio decreased as the pH increased from 3 to 10 for
all GMA-chitosan hydrogels and Arg-UPEA/GMA-chitosan hybrid hydrogels. It is
known that the swelling ratios of polymer network structure at various pH
environments depend upon the available free volume of the expanded polymer matrix,
polymer chain relaxation and availability of ionizable functional groups, such as
amine groups, guanidine groups. A reduction in swelling ratios from pH 3 to 10 in the
Arg-UPEA/GMA-chitosan hybrid hydrogels is because the pKa of guanidine groups
in the Arg-UPEA is about 12.5,51 and the pKa of the amine groups of GMA-chitosan
is about 6.5. Both of the primary amine groups and guanidine groups of hydrogels
tended to be ionized at an acid pH. The osmotic pressure inside the hydrogels
decreases with the increasing pH from 3-10, that led to swelling decreasing.
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At all pH environments, the contents of Arg-UPEA also influenced the hybrid
hydrogel swelling. The Qeq of the hybrid hydrogels at pH 3, 7.4 and 10, generally
decreased with an increase in the Arg-UPEA contents. For example, the Qeq of 2UArg-4-S/GMA-chitosan-12.5/87.5 hybrid hydrogel were 3,318%, 2,708%, 429% at
pH 3, 7.4 and 10, respectively, while the Qeq of 2-UArg-4-S/GMA-chitosan-33/67
(more Arg contents) were 2,779%, 1,558% and 298% at pH 3, 7.4 and 10. The reason
is probably related to the difference of molecular weight (MW) of these two polymers.
The MW of chitosan used in the synthesis of GMA-chitosan is from 50 to190 kg/mol,
and after the grafting methacrylate (MA) groups, the MW of GMA-chitosan molecules
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Table 5.1 Carbon and nitrogen content analysis of GMA-chitosan* and Arg-UPEA hybrid hydrogel.
Carbon content (%,

Carbon content (%,

Nitrogen content (%,

Nitrogen (%,

experimental)

theoretical data)

experimental)

theoretical data)

GMA-chitosan

44.4

45.3

6.1

6.4

2-UArg-4-S

47.3

49.3

13.1

13.5

2-UArg-2-S

47.7

48.0

14.2

14.0

43.7

46.1

6.4

7.8

44.3

46.6

7.5

8.8

44.4

46.2

7.8

8.9

2-UArg-4-S/GMA-chitosan 20/80
2-UArg-4-S/GMA-chitosan 33/67
2-UArg-2-S/GMA-chitosan 33/67
* The degree of GMA substitution in GMA-chitosan is 37.
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Figure 5.8 The influence of pH environment to the equilibrium swelling ratio Qeq of
Arg-UPEA/GMA-chitosan hybrid hydrogels of different Arg-UPEA to GMA-chitosan
feed ratio in an ionic strength 0.05M aqueous buffer at room temperature.

with DS 37 theoretically was from 76 to 289 kg/mol. While the MW of Arg-UPEA
synthesized by polycondensation in solution ranged from 12.93 to 15.71 kg/mol. 51
That suggests that the polymer chains of GMA-chitosan precursor were much
longer than that of Arg-UPEA precursor. Thus, an increase in the Arg-UPEA contents
in the hybrid hydrogels would make the resulting hydrogel network structure tighter,
i.e., more compact and lower swelling. The swelling data in Figure 5.8 also indicate
that the methylene chain length (x) in the Arg alkylene diester repeating unit of the
Arg-UPEA precursor didn’t show much influence on the Qeq of hybrid hydrogels at all
pH environments. For example, at the same Arg-UPEA/GMA-chitosan weight feed
ratio (33/67), the Qeq of 2-UArg-4-S/GMA-chitosan hybrid hydrogels (x=4) at pH 3,
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7.4 and 10 were 2778.7%, 1558.3% and 297.8%. The Qeq of 2-UArg-2-S/GMAchitosan hybrid hydrogels (x=2) were 2735.8%, 1445.9% and 363.4%.
The pH effect on the swelling property of other chitosan-based hybrid
hydrogels had also been reported.52 In the Zhong et al. study of maleic-chitosan
/PEGDA hydrogels, they also discovered pH-dependent swelling; but contrary to the
findings of the current Arg-UPEA/GMA-chitosan hybrid system, the maleic-chitosan/
PEGDA hybrid hydrogel achieved a higher swelling ratio at an alkaline pH than at an
acidic condition.52 This is because the ionizable groups in maleic-chitosan/PEGDA is
mainly carboxyl group (pKa 1.8-2.4) that are easier to be ionized (deprotonized) in
such an alkaline condition, while the current Arg-UPEA/GMA-chitosan hybrid system
doesn’t have such carboxyl group. Only the ionized groups localized within the
hydrogel could create osmotic pressure between the hydrogel interior and the
surrounding buffer solution. So, the osmotic pressure inside the maleicchitosan/PEGDA hybrid hydrogel was higher at an alkaline condition, which led to a
higher Qeq.
5.4.7 Morphology of 2-UArg-4-S/GMA-chitosan hybrid hydrogel
The cross-sectional interior morphology of the 2-UArg-4-S/GMA-chitosan
hybrid hydrogels at 2 different precursor weight feed ratios (i.e. 12.5/87.5 and 33/67)
were examined and shown in Figure 5.9. No obvious phase separation of the 2-UArg4-S/GMA-chitosan hybrid hydrogel was observed, probably due to the good
miscibility between the two components. Compared with a pure GMA-chitosan
hydrogel (Figure 5.9 A), 2-UArg-4-S/GMA-chitosan-12.5/87.5 hybrid hydrogel
(Figure 5.9 B) and 2-UArg-4-S/GMA-chitosan-33/67 hybrid hydrogel (Figure 5.9 C)
had three-dimensional porous network structures, and an increase in the 2-UArg-4-S
to GMA-chitosan feed ratio led to a smaller pore size and compact network structure
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(Figure 5.9 B vs. 5.9 C). For example, GMA-chitosan hydrogel and 2-UArg-4S/GMA-chitosan-12.5/87.5 hybrid hydrogel

Figure 5.9 SEM images of the interior morphology of 2-UArg-4-S/GMA-chitosan
hybrid hydrogels of different Arg-UPEA to GMA-chitosan precursors’ feed ratios, at
500 X. A, GMA-Chitosan hydrogel; B, 2-UArg-4-S/GMA-chitosan-12.5/87.5 hybrid
hydrogel; C, 2-UArg-4-S/GMA-chitosan-33/67 hybrid hydrogel

showed the most pores with a diameter of 20-40 µm, whereas 2-UArg-4-S/GMAchitosan-33/67 had relatively smaller 10-18 µm pores. This micro-morphological
change was also reflected in the swelling data in which, as the 2-UArg-4-S to GMAchitosan feed ratio increased, the Qeq of the hybrid hydrogel became lower at all pH
(Figure 5.8).
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Wu et al reported the hybrid hydrogels made from Arg-UPEA and the Pluronic
diacrylate (F127-DA) had a porous structure with 10-15 µm diameter average pore
size,51 which was in the same range of the current 2-UArg-4-S/GMA-chitosan-33/67
hybrid hydrogel (i.e. 10-18 µm). The swelling data of these two different types of
hybrid hydrogels were also similar, 1,700% for the 2-UArg-4-S /F127-DA-20/80 51 vs.
1,558%

for

the

2-UArg-4-S/GMA-chitosan-33/67(However,

this

similarity

disappeared when the Arg-UPEA contents dropped in the 2-UArg-4-S/GMA-chitosan
-12.5/87.5 hybrid in the current study which showed a larger Qeq (i.e. 2,779%) and
larger pore size (i.e. 20-40 µm) than those of 2-UArg-4-S / F127-DA hybrid hydrogel
reported by Wu et al. 51
5.4.8 Mechanical properties of 2-UArg-4-S/GMA-chitosan hybrid hydrogel
The compressive moduli of the Arg-UPEA/GMA-chitosan hybrid hydrogels
and the pure GMA-chitosan hydrogel are shown in Table 5.2. Arg-UPEA/GMAchitosan hybrid hydrogels showed slightly higher compressive initial moduli (ranging
from 17.649 to 18.103 KPa) and smaller compressive strain at break (~20%) than a
pure GMA-chitosan hydrogel (i.e. 17.640 KPa, 31% strain). Increasing the contents of
Arg-UPEA slightly increased the rigidity of the hybrid hydrogels (17.783 vs. 18.103
KPa).
The data in Table 5.2 also show that the molecular structure (x value) of ArgUPEA didn’t significantly influence the compressive modulus and strain at break as
shown before that x didn’t significantly change the interior morphology of the hybrid
hydrogels (Figure 5.9) either. For example, at a fixed feed weight ratio of Arg-UPEA
to GMA-chitosan of 33/67, 2-UArg-2-S/GMA-chitosan and 2-UArg-4-S/GMAchitosan hydrogels had the same compressive strain at break (~20%). The compressive
modulus of these two hybrid hydrogels were also very close (i.e. 17.649±0.78 KPa for
2-UArg-2-S/GMA-chitosan vs. 18.103±1.30KPa for 2-UArg-4-S/GMA-chitosan).
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These compressive modulus data of the 2-UArg-2-S/GMA-chitosan hybrid
hydrogels are significantly higher than the data reported by Wu et al. in their study of
Arg-UPEA/F127DA hybrid hydrogel system which had compressive modulus ranging

Table 5.2 Mechanical property of Arg-UPEA/GMA-chitosan hybrid hydrogel*
Initial modulus (KPa)

Compression strain
at break (%)

GMA-chitosan hydrogel

17.640±0.75

31±4

2-UArg-4-S/GMA-

17.783±0.90

20±3

18.103±1.30

21±5

17.649±0.78

19±4

chitosan -12.5/87.5
2-UArg-4-S/GMAchitosan -33/67
2-UArg-2-S/GMAchitosan -33/67

*The DS of GMA-chitosan is 37.

from 2.58±0.25 to 4.85±0.41 KPa.51 The compressive modulus of the Arg-UPEA/
F127DA hybrid hydrogel was found to decrease with an increase in the Arg-UPEA
contents, while the Arg-UPEA/GMA-chitosan hybrid hydrogel system did not show
significant change in compressive modulus as the Arg-UPEA contents or types of
Arg-UPEA varied. That was probably because of the different network structures
between Arg-UPEA/GMA-chitosan and Arg-UPEA/F127DA hybrid hydrogels due to
not only the molecular structure difference between GMA-chitosan and F127DA, but
also their location of the double bonds. In the GMA-chitosan precursor, multiple
unsaturated methacrylate groups were grafted on the chitosan backbone as the side
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groups, while in the F127DA precursor, there were only 2 acrylate end groups that can
be used for photo-crosslinking with Arg-UPEA precursor. Therefore, in the
crosslinking process, the backbones of GMA-chitosan and Arg-UPEA polymers were
interconnected through the GMA pendant group that was not largely influenced by the
feed ratio of these two polymers. In the case of Arg-UPEA/F127DA, the unsaturated
acrylate groups of F127DA were at the two ends of F127, and hence it acted as a
crosslinker. In the crosslinking process, the end groups F127-DA must be close to the
double bonds on the Arg-UPEA polymer backbones for the photo-crosslinking to
occur. When the contents of F127DA in the mixed precursor decreased (contents of
Arg-UPEA increasing), the possibility of F127DA effectively formed network
structure with Arg-UPEA was reduced. So, the crosslinking density of Arg-UPEA/
F127DA hybrid hydrogel was significantly influenced by the precursors’ feed ratio,
and that further changed the elastic modulus of the Arg-UPEA/F127DA hybrid
hydrogels.
5.4.9 Enzymatic degradation of 2-UArg-4-S/GMA-chitosan hybrid hydrogel
The biodegradation behavior of 2-UArg-4-S/GMA-chitosan-33/67 hybrid
hydrogels were evaluated in terms of their weight loss in both pure PBS buffer control
and lysozyme solution of pH 7.4 at 37 oC over a period of 10 days. Figure 5.10 shows
2-UArg-4-S/GMA-chitosan-33/67 hybrid hydrogel was degraded faster than a pure
GMA-chitosan hydrogel in the presence of either 1 mg/mL lysozyme or PBS buffer.
Pure GMA-chitosan hydrogel specimens lost 32.8% of original weight in PBS but
41.0% in 1mg/mL lysozyme solution after 10 days incubation at 37oC. 2-UArg-4S/GMA-chitosan-33/67 hybrid hydrogels had weight lost 41% and 55% in PBS or in 1
mg/mL lysozyme, respectively after 9 days. Thus, lysozyme accelerated the
biodegradation in both the pure GMA-chitosan and Arg-UPEA/GMA-chitosan
hybrids.
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It is also noted that, most of the weight loss of the pure GMA-chitosan
hydrogels occurred during the first 4-6 days, and after that the weight loss rates of
pure GMA-chitosan hydrogel in both PBS and lysozyme became near zero, i.e., no
change of weight with time. For example, the pure GMA-chitosan hydrogel lost 23.2%
and 36.5% of original weight in the first 4 days degradation in PBS and lysozyme
media, respectively. During the next 4 days, however, the pure GMA-chitosan
hydrogel had only 8.8% and 5% more weight loss in PBS and lysozyme, respectively.
The weight loss profiles of the Arg-UPEA/GMA-chitosan hybrid hydrogels are
quite different from the pure GMA-chitosan, particularly at the late stage (after 4-6
days). For example, 2-UArg-4-S/GMA-chitosan-33/67 hybrid hydrogels showed
continuously faster weight loss after the first 4 days degradation. In the first 4 days, 2UArg-4-S/GMA-chitosan-33/67 hybrid hydrogel lost about 26.8% and 36% original
weight in PBS and lysozyme solution, respectively. These values were similar to that
of the pure GMA-chitosan hydrogel, but the difference was after this period as 2UArg-4-S/GMA-chitosan-33/67 hybrid hydrogels had additional 11% and 16.2%
weight loss in PBS and lysozyme, respectively, i.e., more than triple of the weight loss
of a pure GMA-chitosan hydrogel during the same period.
The hydrolytic degradation of hydrogels mainly follows a bulk erosion model:
the degradation happened both at the surface and interior. 53 The biodegradation
mechanism of enzyme-mediated polymer hydrogel degradation is likely to be
complex. Lysozyme could biodegrade many natural and synthetic polymers, including
chitosan,54 dextran, poly-(HEMA),55 polyester etc. The degradation of a pure GMAchitosan hydrogel can be attributed to two reasons: (1) the ester bonds of methacrylate
group can be degraded by pure hydrolysis, and (2) lysozyme is able to cleave GMAchitosan backbone structure at the β (1, 4) linked glucosamine unit and N-acetyl-Dglucosamine unit.54 The observed accelerated degradation of a pure GMA-chitosan in
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the first 4 days in the presence of lysozyme than in PBS is due to the cleavage of
chitosan backbone chain by lysozyme. However, the weight loss data in Figure 5.10
show no meaningful weight loss after the initial 4-6 days in both lysozyme and PBS
control media. The possible reasons could be attributed to the unique chitosan
backbone structure. Since chitosan is the partially deacetylated derivative of chitin,
and hence has 2 major units in its backbone: N-acetyl-D-glucosamine and Dglucosamine, and these 2 units are linked via β, 1-4 glucosidic linkage. The ratio of
these 2 units would depend on the deacetylation level.
GMA-chitosan in PBS
GMA-chitosan in 1mg/mL lysozyme PBS solution
2-UArg-4-S/GMA-chitosan-33/67 in PBS
2-UArg-4-S/GMA-chitosan-33/67 in 1mg/mL lysozyme PBS solution
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Figure 5.10 In vitro enzymatic degradation of GMA-chitosan hydrogel and 2-UArg-4S /GMA-chitosan-33/67 hybrid hydrogel at 37oC, pH 7.4, 0.05M PBS. The solid
symbol: degradation of hydrogels with the presence of 1mg/mL lysozyme; open
symbol: degradation of hydrogel control samples in PBS. The DS of GMA-chitosan
composition is 37.
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In the current study, the chitosan used was 75-85% deacetylated, i.e., 75-85% of Dglucosamine unit to 15-25% N-acetyl-D-glucosamine unit. Since N-acetyl-Dglucosamine unit is the one that be targeted by lysozyme, the weight loss of GMAchitosan during the first 4-6 days in Figure 5.10 may already reflect the complete or
near complete fragmentation of the N-acetyl-D-glucosamine units in the GMAchitosan hydrogels. Since the grafted GMA could be biodegraded by lysozyme, thus,
no meaningful weight loss of the pure GMA-chitosan hydrogel was observed beyond
the first 4 days in lysozyme medium.
In the reported study of enzyme-catalyzed biodegradation of chitosan, Hirano
et al. suggested that the accessibility of the enzyme to polysaccharide based hydrogel
is one key factor to influence the biodegradation rate.54 In the case of 2-UArg-4S/GMA-chitosan hybrid hydrogel, both the diester bonds in the Arg-UPEA moiety and
the ester bond in the methacrylate groups of GMA-chitosan can be hydrolyzed, which
would create more open space for lysozyme to approach the N-acetyl-D-glucosamine
unit of the GMA-chitosan macromolecular chains for additional biodegradation. This
may be one of the reasons for the hybrid hydrogels to show continue weight loss after
the initial 4-6 days than a pure GMA-chitosan hydrogel which showed very little
weight loss after that initial period. According to Wu’s study of Arg-UPEA/Pluronic
acid hybrid hydrogels,51 the Mn of Arg-UPEA synthesized by a solution
polycondensation was from 12.93 to 15.71 kg/mol which is close to the MW of
lysozyme.51,56 During the degradation process of 2-UArg-4-S/GMA-chitosan-33/67
hybrid hydrogels, 2-UArg-4-S was degraded via the scission of the diester bonds, and
dissolved in water. The resulting additional open space in the hydrogel network could
facilitate more lysozyme access to GMA-chitosan to form enzyme-substrate complex,
and hence degrade the hybrid hydrogel faster than a pure GMA-chitosan hydrogel.
Another possible reason of the faster degradation of 2-UArg-4-S/GMA-chitosan
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hybrid hydrogel than a pure GMA-chitosan hydrogel is the hybrid hydrogel combined
2 polymer compositions with different molecular weight and different degradable
building blocks. 2-UArg-4-S segment hydrolyzed faster than GMA-chitosan in terms
of weight loss, because the Arg-UPEA has much lower MW than GMA-chitosan, and
hence would take a shorter time to be hydrolyzed to an extent that the water soluble
degradation-product can be eliminated from the hydrogel network to create more open
space for lysozyme to diffuse into the network for additional biodegradation.
5.4.10 Cumulative Release of Bovine Serum Albumin (BSA) from 2-UArg-4S/GMA-chitosan Hybrid Hydrogel at 37 oC, pH 7.4.
2-UArg-4-S/GMA-chitosan hybrid hydrogels at the two precursor weight feed
ratios of 12.5/87.5 and 33/67 were used for the BSA release study. Figure 5.11 shows
the percent BSA cumulative release profiles of the hybrid hydrogel matrices, and a
pure GMA-chitosan hydrogel with the same amounts BSA loaded was used as the
control to examine the effect of 2-UArg-4-S contents on BSA release behavior. The
data in Figure 5.11 show that the pure GMA-chitosan hydrogels had the fastest and
highest amounts of BSA release among the 3 testing hydrogels, and showed a near
40% burst release in the first h, but the 2-UArg-4-S/GMA-chitosan hybrid hydrogels
showed much lower burst releases of BSA in the first h (14% for 2-UArg-4-S/GMAchitosan-12.5/87.5 hydrogel and 11% for the 2-UArg-4-S/GMA-chitosan -33/67
hydrogel). A burst release of impregnated drugs from hydrogels is a very common
phenomenon as those incorporated agents like BSA near a hydrogel surface could be
released immediately upon immersion. Both 2-UArg-4-S and GMA-chitosan are
cationic polyelectrolytes

51

and the isoelectric point of bovine serum albumin (60,000-

70,000 molecule weight) is about 4.7. 57 In a pH 7.4 PBS buffer, BSA is a hydrophilic
biomacromolecule with negative charge. The interaction between the negatively
charged BSA and cationic guanidine groups of Arg and the amine groups of GMA178

chitosan exists, and the intensity is influenced by the feed ratio of Arg-UPEA to
GMA-chitosan because the Arg-UPEA possesses stronger positive charge than GMAchitosan. Thus, the feed ratio of Arg-UPEA to GMA-chitosan in the hybrid hydrogel
influenced the BSA release profile as observed in Figure 5.11. So the ArgUPEA/GMA-chitosan hybrid hydrogels could retard some of this common BSA initial
burst release
GMA-chitosan hydrogel
2-UArg-4-S/GMA-chitosan-12.5/87.5 hydrogel
2-UArg-4-S/GMA-chitosan-33/67 hydrogel
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Figure 5.11 Cumulative BSA release profile from 2-UArg-4-S /GMA-chitosan hybrid
hydrogels in PBS (0.05M, pH 7.4) at 37oC. A pure GMA-chitosan hydrogel as control.
The DS of GMA-chitosan is 37.

because the electrostatic interaction retains the anionic BSA, particularly the one near
the hybrid hydrogel surface to reduce its rapid dissolution in water.
This retardation effect extended over the entire study period and increased with
an increase in the Arg-UPEA contents in the hybrid hydrogels. For example, the BSA
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release from 2-UArg-4-S/GMA-chitosan-33/67 was about 10 % lower than that of 2UArg-4-S/GMA-chitosan-12.5/87.5 at each of the time point during the 11 days of
study. At the last day of the release study (day 11), a pure GMA-chitosan hydrogel
showed more than 85% cumulative BSA release, while the release of 2-UArg-4S/GMA-chitosan-12.5/87.5 and 2-UArg-4-S/GMA-chitosan-33/67 were ~80% and
~76%, respectively.
Release of a protein through a hydrogel matrix can be controlled by many
factors such as swelling or release mechanisms. The property of hydrogels, such as
hydrophilicity, surface area to volume ratio and ionic interactions between the protein
and the hydrogel also influence the protein release behavior. 57 The diffusion of BSA
and the degradation of GMA-chitosan and 2-UArg-4-S/GMA-chitosan hybrid
hydrogel are two main release mechanisms. For 2-UArg-4-S/GMA-chitosan hybrid
hydrogel, the presence of the 2-UArg-4-S reduced the BSA diffusion and further
reduced the BSA release by the electrostatic interaction. It is worth to note the
hydrogel degradation could also release the trapped BSA by destroying the crosslinked
network structure. 2-UArg-4-S/GMA-chitosan hybrid hydrogel experienced faster
degradation than a pure GMA-chitosan hydrogel in PBS (Figure 5.10). But the
influence of charge interaction to BSA diffusion played a dominate role that it slowed
down the release rate in these two competing BSA release mechanisms from 2-UArg4-S/GMA-chitosan hybrid hydrogel. By tuning the 2-UArg-4 contents in the hybrid
hydrogels, the BSA release profile from the 2-UArg-4-S/GMA-chitosan hybrid
hydrogels could be adjusted.
5.5 Conclusions and recommendation for future work
A new family of cationic biodegradable Arg-UPEA/GMA-chitosan hybrid
hydrogels was successfully designed and fabricated in an aqueous medium via UV
photocrosslinking

of

both Arg-UPEA and
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GMA-chitosan

precursors.

The

physicochemical, swelling, mechanical and morphology properties of the resulting
hybrid hydrogels were investigated. By varying the feed ratio of Arg-UPEA to GMAchitosan and the methylene group length (x) of the diol building block of Arg-UPEA,
the swelling (from 297.8% to 3318.2% , depending on pH), mechanical (compressive
modulus, 17.649±0.78 ~18.103±1.30 KPa) and morphological properties of this hybrid
hydrogel system could be adjusted. Cell culture studies indicated that the Arg-UPEA
and GMA-chitosan mixed aqueous solutions as hybrid hydrogel precursors had no
significant cytotoxicity to porcine aortic valve smooth muscle cells. Lysozyme was
able to effectively accelerate the Arg-UPEA/GMA-chitosan hybrid hydrogel
biodegradation in aqueous media. A sustained release of BSA can be achieved from
Arg-UPEA/GMA-chitosan hybrid hydrogels in 11 days in vitro. The negatively
charged protein (BSA) release behavior was able to be adjusted by the presence of
cationic Arg-UPEA moiety and by changing its contents in the hybrid hydrogel
system. This newly developed cationic biodegradable Arg-UPEA/GMA-chitosan
hybrid hydrogel system offers the advantage in terms of water soluble precursors for
pre-loading therapeutic protein, flexible mechanical property, biodegradable by
enzyme, natural Arg content which is crucial in the amino acid metabolism process of
many diseases.
In the future works, the 3T3 cell attachment and proliferation on the hybrid
hydrogel could demonstrate the potential of the hydrogel application as a tissue culture
scaffold. The macrophage cell (RAW) culture on the Arg-UPEA/GMA-chitosan
hybrid hydrogel in vitro could verify the effect of the hybrid hydrogel on the wound
healing for the future studies. The TNF-α production of RAW cells could be used test
the inflammatory response to the hybrid hydrogel. The NO production and Arginase
activity analysis for RAW cells cultured on Arg-UPEA/GMA-chitosan hybrid
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hydrogels could determine the effect of Arg-UPEA component in the hybrid hydrogel
on the Arg metabolism.
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CHAPTER SIX:
A NEW FAMILY OF FUNCTIONAL BIODEGRADABLE ARGININE-BASED
POLYESTER UREA URETHANES: SYNTHESIS, CHRACTERIZATION AND
BIODEGRADATION
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6.1 Abstract
A new family of biodegradable functional cationic L-Arginine (L-Arg) poly
(ester urea urethane) (Arg-PEUU) polymers was synthesized by the solution
polycondensation of three monomers: L-Arg hydrochloride alkylene diester (Arg-xCl), hexamethylene diisocyanate (HDI) and glycerol α-monoallyl ether (GAE).
Chemical structures of Arg-x-Cl and the Arg-PEUU polymers were characterized by
H-NMR, FTIR, and carbon/nitrogen elemental analysis. The molecular weight of ArgPEUU ranged from 23.930 to 29.350 Kg/mol. The glass transition temperature (Tg) of
Arg-PEUU ranged from -20.80 oC to 4.23 oC, depending on the feed ratio of the 3
monomers. The water contact angle of Arg-PEUU ranged from 26.7 ± 4.3o to 61.3 ±
5.2o. The Arg-PEUU had no cytotoxicity toward porcine aortic valve smooth muscle
cells at low concentrations (0.1 – 0.2 mg/mL). Arg-PEUUs can be photo-crosslinked
into elastic gels with compressive modulus ranged from 54.2 ±9.1 to 120.7 ±5.4 KPa.
The biodegradation data (weight loss) of the Arg-PEUU in a lipase media suggested
that the crosslinking density as well as the Arg-x-Cl contents in the functional ArgPEUU had a profound impact on the biodegradation rate.
6.2 Introduction:
6.2.1 Polyurethane
To develop biocompatible polyurethanes and poly (urethane-urea) is of interest in
biomedical research field, because they offer to mimic the soft nature of different
tissues. Polyurethanes (PU) are considered one of the most promising materials in
biomedical applications due to their structure/property diversity. Blood bags, bladders
of the left ventrical assist device, the total artificial heart and small caliber vascular
grafts for vascular access and arterial reconstruction or bypass which are made of PU
were developed and successfully used clinically 1. Polyurethane can be divided as
thermoplastics or thermosets by composition. The thermoplastic PU are block
190

copolymers composed of hard segment (A) and soft segment (B) blocks arranged in
(AB)n structure. The hard segment block is composed of diisocyanate and the chain
extender, usually low molecular weight diol or diamine. The soft segment is usually a
polyol comprising a chain having a low glass transition temperature, either hydroxyl
or amine-terminated polyester, polyether, polycarbonate, etc. Thermoset PUs are
chemically crosslinked, either in the hard segment or the soft segment. The
crosslinking improves the strength and durability of resultant polymer. In the synthesis
of PU, the stoichiometry between the isocyanate and the active-hydrogen-containingend-groups must be maintained as close as possible to a 1:1 ratio in order to achieve
the high molecular weight needed for the optimal physical mechanical properties. The
character of PU material can be determined by the hard or soft segment content. On
hard segment content, the polyurethane can be soft, rubbery elastomer (hard segment
content of 15-40 weight percent), tough elastomer (hard segment content between 4065 weight percent), or hard and strong engineering polymer (with hard segment over
65 weight percent). The synthesis of anionomer type polyurethane is produced in two
steps: (A) formation of a prepolymer of diisocyanate, polyols; (B) conversion of the
prepolymer to high molecular weight polyurethane by adding a suitable chain extender
2

. However, the diisocyanate and chain extenders which are typically used in the

segment of conventional PUs are not biocompatible, such as 4, 4'- diphenylmethane
diisocyanate (MDI) or toluene diisocyanate (TDI). The degradation products of these
diisocyantes include toxic and carcinogenic compounds such as aromatic diamines.
Aliphatic diisocynates are preferred over conventional aromatic diisocyanates.
However, the aliphatic diisocyanates have lower reactivities than aromatic ones and a
catalyst is needed. Stannous 2-ethylhexanoate is one type of catalyst which is accepted
by FDA as catalyst in the formulation of polymeric coating in contact with food 3.
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6.2.2 Degradation of polyurethane
Several sources were found to contribute to the PUs degradation. For example,
the ester linkage in polyester-urethanes is known can be degraded by hydrolysis. And
also, oxidative degradation is another contributing mechanism of PU degradation. An
oxidative environment may be present in vivo due to attack from the immune system
via macrophages, phagocytes, foreign body giant cells

4-6

. Inflammatory cells play an

important role in the biodegradation of polyurethanes. Neutrophils are considered as
the key factor which is the primary source of HOCl in vivo 5. But neutrophils are not
the sole source of oxidants. Monocyte derived macrophages are believed to be
involved in the degradation of PUs 7. And also, nitric oxide based oxidants have been
used to study the degradation of polyurethanes 5. Even though the enzymes are
designed for highly specific interactions with particular biological substrates, some
enzymes appear capable act upon PU substrates. Polyurethanes with polyether,
polyester and polycarbonate soft segments have shown degradation in the presence of
several hydrolytic and inflammatory cell derived enzymes

8-10

.All of the degradation

mechanism is related to the surface organization of PUs. In PU-based materials, a
microphase segregation process leads to the formation of a two-microphase structure
with regions enriched in either hard or soft segments. Because of the mobility of the
soft segments, the surface composition of segmented PUs varies in order to minimize
the interfacial free energy. So, PUs will have a higher proportion of polar hard
segments on the surface when the environment is polar (aqueous environment) and
more non-polar hard segments at the interface when the environment is non-polar (air)
11

.

6.2.3 Enzymatic degradation of polyurethane
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The enzymatic degradation of segmented polyurethane and polyurethane urea
has been studied by several groups in the field of biomedical materials. The enzymes
mainly used are chymotrypsin, papain, cholestrol esterase and lipase

12

. Lipase and

esterases attack specifically carboxylic linkages and endopeptidases (including
chymotrypsin) are able to cleave amide bond.α-Chymotrypsin is a proteolytic enzyme
that degrades the peptide linkages at the carboxylic sites of aromatic amino acids, e.g.
tyrosine and phenylalanine. Phenylalanine based polyurethanes have shown αchymotrypsin mediated degradation in vitro

13, 14

. The presence of specific sites, e.g.

hydrophobic aromatic side chains, enhances the tendency toward enzymatic
degradation of phenylalanine based polyurethanes. Chymotrypsin cleaved the ester
bond adjacent to the phenylalanine in the PU chain extender. But it also can degrade
urethane linkage of PU. Papain which is one type of thiol protease can mediate the
hydrolysis of PUs. The mechanical stability and tensile strength of poly ester urethane
are decreased after incubation with papain

15

. Cholesterol esterase is a characteristic

hydrolytic activity in monocyte derived macrophages and has been shown to degrade
both polyester and polyether urethanes. However, probably more enzyme was required
for poly (ether-urethane) than the amount needed for polyester 16. Cholesterol esterase
cleaves poly (ether-urethanes) at the urethane bonds

17-19

. Lipase is a pancreatic

enzyme responsible for fat decomposition into fatty acids and glycerol by the cleaving
of ester bonds. The degradation of poly (ester urethane)s and poly (carbonate
urethane)s catalyzed by this enzyme has been studied 20, 21. Lipase always cleaves the
ester or carbonate linkages.
The reaction mechanism is hydrolases uses three amino acids residues:
aspartate, histidine and serine (shown in Figure 6.1). Aspartate interacts with the
histidine
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ring to form a hydrogen bond. The ring of histidine is oriented to interact with serine.
Histidine acts as a base, deprotonating the serine to generate a very nucleophilic
alkoxide group (-O -). The alkoxide group is a stronger nucleophile than an alcohol
group. It is the group attacks the ester bond leading to the formation of an alcohol end
group and an acyl-enzyme complex. Subsequently, water attacks the acyl-enzyme
bond to produce a carboxyl end group and the free enzyme 22.

Figure 6.1 Representation of the catalytic site of depolymerase and the mechanism of
action 22
6.2.4 Arginine based polymer
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Arginine (2-amino-5-guanidinovalieric acid) is one nonessential amino acid
which presents in animal protein which plays one significant role in nitrogen
metabolism, polyamine synthesis and the production of nitric oxide. The metabolism
of arginine through arginase and nitric oxide synthase are indispensable to different
stages of wound healing

23, 24

. And arginine metabolism also is involved in many

diseases, such as diabetic foot, even tumor growth. Arginine based polymer is of
interest in the development of new biomaterials due to its cationic property and special
physiological functions of its metabolism. Moreover, arginine-riched peptides were
also reported to possess cell-penetrating ability

25

. Several types arginine based

polymer has been studied. Polyarginine is composed of arginine residue with
guanidino groups which can help cell uptake of nanoparticles

26

. Some studies

reported polymers of L-Arginine of 6 amino acids in length or greater were highly
effectively in gaining intracellular access. Polymers of less than 6 amino acids were
found to be ineffective in crossing cellular membranes
with arginine also shows tissue penetrability

28

27

. Polymer which was grafted

. For the case of linear polymers,

arginine based poly (ester amide) have been reported to display high transfection
efficiency, meaning that the conjugated arginines still are able to deliver gene into
cells even though they are not in oligo-peptides forms 29.
6.2.5 Design of biodegradable PUs for the in vivo environment
Recent works by many investigators has utilized the flexibility and diverse
mechanical properties of PU materials to design degradable polymers for medical
applications, for example, neural conduits, bone replacements

30, 31

. To design

degradable PU materials required a change in the choice of diisocyanates used in the
synthesis. Conventional aromatic diisocyanate are more suitable for the nondegradable PUs. Particularly, because of the carcinogenic nature of aromatic
diisocyanates, degradable PUs are mainly made from linear diisocyanates, such as
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lysine-diisocyanate (LDI), hexamethylene diisocyanate (HDI), 1, 4 diisocyanatobutane
which degraded as more likely non-toxic products. Glycerol and sucrose were chosen
as the soft segment in newly developed biodegradable PUs 32-34. Both these two types
of PU show good biocompatibility and mechanical properties. The degradation of the
PU made from LDI and glycerol was linear at 37 oC and glycerol and lysine are
degradation products.
Enzyme sensitive hard segment of PU was designed by Woodhouse et al 35, 36.
Not like the hydrolysis mechanism of most common degradable PU, PUs containing a
phenylalanine

diester

chain

extender

shows

enzyme-mediated

degradation.

Chymotrypsin cleaved the ester bonds adjacent to the phenylalanine in the novel chain
extender.

Arginine based biodegradable PU has not been reported before. It is

believed to be one promising biomaterial due to the physiological function of arginine,
cationic property of the surface and good mechanical properties. In this chapter, we
report the design, synthesis, characterization, and some unique properties of the
functional cationic Arg based PEUU (Arg-PEUU) without the tedious protection and
deprotection process because of the unique chemical structure of Arg and its
biological role in many important biological functions. A novel family of
biocompatible Arg-PEUU incorporating di-hydrochloride acid salt of bis (L-Arg)
alkylene diester as a chain extender was developed for biomedical applications. Arg
alkylene diester building block was incorporated into the PEUU via the urea linkage.
This new family of biodegradable functional cationic Arg-PEUU biomaterials is
believed to be a promising new biomaterial due to the integration of the unique
physiological function and cationic character of Arg with the good mechanical
property of traditional PU as well as the additional pendant double bond functionality.
This new family of Arg-PEUU biomaterials may lead to new therapy to accelerate

196

wound healing or diabetic ulcer which is not be able to cure by simple free Arg
supplement (dietary supply or infusion).
6.3 Experimental
6.3.1 Materials
L-Arginine hydrochloride (L-Arg-Cl) (Alfa Aesar, Ward Hill, MA), ethylene
glycol (Mallinckrodt, St. Louis, MO), 1,4-butanediol (Alfa Aesar, Ward Hill, MA) 1,
6-hexanediol (Avocado Research Chemicals Ltd, Morecambe, Lancaster, UK), ptoluene sulfonic acid monohydrate (TsOH·H2O) (JT Baker, Philipsburg, NJ), glycerol
α-monoallyl ether (GAE, TCI, Portland, OR), hexamethylene diisocyanate (HDI)
(Acros organics, Geel, Belgium), triethylamine (99%, EMD Chemical, Darmstadt,
Germany) were used without further purification. 2, 6 di-tert-butyl-4-methyl phenol
was purchased from Alfa Aesar (Ward Hill, MA) and stannous 2-ethyl-hexanoate was
purchased from Sigma (St. Louis, MO). Solvents like toluene (VWR Science, West
Chester, PA), dimethyl sulfoxide (DMSO) and N, N-dimethyl formamide (DMF)
(Mallinckrodt incorporated, St. Louis, MO), isopropyl alcohol (ACS, 99.5%, Macron
Chemicals, Philipsburg, NJ) and ethyl acetate (BDH, London, UK) were used without
further purification. Irgacure 2959 was donated by Ciba Specialty Chemicals Corp.
Lipase was purchased from VWR Science (West Chester, PA). The chemical
structures of L-arginine hydrochloride, hexamethylene diisocyanate, glycerol αmonoallyl ether were shown in Table 6.1.
6.3.2 Methods
6.3.2.1 Synthesis of di-hydrochloride acid salt of bis (L-Arg) alkylene diester
monomers (Arg-x-Cl)
The synthesis of di-hydrochloride acid salt of bis (L-Arg) alkylene diester
monomers (Arg-x-Cl, x is the number of methylene groups of diol) of Arg-PEUU is
similar to those used for the Arg-PEA synthesis 37-39 but with minor modification so
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Table 6.1 The chemical structures of raw materials of Arg-PEUU
Chemical name:

Chemical structures:

L-Arginine hydrochloride

hexamethylene
diisocyanate
glycerol α-monoallyl ether

that the resulting new Arg-x-Cl monomer would have 2 free amino groups that the
prior reported synthesis method didn’t have. L-Arg hydrochloride (0.04 mol) and
ethylene glycol (0.02 mol) (or 1, 4 butanediol, 1, 6-hexanediol) were directly
condensed in refluxed toluene (b.p. 110 oC) (80mL) with the presence of TsOH·H2O
(0.05 mol). The heterogeneous solid-liquid reaction mixture was heated to 120 oC and
reflux for 48 h after 1.62 mL (0.09 mol) of water generated and collected by a deanstark apparatus. The reaction mixture was then cooled to room temperature in about 1
h. Toluene was decanted. The reaction mixture was placed in a 500 mL round bottom
flask filled with sufficient amounts of isopropyl alcohol to completely dissolve the
reaction mixture with refluxing at 100 oC. Because the solubility of Arg alkylene
diester monomer in isopropyl alcohol at 100 oC is much larger than that at lower
temperature, the clear reaction mixture solution was then cooled down to room
temperature to facilitate the precipitation of the Arg alkylene diester monomer from
the oversaturated isopropyl alcohol solution in the cooling process. This solution was
left for overnight in a freezer (-20 oC) to promote further precipitation. This step was
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repeated to purify the monomer by recrystallization in isopropyl alcohol. The
precipitant was dried at 30 oC in a vacuum oven overnight, and the resulting white
powder product was di-p-toluene sulfonic acid di-hydrochloride acid salt of bis (LArg) alkylene diester.
The di-p-toluene sulfonic acid di-hydrochloride acid salt of bis (L-Arg)
alkylene diester was then thoroughly dissolve in deionized water at room temperature
and its pH was adjusted to 9.5 by adding oversaturated calcium hydroxide aqueous
solution dropwise under magnetic stirring to remove the TsO- counter ion attached to
the 2 amino groups of the Arg alkylene diester which have pKa 9. Because the pKa of
guanidino group of Arg is about 12.48, the chloride counter ions attached to the
guanidino group was not able to be removed in this step.
After the pH of Arg-x-Cl aqueous solution was adjusted to 9.5, extra calcium
hydroxide was removed immediately by bubbling carbon dioxide into the solution for
10 min to convert calcium hydroxide to water insoluble calcium carbonate. The pH of
the Arg-x-Cl solution quickly became neutral or mild acidic pH (4.5~6). Arg-x-Cl
aqueous solution only experienced pH > 7 for about 15 seconds or less at room
temperature to prevent the hydrolysis of ester bond. Similar approach was reported by
Skarja et al to used K2CO3 to convert the tosylate salt of Phe alkylene diester to the
free diamine form 14,35 for further polyurethane synthesis. Because Phe alkylene diester
in diamine form was not soluble in water, the monomer was able to be collected soon
to prevent hydrolysis caused by the alkaline environment. However Arg-x-Cl with free
diamine groups in the current study is still water soluble, an excess K2CO3/Na2CO3
may cause undesirable hydrolysis of the diester bonds in Arg-x-Cl monomer.
Therefore, in the current study, a mild calcium hydroxide was used instead of
K2CO3/Na2CO3, the excess base could be easily removed by converting it into waterinsoluble calcium carbonate. The lack of any significant ester hydrolysis of the
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resulting pH adjusted Arg diester monomer was further demonstrated from its H-NMR
spectrum that the integral ratio of ester linkage in the Arg diester monomer having 2
free amine group (i.e., free of TsO - counter ions) was not different from the Arg
diester before pH adjustment (i.e., with TsO- counter ion). The resulting Arg alkylene
diester aqueous solution was then vacuum dried at room temperature overnight after
the calcium carbonate precipitation was filtered out. This reaction scheme is shown in
Figure 6.2. This extra step of pH adjustment to the Arg diester monomer distinguished
it from all the prior reported Arg diester monomer synthesis.
Three types of Arg-x-Cl were synthesized by changing the types of diol
reactant, where x is the number of methylene groups of diol: di-hydrochloride acid salt
of bis (L-Arg) ethane diester (Arg-2-Cl with x = 2); di-hydrochloride acid salt of bis
(L-Arg) butane diester (Arg-4-Cl with x = 4); di-hydrochloride acid salt of bis (L-Arg)
hexane diester (Arg-6-Cl with x = 6) (Table 6.2).
6.3.2.2 Synthesis of Arg-PEUU
The Arg-PEUU was synthesized using a two-step solution polymerization. In
the step 1, HDI and GAE formed prepolymer through the reaction between isocyanate
group in HDI and hydroxyl group in GAE. In the step 2, the Arg-x-Cl monomer with
two free amine end groups (i.e. Arg-2-Cl, Arg-4-Cl, Arg-6-Cl) extended the
prepolymer chain synthesized in step 1 above for improving the molecular weight of
the resulting polymers.
The synthesis was carried out in a 250 mL three-necked round bottomed flask
under a dry nitrogen atmosphere. The three stoichiometry of the HDI, GAE, Arg-x-Cl
monomers were 2/1/1, 5/1/4, and 5/4/1. The sum of the molar amounts of GAE and
Arg-x-Cl must be equal to the molar amounts of HDI. For example, in the first
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Table 6.2 List of L-Arg alkylene diester monomers used in the synthesis of Arg-PEUU

Reactants

L-Arg hydrochloride +

Number of methylene

Product after removing toluene

bis (L-Arg) alkylene diester

groups of diester

sulfonic acid

Monomer

2

di-hydrochloride acid salt of bis (L-

Arg-2-Cl

ethylene glycol
L-Arg hydrochloride +

Arg) ethane diester
4

1, 4 butanediol
L-Arg hydrochloride +
1, 6 hexanediol

di-hydrochloride acid salt of bis (L-

Arg-4-Cl

Arg) butane diester
6

di-hydrochloride acid salt of bis (LArg) hexane diester
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Arg-6-Cl

Figure 6.2 Synthesis of di-hydrochloride acid salt of bis(L-Arg) alkylene diester monomers (Arg-x-Cl)
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polymerization step of 6-Arg-2-PEUU A/G-1/1 (where A/G-m/n is the molar ratio of Arg
alkylene diester building blocks to GAE building blocks in Arg-PEUU), 8.41 gram HDI
(0.05 mol) in 30 mL DMSO was stirred continuously with 3.30 gram GAE (0.025 mol)
in 20 mL DMSO. Stannous 2-ethyl-hexanoate catalyst (2 wt % of total mass of reactants),
which is the most common polyurethane synthesis catalyst, and 2, 6 di-tert-butyl-4methyl phenol (1 wt % of total mass of reactants) were added into the HDI / GAE
mixture. 2, 6 di-tert-butyl-4-methyl phenol acted as an antioxidant to protect the double
bond of GAE. The mixture was allowed to react at 60 oC for a period of 5 h under dry
nitrogen atmosphere. A DMSO solution of calculated molar amounts (0.025 mol) of Argx-Cl monomer (in the case of 6-Arg-2 PEUU A/G-1/1 synthesis described above, 20.75
gram of Arg-2-Cl was dissolved in 80 mL DMSO) was then added to the prepolymer
solution, and the reaction was continued at 60 oC for 18 h under dry nitrogen atmosphere
and then cooled down to room temperature. The polymer product was precipitated out
from the solution by adding ethyl acetate first to remove residual chemicals like stannous
2-ethyl-hexanoate, 2, 6 di-tert-butyl-4-methyl phenol, DMSO and unreacted monomers.
Then, the precipitant was vacuum dried at room temperature first, and then dissolve in
equal weight of DMF again. The Arg-PEUU polymer in DMF solution was precipitated
out in deionized water, and repeated purification in water two times before final drying in
vacuo at room temperature.
The Arg-PEUU polymers have two types of repeating building blocks: the m
block contains urea linkage and Arg alkylene diester, and the n block contains urethane
linkage and pendant double bond from GAE. The ratio of these two building blocks (m/n)
is equal to the feed ratio of Arg-x-Cl to GAE. In the polymerization reaction, if the Arg-xCl monomer to GAE molar ratio is 4 to 1, the m/n is also assumed as 4/1. The generic
synthesis route of the Arg-PEUU is shown in Figure 6.3. Table 6.3 summarizes the types
of Arg-PEUU synthesized by changing the molar feed ratios of HDI, Arg-x-Cl and GAE
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Table 6.3 Arg-PEUU series synthesized from different di-hydrochloride acid salt of bis (L-Arg) alkylene diester (Arg-x-Cl) monomer
and the feed ratios to hexamethylene diisocyanate and glycerol α-monoallyl ether monomers (GAE)*.

Reactants

Molar feed ratio (HDI: Arg-x-Cl :

Molar ratio of Arg alkylene diester building

Polymer Abbreviation

glycerol α-monoallyl ether)

block to glycerol α-monoallyl ether (m/n)

HDI : GAE

1:0:1

0

Allyl PU

HDI: Arg-2-Cl : GAE

5:4:1

4:1

6-Arg-2 PEUU A/G-4/1

HDI: Arg-2-Cl : GAE

2:1:1

1:1

6-Arg-2 PEUU A/G-1/1

HDI: Arg-2-Cl : GAE

5:1:4

1:4

6-Arg-2 PEUU A/G-1/4

HDI: Arg-4-Cl: GAE

2:1:1

1:1

6-Arg-4 PEUU A/G-1/1

HDI: Arg-6-Cl: GAE

5:4:1

4:1

6-Arg-6 PEUU A/G-4/1

HDI: Arg-6-Cl: GAE

2:1:1

1:1

6-Arg-6 PEUU A/G-1/1

HDI: Arg-6-Cl: GAE

5:1:4

1:4

6-Arg-6 PEUU A/G-1/4

*The sample labels for the Arg-PEUU polymers are ascribed as 6-Arg-x A/G=m/n, where 6 is the number of methylene groups in the
hexamethylene diisocyanate (HDI), A/G-m/n is the molar ratio of Arg alkylene diester monomer (A) to glycerol α-monoallyl ether
monomer (G)
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Figure 6.3 Synthetic pathway for the preparation of Arg-PEUU having pendant carbon-carbon double bond
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in the reaction. As a control sample to study the effect of Arg alkylene diester building
block content on polymer properties, allyl polyurethane (allyl PU) was synthesized from
HDI and GAE without Arg-x-Cl monomer by using the identical reaction conditions (60
o

C, 23h, dry nitrogen atmosphere, 2 wt% stannous 2-ethyl-hexanoate, 1 wt% 2, 6 di-tert-

butyl-4-methyl phenol).
6.3.2.3 Characterization of Arg-x-Cl monomer and Arg-PEUU
The new Arg-x-Cl monomers were analyzed by proton nuclear magnetic
resonance (1H NMR). 1H NMR spectra were recorded on a Varian (Palo Alto, CA)
Mercury spectrophotometer at 400MHz. Deuterated dimethyl sulfoxide (DMSO-d6,
Cambridge Isotope Laboratories) was used as the solvent. The Arg-x-Cl monomers
concentration in DMSO-d6 were about 2 % (w/v). All of the chemical shifts were
reported in parts per million (ppm).
Fourier transform infrared (FTIR) spectra of Arg-PEUU were recorded on a
PerkinElmer (Madison, WI) Nicolet Magna 560 FTIR spectrophotometer with Omnic
software for data acquisition and analysis. Elemental analysis of Arg-PEUU was
performed with a Thermo Scientific ConFlo III elemental analyzer by Stable Isotope
Laboratory of Cornell University.
6.3.2.4 Molecular weight determination of Arg-PEUU
Gel permeation chromatography (GPC) of Arg-PEUU was performed on an
Agilent GPC equipped with a RI detector. PSS SDV gel columns (30 x 8 mm, 5 μm
particle size) with 500 Å pore sizes were used. DMF was used as an eluent (flow rate 0.5
mL/min) at temperature of 25 °C. The injection volume was 100 μL and a WATERS 510
HPLC pump was used. Polystyrene standards were used for calibration.
6.3.2.5 Thermal properties of Arg-PEUU
The thermal property of the synthesized Arg-PEUU was characterized by a
differential scanning calorimetry (DSC) TA Q2000 under a nitrogen gas flow 50 mL/min.
The measurements were carried out from -60 oC to 150 oC at a scanning rate of 15
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o

C/min. TA Universal Analysis software was used for thermal data analysis. The glass

transition temperature (Tg) was determined at the onset of the step.
6.3.2.6 Water contact angle test of Arg-PEUU
The hydrophilicity of all types of Arg-PEUU was measured by Imass CAA2
contact angle analyzer at room temperature. To make the specimens for water contact
angle test, one droplet of 80% (w/v) solution of all types of Arg-PEUU in DMF were
placed onto the center of micro cover glass (12mm Circle, VWR, West Chester, PA).
Another piece of cover glass was placed onto the prior cover glass to squeeze the
polymer solution droplet evenly spread over the whole glass wafer to form one thin layer
of the Arg-PEUU coating and then the upper cover glass was removed to expose the ArgPEUU coating layer. This coated micro cover glass were dried in a fume hood for 24 h
and further dried under vacuum in a vacuum oven for another 24 h at room temperature.
In the water contact angle tests, a drop of deionized water was generated on the tip of the
needle of a syringe. The needle was lowered carefully until the water droplet touched the
coated micro cover glass on the specimen stage until the droplet came off the needle. The
height and 1/2 of the droplet width was measured in the center of the field of view, and
contact angle, ϕ, was calculated according to the following equation.
x2  y2
Cos  2
x  y2

where: x= 1/2 drop width, y= drop height, ϕ= contact angle
Five samples of each type of Arg-PEUU were used for proper statistical average, and
mean value was calculated with a standard deviation.
6.3.2.7 Cytotoxicity test of 6-Arg-2 PEUU suspension (MTT assay)
Porcine aortic valve smooth muscle cells (PAVSMC) were maintained in
minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS)
and 1% each of penicillin-streptomycin. The cells were incubated in CO2 incubator at 37
ºC with 5% CO2. After reaching confluence, the cells were detached from the flask with
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trypsin-EDTA (Invitrogen, Carlsbad, CA). The cell suspension was centrifuged at 3,000
rpm for 3 min and then re-suspended in the growth medium for further study. PAVSMCs
were used between passages 4 and 7.
Although all Arg-PEUU are insoluble in water at room temperature, the
hydrophilic Arg alkylene diester building block attributes amphiphilicity to this polymer.
All Arg-PEUU showed improved solubility in water at 60~70 oC. 6-Arg-2 PEUU A/G1/1 and 6-Arg-2 PEUU A/G-4/1 achieved higher than 25 mg/mL solubility in deionized
water at 70 oC. When these Arg-PEUU aqueous solutions were cooled down to room
temperature, polymer did not precipitated out from its aqueous solution but formed
homogenous suspension in water (supplemental picture). This polymer suspension was
further diluted with MEM to evaluate the cytotoxicity of 6-Arg-2 PEUU from a MTT
assay for PAVSMC cells. The Arg-PEUU stock suspension was prepared by dissolving
50 mg 6-Arg-2 PEUU A/G-1/1 or 6-Arg-2 PEUU A/G-4/1 in 5mL 0.05M phosphate
buffered saline (PBS, pH 7.4) at 70 oC with magnetic stirring for 15 min, cooled down to
room temperature, and then was sterilized by 30 min UV radiation. The sterilized stock
suspension was diluted with sterilized minimum essential medium (MEM) supplemented
with 10% fetal bovine serum (FBS) to 2, 1.5, 1, 0.5, 0.2, and 0.1 mg/mL of the polymer
solutions.
PAVSMC were seeded on a 96 well plate with a density of 2,000 cells / well. The
cells were washed with PBS buffer, and each of the 6 concentrations of 6-Arg-2 PEUU
A/G-1/1 and 6-Arg-2 PEUU A/G-4/1 were added and incubated along with tissue
cultured wells for 24 h. The cells treated only with normal cell culture media were used
as the control. Afterward, the cells were incubated with 10 µL of MTT solution (5
mg/mL thiazolyl blue tetrazolium bromide in deionized water after filtration by 0.22 µm
filter) for 4 h to form formazan crystals by mitochondrial dehydrogenases. About 100 µL
of acidic isopropyl alcohol (contains 10% Triton-X 100 with 0.1M HCl,) was added into
each well and incubated at room temperature for 1 h to dissolve the formazan crystals.
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The optical density of the solution was measured at a wavelength of 570 nm and 690 nm
(Spectramax plus 384, Molecular Devices, USA). The cell viability (%) was calculated
according to the following equation:
Viability (%) = [OD570 (sample) - OD690 (sample)]/[OD570 (control) -OD690
(control)] × 100%
where the OD570 (control) represents the measurement from the wells treated with
medium only, and the OD570 (sample) from the wells treated with various polymers. 8
samples of each type of the Arg-PEUU were analyzed. Differences between group means
were assessed using one-way ANOVA followed by parametric multiple comparison tests.
A value of p < 0.05 was considered statistically significant.
6.3.2.8 Fabrication of Arg-PEUU gel via UV-crosslinking
In order to demonstrate the reactivity of the pendant double bonds in the ArgPEUU, 0.3g of Arg-PEUU and 2 mg Irgacure 2959 were dissolved in 1 g DMF at room
temperature under magnetic stirring. Every 400 μL of the above DMF mixture solution
was transferred onto a custom-made 20 well Teflon mold and irradiated by a long
wavelength (100 watts, 365nm) UV light at room temperature for about 25 min. Diskshaped gels were obtained in the molds (11 mm diameter, 6 mm thickness). The gels
were then soaked in 300 mL deionized water for 16 h at room temperature under a
magnetic stirring to remove residual DMF solvent and unreacted precursor from the gels.
The Arg-PEUU gels were then dried in vacuum oven at room temperature for about 4 h.
Allyl PU gels was prepared by using the identical protocol as a control for the study of
the effect of Arg alkylene diester building block incorporation on mechanical properties.
6.3.2.9 Compressive mechanical property of Arg-PEUU gels
The compressive mechanical property of all types of Arg-PEUU gels and allyl PU
gels were measured by a TA Dynamic mechanical thermal analysis (DMA) Q800 (TA
instruments) at room temperature (25 oC) under a compression mode. Each dry gel
sample was tested at a constant compression strain rate of 10 % /min until 40%
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compressive strain was reached. TA Universal Analysis software was used for
mechanical data analysis.

Initial compressive

modulus (calculated from the

corresponding stress/strain curve) was used to represent the gel mechanical property. For
each type of gels, three samples were used for calculating mean value with a standard
deviation.
6.3.2.10 Enzymatic biodegradation of Arg-PEUU films in vitro
The effects of Arg alkylene diester building block contents of Arg-PEUU and
photo-crosslinking on the enzymatic biodegradation of Arg-PEUU was studied in terms
of weight loss over specific periods. Every 2 mL 60% (w/v) solution of uncrosslinked 6Arg-2 PEUU in DMF were casted evenly onto a disk shaped Teflon® mold (about 27
cm2) and dried in a fume hood for 24 h at room temperature. The film samples were
soaked in deionized water at room temperature for 3 h and dried under vacuum in a
vacuum oven for another 24 h at room temperature. The same method was used to
fabricate crosslinked 6-Arg-2 PEUU films. Every 2 mL 60% (w/v) solution of
uncrosslinked 6-Arg-2 PEUU with 2 mg Irgacure 2959 initiator in DMF was casted
evenly onto a Teflon® mold (about 27 cm2), and then irradiated by a long wavelength UV
light (100 watts, 365nm) at room temperature for 20 min. The crosslinked 6-Arg-2 PEUU
films were dried in a fume hood for 24 h at room temperature, soaked in deionized water
at room temperature for 3 h and further dried in a vacuum at room temperature for
another 24 h. The crosslinked and uncrosslinked Arg-PEUU films of 350 μm ~ 400 μm
thickness were cut into 2cm×2cm (4 cm2, ~150 mg) film specimens.
The enzymatic biodegradation of the crosslinked and uncrosslinked 6-Arg-2
PEUU films were carried out in glass vials containing the film specimen and lipase
enzyme PBS solutions (1 and 3 mg/mL concentrations) with a constant reciprocal
shaking (100 rpm). The original dry weight of each film sample was measured and
recorded as Wo .The biodegradation was evaluated by the specimen weight loss at 37 oC
in 10 mL lipase PBS (pH 7.4, 0.05M) solutions. The enzyme PBS solutions were
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refreshed daily in order to maintain enzymatic activity. The crosslinked and
uncrosslinked 6-Arg-2 PEUU films in 10 mL PBS at 37 oC served as controls. Three
replicated samples of each type of 6-Arg-2 PEUU were tested.
At predetermined intervals, 3 samples of each type of 6-Arg-2 PEUU films were
removed from the immersion media (lipase PBS, and

pure PBS control) rinsed in

deionized water and dried under vacuum at room temperature till a constant weight
achieved (about 12 h). The weight loss was calculated according to the following
equation:
% Weight loss=(Wo-Wt) / Wo×100%,
where Wo was the initial dry weight of each film sample at t=0, and Wt was the dry weight
of each film sample after t incubation. A mean value of three specimens was calculated as
the weight loss at time t with a standard deviation.
6.4 Results and discussion
6.4.1 1H NMR spectroscopy of of Arg-x-Cl monomers
The chemical structure of di-p-toluene sulfonic acid di-hydrochloride acid salt of
bis (L-Arginine) alkylene diester and di-hydrochloride acid salt of bis (L-Arginine)
alkylene diester monomers were confirmed by 1H NMR (as shown in Figure 6.4).
Three types of Arg-x-Cl monomers due to different diols were prepared in this
study: di-hydrochloride acid salt of bis (L-Arg) ethane diester Arg-2-Cl (x=2); dihydrochloride acid salt of bis (L-Arg) butane diester Arg-4-Cl (x=4); di-hydrochloride
acid salt of bis (L-Arg) hexane diester Arg-6-Cl (x=6) (Table 6.2). x indicates the number
of methylene group in the diol segment of the Arg alkylene diester. The MW of these 3
Arg-x-Cl monomers are 0.446 Kg/mol for Arg-2-Cl, 0.474 Kg/mol for Arg-4-Cl, and
0.502 Kg/mol for Arg-6-Cl. The chemical structures of Arg-x-Cl monomers were
confirmed by 1H NMR.
di-hydrochloride acid salt of bis (L-Arg) ethane diester (Arg-2-Cl): 1H NMR
(DMSO-d6, ppm, δ): 1.62 [4H, -OC(O)-CH(NH3+)-CH2-CH2-CH2-NH-], 1.80 [4H, 211

OC(O)-CH(NH3+)-CH2-CH2-CH2], 2.29 [6H, H3C-Ph-SO3-], 3.10 [4H, -CH2-CH2-CH2NH], 4.04 [2H,

+

H3N-CH(R)-C(O)-O-], 4.39 [4H,-(O)C-O-CH2-CH2], 7.69, bump

between 6.70~7.53 [10H, -CH2-NH(NH2+)-NH2], 8.42 [6H, +H3N-CH(R)-C(O)-O-]
di-hydrochloride acid salt of bis (L-Arg) butane diester (Arg-4-Cl): 1H NMR
(DMSO-d6, ppm, δ): 1.53 [4H, -CH2-CH2-CH2-NH-], 1.65 [4H, -(O)CO-O-CH2-CH2-],
1.80 [4H, -OC(O)-CH(NH3+)-CH2-CH2-CH2-NH-], 2.29 [6H, H3C-Ph-SO3-], 3.10 [4H, (CH2)2-CH2-NH-], 4.04 [2H, +H3N-CH(R)-C(O)-O-], 4.14 [4H, -(O)C-O-CH2-CH2-],
bump between 6.77~7.53 [10H, -CH2-NH(NH2+)-NH2], 8.40 [6H, +H3N-CH(R)-C(O)-O]
di-hydrochloride acid salt of bis (L-Arg) hexane diester (Arg-6-Cl): 1H NMR
(DMSO-d6, ppm, δ): 1.59 [4H, -CH2-CH2-CH2-NH-], 1.61 [4H, -(O)C-O-CH2-CH2-CH2] 1.78 [4H, -OC(O)-CH(NH3+)-CH2-CH2-CH2-NH-], 1.99 [2H, -(O)C-O-CH2-CH2-],
2.29 [6H, H3C-Ph-SO3-], 3.12 [4H, -(CH2)2-CH2-NH-], 4.03 [2H, +H3N-CH(R)-C(O)-O], 4.25 [4H, -(O)C-O-CH2-CH2-], bump between 6.75~7.50 [10H, -CH2-NH(NH2+)NH2], 8.26 [6H, +H3N-CH(R)-C(O)-O-]
The absence of protons of benzene group (7.1~7.2 ppm and 7.50~7.55 ppm) and
methyl group (2.29 ppm) on the 1H NMR of Arg-2-Cl and Arg-6-Cl demonstrated the
toluene sulfonic acid group was removed from the amine group of arginine. The 1H NMR
spectra of Arg-PEUU are shown in Figure. 6.5 All of the 1H NMR spectra showed proton
on nitrogen and aliphatic signals.
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Figure 6.4 1H NMR spectroscopy of Arg diester monomers. (A) Di-p-toluene sulfonic
acid di-hydrochloride acid salt of bis (L-Arginine) ethane diester; (B) Di-hydrochloride
acid salt of bis (L-Arginine) ethane diester (Arg-2-Cl); (C) Di-p-toluene sulfonic acid dihydrochloride acid salt of bis (L-Arginine) hexane diester; (D) Di-hydrochloride acid salt
of bis (L-Arginine) hexane diester (Arg-6-Cl)
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Figure 6.5. 1H NMR spectroscopy of Arg-PEUU. (A) 6-Arg-2 PEUU A/G-4/1; (B) 6Arg-2 PEUU A/G-1/1; (C) 6-Arg-6 PEUU A/G-4/1; (D) 6-Arg-6 PEUU A/G-1/1

6.4.2 Arg-PEUU synthesis and characterization
In order to verify the chemical composition of Arg-PEUU, their FTIR spectra and
carbon / nitrogen content data were obtained. The FTIR spectra of Arg-PEUU is mainly
influenced by the monomers feed ratio in the synthesis, and an example of the FTIR
spectra of 6-Arg-2 PEUU of three different feed ratios and an allyl PU control without
Arg component are shown in Figure 6.6. The absorption band at 3310 cm-1 is the
characteristic of N-H group of urethane which is presented on all 6-Arg-2 PEUU spectra
and allyl PU

34

. The absorption at 2859 cm-1 and 2950 cm-1 are attributed to -CH2

symmetric and anti-symmetric stretching vibrations. 6-Arg-2 PEUU A/G-4/1 and 6-Arg-2
PEUU A/G-1/1 spectra shows absorption peak at 1725 cm-1 which is the carbonyl band of
the Arg alkylene diester building block (Figure 6.6 A & B). 6-Arg-2 PEUU A/G-1/4
didn’t show the obvious carbonyl absorption peak at 1725 cm-1 which is similar with allyl
PU (Figure 6.6 C & D). The possible reason is the 6-Arg-2 PEUU A/G-1/4 contains less
Arg alkylene diester building block contents than that of 6-Arg-2 PEUU A/G-4/1 and 6Arg-2 PEUU A/G-1/1 due to the low feed ratio of Arg-x-Cl monomers to HDI and
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glycerol monoallyl ether. Allyl PU shows trace amounts of absorption at 2270 cm-1 which
is the characteristic peak of isocyanate group

34

. However, the isocyanate peak did not

present on any 6-Arg-2 PEUU which indicates HDI monomers were depleted in the chain
extension reaction.
The carbon and nitrogen contents (Table 6.4) from the elemental analysis were
consistent with the calculated composition based on the chemical formula of Arg-PEUU.
Arg is the most nitrogen rich amino acid among all natural amino acids found in
eukaryotes which has 32% nitrogen content. Another source of nitrogen in the polymer is
from HDI. The calculated nitrogen content of allyl PU is 9.77%, while all Arg-PEUU
have much higher nitrogen contents (12.82 to 21.18%) than allyl PU 9.77%. The ArgPEUU having more Arg alkylene diester building block contents has higher nitrogen
contents, e.g., from 12.82% at A/G 1/4, 18.69% at A/G 1/1 to 21.18 at A/G 4/1.
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Figure 6.6 FTIR of 6-Arg-2 PEUU synthesized with different monomer feed ratio and
allyl PU. (A) 6-Arg-2 PEUU A/G-4/1; (B) 6-Arg-2 PEUU A/G-1/1; (C) 6-Arg-2 PEUU
A/G-1/4; (D) allyl PU
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The molecular weights of Arg-PEUU as determined by GPC are shown in Table 6.5. The
Mn (number average molecular weight) of Arg-PEUU ranged from 23.930 to 29.350
Kg/mol with Mw/Mn (MWD) 1.224~1.587. When comparing the molecular weight
distribution (MWD) data of Arg-PEUU to other amino acid incorporated polyurethanes,
like the Phe-PU reported by Skarja et al.

35

and Lys-PEUU reported by Guan et al.

34

which reported Mw/Mn about or higher than 2, the MWD of the Arg-PEUU was lower.
The Mn of Phe-PU and Lys-PEUU ranged from 25.400 to 69.300 Kg/mol for the Phe-PU
and from 28.300 to 92.900 Kg/mol for the Lys-PEUU. The comparatively higher MW of
Phe-PU and Lys-PEUU than the current Arg-PEUU was because both of them contained
PCL or polyethylene oxide (PEO) diol segments in the PU block had MW ranging from
0.530 to 2 Kg/mol, while the diol segment in the PU block of the Arg-PEUU is GAE
which has the MW merely 0.132 Kg/mol.
This relatively narrow MWD of Arg-PEUU is also consistent with the Wu et al.
reported water soluble Arg based poly (ester amide)s (Arg-PEA) which had MWD
ranging from 1.07 - 1.10, but the Wu et al. Arg-PEAs synthesized by a solution
polycondensation had a comparatively lower molecular weight than Arg-PEUU. For
example, Wu et al reported the Mn of their Arg-PEAs ranged from 12.8 to 14.4 Kg/mol.
The similar narrow MWD findings were also reported in another Wu et al. study of
unsaturated Arg-UPEAs

37

. The possible reason is in the polycondensation step of Arg-

PEA in which the amino group of Arg-x-Cl reacted with nitrophenol diester monomer. In
that synthesis, the ester bond of nitrophenol diester must be cleaved for forming amide
bond with Arg-x-Cl monomer. The reaction time of Arg-PEA polymerization was about
24 h to 48 h. In the current study of the synthesis of Arg-PEUU, the polymerization step
is the reaction between the free amine group of Arg-x-Cl monomer and HDI-based
prepolymer. The reactivity of these 2 reactants of Arg-PEUU is higher than that of ArgPEA synthesis as the polymerization time of Arg-PEUU was about 10-12 h which was
about half of the time for the Wu et al.'s Arg-PEA synthesis. Based on the molecular
218

Table 6.4 Carbon and Nitrogen contents of Arg-PEUU and allyl PU from elemental analysis
Arg-PEUU samples

Formula

Calculated carbon

Carbon content (%)

content (%)

6-Arg-2 PEUU

(C22H44Cl2N10O6)1

A/G-1/4

(C14H24N2O5)4

6-Arg-2 PEUU

(C22H44Cl2N10O6)1

A/G-1/1

(C14H24N2O5)1

6-Arg-2 PEUU

(C22H44Cl2N10O6)4

A/G-4/1

(C14H24N2O5)1

6-Arg-6 PEUU

(C26H52Cl2N10O6)1

A/G-1/4

(C14H24N2O5)4

6-Arg-6 PEUU

(C26H52Cl2N10O6)1

A/G-1/1

(C14H24N2O5)1

6-Arg-6 PEUU

(C26H52Cl2N10O6)4

A/G-4/1

(C14H24N2O5)1

Allyl PU

C14H24N2O5

Calculated nitrogen

Nitrogen content (%)

content (%)

53.95

53.50

14.52

12.82

48.27

50.69

18.77

18.69

44.67

45.34

21.46

21.18

54.94

54.68

14.07

13.77

50.47

51.67

17.67

17.89

47.77

46.81

19.84

19.07

60.00

58.60

10.00

9.77
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weight, FTIR and carbon and nitrogen content data, Arg-PEUU should possess the
chemical structure shown in Figure 6.3.
In addition to the MW and MWD differences, both Phe-PU from the Skarja et al.
Lys-PEUU from the Guan et al.

34

35

and

didn’t have pendant charge functional groups, while

the current Arg-PEUU has positively charged guanidino side groups as well as the
pendant photo-reactive vinyl group. In the Guan et al. Lys-PEUU, the free carboxyl
groups of Lys were protected by ethyl ester

34

that can’t be deprotected without adversely

affecting the molecular weight of the Lys-PEUU.
6.4.3 Structure difference of Arg-PEUU with other published polyurethane materials
with amino acids building blocks
Even though many types of polyurethane materials having ester bonds on the
polymer backbone have been developed by others, most of them used aromatic multiisocyanates as monomers which are considered cytotoxic and possible carcinogen

33

. In

the studies of polyurethane materials for biomedical application, Wagner and
Woodhouse’s groups developed linear degradable polyester urethane-urea with protected
lysine as one of the building blocks

37

or polyester urea urethane with phenylalanine

diester as one of the building block 35. Table 6.6 summarizes the difference of our present
Arg-PEUU from both Wagner and Woodhouse groups’ PEUU

35, 37

in terms of raw

materials and final product structure.
In the Wagner’s study, polycaprolactone diols (Mw 1,250 and Mw 2,000) were
used to react with 1, 4-diisocyanatobutane to form a poly (ester urethane) prepolymer
having the urethane linkage adjacent to the ester bonds of the polycaprolactone segments,
then a protected lysine ethyl ester was added to form a urea linkage between the amine
groups of the protected lysine ethyl ester and the 2 diisocyanate ends of the poly (ester
urethane) prepolymer. The result Lys-based PEUU polymer has the linkage sequence
ester-urethane-urea. The protected -COOH in Lys was not deprotected because the
deprotection procedure of lysine ethyl ester is able to cleave both the ester bonds of
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Table 6.5 Molecular weight and molecular weight distribution of Arg-PEUU
Sample

Mn (kg/mol)

Mw (kg/mol)

Mw/Mn

6-Arg-2 PEUU A/G-4/1

27.000

33.050

1.224

6-Arg-2 PEUU A/G-1/1

29.350

41.175

1.403

6-Arg-2 PEUU A/G-1/4

28.100

44.600

1.587

6-Arg-4 PEUU A/G-1/1

26.670

34.510

1.394

6-Arg-6 PEUU A/G-4/1

28.225

38.825

1.376

6-Arg-6 PEUU A/G-1/1

23.930

36.475

1.524

6-Arg-6 PEUU A/G-1/4

24.420

33.800

1.384
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lysine carboxyl group and the ester bonds of polycaprolactone diols on the polymer
backbone which could lead to the fragmentation of the polymer. So, the lysine carboxyl
group could not be recovered, the only pendant groups on the polymer is methyl ester
(Table 6.6)
The Woodhouse’s Phe-based polyester urea urethane shares more structure
similarity with our Arg-PEUU. The incorporation of phenylalanine diester segment
permits the Phe-based PEUU enzymatic degradable, and the backbone linkage sequence
is ester-urea-urethane which is the same linkage as our Arg-PEUU backbone.
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Table 6.6 Comparison of Arg-PEUU with published amino acid contained polyurethane 35, 37

Author

Publication

Monomers in polymerization

G.A.Skarja

J. Biomater. Sci.

Polycaprolactone diol,

and K.A.

Polymer Edn, 2001,

2,6 diisocyanato

Woodhouse

12, 851-873

methylcaproate, Lphenylalanine diester,

Jianjun Guan,

Journal of biomedical

Polycaprolactone diol, 1,4-

William

materials research,

diisocyanatobutane, lysine

Wagner

2002, 61, 493-503

ethyl ester

Mingyu He,

Polymer, 2013,

L-Arg diester, 1,6

C.C.Chu

pending

diisocyanatohexane, Glycerol
α-monoallyl ether
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Chemical structure of final product

However, both the Woodhouse et al. Phe-based PEUU and the Wagner et al. Lys-based
PEUU are lack of pendant reactive or functional groups, while our Arg-PEUU has both
pendant double bonds in the urea-urethane block and positively charged guanidino
pendant groups in the Arg diester block. Moreover, Arginine possesses unique
physiological functions in many cell activities.
6.4.4 Thermal properties of Arg-PEUU
The DSC thermograms of the Arg-PEUU are presented in Figure 6.7. Tg and Tm of
all the Arg-PEUU from the DSC thermograms are summarized in Table 6.6. Tg of all
Arg-PEUU and allyl PU ranged from -26.80 oC to 4.23 oC, depending on the 3 monomers
feed ratio and x (number of methylene group in the diol segment of Arg alkylene diester).
The allyl PU without Arg component had the lowest Tg (-26.80 oC) among all the
polymer samples tested in this study. An increase in the Arg alkylene diester building
blocks contents in the Arg-PEUU from 1/5 (i.e. 6-Arg-2 PEUU A/G-1/4) to 4/5 (i.e. 6Arg-2 PEUU A/G-4/1) led to an increase in Tg from -9.66 oC to 4.23 oC.

This

relationship could be attributed to the fact that more Arg contents in the Arg-PEUU
would have more bulky guanidino side groups to the Arg-PEUU which could reduce
polymer segmental mobility and hence higher Tg. In addition, all Arg-PEUU synthesized
have far more nitrogen contents than allyl PU (Table 6.6), as a result, Arg-PEUU should
have more intermolecular hydrogen bonding than allyl PU which could lead to higher Tg.
For example, the guanidino side groups could form strong intermolecular hydrogen
bonding when guanidino groups approach the urethane/urea groups of Arg-PEUU, as
Song et al. indicated in their study of Arg-PEA 39. The intermolecular force could further
decrease the segmental mobility of polymer chain and also increase the Tg further.
As the Arg alkylene diester building block contents decreased, more GAE was
incorporated into the polymer. GAE is able to impart additional chain flexibility by
increasing free volume from pendant double bonds which acts as an internal plasticizer.
Thus, increasing GAE component in Arg-PEUU resulted in a lower Tg as observed.
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This reduction in Tg with an increasing pendant double bonds in the Arg-PEUU
polymer is consistent with the finding from the reported Pang et al. study of functional
AA-PEAs having pendant double bonds

38,40

. For example, Pang et al. reported that an

increase in the pendant double bond in bis-DL-2-allylglycine esters (i.e., increasing AG
contents in the Phe-PEA polymers) from 25% (8-Phe-4-AG-4-25) to 50% (8-Phe-4-AG4-50) led to a reduction in Tg from 30 oC to 26 oC 40.
Furthermore, the change in methylene group length (x) in the diol segment of Arg
alkylene diester also affected the Tg of the corresponding Arg-PEUU. For example, as the
x increased from 2 to 6 in the Arg alkylene diester building block at the identical molar
feed ratio of Arg-x-Cl to 2 other monomers (HDI and GAE), the Tg of the resulting ArgPEUU was reduced from 1.90 oC of the 6-Arg-2 PEUU A/G-1/1 to -8.69 oC of the 6-Arg6 PEUU A/G-1/1. The effect of x on Tg was attributed to the higher Arg-PEUU polymer
chain flexibility as the methylene group length increased. The similar relationship
between Tg and the number of methylene group length in AA-PEA polymer backbone
was found and reported 37, 38,40,43,45.
When comparing with other amino acid incorporated PEUU such as Guan et al.
reported Lys-PEUU which had Lys ethyl ester and PCL building block

34

the Tg of the

new Arg-PEUU are relatively higher than the Guan et al.'s Lys-PEUU. For example, the
Tg of the Guan et al. Lys-PEUU ranged from -36.5 oC to -54.3 oC, depending on
monomer feed ratios and molecular weight of PCL diol segment, while the lowest Tg in
our current Arg-PEUU was -20.80 oC. Similarly, Skarja et al. developed a polyurethane
which has Phe and PCL as building blocks, and its Tg ranged from -6.2 oC to -51.9 oC 14.
The relatively higher Tg in our Arg-PEUU than other reported amino acid contained PU
and PEUU could be attributed to the Arg alkyl diester of our Arg-PEUU as the Arg
moiety can provide more rigidity to the molecule chain polymer due to the bulky
guanidino side groups and the possible intermolecular interaction described earlier.
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Table 6.7 showed the dependence of Tm on weight fraction of GAE segments, and
the effect of x in Arg alkylene diester building blocks. Typical melting endotherms (Tm)
are shown on the DSC spectra of 6-Arg-2 PEUU A/G-1/4, 6-Arg-2 PEUU A/G-1/1 and
allyl PU samples. But no evident crystalline melting point could be detected for the ArgPEUU having the feed ratio of Arg-x-Cl to GAE segments greater than 1 : 1 or the
methylene group length (x) of Arg alkylene diester building block was higher than 2. 6Arg-2 PEUU showed a decrease in the melting point from 141.3 oC (6-Arg-2 PEUU A/G1/4) to 129 oC (6-Arg-2 PEUU A/G-1/1) as the fraction of GAE segments decreasing
from A/G-1/4 to A/G-1/1.
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Figure 6.7 DSC of Arg-PEUU. (A) Allyl PU; (B) 6-Arg-2 PEUU A/G-1/4; (C) 6-Arg-2
PEUU A/G-1/1; (D) 6-Arg-2 PEUU A/G-4/1; (E) 6-Arg-6 PEUU A/G-1/4; (F) 6-Arg-6
PEUU A/G-1/1; (G) 6-Arg-6 PEUU A/G-4/1
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Table 6.7 Tg and Tm of Arg-PEUU
PEUU

Tg (oC)

Tm (oC)

Allyl PU

-26.8

141.8

6-Arg-2 PEUU A/G-1/4

-9.66

141.3

6-Arg-2 PEUU A/G-1/1

1.90

129.0

6-Arg-2 PEUU A/G-4/1

4.23

N/A

6-Arg-6 PEUU A/G-1/4

-20.80

N/A

6-Arg-6 PEUU A/G-1/1

-8.69

N/A

6-Arg-6 PEUU A/G-4/1

-2.24

N/A

6.4.5 Water contact angle of Arg-PEUU
The water contact angle was used to characterize the hydrophilicity level of the
Arg-PEUU as shown in Table 6.8. Allyl PU was used as the control to exam the effect of
the incorporation of hydrophilic Arg alkylene diester building blocks. Allyl PU showed
the highest water contact angle (75.4±0.7o) than all Arg-PEUU (from 26.7±4.3o to 61.3 ±
5.2 o). This highest contact angle of allyl PU is within the reported contact angles of
linear polyurethane with PCL and PEG segments (from 65±2 o to 73±2 o)

31

. The contact

angle values of this new family of Arg-PEUU biomaterials are in general lower than the
Guo et al. reported pure Phe-PEAs

44

and Deng et al. reported Ser-PEAs

45

which had

values close to allyl PU.
Arg alkylene diester monomer has been demonstrated to be highly hydrophilic in
the reported studies of Arg-PEA and Arg-UPEA due to the presence of the pendant
toluene sulfonic acid salt of guanidino groups

37

. Therefore, the molar ratio of Arg

alkylene diester to GAE (A/G) could also affect hydrophilicity of the resulting ArgPEUU. The data in Table 6.8 show that as the contents of the Arg alkylene diester
increases, the water contact angle of the Arg-PEUU becomes lower, i.e.,
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more

hydrophilic. For example, as the 6-Arg-2 PEUU of A/G ratio increased from 1/4, 1/1 to
4/1, the water contact angle decreased from 44.2 to 32.7 and 26.7 o correspondingly. The
methylene group length in the diol segment of Arg alkylene diester (x) is another
important material parameter that could influence the hydrophilicity of Arg-PEUU. At
the identical molar ratio of Arg alkylene diester to GAE building blocks, for example 1:1,
6-Arg-6 PEUU (x=6) showed a higher hydrophobicity (47.4 ± 2.0o) than 6-Arg-2 PEUU
(x=2) (32.7 ± 1.8o) due to the more hydrophobicity of a longer methylene chain length in
Arg alkylene diester segment. The same relationship was also found at other A to G feed
ratios. To adjust the hydrophilicity by changing the methylene group length in AA-PEAs
was also reported in the Wu et al. study of Arg-PEAs

37

and Guo et al study of Phe-

PEA44.
Table 6.8 Water contact angle of Arg-PEUU
PEUU

Water contact angle (o)

Allyl PU

75.4 ±0.7

6-Arg-2 PEUU A/G-1/4

44.2 ±1.9

6-Arg-2 PEUU A/G-1/1

32.7±1.8

6-Arg-2 PEUU A/G-4/1

26.7 ±4.3

6-Arg-6 PEUU A/G-1/1

47.4 ±2.0

6-Arg-6 PEUU A/G-4/1

34.2 ±5.0

6.4.6 Solubility of Arg-PEUU in common solvents at room temperature
Table 6.9 summarized the solubility of allyl PU and Arg-PEUUs in several common
organic solvents and water. Allyl PU is soluble in most common organic solvents like
DMSO, DMF, THF, chloroform, except ethanol, whereas the Arg-PEUU could only be
dissolved in DMF and DMSO. Allyl PU and the Arg-PEUU are not soluble in water at
room temperature due to the hydrophobicity of urethane and ester.
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Table 6.9 Solubility of Arg-PEUU in common solvents at room temperature
PEUU/solvents

H2O

DMF

DMSO

Ethanol

Chloroform

THF

Ethyl acetate

Acetone

Allyl PU

-

+

+

-

+

+

+

+

6-Arg-2 PEUU

-

+

+

-

-

-

-

-

-

+

+

-

-

-

-

-

-

+

+

-

-

-

-

-

-

+

+

-

-

-

-

-

-

+

+

-

-

-

-

-

-

+

+

-

-

-

-

-

A/G-1/4
6-Arg-2 PEUU
A/G-1/1
6-Arg-2 PEUU
A/G-4/1
6-Arg-6 PEUU
A/G-1/4
6-Arg-6 PEUU
A/G-1/1
6-Arg-6 PEUU
A/G-4/1
Soluble: +; Insoluble: - .
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6.4.7 Cytotoxicity of 6-Arg-2 PEUU A/G-1/1 and 6-Arg-2 PEUU A/G-4/1
Cytotoxicity of PAVSMC was conducted by incubating the cells with either the
MEM media alone (control) or 6-Arg-2 PEUU suspension mixed with MEM media. Cell
viability was determined from a MTT assay after treated by the 6-Arg-2 PEUU
suspension and incubated for 24 h (Figure 6.8). Compared to the control, both 6-Arg-2
PEUU A/G-1/1 (Figure 6.8 A) and 6-Arg-2 PEUU A/G-4/1 (Figure 6.8 B) didn’t show
obvious cell viability change at low concentrations (0.1 - 0.2 mg/mL). While at
concentration from 1-2 mg/mL, 6-Arg-2 PEUU A/G-1/1 shows significantly high
cytotoxicity towards PAVSMC (Figure 6.8 A). At the same concentration, Arg-PEUU
having higher Arg alkylene diester building block (e.g., 6-Arg-2 PEUU A/G-4/1) showed
significantly higher cell viability than those Arg-PEUU having lower Arg alkylene
diester contents like 6-Arg-2 PEUU A/G-1/1. This relationship between cell viability and
the Arg diester contents in Arg-PEUU holds over the whole concentration range (0.1 – 2
mg/mL). For example, at 2 mg/mL, the PAVSMC viability cultured with 6-Arg-2 PEUU
A/G-4/1 and 6-Arg-2 PEUU A/G-1/1 and exhibited 67.7 and 55.9%, respectively.
Therefore, Arg-PEUU biomaterials are PAVSMC biocompatible as long as the polymer
concentration is low and the Arg diester contents are high.
A similar relationship between Arg contents in other AA-PEA polymers and cell
viability was also observed in the prior studies of pure Arg-PEAs
Yamanouchi et al.

29

and Wu et al.

37

29,37

. For example,

reported the cytotoxicity of Arg-PEA/ DNA

complex to vascular smooth muscle cells. Arg-PEA didn’t significantly reduce the
smooth muscle cell viability from the control, and the lowest cell viability of all tested
pure Arg-PEAs was about 70%-80% which are similar with our current Arg-PEUU
having higher Arg diester contents like 6-Arg-2 PEUU A/G-4/1. In the Wu et al.’s
cytotoxicity data, 2-Arg-6-S which had the lowest Arg contents in the polymer showed a
lower cell viability (~70%) than other Arg-PEA tested (75%~95%) at the identical
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Figure 6.8 MTT Assay for porcine aortic valve smooth muscle cells (PAVSMC) after 24
h culture with 6-Arg-2 PEUU at 0.1, 0.2, 0.5, 1, 1.5, and 2 mg/mL concentrations. (A) 6Arg-2 PEUU A/G-1/1; (B) 6-Arg-2 PEUU A/G-4/1. *P < 0.05 vs. control group
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condition. Therefore, both our current Arg-PEUU and others prior studies demonstrate
that there is a relationship between the cellular biocompatibility and the composition of
Arg in Arg-PEA or Arg-PEUU, that increasing the Arg content can improve the
biocompatibility of the polymers as well.
6.4.8 Photo-crosslinked Arg-PEUU and the interior morphology
GAE was used for the synthesis of Arg-PEUU because it introduced pendant
functional double bonds which can be further converted into other functional groups or
be crosslinked for the potential biomedical applications. Arg-PEUU synthesized with the
A/G ratio no more than 1/1 (i.e., Arg alkylene diester/ GAE @ 1/4 and 1/1) could be
photo-crosslinked in a DMF solution with Irgacure 2959 initiator (Table 6.9). Figure 6.9
A showed the images of the photo-crosslinked 6-Arg-2 PEUU A/G-1/4 gel as a
representative example. Photo-crosslinked 6-Arg-2 PEUU A/G-1/4 was transparent
yellow color elastic gel with good mechanical strength. Upon a 2 Kg weight applied onto
the 6-Arg-2 PEUU A/G-1/4 disk-shaped gel sample (12mm diameter, 6mm thickness)
(Figure 6.9 B), the force could not break the material. The 6-Arg-2 PEUU A/G-1/4 gel is
also elastic.
Unlike Arg-PEUU which can form gels by itself upon UV irradiation, Arg-UPEA
having unsaturated double bonds, however, could not be photo-crosslinked by themselves
because of the steric hindrance of a large pendant guanidino group of Arg on the
polymer. But Arg-UPEAs could be crosslinked with the help of other photo-reactive
crosslinkable polymer co-precursors like polyethylene glycol diacrylate (PEGDA) and
Pluronic diacrylate (Pluronic-DA)

37

. Similarly, the Pang et al. Arg-AG PEA polymers

could also not form hydrogels by themselves, even though the Arg-AG-PEAs had
pendant photo-reactive double bonds in the AG unit (i.e., DL-2-Allylglycine) as ArgPEUU does. Like Arg-UPEAs, the Pang et al. Arg-AG-PEA can form hybrid hydrogels
with the assistance of another photo-reactive polymeric co-precursor 43.
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Figure 6.9 Images of photo-crosslinked Arg-PEUU gels; (A) photo-crosslinked 6-Arg-2
PEUU A/G-1/4 gel formed after removing DMF solvent; (B) photo-crosslinked 6-Arg-2
PEUU A/G-1/4 gel under 2 kg weight load

In the current Arg-PEUU study, the choice of GAE as one of the 3 monomers for
synthesizing Arg-PEUU is due to its reactive vinyl group with a long spacer (4 methylene
groups) which could minimize the adverse steric hindrance effect of the Arg moiety from
photo-induced crosslinking reaction. However, if the Arg alkylene diester building block
content versus GAE (A/G) was higher than 1/1, the resulting Arg-PEUU could not be
photo-crosslinked as shown in Table 6.10. This suggests that even GAE has a long spacer
for exposing its pendant reactive vinyl group to react, if the Arg contents in Arg-PEUU
would be too high to block the pendant reactive group in GAE, Arg-PEUU could not
form gels by itself
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Table 6.10 Compression mechanical data of allyl PU gel and Arg-PEUU gels

Samples

Gel formation by

Compressive

Compressive strength at break

Compressive strain at

photo-crosslinking

modulus (KPa)

(KPa)

break (%)

Allyl PU

Y

39.8 ±4.4

> 350

> 60

6-Arg-2 PEUU A/G-1/4

Y

120.7 ±5.4

> 350

> 55

6-Arg-2 PEUU A/G-1/1

Y

76.2 ±8.1

150 ±34.8

17 ±5.2

6-Arg-2 PEUU A/G-4/1

N

n/a

n/a

n/a

6-Arg-6 PEUU A/G-1/4

Y

105.7 ±7.2

> 170

> 55

6-Arg-6 PEUU A/G-1/1

Y

54.2 ±9.1

165 ±29.2

19 ±4.4

6-Arg-6 PEUU A/G-4/1

N

n/a

n/a

n/a

Y: able to be photocrosslinked; N: unable to be crosslinked
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Figure 6.10 shows the SEM images of photo-crosslinked 6-Arg-2 PEUU A/G-1/4
gel. The SEM morphological data showed smooth surface without visible porous network
structure as normally observed in all AA-PEA based hydrogel networks. Although ArgPEUU polymer chain formed interconnected 3D network, the hydrophobicity of urethane
linkage on the polymer backbone makes it difficult to expand in water.

Figure 6.10 SEM images of cross section of photocrosslinked Arg-PEUU (6-Arg-2
PEUU A/G-1/4) gels; (A) 100X; (B) 200X
6.4.9 Compressive mechanical properties of photo-crosslinked Arg-PEUU gels
The effect of Arg-PEUU chemical structure on the mechanical response of the
photo-crosslinked Arg-PEUU gels is shown in Table 6.11. Comparing with the published
data (8~62 KPa) of linear polyurethane elastomers made from HDI and PEG

46

, allyl

PU’s gel initial modulus (39.8 ± 4.4 KPa) is a typical PU based elastomers. When the
Arg alkylene diester building block was incorporated into the allyl PU, the compressive
modulus of the resulting Arg-PEUU is higher than allyl PU and other linear polyurethane
elastomers. For example, the compressive modulus of 6-Arg-2 PEUU A/G-1/4 gel is
~120.7 KPa which is 3 times higher than allyl PU gel. However, as the contents of the
Arg alkylene diester building block increased further e.g., from A/G feed ratio of 1/4 to
1/1, the compressive modulus of the crosslinked copolymer gel decreased. This is
because the GAE contents decreased, i.e., smaller available copolymer segments
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responsible for photo-crosslinking and hence lower crosslinking density in 6-Arg-2
PEUU A/G-1/1 than 6-Arg-2 PEUU A/G-1/4. This lower crosslinking density was
subsequently reflected in a reduction in compressive modulus. For example, 6-Arg-2
PEUU A/G-1/4 had 120.7 ± 5.4 KPa, whereas 6-Arg-2 PEUU A/G-1/1 had 76.2 ± 8.1
KPa, a 37% reduction. Similar findings were also reported by Pang et al. in their study of
Phe-based PEA having pendant double bonds in the allylglycine (AG) unit

43

. The

compressive modulus of Phe-AG hydrogel increased with increasing the AG contents
that provided more crosslinking in the Phe-AG PEA.
The change in another Arg-PEUU material parameter, x, also affected the
compressive modulus of the corresponding Arg-PEUU. For example, as the x increased
from 2 to 6 in the Arg alkylene diester building block at the same molar feed ratio (A/G1/4), the compressive modulus of the resulting Arg-PEUU was reduced from 120.7 ± 5.4
KPa of the 6-Arg-2 PEUU A/G-1/4 to 105.7 ± 7.2 KPa of the 6-Arg-6 PEUU A/G-1/4.
This is mainly because a longer methylene chain length of the Arg alkylene diester
building block attributed to the higher Arg-PEUU polymer chain flexibility in the
crosslinked structure that led to lower compressive modulus. In addition, a higher x also
reduced the density of the pendant double bonds which could lead to a lower modulus.
The Pang et al.’s study of crosslinked allylglycine based PEA copolymers
demonstrated that an increase in crosslinking density can improve the compressive
modulus of the crosslinked AA-PEA copolymer gel

43

. Moreover, the crosslinking

density is tightly related to the robustness of the gel. In the current study of the ArgPEUU, the higher GAE contents (e.g., 6-Arg-2 PEUU A/G-1/4) were able to withstand
higher than 55% deformation and recover to the original dimension without breaking.
Whereas 6-Arg-2 PEUU A/G-1/1 had a lower crosslinking density and lesser soft GAE
contents, the largest compressive deformation was about 17%. The crosslinked structure
and flexible polymer chain attribute elasticity to the network material.
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A similar relationship between compressive breaking strength and Arg diester
contents of the Arg-PEUU gels was also observed, i.e., increasing Arg diester contents
reduced compressive breaking strength. The compressive breaking strength of the ArgPEUU gels (150~350 KPa) was also much larger than some reported crosslinked linear
PU copolymers which had compressive breaking strength no larger than 100 KPa

36

.

These data suggested that the mechanical property of the Arg-PEUU gel could be tuned
by simply changing the feed ratio of Arg-x-Cl to GAE monomers.
The mechanical strength of Arg-PEUU was significantly larger than other
reported photocrosslinked Arg-based PEA hydrogels, such as Arg-UPEA/Pluronic-DA F127 hydrogel

37

. The compressive modulus of Arg-UPEA/Pluronic-DA F-127 hybrid

hydrogel was in the range of 0.77~4.85 KPa, depending on the ratio of Arg-UPEA to
Pluronic-DA F-127 ratio

37

. The compressive modulus of a pure Pluronic-DA F-127

hydrogel was 12.27 KPa. Contrary to our current Arg-PEUU gels, the incorporation of
Arg based PEA into F127 pluronic acid decreased the mechanical strength of hybrid
hydrogels from the pure F127 hydrogel because the unsaturated double bonds in the Argbased PEA was on the backbone of the polymer and the positive charge, space hindrance
of guanidino groups decreased the crosslinking density of the hybrid hydrogel.
6.4.10 In vitro enzymatic biodegradation of Arg-PEUU and photo-crosslinked ArgPEUU films
In the enzymatic biodegradation study of the crosslinked and uncrosslinked 6Arg-2 PEUU, two concentrations of lipase (1 mg/mL and 3 mg/mL) were used. The
weight loss of crosslinked and uncrosslinked 6-Arg-2 PEUU having different monomer
feed ratios (6-Arg-2 PEUU A/G-1/4, 6-Arg-2 PEUU A/G-1/1) were recorded in the first
30 days in vitro degradation (Figure 6.11). Generally, 6-Arg-2 PEUU were degraded
faster in the lipase than in the PBS at 37 oC. The biodegradation rate of the uncrosslinked
6-Arg-2 PEUU increased with an increase in lipase concentration as shown in Figure
6.11. For example, in the day 5, 6-Arg-2 PEUU A/G-1/4 had 10% weight loss in a lipase
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solution (1 mg/mL), while its weight loss increased to 22% in a 3 mg/mL lipase solution
(Figure 6.11). After 10-day incubation, the weight loss of 6-Arg-2 PEUU A/G-1/4 ranged
from 19.6% (in 1 mg/mL lipase solution) to 29.8% (in 3 mg/mL lipase solution) as shown
in Figure 6.11 B.
The crosslinked 6-Arg-2 PEUU biodegradation showed a much slower rate than
the uncrosslinked ones as shown by comparing the degradation profiles of Figure 6.11 A
vs. Figure 6.11 B, and Figure 6.11 C vs. Figure 6.11 D. For example, crosslinked 6-Arg-2
PEUU A/G-1/4 film in 1mg/mL lipase lost 4.05~5.14 % of its original weight after 15
days degradation (Figure 6.11 A), while uncrosslinked 6-Arg-2 PEUU A/G-1/4 films had
~19.6 % mass losses in the same medium (Figure 6.11 B). It is widely recognized that an
enzyme must adsorb onto the polymer surface in its native active form in order for it to
biodegrade certain bonds at the polymer surface. The crosslinked 6-Arg-2 PEUU forms
an interconnected very tight molecular network structure which could make lipase
difficult to diffuse and adapt to the molecular architecture of the substrate.
Irrespective of crosslinked or uncrosslinked, Arg-PEUU having a higher Arg
alkylene diester contents biodegraded more in an enzyme medium than those having a
lower Arg alkylene diester content. For example, the uncrosslinked 6-Arg-2 PEUU A/G1/1 which had a higher Arg alkylene diester contents showed a faster enzymatic
biodegradation than the uncrosslinked 6-Arg-2 PEUU A/G-1/4 which had a lower Arg
alkylene diester contents (Figure 6.11 B vs. Figure 6.11 D). According to the reported
poly (ester-urea) enzymatic biodegradation model, the biodegradation sites most possibly
happened at the ester portion of the polymer rather than the NH-C=O portion of the
urethane linkage

13

. Hence, an increase in ester contents that reside in the Arg alkylene

diester block of the uncrosslinked Arg-PEUU would create more target sites for lipase to
cleave. And in Tsitlanadze et al. studies about enzymatic biodegradation of AA-PEA
polymers, they reported that lipase could adsorb onto the AA-PEA polymer film surface
and cleaved the ester bond of the copolymer

47-49
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. The 6-Arg-2 PEUU A/G-1/1 should be

able to absorb more enzymes on its film surface due to the better hydrophilicity and
positive charge of Arg.
Similarly, increasing Arg alkylene diester contents also accelerated the
degradation rate of photo-crosslinked 6-Arg-2 PEUU film. The crosslinked 6-Arg-2
PEUU A/G-1/1 film (Figure 6.11 C) showed a faster enzymatic biodegradation rate than
the crosslinked 6-Arg-2 PEUU A/G-1/4 (Figure 6.11 A) during the first 15 days
biodegradation in the presence of the identical lipase concentration (3 mg/mL), i.e., 13%
weight loss for the A/G-1/1 vs 5.1 % for the A/G-1/4. In addition to the Arg diester
contents which provide the degradable ester linkages, the level of crosslinking density
which is controlled by the GAE contents in the PU block is another important factor.
Arg-PEUU having low GAE contents (relatively high Arg diester contents) led to a lower
crosslinking density, and hence faster enzymatic biodegradation rate.

uncrosslinked 6-Arg-2 PEUU A/G-1/4
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Figure 6.11 Effect of lipase concentration on the biodegradation rate of the 6-Arg-2
PEUU film having different Arg alkylene diester to glycerol α-monoallyl ether feed ratios
at pH 7.4 and 37 ºC. A. photo-crosslinked 6-Arg-2 PEUU A/G-1/4 film; B. uncrosslinked
6-Arg-2 PEUU A/G-1/4 film; C. photo-crosslinked 6-Arg-2 PEUU A/G-1/1 film; D.
uncrosslinked 6-Arg-2 PEUU A/G-1/1 film.
6.5 Conclusion and recommendation for future work
A new family of cationic biodegradable and functional Arg based poly(ester urea
urethane)s (Arg-PEUU) having functional pendant carbon-carbon double bonds were
synthesized by a 2-step solution co-polycondensation of Arg-x-Cl, GAE and HDI
monomers. The FTIR, elemental analysis and GPC data confirmed the chemical
structures and molecular weight of the new functional Arg-PEUU. The Mn of Arg-PEUU
ranged from 23.93 to 29.35 Kg/mol with a relatively narrow MWD (1.224 ~1.587) for
polymers synthesized by polycondensation method.
The contents of the Arg and functional pendant double bond could be adjusted by
tuning the feed ratio of the 3 monomers and hence influence the thermal properties (Tg
ranging from -20.80oC to 4.23 oC ) and hydrophilicity of the materials (water contact
angle ranging from 26.7 ±4.3o to 61.3 ±5.2o). As the contents of the Arg alkylene diester
building block increased, the Tg of the corresponding Arg-PEUU increased and the water
contact angle decreased. Another important materials parameter is the methylene group
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length (x) in the diol segment of the Arg alkylene diester building block. Increasing x, led
to a lower Tg and higher water contact angle (more hydrophobic).
MTT assays for porcine aortic valve smooth muscle cell were used to evaluate the
cytotoxicity of 6-Arg-2 PEUU. The feed ratio of monomers as well as the concentration
of the polymers influenced the biocompatibility, and Arg-PEUU having higher Arg
diester contents showed far better cytotoxicity than those having lower Arg diester
contents. All Arg-PEUU showed the same level of cell viability as the blank medium
control when the polymer concentrations were at and below 0.1- 0.2 mg/mL. The effects
of the Arg-PEUU chemical structures on their biodegradation property (in terms of
weight loss) were investigated in a lipase media at different concentrations for 30 days.
The in vitro biodegradation data suggested that the crosslinking density as well as the Arg
alkylene diester building block contents in the functional Arg-PEUU had a profound
impact on their rate and extent of biodegradation. The utility of the incorporated pendant
carbon-carbon double bond in the Arg-PEUU was demonstrated by photo-crosslinking to
form elastic gels with a wide range of mechanical property, e.g., compressive modulus
ranged from 54.2 ± 9.1 to 120.7 ± 5.4 KPa by adjusting the monomer feed ratio and x
parameter.
In the further study, the 3T3 cell attachment and morphology on the Arg-PEUU
materials needs to be characterized for the further study by live/dead assay and F-actin
staining. The TNF-α production of RAW cells culture on the Arg-PEUU coating or film
could be used test the inflammatory response to the Arg-PEUU. The NO production and
Arginase activity analysis for macrophages (RAW) treated by Arg-PEUU suspension
could be used to exam the effect of Arg-PEUU suspension on the Arginine metabolism.
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CHAPTER SEVEN:
A NEW FAMILY OF FUNCTIONAL BIODEGRADABLE ARGININE-BASED
POLYETHER ESTER UREA URETHANES: SYNTHESIS, CHRACTERIZATION,
BIODEGRADATION AND GEL OR MICROSPHERE FABRICATION
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7.1 Abstract
A new family of biodegradable functional cationic L-Arginine (L-Arg) poly (ether
ester urea urethane) (Arg-PEEUU) were designed and synthesized by the solution
polycondensation of three monomers: L-Arg hydrochloride oligoethylene glycol diester
(Arg-xEG-Cl) monomers, hexamethylene diisocyanate (HDI) and glycerol α-monoallyl
ether (GAE). These new cationic amino acid containing PEEUU has functional pendant
unsaturated double bonds located in the GAE moiety, and the double bond contents could
be adjusted by tuning the feed ratio of the GAE to other 2 monomers. Chemical structures
of this new functional cationic Arg-PEEUU family were characterized by 1H nuclear
magnetic resonance (H-NMR), fourier transform infrared spectroscopy (FTIR), and
carbon/nitrogen elemental analysis. The molecular weight of Arg-PEEUU ranged from
21.800 to 60.225 Kg/mol with molecular weight distribution 1.298~1.460. The glass
transition temperature (Tg) of Arg-PEEUU ranged from -23.38 oC to -2.35 oC, depending
on the feed ratio of the 3 monomers. The hydrophilicity of Arg-PEEUU was
characterized by water contact angle ranging from 24.3 ± 3.3o to 56.7 ± 3.9o. ArgPEEUU is not water soluble at room temperature, at 40 oC and 70 oC, Arg-PEEUU with
A/G-1/1 and A/G-4/1 showed increased water solubility up to 55 mg/mL, depending on
the Arg oligoethylene glycol (OEG) building block content. Cytotoxicity from the MTT
assays of porcine aortic valve smooth muscle cells showed that 6-Arg-2EG PEEUU A/G4/1 and 6-Arg-4EG PEEUU A/G-4/1 had no cytotoxicity at low concentrations (0.1 – 0.5
mg/mL).

By utilizing the amphiphilicity of Arg-PEEUU, microsphere with average

hydrodynamic diameter from 123.2 ± 3.7 nm to 217.8 ± 12.2 nm with strong positive ζpotential ranging from 48.1 ± 0.7 to 52.3 ± 1.7 mV was fabricated in water. Due to the
presence of pendant unsaturated double bond, Arg-PEEUUs having adequate GAE
contents were able to be photo-crosslinked into elastic gels in DMF solvent. The
compressive modulus of Arg-PEEUU gels ranged from 80.4 ± 10.28 to 184.5 ± 9.0 KPa
by adjusting the 3 monomers' feed ratio and OEG group length in the Arg-xEG-Cl
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monomer. The biodegradation data (weight loss) of the Arg-PEEUU in lipase media of
different concentrations suggested that the crosslinking density as well as the Arg OEG
diester building block contents in the functional Arg-PEEUU had a profound impact on
the degradation rate and extent of biodegradation.
7.2 Introduction:
The development of biodegradable and biocompatible synthetic polymers suitable
for a variety of biomedical applications, including tissue engineering, drug-delivery
vehicles or temporary barrier to tissue adhesion is of great interest in the last two decades
1,2

. Aliphatic polyester derivatives are one type widely accepted absorbable polymers, but

they usually are lack of functionality, tunable physicochemical, biological and
mechanical properties 1. In the effort to design new biodegradable polymers, amino-acid
based biodegradable polymers attracted many research interests, because of the abundant
availability of amino acid from natural resources, potential biodegradability under certain
enzymatic catalyzed conditions, and the biological or physiological functions of amino
acid

2-16

, L-phenylalanie (Phe)

Arginine (Arg)

8-14

2-7

, L-leucine (Leu), L-valine (Val), DL-methionine 5, L-

and Lysine (Lys)

15,16

were successfully used to develop amino acid

based polymers.
Among all natural amino acids, Arg is of particular interest due to its strong
cationic property and fundamental roles in nitrogen metabolism

17-19

. L-Arg is the sole

substrate for nitric oxide (NO) synthesis in biological systems. NO is synthesized from
Arg by the activity of nitric oxide synthase (NOS)

19

. Moreover, through the action of

arginase, Arg is converted to urea and ornithine, generates polyamines

20

. Ornithine is a

precursor for proline which serves as the substrate for collagen synthesis, whereas
polyamines are involved in cell proliferation

21

. The metabolism of Arg is tightly related

to many diseases including: wound healing, diabetic ulcer, even tumor

20,22-26

. Very

recently, Wu et al. and Song et al. have reported the incorporation of Arg into the design
and synthesis of synthetic biodegradable amino acid-based poly(ester amide)s (AA-PEA)
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. Wu et al. reported that those Arg-based PEAs have some very unique biological

property, such as improving cell attachment and proliferation and capable of capture
9,10

DNA as non-viral gene transfection vectors

. Among the Arg-PEAs reported, one

particular series of novel cationic Arg based polyester amide (Arg-UPEA) has
photocrosslinkable unsaturated double bonds on the polymer backbone 8,10. Arg-UPEA is
able to be used as a co-precursor to fabricate photo-crosslinked hybrid hydrogels with
pluronic acid (F127) with good biocompatibility and biodegradability for biomedical
applications.
Biodegradable elastomers are expected to be suited for the applications requiring
the use of a flexible, elastic material such as soft tissue engineering. Segmented
polyurethanes (PU) are considered one of the most promising materials in biomedical
applications due to their structure/property diversity. Flexibility and diverse mechanical
properties of polyurethane materials has been utilized to design degradable polymer for
medical applications, i.e., neural conduits, bone replacement

27,28

. Degradable

polyurethanes were produced through the introduction of hydrolysable linkages into the
backbone in a variety of ways. PU which contains phenylalanine (Phe) diester moiety
was designed by Skarja et al

2,4

. Not like the hydrolysis mechanism of most common

degradable PU, this Phe-containing PU polymer shows enzyme-mediated biodegradation.
Another lysine moiety contained polyester urea urethane (PEUU) synthesized from
polycaprolactone and 1, 4-diisocyanatobutane (BDI) was reported by Guan et al

15

.

Lysine ethyl ester was used as chain extender (two amine groups of Lys were reacted to
form urea linkage with BDI, the carboxyl groups were protected with ester linkage).
Poly(ethylene glycol) (PEG) shows biocompatibility, less toxicity and
hydrophilicity and has been studied for a number of years in applications such as coating
to improve the biocompatibility of implanted sensors and for use in modifying proteinbased drugs to increase efficacy in vivo

29,30

. In this study, we reported the synthesis,

characterization and in vitro biological evaluation of a new family of block copolymers
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of Arg based poly(ether ester urea urethane)s (Arg-PEEUU) on the polymer backbone
using Arg diester, glycerol α-monoallyl ether (GAE) and HDI. By varying the molecular
weight of OEG in Arg diester, feed ratio of monomers, it was possible to alter the
subsequent Arg-PEEUU physicochemical properties.
7.3 Materials and methods
7.3.1 Materials
L-Arginine hydrochloride (L-Arg-Cl) (Alfa Aesar, Ward Hill, MA), diethylene
glycol (Alfa Aesar, Ward Hill, MA), tetraethylene glycol (Alfa Aesar, Ward Hill, MA),
p-toluene sulfonic acid monohydrate (TsOH·H2O) (JT Baker, Philipsburg, NJ), glycerol
α-monoallyl ether (TCI, Portland, OR), hexamethylene diisocyanate (HDI) (Acros
organics, Geel, Belgium), triethylamine (99%, EMD Chemical, Darmstadt, Germany)
were used without further purification. 2, 6 di-tert-butyl-4-methyl phenol was purchased
from Alfa Aesar (Ward Hill, MA) and stannous 2-ethyl-hexanoate was purchased from
Sigma (St. Louis, MO). Solvents like toluene (VWR Science, West Chester, PA),
dimethyl sulfoxide (DMSO) (Mallinckrodt incorporated, St. Louis, MO), isopropyl
alcohol (ACS, 99.5%, Macron Chemicals, Philipsburg, NJ) and ethyl acetate (BDH,
London, UK) were used without further purification. Irgacure 2959 was donated by Ciba
Specialty Chemicals Corp. Lipase was purchased from VWR Science, (West Chester,
PA).
7.3.2 Synthesis of di-hydrochloride acid salt of bis (L-Arg) oligoethylene glycol diester
monomers (Arg-xEG-Cl)
The synthesis of di-hydrochloride acid salt of bis (L-Arg) diester monomers (ArgxEG-Cl, x is the number of ethylene glycol unit of the diol) of Arg-PEEUU is similar to
those used for the Phe-PEEA, Arg-PEA and Arg-PEUU synthesis

7,8,31

. The reactants of

Arg-xEG-Cl are L-Arg hydrochloride and diethylene glycol (or tetraethylene glycol).
Under the catalysis of TsOH, a Fischer esterification reaction between the carboxyl
function of 2 mol L-Arg hydrochloride and 1 mol of diethylene glycol (or tetraethylene
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glycol) was carried out in refluxing toluene. The method is reported in detail elsewhere
8,31

. The tosylate salt of the Arg-xEG-Cl was converted to a diamine, diester form by

reaction with calcium hydroxide. The extra calcium hydroxide was converted to water
insoluble calcium carbonate and filtered out. This reaction scheme is shown in Figure 7.1.
Two types of Arg-xEG-Cl were synthesized by changing the types of OEG
reactant, where x is the number of ethylene glycol unit of diol: di-hydrochloride acid salt
of bis (L-Arg) diethylene glycol diester (Arg-2EG-Cl with x = 2); di-hydrochloride acid
salt of bis (L-Arg) tetraethylene glycol diester (Arg-4EG-Cl with x = 4).
7.3.3 Synthesis of Arg based poly(ether ester urea urethane)s (Arg-PEEUU)
The Arg-PEEUU was synthesized using a two-step solution polymerization. In
the step 1, HDI and GAE formed prepolymer through the reaction between isocyanate
group in HDI and hydroxyl group in GAE. In the step 2, the Arg-xEG-Cl monomer with
two free amine end groups (i.e. Arg-2EG-Cl, Arg-4EG-Cl) extended the prepolymer
chain synthesized in step 1 above for improving the molecular weight of the resulting
polymers. The method is reported in detail in prior study of Arg-PEUU 31.
The Arg-PEEUU polymers have two types of repeating building blocks: the m
block contains urea linkage and Arg OEG diester, and the n block contains urethane
linkage and pendant double bond from GAE. The ratio of these two building blocks (m/n)
is equal to the feed ratio of Arg-xEG-Cl to GAE. In the polymerization reaction, if the
Arg-xEG-Cl monomer to GAE molar ratio is 4 to 1, the m/n is also 4/1. The generic
synthesis route of the Arg-PEEUU is shown in Figure 7.2. Table 7.1. summarizes the
types of Arg-PEEUU synthesized by changing the molar feed ratios of HDI, Arg-xEG-Cl
and GAE in the reaction. Allyl polyurethane (PU) Glycerol which was used as a
comparison for Arg-PEEUU was synthesized from GAE and HDI with 1/1 molar feed
ratio 31.
7.3.4 Characterization of Arg-xEG-Cl monomer and Arg-PEEUU
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Figure 7.1 Synthesis of di-hydrochloride acid salt of bis(L-Arg) oligoethylene glycol diesters (Arg-xEG-Cl). x is the number of
ethylene glycol unit of diol; x=y+1
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Figure 7.2. Synthetic pathway for the preparation of Arg-PEEUU having pendant carbon-carbon double bond
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Table 7.1 Arg-PEEUU series synthesized from different di-hydrochloride acid salt of bis (L-Arg) oligoethylene glycol diester (ArgxEG-Cl) monomer and the feed ratios to hexamethylene diisocyanate and glycerol α-monoallyl ether monomers*.
Reactants

HDI : Arg-2EG-Cl : Glycerol

Molar feed ratio (HDI: Arg-

Molar ratio of Arg alkylene diester

xEG-Cl : glycerol α-monoallyl

building block to glycerol α-monoallyl

ether)

ether (m/n)

5:4:1

4:1

α-monoallyl ether
HDI: Arg-2EG-Cl : Glycerol

2:1:1

1:1

5:1:4

1:4

5:4:1

4:1

2:1:1

1:1

ether

6-Arg-4EG PEEUU
A/G-1/1

5:1:4

1:4

monoallyl ether
HDI, Glycerol α-monoallyl

6-Arg-4EG PEEUU
A/G-4/1

monoallyl ether
HDI, Arg-4EG-Cl, Glycerol α-

6-Arg-2EG PEEUU
A/G-1/4

α-monoallyl ether
HDI, Arg-4EG-Cl, Glycerol α-

6-Arg-2EG PEEUU
A/G-1/1

α-monoallyl ether
HDI, : Arg-4EG-Cl: Glycerol

6-Arg-2EG PEEUU
A/G-4/1

α-monoallyl ether
HDI: Arg-2EG-Cl : Glycerol

Polymer Labels

6-Arg-4EG PEEUU
A/G-1/4

1:0:1

N/A
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Allyl PU

The new Arg-xEG-Cl monomers were analyzed by proton nuclear magnetic
resonance (1H NMR). 1H NMR spectra were recorded on a Varian (Palo Alto, CA)
Mercury spectrophotometer at 400MHz. Deuterated dimethyl sulfoxide (DMSO-d6,
Cambridge Isotope Laboratories) was used as the solvent. The Arg-xEG-Cl monomers
and Arg-PEEUU sample concentration in deuterated DMSO were about 1 % (w/v). All of
the chemical shifts were reported in parts per million (ppm).
Fourier transform infrared (FTIR) spectra of Arg-PEEUU were recorded on a
PerkinElmer (Madison, WI) Nicolet Magna 560 FTIR spectrophotometer with Omnic
software for data acquisition and analysis. Elemental analysis of Arg-PEEUU was
performed with a Thermo Scientific ConFlo III elemental analyzer by Stable Isotope
Laboratory of Cornell University.
7.3.5 Molecular weight determination of Arg-PEEUU
Gel permeation chromatography (GPC) of Arg-PEEUU was performed on an
Agilent Associates liquid chromatograph equipped with a RI detector. PSS SDV gel
columns (30 x 8 mm, 5 μm particle size) with 500 Å pore sizes were used. DMF was
used as an eluent (flow rate 0.5 mL/min) at temperature of 25 °C. The injection volume
was 100 μL and a WATERS 510 HPLC pump was used. Polystyrene standards were used
for calibration.
7.3.6 Thermal properties of Arg-PEEUU
The thermal property of the synthesized Arg-PEEUU was characterized by a
differential scanning calorimetry (DSC) TA Q2000 under a nitrogen gas flow 50 mL/min.
The measurements were carried out from -60 oC to 150 oC at a scanning rate of 15
o

C/min. TA Universal Analysis software was used for thermal data analysis. The glass

transition temperature (Tg) was determined at the onset of the step.
7.3.7 Water contact angle test of Arg-PEEUU
The hydrophilicity of all types of Arg-PEEUU was measured by Imass CAA2
contact angle analyzer at room temperature. To make the specimens for water contact
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angle test, one droplet of 80% (w/v) solution of all types of Arg-PEEUU in DMF were
placed onto the center of micro cover glass (12mm Circle, VWR, West Chester, PA).
Another piece of cover glass was placed onto the prior cover glass to squeeze the
polymer solution droplet evenly spread over the whole glass wafer to form one thin layer
of the Arg-PEEUU coating and then the upper cover glass was removed to expose the
Arg-PEEUU coating layer. This coated micro cover glass were dried in a fume hood for
24 h and further dried under vacuum in a vacuum oven for another 24 h at room
temperature. In the water contact angle tests, a drop of deionized water as spreading
liquid was generated on the tip of the needle of a syringe. The needle was lowered
carefully until the water droplet touched the coated micro cover glass on the specimen
stage until the droplet came off the needle. The height and 1/2 of the droplet width was
measured in the center of the field of view, and contact angle, ϕ, was calculated
according to the following equation.
w2  h 2
Cos  2
w  h2

where: w= 1/2 drop width, h= drop height, ϕ= contact angle
Five samples of each type of Arg-PEEUU were used for proper statistical average, and
mean value was calculated with a standard deviation.
7.3.8 The water solubility change of Arg-PEEUU at different temperature
The solubility of Arg-PEEUU in deionized water was assessed at room
temperature (25 oC), 50 oC and 70 oC (Julabo, thermostated water bath). All Arg-PEEUU
was grounded into small grains. Arg-PEEUU was added continuously (25 mg in each
time) until Arg-PEEUU could not be completely dissolved in 50 mL water under
magnetic stirring).
7.3.9 Cytotoxicity test of 6-Arg-2EG PEEUU A/G-4/1 and 6-Arg-4EG PEEUU A/G-4/1
(MTT assay)
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Porcine aortic valve smooth muscle cells (PAVSMC) were maintained in
minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS)
and 1% each of penicillin-streptomycin. The cells were incubated in CO2 incubator at 37
ºC with 5% CO2. After reaching confluence, the cells were detached from the flask with
trypsin-EDTA (Invitrogen, Carlsbad, CA). The cell suspension was centrifuged at 3,000
rpm for 3 min and then re-suspended in the growth medium for further study. PAVSMCs
were used between passages 4 and 7.
Although Arg-PEEUUs are mainly insoluble in water at room temperature. 6Arg-2EG PEEUU A/G-4/1 and 6-Arg-4EG PEEUU A/G-4/1 achieved 30 mg/mL
solubility and 55 mg/mL in deionized water at 70 oC. When these Arg-PEEUU aqueous
solution were cooled down to room temperature, Arg-PEEUU formed homogenous
suspension in water. The Arg-PEEUU suspension was further diluted with MEM to
evaluate the cytotoxicity of Arg-PEEUU from a MTT assay for PAVSMC cells. The ArgPEEUU stock suspension was prepared by dissolving 60 mg 6-Arg-2EG PEEUU A/G4/1 or 6-Arg-2EG PEEUU A/G-4/1 in 10 mL 0.05M phosphate buffered saline (PBS, pH
7.4) at 70 oC with magnetic stirring for 15 min, cooled down to room temperature, and
then was sterilized by 30 min UV radiation. The sterilized stock suspension was diluted
with sterilized minimum essential medium (MEM) supplemented with 10% fetal bovine
serum (FBS) to 2, 1, 0.5, 0.2, and 0.1 mg/mL of the polymer solutions.
PAVSMC were seeded on a 96 well plate with a density of 2,000 cells / well. The
cells were washed with PBS buffer, and each of the 5 concentrations of 6-Arg-2EG
PEEUU A/G-4/1 and 6-Arg-4EG PEEUU A/G-4/1 were added and incubated along with
tissue cultured wells for 24 h. The cells treated only with normal cell culture media were
used as the control. Afterward, the cells were incubated with 10 µL of MTT solution (5
mg/mL thiazolyl blue tetrazolium bromide in deionized water after filtration by 0.22 µm
filter) for 4 h to form formazan crystals. About 100 µL of acidic isopropyl alcohol
(contains 10% Triton-X 100 with 0.1M HCl,) was added into each well and incubated at
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room temperature for 1 h to dissolve the formazan crystals. The optical density of the
solution was measured at a wavelength of 570 nm and 690 nm (Spectramax plus 384,
Molecular Devices, USA). The cell viability (%) was calculated according to the
following equation 2:
Viability (%) = [OD570 (sample) - OD690 (sample)]/[OD570 (control) -OD690
(control)] × 100%
where the OD570 (control) represents the measurement from the wells treated with
medium only, and the OD570 (sample) from the wells treated with various polymers.
Eight samples of each type of the Arg-PEEUU were analyzed. Differences between
group means were assessed using one-way ANOVA followed by parametric multiple
comparison tests. A value of p < 0.05 was considered statistically significant.
7.3.10 Fabrication, size and ζ-potential characterization of Arg-PEEUU microsphere
in deionized water
A simple one-step procedure was used to prepare microsphere from Arg-PEEUU
in water. 6-Arg-2EG PEEUU A/G-1/1 or 6-Arg-4EG PEEUU A/G-1/1 (10 mg) were first
dissolved in 10 mL DMF and then poured rapidly into 200 mL deionized water with a
magnetic stirring at 300 rpm for 5 min. Stable Arg-PEEUU microsphere suspension is
light milky cloudy in water.
Scanning electron microscope (SEM) was employed to observe 6-Arg-2EG
PEEUU A/G-1/1 microsphere as an example for all Arg-PEEUU. One drop of ArgPEEUU microsphere suspension was dripped on the top of aluminum stubs and freezedried for 72 h in a Labconco (Kansas City, MO) Freezone 2.5 freeze drier under vacuum
at -50 oC. The Arg-PEEUU microspheres samples with SEM stubs were stored in
refrigerator at -20 oC. The Arg-PEEUU microspheres were coated with gold for 30s for
SEM observation by Leica Microsystems GmbH (Wetzlar, Germany) 440 SEM.
ζ-potential and particle size of Arg-PEEUU microsphere were tested by using
Zetasizer

Nano-ZS

(Malvern,

Worcestershire,
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UK).

Arg-PEEUU

microsphere

suspensions in deionized water (0.05 mg/mL) solution prepared as described above and
were loaded in the cuvette which can be applied in an alternating high-frequency electric
field. Three replicated samples of each type of Arg-PEEUU microsphere were tested. The
ζ-potential and particle size were calculated from the dynamic mobility with the standard
zetasizer software.
7.3.11 Fabrication of Arg-PEEUU gel via UV-crosslinking
In order to demonstrate the reactivity of the pendant double bonds in the ArgPEEUU, 300 mg of Arg-PEEUU and 2 mg Irgacure 2959 were dissolved in 1 g DMF at
room temperature under magnetic stirring. Every 400 μL of the above DMF mixture
solution was transferred onto a custom-made 20 well Teflon mold and irradiated by a
long wavelength (100 watts, 365nm) UV light at room temperature for about 25 min.
Disk-shaped gels were obtained in the molds (11 mm diameter, 6 mm thickness). The
gels were then soaked in 300 mL deionized water for 16 h at room temperature under a
magnetic stirring to remove residual DMF solvent and unreacted precursor from the gels.
The Arg-PEEUU gels were then dried in vacuum oven at room temperature for about 4 h.
Allyl PU gels was prepared by using the identical protocol as a control for the study of
the effect of Arg OEG diester building block incorporation on mechanical properties.
7.3.12 Compressive mechanical property of Arg-PEEUU gels
The compressive mechanical property of all types of dry Arg-PEEUU gels and
allyl PU gels were measured by a TA Dynamic mechanical thermal analysis (DMA)
Q800 (TA instruments) at room temperature (25 oC) under a compression mode. Each dry
gel sample was tested at a constant compression strain rate of 10 % /min until 40%
compressive strain was reached. TA Universal Analysis software was used for
mechanical data analysis.

Compressive

initial modulus (calculated from the

corresponding stress/strain curve) was used to represent the gel mechanical property. For
each type of gels, three samples were used for calculating mean value with a standard
deviation.
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7.3.13 Enzymatic biodegradation of Arg-PEEUU films in vitro
The effects of Arg OEG diester building block contents of Arg-PEEUU and
photo-crosslinking on the enzymatic biodegradation of Arg-PEEUU was studied in terms
of weight loss over specific periods. Every 2 mL 60% (w/v) solution of uncrosslinked 6Arg-4EG PEEUU in DMF were casted evenly onto a disk shaped Teflon® mold (about 27
cm2) and dried in a fume hood for 24 h at room temperature. The film samples were
soaked in deionized water at room temperature for 3 h and dried under vacuum in a
vacuum oven for another 24 h at room temperature. The similar method was used to
fabricate crosslinked 6-Arg-4EG PEEUU films. Every 2 mL 60% (w/v) solution of
uncrosslinked 6-Arg-4EG PEEUU with 2 mg Irgacure 2959 initiator in DMF was casted
evenly onto a Teflon® mold (about 27 cm2), and then irradiated by a long wavelength UV
light (100 watts, 365nm) at room temperature for 20 min. The crosslinked 6-Arg-4EG
PEEUU films were dried in a fume hood for 24 h at room temperature, soaked in
deionized water at room temperature for 3 h and further dried in a vacuum at room
temperature for another 24 h. The crosslinked and uncrosslinked Arg-PEEUU films of
350 μm ~ 400 μm thickness were cut into 2cm×2cm (4 cm2, ~150 mg) film specimens.
The enzymatic biodegradation of the crosslinked and uncrosslinked 6-Arg-4EG
PEEUU films were carried out in glass vials containing the film specimen and lipase
enzyme PBS solutions (1 mg/mL and 3 mg/mL). The original dry weight of each film
sample was measured and recorded as Wo .The biodegradation was evaluated by the
specimen weight loss at 37 oC in 10 mL lipase PBS (pH 7.4, 0.05M) solutions with a
constant reciprocal shaking (100 rpm). The enzyme PBS solutions were refreshed daily in
order to maintain enzymatic activity. The crosslinked and uncrosslinked 6-Arg-4EG
PEEUU films in 10 mL PBS at 37 oC served as controls. Three replicated samples of
each type of 6-Arg-4EG PEEUU were tested.
At predetermined intervals, 3 samples of each type of 6-Arg-4EG PEEUU films
were removed from the immersion media (lipase PBS, and pure PBS control) rinsed in
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deionized water and dried under vacuum at room temperature till a constant weight
achieved (about 12 h). The weight loss was calculated according to the following
equation:
% Weight loss=(Wo-Wt) / Wo×100%,
where Wo was the initial dry weight of each film sample at t=0, and Wt was the dry weight
of each film sample after t incubation. A mean value of three specimens was calculated as
the weight loss at time t with a standard deviation.
7.4 Results and discussion
7.4.1. Synthesis of Arg-xEG-Cl monomers
The Arg-xEG-Cls were synthesized from L-Arg and OEG from a modified
method that is different from the Wu et al. and Song et al. method

8-13

. In prior studies of

Guo et al., the similar Phe OEG diester monomer synthesis method was also used in the
study of Phe based Poly(ether ester amide) (Phe-PEEA) 7. Before the polymerization
reaction with and HDI, TsO- counter ions attached to the two amino groups of Arg-xEGCl monomers were removed 2,4,31,32.
Two types of Arg-xEG-Cl monomers due to different diols were prepared in this
study: di-hydrochloride acid salt of bis (L-Arg) diethylene glycol diester, Arg-2EG-Cl
(x=2); di-hydrochloride acid salt of bis (L-Arg) tetraethylene glycol diester, Arg-4EG-Cl
(x=4). x indicates the number of ethylene glycol repeat unit in the diol segment of Arg
diester. The chemical structures of Arg-xEG-Cl monomers were confirmed by 1H NMR.
di-hydrochloride acid salt of bis (L-Arg) diethylene glycol diester (Arg-2EG-Cl):
1

H NMR (DMSO-d6, ppm, δ): 1.52 [4H, -OC(O)-CH(NH2)-CH2-CH2-CH2-NH-], 1.75

[4H, -OC(O)-CH(NH2)-CH2-CH2-CH2], 3.10 [4H, -CH2-CH2-CH2-NH], 3.49 [4H, (O)C-O-CH2-CH2-O-CH2-], 3.60 [4H, -(O)C-O-CH2-CH2-O-CH2-],4.04 [2H,

+

H3N-

CH(R)-C(O)-O-], 4.39 [4H,-(O)C-O-CH2-CH2-], 7.60, bump between 6.95~7.50 [10H, CH2-NH(NH2+)-NH2], 8.36 [6H, +H3N-CH(R)-C(O)-O-]
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di-hydrochloride acid salt of bis (L-Arg) tetraethylene glycol diester (Arg-4EGCl): 1H NMR (DMSO-d6, ppm, δ): 1.49 [4H, -OC(O)-CH(NH3+)-CH2-CH2-CH2-NH-],
1.67 [4H, -OC(O)-CH(NH3+)-CH2-CH2-CH2-NH-], 3.09 [4H, -CH2-CH2-CH2-NH], 3.40
[4H, -(O)C-O-CH2-CH2-O-CH2-] 3.45 [4H, -(O)C-O-CH2-CH2-], 3.47 [4H, -(O)C-O(CH2)2-O-CH2-], 3.49 [2H,

+

H3N-CH(R)-C(O)-O-], 3.83 [4H, -(O)C-O-CH2-CH2-],

bump between 7.07~7.53 [10H, -CH2-NH(NH2+)-NH2]
Figure 7.3 shows an example of the H-NMR spectra of Arg-4EG-Cl monomer.
The absence of protons of benzene group (7.13~7.15 ppm and 7.47~7.52 ppm) associated
with TsOH and methyl group (2.29 ppm) on the 1H NMR of Arg-4EG-Cl demonstrated
the toluene sulfonic acid groups were removed from the amine group of Arg. A
comparison of 1H NMR spectra of Arg-4EG-Cl before (Figure 7.3A) and after (Figure 7.
3B) clearly demonstrate the absence of the TsOH in Arg-4EG-Cl monomer. TsOH was
removed from Arg-4EG-Cl monomer to expose the free amine groups for Arg-PEEUU
synthesis in the 2 steps polycondensation.
7.4.2 Arg-PEEUU synthesis and characterization
Functional Arg-PEEUU having pendant double bonds were synthesized using a
two-step solution polymerization of Arg-xEG-Cl (Arg-2EG-Cl, Arg-4EG-Cl), HDI and
GAE. To study the relationship between polymer structures and their chemical and
physical properties, a control PU (allyl PU) synthesized using HDI/GAE and 6 ArgPEEUU of Arg-2EG-Cl or Arg-4EG-Cl chain extenders and feed ratio among the 3
monomers were synthesized and listed in Table 7.1.
In order to verify the chemical composition of Arg-PEEUU, their FTIR spectra
and carbon / nitrogen content data were obtained. The FTIR spectra of Arg-PEEUU is
mainly influenced by the monomers feed ratio in the synthesis, an example of the FTIR
spectra of 6-Arg-2EG PEEUU of three different feed ratios and allyl PU control without
Arg component are shown in Figure 7.4. The absorption band at 3302 cm-1~3309 cm-1 is
the characteristic of N-H group of urethane and urea which is presented on all 6-Arg-2EG
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PEEUU spectra and allyl PU

15,31

. The absorption at 2859 cm-1 and 2950 cm-1 are

attributed to -CH2 symmetric and anti-symmetric stretching vibrations. 6-Arg-2EG
PEEUU spectra shows absorption peak at 1725 cm-1 which is the carbonyl band of the
Arg-xEG-Cl building block (shown in Figure 7.4 A. B, C). A relatively broad shoulder is
evident from 1630-1700 cm-1 which result from both hydrogen bonded and free carbonyl
stretching frequencies for urea and H-bonded urethane functionalities 2. While allyl PU
(Figure 7.4 D) only showed one narrower urethane peak than Arg-PEEUU at 1700 cm-1.
The absorption of ether group at 1125 cm-1 was showed on all spectra of Arg-PEEUU
and allyl PU due to the presence of C-O from OEG and GAE 7. Allyl PU showed trace
amounts of absorption at 2270 cm-1 which is the characteristic peak of isocyanate group
15

. However, the isocyanate peak do not present on any 6-Arg-2EG PEEUU which

indicates HDI monomers were depleted in the chain extension reaction.
The carbon and nitrogen contents (Table 7.2) from elemental analysis were
consistent with the calculated composition based on the chemical formula of ArgPEEUU. Arg is the most nitrogen rich amino acid among all natural amino acids which
has 32% nitrogen content. Another source of nitrogen in the Arg-PEEUU is from HDI.
The calculated nitrogen content of allyl PU is 9.77%, while all Arg-PEEUU have much
higher nitrogen contents (14.03 to 22.34%) than allyl PU 9.77%. The Arg-PEEUU having
more Arg diester building block contents has higher nitrogen contents, e.g., from 14.75%
at A/G 1/4, 19.35% at A/G 1/1 to 22.34 at A/G 4/1.
The molecular weights of Arg-PEEUU as determined by GPC are shown in Table
7.3. The Mn (number average molecular weight) of Arg-PEEUU ranged from 20.425 to
60.225 Kg/mol with Mw/Mn (PDI) 1.298~1.460. In the synthesis of Phe based
polyurethane which shared the similar chemistry structure with Arg-PEEUU also have
the similar Mn ranging from 25.400 to 69.300 Kg/mol with PDI about 2 4.
Guo et al. reported Phe-PEEA which possessed the same OEG building block on
the polymer backbone 7. The MW of Phe-PEEA was from 2.6 to 27.3 Kg/mol. Most Phe267

PEEA had smaller MW than Arg-PEEUU. The possible reason is in the polycondensation
step of Phe-PEEA in which the TsOH salt of Phe diester reacted with nitrophenol diester
monomer. In that synthesis, the ester bond of nitrophenol diester must be cleaved for
forming amide bond with the amine groups of Phe diester which also has TsO - attached.
di-toluene sulfonic salt of Arg-4EG-Cl
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Figure 7.3 1H NMR spectroscopy of Arg oligoethylene glycol diester monomers before
and after removing TsOH from the amine groups of Arg. (A) di-p-toluene sulfonic acid
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di-hydrochloride acid salt of bis (L-Arg) tetraethylene glycol diesters; (B) dihydrochloride acid salt of bis (L-Arg) tetraethylene glycol diester (Arg-4EG-Cl)
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Figure 7.4 FTIR of 6-Arg-2EG PEEUU synthesized with different monomer feed ratio
and allyl PU. (A) 6-Arg-2EG PEEUU A/G-4/1; (B) 6-Arg-2EG PEEUU A/G-1/1; (C) 6Arg-2EG PEEUU A/G-1/4; (D) allyl PU

The reactivity of Phe-PEEA polycondensation is lower than the free amine group of ArgxEG-Cl monomer and HDI-based prepolymer in the synthesis of Arg-PEEUU.
7.4.3 Thermo property of Arg-PEEUU
From differential scanning calorimetry (DSC) results, summarized in Table 7.4,
Tg of all Arg-PEEUU ranged from -23.38 oC to -2.35 oC, depending on the 3 monomers
feed ratio and x (number of OEG groups in the Arg diester building block).
With the same Arg-xEG-Cl chain extender, higher Arg-xEG-Cl contents in the ArgPEEUU (i.e. Tg of 6-Arg-2EG PEEUU A/G-1/4 and 6-Arg-4EG PEEUU A/G-1/4 are
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Table 7.2 C% and N% of Arg-PEEUU and allyl PU

Arg-PEEUU

Formula

samples

Calculated carbon

Carbon content (%)

content (%)

6-Arg-2EG

(C24H48Cl2N10O7)1

PEEUU A/G-1/4

(C14H24N2O5)4

6-Arg-2EG

(C24H48Cl2N10O7)1

PEEUU A/G-1/1

(C14H24N2O5)1

6-Arg-2EG

( C24H48Cl2N10O7)4

PEEUU A/G-4/1

(C14H24N2O5)1

6-Arg-4EG

(C28H56Cl2N10O9)1

PEEUU A/G-1/4

(C14H24N2O5)4

6-Arg-4EG

(C28H56Cl2N10O9)1

PEEUU A/G-1/1

(C14H24N2O5)1

6-Arg-4EG

(C28H56Cl2N10O9)4

PEEUU A/G-4/1

(C14H24N2O5)1

Allyl PU

C14H24N2O5

Calculated nitrogen

Nitrogen content (%)

content (%)

56.20

55.60

14.75

14.16

52.53

52.47

19.35

18.66

50.15

49.81

22.34

22.07

56.12

55.38

14.03

13.76

52.72

52.20

17.57

17.37

50.67

50.64

19.71

19.62

60.00

58.60

10.00

9.77
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Table 7.3 Molecular weight of Arg-PEEUU
Sample

Mn (kg/mol)

Mw (kg/mol)

Mw/Mn

6-Arg-2EG PEEUU A/G-4/1

21.800

31.825

1.460

6-Arg-2EG PEEUU A/G-1/1

31.555

42.125

1.335

6-Arg-2EG PEEUU A/G-1/4

42.325

57.700

1.363

6-Arg-4EG PEEUU A/G-4/1

20.425

28.900

1.415

6-Arg-4EG PEEUU A/G-1/1

60.225

78.175

1.298

6-Arg-4EG PEEUU A/G-1/4

53.575

71.100

1.327
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Table 7.4 Tg and water contact angle of Arg-PEEUU and allyl PU

PEEUU

Tg (oC)

Water contact angle (o)

Allyl PU

-26.80

75.4 ±0.7

6-Arg-2EG PEEUU A/G-1/4

-20.43

49.8 ±3.7

6-Arg-2EG PEEUU A/G-1/1

-14.90

31.3 ±2.5

6-Arg-2EG PEEUU A/G-4/1

-2.35

24.3 ±3.3

6-Arg-4EG PEEUU A/G-1/4

-23.38

56.7 ±3.9

6-Arg-4EG PEEUU A/G-1/1

-18.87

31.4 ±1.9

6-Arg-4EG PEEUU A/G-4/1

-6.47

29.2 ±2.8

-20.43 oC and -23.38 oC, respectively) showed higher Tg (i.e. Tg of 6-Arg-4EG PEEUU
A/G-4/1 and 6-Arg-4EG PEEUU A/G-4/1 are -2.35 oC and -6.47 oC). This relationship
could be attributed to the fact that more Arg contents in the Arg-PEEUU would have
more bulky guanidino side groups and to the Arg-PEEUU which could reduce polymer
segmental mobility and hence higher Tg. In addition, guanidino side groups could form a
strong intermolecular hydrogen bonding when guanidino groups approach the
urethane/urea groups of Arg-PEEUU. The intermolecular force could further decrease the
segmental mobility of polymer chain and also increase the Tg further

8, 31

. Moreover, as

the Arg-xEG-Cl building block content decreased, more GAE was incorporated into the
polymer. GAE is able to impart additional chain flexibility by increasing free volume
from pendant double bonds which acts as an internal plasticizer. The increasing GAE
component resulted in a lower Tg as well. This reduction in Tg with an increasing pendant
double bonds in AA-PEA based polymers has also demonstrated by the reported Pang et
al. study of functional AA-PEAs having pendant double bonds

14,33

. For example, Pang

et al. reported that an increase in the pendant double bond in bis-DL-2-allylglycine esters
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(i.e., increasing AG contents in the Phe-PEA polymers) from 25% (8-Phe-4-AG-4-25) to
50% (8-Phe-4-AG-4-50) led to a reduction in Tg from 30 oC to 26 oC 33.
Except feed ratio effect, the presence of one or more OEG in the repeating units
of PEEUU decreased the Tg, because the ether bond is well-known flexible bond for
polymer free rotation 7. Hence, the promoted Arg-PEEUU segmental movement leads to
a lower Tg. For the same reason, with the same feed ratio of monomers, increasing the x
parameter (number of ether bonds in Arg OEG repeating unit) led to lower Tg of ArgPEEUU (i.e. at the same A/G ratio, all 6-Arg-2EG PEEUU showed higher than that of 6Arg-4EG PEEUU). Compared to the Tg of Arg-PEUU synthesized with Arg alkylene
ester chain extender in prior study 31, at the same molar feed ratio of Arg diester / GAE,
the Arg-PEEUU has lower Tg due to the flexibility brought by the incorporation of ether
bond on the polymer backbone. For example, Tg of 6-Arg-2EG PEEUU A/G-1/1 and 6Arg-4EG PEEUU A/G-1/1 are -14.90 oC and -18.87 oC, respectively while Tg of 6-Arg-2
PEUU A/G-1/1 and 6-Arg-6 PEUU A/G-1/1 are 1.90 oC and -8.69 oC 31.
7.4.4 Water contact angle of Arg-PEEUU
The contact angle of Arg-PEEUU synthesized with different Arg-xEG-Cl chain
extender and monomer feed ratio were measured and compared (Table 7.4). The water
contact angle of Arg-PEEUU is from 24.3 ± 3.3 o to 56.7 ± 3.9 o by varying the feed ratio
of monomers and the x parameter. Compared to the water contact angle of Phe based PU
(i.e. from 30o to 80 o ) 2,4 and Phe-PEEA (i.e. from 62 ± 5 o to 88 ± 5 o ) 7 which share the
most similar chemistry structure with Arg-PEEUU, the Arg-PEEUU is more hydrophilic
due to the presence of the chloride salt of guanidino groups as side groups

8,10

. The water

contact angle of allyl PU (75.4±0.7o) is higher than all Arg-PEEUU. It demonstrated the
high hydrophilicity is related to the incorporation of Arg OEG diester building blocks.
Allyl PU without Arg component showed similar water contact angle data with most
reported linear block copolymer polyurethane with PCL and PEG segments synthesized
for biomedical applications (from 65±2

o

to 73±2 o)
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28

. As the prior study about Arg-

31

PEUU

, increasing the molar ratio of Arg alkylene diester to GAE (A/G) also

effectively increase hydrophilicity of Arg-PEEUU, hence lower water contact angle
value.
The number of OEG x in the diol of Arg diester building block also play a minor
role to the hydrophilicity of Arg-PEEUU. With the same stoichiometry, higher x which
means more ethylene glycol units incorporated between 2 Arg led to lower hydrophilicity
/ higher water contact angle. Table 7.4 shows the water contact angle of all 6-Arg-4EG
PEEUU are about 0.1~6.9 o higher than 6-Arg-2EG PEEUU with the same A/G ratio. It is
because the hydrophilicity of Arg-PEEUU is mainly from the ionizable guanidino groups
of Arg. Incorporating longer OEG chain between 2 Arg led to lower guanidino side group
density of the resulting Arg-PEEUU. Although PEG has the better hydrophilicity (water
contact angle about 63 o) than most polyester/polyurethane, incorporating PEG segment
usually decrease the water contact angle of the copolymer 2, Arg-PEEUU with higher x
presents slightly higher water contact angle due to the reduced ionizable side group
density.
7.4.5 Water solubility of Arg-PEEUU at different temperature
Table 7.5 shows the effect of temperature on the water solubility of Arg-PEEUU.
All Arg-PEEUUs are insoluble in water at room temperature. However, at 40 oC, 6-Arg2EG PEEUU and 6-Arg-4EG PEEUU with A/G-4/1 shows about 5 mg/mL solubility. At
70 oC, all Arg-PEEUU shows water solubility depending on the Arg content up to 55
mg/mL. In prior Wu et al

9,10,13

, Song et al.

8

and Pang et al.

14

studies, Arg-PEA, Arg-

UPEA and Arg-PEA-AG which have the Arg diester building blocks are all soluble in
water at room temperature. While the urethane linkage of Arg-PEUU 31 and Arg-PEEUU
is more hydrophobic than the amide linkage that makes these two types of polymer water
insoluble at room temperature. Because of the presence of hydrophobic segment, large
amount of Arg moieties with guanidino groups are trapped in the interior of the polymer
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Table 7.5 Water solubility of Arg-PEEUU at different temperature
water solubility (mg/mL)

Arg-PEEUU
25 oC

40 oC

70 oC

6-Arg-2EG PEEUU A/G-1/4

n/a

n/a

5~10

6-Arg-2EG PEEUU A/G-1/1

n/a

n/a

20

6-Arg-2EG PEEUU A/G-4/1

n/a

5

30

6-Arg-4EG PEEUU A/G-1/4

n/a

n/a

5

6-Arg-4EG PEEUU A/G-1/1

n/a

~5

25

6-Arg-4EG PEEUU A/G-4/1

n/a

5

55
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chain. It makes the dissolution of Arg-PEEUU in water even harder at room temperature.
However, the Arg-PEEUU has one or three flexible ether bond in each Arg OEG diester
repeating unit on the polymer backbones and hence low Tg (Table 7.4). The fast
segmental mobility at temperature higher than room temperature makes more Arg
moieties contact with water molecule and are ionized, hence the water solubility
significantly increased. Incorporation more OEG unit in the Arg-PEEUU, the solubility at
the same temperature increases (i.e. the water solubility of 6-Arg-2EG PEEUU A/G-4/1
and 6-Arg-4EG PEEUU A/G-4/1 are about 30 and 55 mg/mL, respectively.) The
temperature responsive water solubility is one feature of Arg-PEEUU among all Arg
based polymer.
7.4 .6 Cytotoxicity of 6-Arg-2EG PEEUU A/G-4/1 and 6-Arg-4EG PEEUU A/G-4/1
(MTT assay)
Cytotoxicity of PAVSMC was conducted by incubating the cells with either the
MEM media alone (control) or Arg-PEEUU (At the cell incubation temperature, both 6Arg-2EG PEEUU A/G-4/1 or 6-Arg-4EG PEEUU A/G-4/1 suspension become water
soluble at tested concentrations up to 2 mg/mL) mixed with MEM media. Cell viability
was determined from a MTT assay after treated by 6-Arg-2EG PEEUU A/G-4/1 or 6Arg-4EG PEEUU A/G-4/1 and incubated for 24 h (Figure 7.5). Compared to the control,
both 6-Arg-2EG PEEUU A/G-4/1 (Figure 7.5 A) and 6-Arg-4EG PEEUU A/G-4/1
(Figure 7.5 B) didn’t show obvious cell viability change at low concentrations (0.1 - 0.5
mg/mL). However, at 2 mg/mL the PAVSMC viability cultured with 6-Arg-2EG PEEUU
A/G-4/1 and 6-Arg-4EG PEEUU A/G-4/1 decreased to 69.9% and 77.2%, respectively.
The cell viability of 6-Arg-2EG PEEUU A/G-4/1 is significantly lower than the control
group. Compared to the Arg-PEUU in prior study, at the same monomer feed ratio A/G4/1 and same MTT test protocol, 6-Arg-2EG PEEUU and 6-Arg-4EG PEEUU have the
similar or slightly higher PAVSMC cell viability than 6-Arg-2 PEUU (67.7%) which has
the highest Arg moiety content among all Arg-PEUU 31.
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Figure 7.5 MTT Assay for porcine aortic valve smooth muscle cells (PAVSMC) after 24
h culture with Arg-PEEUU in 0.1, 0.2, 0.5, 1 and 2 mg/mL concentration. (A) 6-Arg-2EG
PEEUU A/G-4/1; (B) 6-Arg-4EG PEEUU A/G-4/1. *P < 0.05 vs. control group
7.4 .7 Characterization of Arg-PEEUU microsphere
Due to the presence of hydrophilic Arg OEG diester building blocks and
hydrophobic urethane linkage on the Arg-PEEUU, the amphiphilicity can be utilized to
prepare Arg-PEEUU microsphere by dripping its DMF solution (1 mg/mL) in water with
fast stirring. The Arg-PEEUU microsphere dispersed in water and formed slight white
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cloudy suspension that is stable for about 1 week. Based on the SEM images, the
microspheres formed by 6-Arg-2EG PEEUU A/G-1/1 as a representative were generally
spherical in shape with smooth surfaces as shown in Figure 7.6 A&B. The SEM images
showed the diameter size of 6-Arg-2EG PEEUU A/G-1/1 microsphere is from less than
100 nm to 800~900 nm. The approximate hydrodynamic diameter distribution of
suspended in deionized water was measured using dynamic light scattering (Nano-ZS
zetasizer, Malvern, Worcestershire, UK) shown in Figure 7.6 C. Based on SEM and
zetasizer result, 6-Arg-2EG PEEUU A/G-1/1 particles are sub-micron size and the size
distribution of microsphere is unimodal. Table 7.6 summarized the hydrodynamic
average diameter of all Arg-PEEUU synthesized with different monomer feed ratio and x
parameter (ranging from 123.2 ± 3.7 to 217.8 ± 12.2 nm). Higher Arg OEG diester
content is apt to form microsphere with slightly larger microsphere (the diameter of 6Arg-2EG PEEUU A/G-4/1 microsphere is 17.9% larger than that of 6-Arg-2EG PEEUU
A/G-1/4, the hydrodynamic diameter of 6-Arg-4EG PEEUU A/G-4/1 microsphere is
52.8% larger than that of 6-Arg-4EG PEEUU A/G-1/4) when suspended in deionized
water, probably due to the increased hydrophilicity.
The strong positive ζ-potential of Arg-PEEUU was observed and summarized in
Table 7.6 (+48.1 ± 0.7 mV to +52.3 ± 1.7 mV). Because the Tg of all Arg-PEEUU (Table
7.4) are lower than room temperature, the segment movement makes the hydrophilic Arg
OEG diester building block is more concentrated on the water/polymer interface of the
microspheres. The ionizable guanidino groups of Arg attribute this microsphere unique
strong positive charge. The value of Arg-PEEUU microsphere is higher than the positive
ζ-potential of polyarginine derivatives (+15.6~+35.3 mV) or Arg grafted polymer
(ranging from +40~+45 mV) were observed in prior studies

34,35

. The cationic Arg-

PEEUU microsphere with 100~200 nm average diameter has potential application of
delivery systems for small interfering RNA (siRNA) etc.34,35
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C

Figure 7.6 6-Arg-2EG PEEUU A/G-1/1 microsphere; (A) SEM images at 2,500X; (B)
SEM images at 6,000X; (C) hydrodynamic diameter distribution of 6-Arg-2EG PEEUU
A/G-1/1 microsphere
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Table 7.6 ζ-potential and the average hydrodynamic diameter of Arg-PEEUU
microsphere at 0.5 mg/mL concentration in deionized water at room temperature

Arg-PEEUU microsphere

ζ-potential (mV)

microsphere size (nm)

6-Arg-2EG PEEUU A/G-1/4

48.1 ±0.7

123.2 ±3.7

6-Arg-2EG PEEUU A/G-1/1

50.4 ±2.8

136.9 ±8.3

6-Arg-2EG PEEUU A/G-4/1

52.3 ±1.7

145.3 ±4.8

6-Arg-4EG PEEUU A/G-1/4

48.5 ±0.7

142.3 ±8.7

6-Arg-4EG PEEUU A/G-1/1

50.5 ±0.8

174.9 ±1.8

6-Arg-4EG PEEUU A/G-4/1

51.4 ±2.7

217.8 ±12.2

7.4 .8 Photo-crosslinked Arg-PEEUU gel
Except the microsphere fabrication, Arg-PEEUU is able to be photo-crosslinked
to form elastic gel. GAE introduced pendant functional double bonds in the synthesis of
Arg-PEEUU. Arg-PEEUU synthesized with the A/G no more than 1/1 (i.e., Arg OEG
diester/ GAE @ 1/4 and 1/1) could be photo-crosslinked in DMF solution with Irgacure
2959 initiator (Table. 7.7). Figure 7.7 showed the images of the photo-crosslinked 6-Arg4EG PEEUU A/G-1/1 gel as a representative example. Similar with prior reported ArgPEUU gel

31

, photo-crosslinked Arg-PEEUU was transparent yellow color. When the

applied force was removed, this gel recovered its original dimension (supplemental
video).
In the studies about Arg based polymers, Arg-UPEA or Arg-AG PEA are not able
to be crosslinked by themselves, even though Arg-UPEA having unsaturated double
bonds on the polymer backbone and Arg-AG-PEA have the pendant double bonds from
allylglycine moiety 9,14. These two polymers could be used to fabricate hybrid hydrogels
with another crosslinkable polymer co-precursor, like polyethylene glycol diacrylate
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(PEGDA) or Pluronic diacrylate (Pluronic-DA). Due to the presence of Arg moiety, ArgUPEA or Arg-AG PEA composition attributed the hybrid hydrogel cationic properties.
The reason of Arg-PEUU or Arg-PEEUU synthesized with GAE as one of the
monomers is its reactive vinyl group with a long spacer (4 methylene groups) which
could minimize the adverse steric hindrance effect of the Arg moiety from photo-induced
crosslinking reaction 31.

Figure 7.7 Images of photo-crosslinked 6-Arg-4EG PEEUU A/G-1/1 gel
7.4 .9 Compressive mechanical property of photo-crosslinked Arg-PEEUU gels
Table 7.7 summarized the mechanical properties of photo-crosslinked ArgPEEUU gels and photo-crosslinked allyl PU (control). The compressive initial modulus
of Arg-PEEUU is from 80.4 ± 10.28 KPa to 184.5 ± 9.0 KPa, depending on the feed ratio

281

Table 7.7 Compression Mechanical Data of allyl PU gel and Arg-PEEUU gels

Samples

Gel formation by

Compressive modulus

Compressive strength at

Compressive strain

photo-crosslinking

(KPa)

break (KPa)

at break (%)

Allyl PU

Y

39.8 ±4.4

> 350

> 60

6-Arg-2EG PEEUU A/G-1/4

Y

184.5 ±9.0

> 350

> 60

6-Arg-2EG PEEUU A/G-1/1

Y

86.9 ±5.5

187.7 ±36.0

50.8 ±6.5

6-Arg-2EG PEEUU A/G-4/1

N

n/a

n/a

n/a

6-Arg-4EG PEEUU A/G-1/4

Y

162.4 ±12.1

> 350

> 60

6-Arg-4EG PEEUU A/G-1/1

Y

80.4 ±10.28

162.1 ±31.5

34.2 ±4.5

6-Arg-4EG PEEUU A/G-4/1

N

n/a

n/a

n/a
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and x parameter of Arg OEG diester in the Arg-PEEUU. While the compressive initial
modulus of crosslinked allyl PU (39.8 ± 4.4 KPa) is lower than any Arg-PEEUU gel
prepared. Using the Arg-xEG-Cl as the chain extender obviously increased the
compressive initial modulus of crosslinked allyl PU due to the decreased polymer
chain flexibility brought by bulky guanidino groups of Arg and the hydrogen bonding
interaction. However, as the content of Arg OEG diester increased further, e.g., from
A/G feed ratio of 1/4 to 1/1, the compressive modulus of the crosslinked copolymer
gel decreased. For example, 6-Arg-2EG PEEUU A/G-1/4 had 184.5 ± 9.0 KPa,
whereas 6-Arg-2EG PEEUU A/G-1/1 had 86.9 ± 5.5 KPa. This is because the GAE
contents decreased, i.e., smaller available copolymer segments responsible for photocrosslinking and hence lower crosslinking density in Arg-PEEUU with A/G-1/1 than
Arg-PEEUU A/G-1/4. This lower crosslinking density was subsequently reflected in a
reduction in compressive modulus.
Arg-PEUU gel which has Arg alkylene diester building blocks without the
ether bonds brought by OEG repeating unit was fabricated in our prior study 31. Due to
the very similar chemical structure, Arg-PEUU shares many features of Arg-PEEUU
(flexible, photo-crosslinkable, cationic, etc.). The Arg-PEEUU gel with the same A/G
ratio showed higher compressive initial modulus than Arg-PEUU gels (i.e. 6-Arg-2EG
PEEUU A/G-1/4, 184.5 ± 9.0 KPa > 6-Arg-2 PEUU A/G-1/4, 120.7 ± 5.4 KPa > 6Arg-6 PEUU A/G-1/4, 105.7 ± 7.2 KPa) that is unexpected because the ether bonds of
Arg OEG diester of Arg-PEEUU should be more flexible than Arg alkylene diester of
Arg-PEUU. The reason is the ether bonds provide the segment of Arg-PEEUU free
rotation mobility, not like the methylene groups on the backbone of Arg-PEUU is
fixed in the planar space. The free rotation mobility largely increased the chance that
the pendant double bonds of different Arg-PEEUU molecules contact and covalently
bonded with each other among the co-existed bulky guanidino side groups, hence
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increased the crosslinking density. In macroscopic, it is reflected from the increased
compressive initial modulus. However, Arg-PEEUU gels are able to sustain even
larger compressive deformation than Arg-PEUU gels (Table 7.7). It shows the gel
flexibility change brought by ether group incorporation. For example, with the same
A/G ratio, the compressive strain at break of 6-Arg-2EG PEEUU A/G-1/1 is 50.8 ±
6.5, larger than that of 6-Arg-2 PEUU A/G-1/1 (17 ± 5.2%) and 6-Arg-6 PEUU A/G1/1 (19 ±4.4%) 31.
Similar to Arg-PEUU gels

31

, the change in material parameter x which is the

number of ether bonds in one Arg OEG diester repeating unit also affected the
compressive modulus of the corresponding Arg-PEEUU gels. For example, as the x
increased from 2 to 4 in the Arg OEG diester building block at the same molar feed
ratio (A/G-1/4), the compressive modulus of the resulting Arg-PEEUU was reduced
from 184.5 ± 9.0 KPa of the 6-Arg-2EG PEEUU A/G-1/4 to 162.4 ±12.1 KPa of the
6-Arg-4EG PEEUU A/G-1/4. This is mainly because more OEG building block
attributed to the higher polymer chain flexibility in the crosslinked structure that led to
lower compressive modulus. The mechanical strength of Arg-PEEUU was
significantly larger than other reported photo-crosslinked Arg-based PEA hydrogels,
such as Arg-UPEA/Pluronic-DA F-127 hydrogel 10.
7.4.10 In vitro enzymatic biodegradation of Arg-PEEUU and photo-crosslinked
Arg-PEEUU films
Crosslinked and uncrosslinked 6-Arg-4EG PEEUU films (2cm×2cm) having
different monomer feed ratios (6-Arg-4EG PEEUU A/G-1/4, 6-Arg-4EG PEEUU
A/G-1/1) biodegradation data in terms of weight loss with two concentrations of lipase
(1 mg/mL and 3 mg/mL) is shown in Figure 7.8. All 6-Arg-4EG PEEUU films
showed higher degradation rate in the lipase than in the PBS at 37 oC. Increasing the
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lipase concentration from 1 mg/mL to 3 mg/mL led to a faster degradation rate of all
samples (the blue lines are above the red lines in Figure 7.8. A, B, C &D).
The crosslinked 6-Arg-4EG PEEUU biodegradation showed a much slower
rate than the uncrosslinked ones as shown by comparing the degradation profiles of
Figure 7.8A vs. Figure 7.8B, and Figure 7.8C vs. Figure 7.8D. For example,
crosslinked 6-Arg-4EG PEEUU A/G-1/4 film in 1mg/mL lipase lost about 12 % of its
original weight after 8 days degradation (Figure 7.8A), while uncrosslinked 6-Arg4EG PEEUU A/G-1/4 films had ~39 % mass losses in the same medium (Figure
7.8B). Prior studies reported lipase must adsorb onto the polymer film surface and
cleave the ester bond of the copolymer in the biodegradation process

37-40

. While the

crosslinked 6-Arg-4EG PEEUU forms an interconnected molecular network structure
which could make lipase difficult to diffuse and target the ester bonds to cleave.
Irrespective of crosslinked or uncrosslinked, Arg-PEEUU having a higher Arg
OEG diester contents biodegraded more in a lipase medium at the same concentration
than those having a lower Arg OEG diester content (Figure 7.8A vs. Figure 7.8 C and
Figure 7. 8B vs. Figure 7.8D). For example, in the uncrosslinked groups at 1 mg/mL
lipase, the weight loss of 6-Arg-4EG PEEUU A/G-1/1 film sample at day 4 is 74.3%.
The degradation was stopped at day 4 because the film sample was deformed into one
soft and sticky piece much smaller than the sample original size. While at the identical
degradation condition, weight loss of 6-Arg-4EG PEEUU A/G-1/4 film is 20.8% at
day 4. According to the reported poly (ester-urea) enzymatic biodegradation model,
the biodegradation sites most possibly happened at the ester portion of the polymer
rather than the NH-C=O portion of the urethane linkage

32

.An increase in ester

contents that reside in the Arg OEG diester block of the crosslinked or uncrosslinked
Arg-PEEUU would create more target sites for lipase to cleave. Another factor that
accelerating the biodegradation is 6-Arg-4EG PEEUU with higher Arg OEG diester
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content should be able to absorb more enzymes on its film surface due to the better
hydrophilicity and positive charge of Arg.
Using the same 2 step polycondensation synthesis method, Arg-PEUU was
synthesized and the biodegradation by lipase was studied

31

. The only chemistry

different is the segment of Arg-PEUU between two Arg is carbon-carbon, while ArgPEEUU has carbon-oxygen linkage of ether group and the space between two Arg /
two ester group is larger than Arg-PEUU. Comparing the lipase biodegradation data,
6-Arg-4EG PEEUU showed faster biodegradation than 6-Arg-2 PEUU at the same
monomer feed ratio (A/G-1/1 or A/G-1/4). The biodegradation period of uncrosslinked
6-Arg-2 PEUU by lipase was about 20-30 days, while 6-Arg-4EG PEEUU
biodegradation was only 4- 8 days. It is because the OEG segments of 6-Arg-4EG
PEEUU provide the polymer chain more flexibility at the incubation temperature and
longer space between two ester groups that makes lipase could target and degrade the
polymer structure easier.
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Figure 7.8 Effect of lipase concentration on the biodegradation rate of the 6-Arg-4EG
PEEUU film having different Arg oligoethylene glycol diester contents and Arg
diester to glycerol α-monoallyl ether feed ratios at pH 7.4 and 37 ºC. A. photocrosslinked 6-Arg-4EG PEEUU A/G-1/4 film; B. uncrosslinked 6-Arg-4EG PEEUU
A/G-1/4 film; C. photo-crosslinked 6-Arg-4EG PEEUU A/G-1/1 film; D.
uncrosslinked 6-Arg-4EG PEEUU A/G-1/1 film.

7.5 Conclusions and recommendation for future work
A new family of cationic biodegradable and functional Arg based poly(ether
ester urea urethane)s (Arg-PEEUU) having functional pendant carbon-carbon double
bonds were synthesized by a 2-step solution co-polycondensation of Arg-xEG-Cl,
GAE and HDI monomers. The FTIR, elemental analysis and GPC data confirmed the
chemical structures and molecular weight of the new functional Arg-PEEUU. The Mn
of Arg-PEEUU ranged from 20.425 to 60.225 Kg/mol with a relatively narrow MWD
(1.298 ~1.460) for polymers synthesized by polycondensation method.
The contents of the Arg and functional pendant double bond could be adjusted
by tuning the feed ratio of the 3 monomers and hence influence the thermal properties
(Tg ranging from -23.38oC to -2.35 oC ) and hydrophilicity of the materials (water
contact angle ranging from 24.3 ±3.3o to 56.7 ±3.9o). As the contents of the Arg OEG
diester building block increased, the Tg of the corresponding Arg-PEEUU increased
and the water contact angle decreased. Another important materials parameter is the
number of ethylene glycol unit (x) in the Arg OEG diester building block. Increasing
x, led to a lower Tg and higher water contact angle (more hydrophobic). Even though
Arg-PEEUU is not water soluble at room temperature, at 40 oC and 70 oC, ArgPEEUU with A/G-1/1 and A/G-4/1 showed increased water solubility up to 55
mg/mL.
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MTT assays for porcine aortic valve smooth muscle cell were used to evaluate
the cytotoxicity of 6-Arg-2EG PEEUU and 6-Arg-4EG PEEUU. Both Arg-PEEUU
showed the same level of cell viability as the blank medium control when the polymer
concentrations were at and below 0.1 – 0.5 mg/mL. By utilizing the amphiphilicity of
Arg-PEEUU, microsphere with average hydrodynamic diameter from 123.2 ± 3.7 nm
to 217.8 ± 12.2 nm was fabricated in water with strong positive ζ-potential ranging
from 48.1 ± 0.7 to 52.3 ± 1.7 mV. The utility of the incorporated pendant carboncarbon double bond in the Arg-PEEUU was demonstrated by photo-crosslinking to
form elastic gels with a wide range of mechanical property, e.g., compressive modulus
ranged from 80.4 ±10.28 to 184.5 ±9.0 KPa by adjusting the monomer feed ratio and
x parameter.
The effects of the Arg-PEEUU chemical structures on their biodegradation
property (in terms of weight loss) were investigated in a lipase media at different
concentrations. The in vitro biodegradation data suggested that the crosslinking
density as well as the Arg oligoethylene glycol diester building block contents in the
functional Arg-PEEUU had a profound impact on their rate and extent of
biodegradation. The elastic gel and microsphere made from Arg-PEEUU have the
potential applications in the biomedical device study.
In the further study, the 3T3 cell attachment and morphology on the ArgPEEUU materials needs to be characterized for the further study by live/dead assay
and F-actin staining. The TNF-α production of RAW cells cultured on the ArgPEEUU coated cover slip could be used test the inflammatory response to the ArgPEEUU. The NO production and Arginase activity analysis for macrophages (RAW)
treated by Arg-PEEUU suspension could be used to exam the effect of Arg-PEEUU
suspension on the Arginine metabolism.
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