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Abstract

The cell wall of most plant biomass from forest and agricultural resources consists
of three major polymers, cellulose, hemicellulose and lignin. Of these, hemicelluloses
have gained increasing attention as sustainable raw materials. In the first part of this
study, novel pH-sensitive semi-IPN hydrogels based on hemicelluloses and chitosan were
prepared using glutaraldehyde as the crosslinking agent. The hemicellulose isolated from
aspen was analyzed for sugar content by HPLC, and its molecular weight distribution was
determined by high performance size exclusion chromatography. Results revealed that
hemicellulose had a broad molecular weight distribution with a fair amount of polymeric
units, together with xylose, arabinose and glucose. The effect of hemicellulose content on
mechanical properties and swelling behavior of hydrogels were investigated. The semi-
IPNs hydrogel structure was confirmed by FT-IR, X-ray study and ninhydrin assay
method. X-ray analysis showed that higher hemicellulose contents yielded higher
crystallinity. Mechanical properties were mainly dependent on the crosslink density and
average molecular weight between crosslinks. Swelling ratios increased with increasing
hemicellulose content and were high at low pH values due to repulsion between similarly
charged groups. In vitro release study of a model drug showed that these semi-IPN

hydrogels could be used for controlled drug delivery into gastric fluid.
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The aim of the second part of this study was to control the crosslink density and
the mechanical properties of hemicellulose/chitosan semi-IPN hydrogels by changing the
crosslinking sequence. It has been hypothesized that by performing the crosslinking step
before introducing hemicellulose, covalent crosslinking of chitosan would not be
hindered and therefore more and/or shorter crosslinks could be formed. Furthermore,
additional secondary interactions and crystalline domains introduced through

hemicellulose could be favorable in terms of mechanical stability of semi-IPN hydrogels.

In this last section of this study, the natural affinity of hemicellulose to cellulose
was utilized to coat cellulose whiskers with chemically modified hemicellulose isolated
from wood fiber. Surface modified cellulose nanowhiskers were used to prepare
nanocomposite hydrogels using free radical polymerization of 2-hydroxyethyl
methacrylate (HEMA), a biocompatible monomer. The effect of morphology and
concentration of the incorporated nanocrystals on the hydrogel network was related to the

mechanical properties, viscoelastic behavior and swelling of the hydrogels.
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CHAPTER 1

Literature Review

1.1 Introduction

Polymers from renewable feedstock and biomass are viable substitutes for
polymers derived from non-renewable and limited petrochemical resources. Unstable and
rising oil prices and as well as environmental concerns on greenhouse emissions and
landfill space are some of the driving forces for the use of polymers from renewable
resources. Utilization, production, processing and new applications of these polymers

have attracted increasing attention in the recent years.

In general, polymers from renewable resources can be categorized into three
groups. The first group comprises natural polymers, such as polysaccharides and proteins,
which exist in nature as in their polymeric form and can be extracted directly from
biomass. The second group consists of synthetic polymers such as polylactic acid (PLA)
synthesized by using monomers extracted from nature. The third group includes
polyhydroxyalkonoates (PHA) and similar polymers that are synthesized by micro-

. . 1
organisms through fermentation of renewable monomers.

In this study, hemicellulose, cellulose and chitosan, examples of first group of

renewable polymers, have been utilized. The focus of Chapters 2 and 3 is hemicellulose



extracted from low value forest biomass via an alkaline process. Hemicellulose was
blended with chitosan to synthesize hydrogel films for pH-responsive drug delivery
applications. Rod-like shaped cellulose nanowhiskers isolated from aspen cellulose pulp
were surface functionalized with chemically modified hemicellulose to synthesize
nanoreinforced hydrogels for load bearing biomedical applications. This part of the study

is presented in Chapter 4.

1.2 Hemicelluloses

Hemicelluloses are a class of hetero-polysaccharides present in the primary and
secondary cell wall of wood and annual plants together with cellulose and lignin. They
are considered to be the second most abundant polysaccharide in nature after cellulose,
with an estimated production of 60 billion tons per year, representing about 20-35% of
lignocellulosic biomass.>” In general, hemicellulose is the non-crystalline alkali or water
soluble material after removal of pectic substances from the constituents of the plant cell
wall.* Hemicelluloses are considered to be found at the matrix or interphase between
cellulose fibrils and other cell wall components. They are interconnected to each other
through covalent bonds (such as ether and ester linkages with lignin) and secondary

forces (such as hydrogen bonds with cellulose).

Unlike cellulose, which is a long and linear macromolecule that consists of
approximately 10,000 D-glucose residues per molecule, hemicelluloses are low-
molecular weight branched polysaccharides (DP=80-200) and may consist of various

sugars such as D-xylose, L-arabinose, D-glucose, D-galactose, D-mannose, D-glucuronic



acid, D-galacturonic acid, L-rhamnose, L-fucose, and O-methylated neutral sugars in
their repeating units. Depending on the plant species (e.g., grasses, cereals, hardwoods
and softwoods) and cell wall type (primary or secondary), hemicellulose content, sugar
content and structural patterns differ significantly. As an example, the weight percentages

of the main constituents present in softwoods and hardwoods are shown in Table 1.1.

Table 1.1 Main constituents and their content in softwoods and hardwoods

% Weight
Constituents
Softwoods | Hardwoods
Cellulose 40-50 40-50
Hemicelluloses 20-30 25-40
Lignin 25-35 20-25
Extractives 0-25 0-25

Hemicelluloses can be categorized into four main groups; xyloglycans (xylans),
mannoglycans (mannans), xyloglucans, and mixed linkage B-glucans.” Among all types
of hemicelluloses, xylans are the predominantly biosynthesized polymer in plants and can
be divided into several subclasses as follows: >
a) Homoxylans are linear polysaccharides including D-xylopyranosyl repeating units

that are connected with B-(1->4), B-(1-=>3) and B-(1->3, 1->4) linkages. Figure 1.1

shows a partial chemical structure of their backbone.

OH OH
(o) (o)
HO
\o% w% wo/
HO (o] d HO (o] g
OH OH

Figure 1.1 Partial chemical structure of B-(1->4) linked homoxylans
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Glucoronoxylans have a backbone of B-(1—4)-linked D-xylopyranosyl residues,
substituted with one o-(1—2)-linked 4-O-methyl-D-glucuronic acid and/or o-D-
glucuronic acid. In their native form, they may also have some acetyl groups
substituted from O-2 or O-3 positions. Approximately 90% of the hardwood
hemicelluloses, which is the main focus of this study, belong to this type.” Figure 1.2

shows the partial structure of O-acetyl-(4-O-methylglucurono)xylans.

OCCH;,

[0}
0 OH 0 | OH
HO 0] 3 HO S [0} 4
I
[0} OH

HO

CH;0
HOOC

Figure 1.2 Partial chemical structure of O-acetyl-(4-O-methylglucurono)xylans
(Arabino)gluconoroxylans are common in softwoods and their structure is very
similar to glucoronoxylans with additional a-L-arabinofuranosyl branches attached to
D-xylopyranosyl backbone.

Arabinoxylans are found in grasses and cereal grains and consist of a B-(1—4)-linked
D-xylopyranosyl backbone with o-L-arabinofuranosyl side units at O-2 or O-3
positions (see Figure 1.3).

OH

OH

(6}
H

HOH,C

9
o
H
HOH,C
OH

Figure 1.3 Partial chemical structure of L-arabino-D-xylan.



e) (Glucorono)arabinoxylans are also found in grasses and cereals. They consist of D-
xylopyranosyl residues side units in addition to a-L-arabinofuranosyl branches.
f) Heteroxylans have a very complex structure and high degree of branching with

oligomeric side chains.

Xyloglucans are another major group of hemicelluloses found in the primary cell wall
of higher (dicotyledonous) plants whereas xylans are predominantly in the secondary cell
wall of monocotyledonous plants and hardwoods.*” Their backbone is different from
xylans and consists of P(1—4)-glucopyranose units with a-D-xylopyranose residues

attached. Figure 1.4 shows a typical partial structure of xyloglucans.
(o] O,
HO HO
HO
HO 3

Figure 1.4 Partial chemical structure of D-xylo-D-glucan.

Hemicelluloses can be isolated from the lignocellulosic matrix of the plant cell wall
by hydrolysis of ester linkages (deacetylation) which is commonly carried out through
alkaline extraction or aqueous ammonia. To avoid saponification of ester linkages and to
improve extraction yields, delignification treatments with sodium chloride and hydrogen

peroxide prior to extraction can be performed. ®



Hemicelluloses are amorphous in the native state because of the presence of
acetyl groups in their structure, but can crystallize after removal of the acetyl groups by
alkaline extraction.” Hardwood xylans are reported to crystallize in helical form and the
crystallinity and interplanar spacings increase with increasing water content.'® Compared
to cellulose, xylans have weak intramolecular forces (van der Waals forces rather than
hydrogen bonding) and need water to stabilize their structure. Therefore, xylans are less

rigid than cellulose."’

The function of hemicelluloses in the plant cell wall has not yet been well
understood. However, xylans are being suggested to have an important function in the
aggregation pattern, for crystallinity and the dimensions of cellulose fibrils. '*'* Another
role assigned to hemicelluloses has been to provide linkages between cellulose fibrils and
lignin matrix and hence to allow effective shear stress transfer throughout the cell wall.
The shear and slip properties of hemicelluloses in the cell wall have been suggested as
the mechanism for energy absorption in branches and stems of trees when resisting the

wind. '

1.2.1 Applications

Hemicelluloses have not found many industrial applications like other plant
polymers such as cellulose and lignin. To date, some of the common industrial uses were
as sizing agents in papermaking and as the feedstock chemicals for xylitol, ethanol or
lactic acid."” The reason for low utilization given was partial or complete degradation of

hemicelluloses and loss of their polymeric properties during industrial pulping processes



which are mainly used to separate cellulose fibers from wood. However, recent studies
showed that polymeric and oligomeric properties of hemicelluloses could be maintained
with alkaline extraction processes.'®'® So far, new potential uses for hemicelluloses can
be divided into food and non-food applications. Hemicelluloses as food additives,
viscosity enhancing thickeners, emulsifiers, adhesives, adsorbents, gelling agents, binder
for charcoal/coal briquettes, and antitumor agents are some of the examples that have

5,19,20
been suggested.™

Due to their hydrophilicity, biodegradability, biocompatibility and low toxicity,
hemicelluloses have been studied by numerous research groups with respect to their use
as hydrogels in biomedical applications. Blending with chitosan'®, polyvinyl alcohol*’
and copolymerization with 2-hydroxyethyl methacrylate’ were some of the strategies
investigated to prepare hydrogels. Oxygen barrier properties of hemicellulose-derived
films for food packaging are found to be comparable with those of other commonly
utilized biopolymers such as amylose, amylopectin and chitosan. B-glucan, arabinoxylan,
glucuronoxylan, konjac glucomannan has been reported as examples of edible

hemicellulose films for packaging uses.”>**

Recent research has been focused on use of hemicelluloses for the modification of
cellulose fibers. Xylans have an inherent affinity to cellulose and irreversibly adsorb on
cellulose surfaces.” For example, utilizing the strong hemicellulose-cellulose interaction,
novel functionalities have been introduced on cellulose fibers without deteriorating its

morphology and native structure. Chemically or enzymatically modified xyloglucan were



used for surface specific functionalization of cotton fiber, wood pulp fiber and
regenerated cellulose.”® Examples of inserted groups via xyloglucan were fluorescent
optical brightening agents, nucleophiles such as amino groups and thiol groups,
biomolecule capture agents and initiators for radical polymerization.”® Mannans and
xylans were shown to improve the tensile strength and wettability of kraft pulp/paper
which was explained by increased cellulose fiber-fiber bonding ability in the presence of

hemicellulose."”

1.3 Cellulose

Cellulose is the most abundant naturally occurring, renewable and biodegradable
polymer available on earth biosynthesized by plants, green algae, bacteria and some sea
animals at a total volume of over 10 x 10" tons annually.27 Owing to its ease of
availability and low cost, it has been a commonly utilized resource as a natural fiber in
textiles, paper making, and as food additive since the beginning of civilization. With
increasing scientific knowledge and technological progress in the last century, the
structure and chemistry of cellulose have been better understood. As a result, cellulose
and its derivatives have found many new applications such as cellophane, regenerative
fibers, adhesives, binders, thickeners, emulsifiers, lubricants, fillers, etc.”® Moreover, due
to the emerging field of nanotechnology, an emerging field of science dealing with the
control of materials and devices in nanoscale (1 to 100 nm in at least one dimension),
cellulose in the form of nanocrystals have attracted increasing attention as reinforcing

filler for polymers and as templates for synthesis of nanostructures in last two decades.”



The chemical structure of cellulose was discovered in 1920s by Staudinger.*® It is
a high molecular weight linear polysaccharide consisting of D-anhydroglucopyranose

monomeric units connected through -(1,4) glycosidic linkages as shown in Figure 1.5.

OH

HO o

OH
OH

Figure 1.5 Chemical structure of cellulose

The degree of polymerization of cellulose depends on its source; and amounts to
approximately 10,000 in wood and 15,000 in cotton.’’ In nature, cellulose does not exist
in form of individual isolated molecule but as cellulose aggregates that form microfibrils
which are long threadlike bundles of cellulose molecules with diameters ranging from 2
to 20 nm and lengths up to several tens of microns. Microfibrils are stabilized by intra-
and intermolecular hydrogen bonds and van der Waals forces. As a consequence of this
morphology, cellulose microfibrils have load-bearing capability and maintain the
structural integrity of the plant cell wall. Cellulose fibers are further formed by
aggregation of these microfibrils.”’ A representing scheme for the arrangement of

cellulose fibrils and microfibrils in plant cell wall are shown in Figure 1.6.
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Figure 1.6 Cellulose, microfibrils and fibrils in the plant cell wall [32]

The crystalline structure of cellulose was first proposed in 1930s by Meyer and
Misch.*® Until now, six different crystal forms of cellulose have been described, however
native cellulose (cellulose I) has been extensively studied. Depending on its origin and
hydrogen bonding pattern native cellulose can occur in two different allomorphs; Ia and
I8 which correspond to triclinic and monoclinic unit cells, respectively. In addition to
closely packed crystalline cellulose chains, native cellulose has less ordered amorphous
domains as well. Degree of crystallinity or crystallinity index, the ratio of crystalline to
amorphous regions, can be determined by using different techniques such as FT-IR,
Raman, C-NMR, WAXS and SAXS.** X-ray crystallinity indices of some cellulosic
materials obtained from various sources and in different forms are given in Table 1.2.
When subjected to chemicals (acids, bases, water etc.), amorphous regions in cellulose

are more susceptible to decomposition than the less accessible crystalline domains.
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Table 1.2. X-ray crystallinity of some cellulosic materials™

X-ray crystallinity (%)

Cotton linters 56-63
Sulfite dissolving pulp 50-56
Prehydrolyzed sulfate pulp 46

Viscose rayon 27-40
Regenerated cellulose film 40-45
Aspen Wood™ 60-70
Microcrystalline cellulose’’ 77-90
Bacterial Cellulose™ 81-87

1.3.1 Cellulose nanocrystals

Cellulose nanocrystals, which are also referred as cellulose whiskers or
nanocrystalline cellulose, are rod-like highly crystalline nanoparticles prepared under
controlled acid hydrolysis of cellulose microfibrils. Acid molecules can easily penetrate
into randomly oriented amorphous regions and result in hydrolytic cleavage of glycosidic
bonds. After hydrolysis and stabilization, a suspension of individual -crystallites
approximately 50nm-several pm in length and 3-10 nm in width can be formed.” The
geometry and dimensions of these stiff nanoparticles depend on the hydrolysis conditions
and the origin of the cellulose substrate. To date, the most common sources for preparing
cellulose nanocrystals are cellulose fibers from cotton, hemp, sisal, ramie, wheat straw,
palm, bleached softwood pulp, hardwood pulp, microcrystalline cellulose, sugar beet,
bacterial cellulose and tunicates.”” Table 1.3 shows the variation in dimensions of

nanocrystals prepared from different cellulose sources.
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Table 1.3 Dimensions of cellulose nanocrystals from various origins

Source Length (nm) Width(nm)
Cotton™ 150-210 5-11
Ramie™ 50-150 5-10
Tunicate™ 1000-3000  15-30
Hardwood™ 140-150 4-5
Softwood™ 100-200 3-4
Bacterial cellulose”  100-1000 10-50
Algal(Valonia) >1000 10-20

Hydrolysis time, temperature, the type of acid, acid-to-pulp ratio and agitation are
the parameters that most influence the resulting properties of cellulose nanocrystals.”'*
For example, higher acid-to-pulp ratios and higher reaction temperature with longer
reaction time generally result in shorter nanocrystals of the same origin of cellulose.
Sulfuric acid and hydrochloric acid are the most extensively used acids for the hydrolysis.
When sulfuric acid is used, negatively charged sulfate groups are introduced on the
surface of the nanocrystals. Therefore, well-dispersed aqueous suspensions could be
obtained by electrostatic repulsion forces among individual nanocrystals. A schematic of
sulfuric acid hydrolysis of cellulose is shown in Fig.1.7. However, nanocrystals with no

or minimal charge are formed in case of hydrolysis with hydrochloric acid, which results

in limited dispersibility and unstable aqueous suspensions.
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Figure 1.7 A Schematic representation of hydrolysis of cellulose with sulfuric acid

The ability to form stable suspensions, low cost, low density, abundance in nature,
biodegradability, high specific modulus and strength, high specific surface area, the
presence of reactive surface and easy processability are the main advantages of cellulose
nanocrystals that make them promising candidates in nanocomposite applications.’’
Cellulose nanocrystals have been used as reinforcing fillers in numerous polymer
matrices such as polyvinyl chloride, polypropylene, polyethylene, polyvinyl alcohol,
polysulfonates, poly(styrene-co-butyl acetate), carboxymethyl cellulose, polyurethane,

starch-based biopolymers, chitosan, polylactic acid etc.”>'*

It was reported that the
reinforcing effect of cellulose nanocrystals on the mechanical, electrical and thermal
behaviors of nanocomposites was dependent on the concentration of whiskers, their
orientation and distribution in the matrix, their aspect ratio(length/width) and filler/matrix

. . 29,46
Interactions.”™

13



1.4 Chitosan

Chitosan is a polysaccharide derived from chitin by deacetylation. Chitin is the
main structural component in the shells of crustaceans, mollusks and insects, and also
occurs in the cell wall of some fungi. Commercially available chitin and chitosan are
from waste of the seafood industry which abandons huge amount of crab and shrimp
shells every year.*” Chitin is extracted from ground shells by subsequent deproteination
with HCIl, demineralization with NaOH and decoloration with KMnO4 and oxalic acid
treatments. Then chitosan is prepared by alkaline hydrolysis, using concentrated NaOH at

high temperature.*®

Chitin and chitosan are actually linear polysaccharides similar to cellulose. The
difference is the glucosamine and N-acetyl glucosamine units attached to D-
glucopyranose backbone (see Figure 1.8). Chitin consists of 2-acetamido-2-deoxy-fB-D-
glucopyranose, and chitosan of 2-amino-2-deoxy-p-D-glucopyranose. The ratio between
the glucosamine units to N-acetyl glucosamine is referred as the degree of deacetylation
(DD). Chitin and chitosan can form cationic charge when dissolved in slightly acidic
solution and therefore have unique properties including chelating of metal ions and
polyoxysalt formation. The molecular weight of chitosan ranges from 300 to over
1000kD with a degree of deacetylation from 30% to 95% depending on the source and
preparation procedure. Unlike other polysaccharides, chitosan has a nitrogen content of
about 5-8% depending on its DD; therefore chitosan can undergo reactions that are

.. . . 48
characteristic for primary amines.

14



— CH,OH CH,OH -
" o " o
H H H H
N OH 0 OH N
H H
L H NHCOCH; H NHCOCH;
Chitin
— CH,OH CH,OH -
" o " o
H H H H
N OH o OH N
H H
L H NH, H NH, _
Chitosan

Figurel.8 Chemical Structures of repeating units of chitin and chitosan

Chitosan has a good chelating ability; the amine groups of chitosan can form
complexes with heavy metal ions. Therefore, chitosan has found various applications in
waste water treatments (e.g. textile dye effluents). The physical state of chitosan (powder,
fiber, film, gel, etc.), the degree of deacetylation and the nature of the metal ions

(affinity) are some factors that influence the efficiency of chitosan as a chelator.*

Chitosan is a hydrophilic, biocompatible, non-toxic, and biodegradable polymer
which can be metabolized by certain human enzymes such as lysozyme.’® In addition, it
is physiologically inert, antibacterial, haemostatic, fungistatic, anti-tumoral, anti-

cholesteremic and has notable affinity to proteins. Chitosan has gel-forming and film-
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forming ability and can be used in the form of powder, beads, fibers, membranes,
sponges, paste, and solutions. Therefore, chitosan has been safely used for biomedical,

pharmaceutical and food applications.51

1.5 Hydrogels

Hydrogels made from biomaterials have attracted increasing attention in biology
related applications since the 1960s due to the ability to retain large amounts of water in
their structure. Hydrogels can be formed that show characteristic of natural living tissue
and stimuli responsive swelling behavior. They are basically water-swollen networks at

which polymer chains are connected to each other with chemical or physical junctions.52

In the literature, to better define their network structure, hydrogels are classified
in different categories. For example, depending on the way that crosslinks are formed,
they are divided into three classes. Chemical hydrogels consist of covalently crosslinked
network. Physical hydrogels are formed by secondary interactions (such as hydrogen
bonds, ionic bonds, hydrophobic interactions and crystallites etc.). A further option is

entangled networks.

Covalently crosslinked hydrogels include polymer chains interconnected to an
irreversibly formed three dimensional network. These networks behave as one large
macromolecule and their molecular weight is nominally infinite. Crosslinkers used to
form these networks are molecules with lower molecular weight than that of the chains

between two consecutive crosslinks. Crosslinkers with two reactive functional groups
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such as dialdehydes (glutaraldehyde, formaldehyde, glyoxal etc.) are commonly used for
traditional chemical crosslinking of both synthetic and natural polymers (gelatin,
chitosan, PVA etc.).”® The advantage of using dialdehydes is to allow direct reaction in
aqueous media under mild conditions without additional auxiliary molecules. However,
these reagents are known to be toxic and mutagenic. The potential toxicity of residual
unreacted molecules that can leach out is a great problem when these hydrogels are to be
used in vivo. As an alternative to dialdehydes, non-toxic and environmentally-safe
crosslinking agents (genipin, oxalic acid, etc.) with direct reaction pathways have been
studied as well.” In addition, chemical crosslinking can be achieved by bulk or
simultaneous copolymerization of a monomer with a crosslinking agent or by
crosslinking of a polymer in solution by other means such as irradiation. These methods
are carried out to form hydrogels from commonly studied synthetic polymers such as

PVA, PHEMA, PAAm and PNIPAAm.>

Physical hydrogels are temporary or reversible networks that are formed by
physical forces between polymer chains without using specific crosslinking agents.
Secondary interactions such as Coulombic forces, dipole-dipole and van der Waals
interactions, hydrophobic forces, hydrogen bonds, formation of crystallites or
combinations of several of these forces are considered as physical crosslinks that ensure
temporary integrity. Physical gels have a limited amount of non-covalent crosslinks and
their number and position changes with time and temperature.”* These hydrogels are
usually weak, unstable and may disintegrate rapidly as compared to covalently

crosslinked gels. However, physical hydrogels are advantageous where short term drug
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delivery, biodegradability and in situ gel formation is required.”> They are good
candidates for applications where reversible sol-gel transition upon stimuli (temperature,
pH, ionic strength, etc.) and responsive behavior are needed. A common way to prepare
physical gels is to use repeated freeze-thaw cycles of a polymer solution. For example,
polyvinyl alcohol has been extensively studied for its ability to form physical gels upon
crystallite formation.”>’ Swelling behavior and mechanical properties of PVA hydrogels
can be tailored by varying the polymer concentration and number of freeze-thaw cycles.
These hydrogels are particularity designed for artificial cartilage replacement and contact
lens applications because of their enhanced mechanical strength, high elasticity,

nontoxicity and biocompatibility.” ®

Entanglement networks are formed by physical interactions of polymer chains
twisting and wrapping around each other. These are formed either in the melt or in
solution when the relative molecular weight becomes greater than the critical
entanglement molecular weight of the polymer. Entanglement networks can dissolve with
the addition of an excess amount of solvent. Current research on entangled networks is
focused on forming so-called interpenetrating networks such as semi-IPNs or double

network hydrogels.”*

These systems consist of two or more type of polymers. The first
polymer network is chemically crosslinked while the second one is non-crosslinked and
highly entangled, and filling the voids of the first network. The formation of physical
entanglements act as soft continuous phase and enhance the energy dissipation of the

entire network, resulting in enhanced mechanical strength and toughness. This kind of

hydrogel can be used for load bearing biomedical applications such as articular cartilage
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replacement.63 Hydrogels including two or more components are designed not only to
improve mechanical properties, but also to enhance swelling capacity, stimuli

responsiveness, biocompatibility and morphology.®* ¢

Hydrogels can be prepared from natural or synthetic polymers. The main
advantages of natural polymers include low toxicity, inherent biocompatibility,
biodegradability, low-cost and having biologically recognizable moieties that support

cellular activities.®® ¢’

Recently, the use of natural materials for hydrogel synthesis has
attracted attention of many researchers. Polysaccharides (chitosan, alginate, hyaluronic
acid, dextran, etc.) and proteins (fibrin, collagen, gelatin, etc.) are the two major classes
of natural biopolymers that have been used as hydrogels for biomedical and
pharmaceutical applications.”® For example, chitosan is a promising polycationic
biopolymer. It is biocompatible, antibacterial, and bioadhesive due to its positive charge
in acidic medium and can be degraded by human enzymes (lysozyme). It is further said to
promote wound-healing. Chitosan hydrogels prepared by chemical or physical ways are
considered as pH-responsive and are suitable for controlled drug delivery.”’ In general,
however, natural hydrogels are mechanically weak. Various methods such as chemical
crosslinking and blending with synthetic polymers are used to enhance their mechanical

stability.”" !

Hydrogels prepared from synthetic polymers are often preferable for biomedical

applications even though they do not have intrinsic bioactive properties like natural

biopolymers. However, their ability to form well-defined hydrogel networks with
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molecular-scale tune-ability and consistent properties are some of the advantages of
synthetic hydrogels. For example, poly(2-hydroxyethyl-methacrylate) or PHEMA
hydrogels are known to be the earliest hydrogels used for biomedical applications.”
Good mechanical properties, optically transparency and stability in water allow PHEMA
hydrogels to be used predominantly as contact lenses.”” Chemical derivation and
copolymerization of HEMA monomers has been studied in order to fine-tune PHEMA

properties for drug delivery and tissue engineering applications.”*”

Poly(vinyl alcohol)
or PVA is another widely used synthetic polymer for hydrogel formation. PVA hydrogels
are strong (tensile strength up to 17 MPa), non-adhesive to cells and proteins, show a low
coefficient of friction and have similar structural properties to natural cartilage.
Therefore, PVA gels have been suggested as a biomaterial for the replacement of

diseased articular cartilage.”® "’

Hydrogels can also be classified as neutral, anionic or cationic according to the
ionization of the pendant group. Hydrogel networks containing acidic (anionic) or basic
(cationic) side groups can be responsive to the pH and ionic composition of the swelling
medium. According to Donnan equilibrium swelling theory, the osmotic pressure
gradient or ion concentration gradient between inside and outside of the hydrogel is the
driving force for swelling. A hydrogel is referred to as pH-sensitive when swelling is a
result of proton ionization and repulsion of charged groups.78 For example, for ionic gels
containing weakly acidic groups such as carboxyl (-COOH) in poly(acrylic acid),
poly(methacrylic acid) or alginate, the degree of swelling increases as the pH of the

swelling medium increases. Chitosan and poly(acrylamide) are as examples of ionic gels

20



containing weakly basic amine (-NH,) groups that protonate and increase the degree of
swelling as the pH of external solution decreases. The pH-sensitivity and drug release
profile of hydrogels is tunable. For example, an increase in crosslink density, which can
simply be adjusted by weight ratio of the crosslinker or monomer, induces a decrease in
swelling and pH-sensitivity and improves the network stability.” pH-sensitive hydrogels
are widely used in oral drug delivery where they can protect peptide/protein drugs in the
digestive track.® There are several strategies that aim to improve pH-responsive swelling
behavior of hydrogels. For example, some chemically crosslinked chitosan hydrogels
have no pH-sensitive drug release in acidic conditions because most of the free amino
groups are reacted with the crosslinker. pH and ion-sensitive drug release of such
hydrogels could be improved by incorporating a second polymer which has different
hydrophilicity from chitosan. Additional polymer chains decrease the crosslinking

density and increase the amount of free amino groups available for protonization.*'

Another group of widely studied stimuli-responsive hydrogels are temperature-
sensitive hydrogels that have the ability to swell or deswell as a result of changing the
temperature of the external swelling medium. There are two types of temperature-
sensitive hydrogels; positive and negative. Positive hydrogels have an upper critical
solution temperature (UCST) below which the network collapses upon cooling. Negative
hydrogels have a lower critical solution temperature (LCST) above which the network
collapses upon heating. In the latter one, below the LCST, water molecules form
hydrogen bonds with polar groups of the polymer chain and organize around hydrophobic

groups resulting in an increase in degree of swelling. Upon heating above the LCST,
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bound water molecules are released and the polymer network collapses.®' Poly(N-
sopropylacrylamide) or PNIPAAm and its copolymers have been the most studied
temperature sensitive hydrogels in the literature.® It has a LCST around 32°C which is in
the rage of human body temperature. PNIPAAm, can be used to prepare drug-delivery
systems that exhibit a pulsatile release in response to temperature changes. PNIPAAm
hydrogels are commonly being used for patterning cells studies because of their ability to
be hydrophilic or hydrophobic depending on the temperature below or above its LCST.®
By block copolymerizing PNIPAAm with an ionic polymer such as poly(acrylic acid),
both pH- and temperature sensitive can be prepared. Such hydrogels are suggested to
modulate the drug release kinetics of streptokinase.** In addition, hydrogels that can
respond to various stimuli have also been reported. For example, hydrogels sensitive to
biological analytes such as mono- and di-saccharides, enzymes, antigens and ions have
been studied extensively for biomedical applications.® Physical stimuli such as light,
magnetic field, electric current and ultrasound can be used to trigger hydrogels for

controlled and targeted drug release as well.**™

In order to design hydrogels with desired performance and structure,
determination and characterization of hydrogel network parameters are of great
significance. Theories used to describe the network structure of hydrogels are derived
from equilibrium-swelling theory and rubber-elasticity theory.”” The most important
parameters used to characterize the network structure of hydrogels are the polymer

volume fraction in the swollen state (p, ), the molecular weight of the polymer chain

between two neighboring crosslinking points (Af ), and the corresponding mesh size
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(¢ ). The polymer volume fraction in the swollen state is a measure of the amount of

water or biological fluid retained by the hydrogel. In general, hydrogels with ,, >10 are
defined as highly swollen systems, while 1<v, <5 are lightly swollen hydrogels.” The

average molecular weight between two consecutive crosslinks is a measure of crosslink
density of the polymer network. The correlation length or distance between two adjacent
crosslinks (mesh size, pore size) is a measure of the space available between the polymer
chains. These parameters are related to each other and can be calculated theoretically and
experimentally. By controlling these parameters, mechanical, responsive and diffusive

properties of hydrogels can be adjusted for a particular application to a great extent.”

As above mentioned, the major drawback of hydrogels is their relatively poor
mechanical properties which limit their use not only in load bearing but also in other
biomedical applications. The reason for low mechanical stability of conventional
hydrogels can be found in their network structure. Hydrogels with conventional chemical
crosslinks tends to break under low stress due to inadequate energy dissipation to retard
crack propagation. Irregular distribution of crosslinking points throughout the hydrogel
network results in different chain lengths between crosslinking points and uneven stress
distribution among polymer chains. This is the main reason for easy crack initiation and
bulk fracture. Another aspect of this phenomenon is related to the degree of extensibility
of a polymer chain which is governed by the relationship between relaxed end-to-end
distance of a chain and its contour length. Before breakage, this parameter is low for
short chains between two crosslinking points in comparison to long chains. When load is

applied, short chains are susceptible to break first. The load has then to be shared by the

23



adjacent polymer chains present between the crosslinking points (see Fig. 1.9). This
dramatic change in stress redistribution can result in multiple chain fractures and is

followed by the formation of voids and microcracks.”!

!

Figure 1.9 Schematic of the network in conventional hydrogels under applied load

showing uneven stress distribution among polymer chains.

To improve their mechanical properties, various approaches such as the formation
of interpenetrating networks, double-networks, formation of crystallites, and fiber
reinforcement have been suggested. Recently, new hydrogels with unique network
structure and excellent mechanical performance have been developed.”””> Haraguchi et
al. developed nanocomposite hydrogels (NC gels) with unique organic-inorganic network
structures that exhibit excellent mechanical performance as well as optical and

swelling/deswelling properties.”* In their study, water-swellable clay nanosheets (3 nm in
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thickness and 30 nm in diameter) were used as highly multifunctional crosslinking sites.
By performing in situ polymerization of specific monomers, initiators attached to
nanoclay surfaces which were used as grafting sites for growing polymer chains. As a
consequence to the formation of long and extensible polymer chains connecting the
uniformly distributed nanoclay particles to each other, NC gels were strong, tough, highly
extensible, and optically transparent and can absorb high amounts of water compared to

conventional hydrogels.

Figure 1.10 Schematic of the network structure of nanocomposite hydrogels showing
exfoliated inorganic clay sheets and crosslinked polymer chains (Haraguchi, K.;
Takehisa, T. Nanocomposite Hydrogels: A Unique Organic—Inorganic Network Structure
with Extraordinary Mechanical, Optical, and Swelling/De-swelling Properties. Advanced
Materials. 2002, 14, 1120—-1124. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

Reproduced with permission)
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Huang et al.”! have recently synthesized macromolecular microspheres composite
hydrogels (MMC gels) with high strength and toughness using a similar approach to NC
gels. In their study, a suspension of macromolecular microspheres (100 nm in diameter)
carrying peroxide groups were irradiated to initiate polymerization of monomers and to
synthesize hydrogels. By this way, macromolecular microspheres (MMS) acted as highly
multifunctional crosslinking agents. Crosslink density and intercrosslinking distance can
be easily adjusted by changing MMS concentration, monomer and initiator content.
MMC hydrogels are about 120 times stronger than normal structure gels and
compressible up to about 98% without fracture. They quickly recover their original

shape.

In conclusion, hydrogels are promising biomaterials with a wide range of
available materials and synthesis techniques. With optimized mechanical, responsive,
diffusive and biological properties, hydrogels can play an even greater role in future

biomedical applications and nanotechnology.
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CHAPTER 2
Wood Hemicellulose/Chitosan-Based Semi-Interpenetrating Network Hydrogels:

Mechanical, Swelling and Controlled Drug Release Properties

2.1 Abstract

The cell wall of most plant biomass from forest and agricultural resources consists
of three major polymers, cellulose, hemicellulose and lignin. Of these, hemicelluloses
have gained increasing attention as sustainable raw materials. In the first part of this
study, novel pH-sensitive semi-IPN hydrogels based on hemicelluloses and chitosan were
prepared using glutaraldehyde as the crosslinking agent. The hemicellulose isolated from
aspen was analyzed for sugar content by HPLC, and its molecular weight distribution was
determined by high performance size exclusion chromatography. Results revealed that
hemicellulose had a broad molecular weight distribution with a fair amount of polymeric
units, together with xylose, arabinose and glucose. The effect of hemicellulose content on
mechanical properties and swelling behavior of hydrogels were investigated. The semi-
IPNs hydrogel structure was confirmed by FT-IR, X-ray study and ninhydrin assay
method. X-ray analysis showed that higher hemicellulose contents yielded higher
crystallinity. Mechanical properties were mainly dependent on the crosslink density and
average molecular weight between crosslinks. Swelling ratios increased with increasing

hemicellulose content and were high at low pH values due to repulsion between similarly
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charged groups. In vitro release study of a model drug showed that these semi-IPN

hydrogels could be used for controlled drug delivery into gastric fluid.

2.2 Introduction

Raw materials from renewable resources have gained increasing importance in
recent years as fossil fuels become less available. Forest by-products from low-value
trees, bark, and residue from sawmills offer an alternative as renewable resources.
Products based on forest biomass find applications in areas where biocompatibility and
biodegradability are of major importance. Careful extraction and fractionation of forest
biomass can yield chemicals, which in turn can be converted into high-value products.
An example of useful silvichemicals is hemicellulose, a class of hetero-polysaccharides
present in the cell wall of wood and annual plants together with cellulose and lignin.'
Hemicellulose is considered to be the second most abundant polysaccharide in nature,

representing about 20-35% of lignocellulosic biomass.” Potential applications of

hemicelluloses and their derivatives have been described in the literature.’

One such area of application is super-absorbent hydrogels. Hydrogels have
attracted significant attention in biological and biomedical applications based on their
high liquid up-take, their stimuli-responsive swelling-deswelling capabilities without
disintegration, and their biocompatibility.*® Hydrogels generally consist of three-
dimensional hydrophilic polymeric networks. They owe their mechanical stability during
swelling to chemical and/or physical cross-links between the macromolecular chains that

allow for flexibility, yet render low, but sufficient strength.” Polysaccharides such as

39



chitosan and alginate have been widely used to prepare natural hydrogels that have the
advantages of biocompatibility, biodegradability, low toxicity, and availability from

8
renewable resources.

Efforts have been made to improve their mechanical properties without impairing
their sorption capabilities. Reinforcement with small fibers, formation into nano-
composites, chemical crosslinking and formation of interpenetrating (IPN) or double
networks are some of the strategies that have been employed.”'' Of those, semi-
interpenetrating network hydrogels (semi-IPNs) have been extensively described.'>"*
Semi-IPNs are achieved by blending two polymers with one being crosslinked in the
presence of the other (not crosslinked) polymer.'® In semi-IPNs, additional interactions
between the two polymers such as hydrogen bonds, crystallites, ionic, and hydrophobic
interactions may participate in the hydrogel formation.'® Moreover, each polymer might

contribute to the final properties of semi-IPN hydrogels in terms of mechanical

stability,'” stimuli responsiveness to pH,'® and temperature.'’

Recent studies showed that agricultural and forestry by-products can also be
incorporated into hydrogels. In this context, hemicelluloses have been explored by some
research groups.”” Gabrielii et al.,”' for example, studied chitosan hydrogels that
contained xylan for reinforcement. They concluded that crystalline arrangement and
electrostatic interactions between two biopolymers were responsible for the relatively

high stability of the hydrogels.
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Chitosan is a cationic polysaccharide known for its good film forming ability. It is
obtained from waste chitin, and as such can be considered a material from renewable
resources. Amine groups attached to its backbone enable chitosan to become positively
charged in acidic medium. Therefore, chitosan can serve as a biomaterial for pH-
responsive hydrogel applications. However, these hydrogels generally lack mechanical

stability unless they are crosslinked and/or reinforced by suitable compounds.

In this study, hemicelluloses isolated from aspen were evaluated for use as value-
added biomaterials. For this purpose, novel semi-IPN hydrogels based on hemicellulose
and chitosan were prepared and designed for application in pH-responsive drug delivery
systems by using riboflavin as the model active agent. It has been hypothesized that
alkaline extracted hemicellulose could be entrapped in a chemically crosslinked pH-
responsive polymer network such as chitosan. If the hemicellulose was capable of
crystallizing, it would act as a reinforcing component for enhancing the mechanical
properties of this semi-IPN hydrogel. It is further hypothesized that such a semi-IPN

hydrogel could be constituted into a potential controlled release drug delivery system.

2.3 Experimental
2.3.1 Materials

Chitosan with 190,000-310,000 g/mol viscosity average molecular weight and 75-
85% degree of deacetylation was obtained from Sigma Aldrich. Glutaraldehyde, acetic

acid, riboflavin, and other solvents and chemicals were purchased from Fisher Scientific
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and used as received. For comparison, experiments with commercially available xylan

from birch wood of known chemical composition (Sigma Aldrich) were also performed.

2.3.2 Isolation of hemicelluloses from wood flour

Hemicellullose, isolated from aspen by a novel alkaline extraction method, was
provided by USDA Forest Products Laboratory, Madison, WI. Aspen chips were
processed into flour in a Wiley mill to pass through a 1-mm mesh size screen attached to
the mill. The flour was sieved on a 60-mesh screen. Fifty (50) grams of the fraction
captured on the 60-mesh screen was treated with 500 mL 0.05 M HCI at 70°C for 2 h.
The suspension was allowed to cool to room temperature before adjusting its pH to 9.2
with approximately 6 mL concentrated NH4OH. The suspension was stirred overnight at
room temperature and filtered under suction on Whatman GF/A glass microfiber filter
paper to extract pectins, starch, and fats. The filter cake was placed in 500 mL 0.025M
NaOH in 70% ethanol at 75°C and stirred for 2 h to solubilize lignin. The suspension was
allowed to cool to room temperature before filtration under suction on Whatman GF/A
glass microfiber filter paper to remove lignin. The remaining filter cake was transferred
to 500 mL 0.IM NaOH, and stirred for 16 h at room temperature to solubilize
hemicelluloses. At the end of this period the suspension was filtered under suction on
Whatman GF/A glass microfiber filter paper, to isolate hemicelluloses in the filtrate. The
filtrate was heated to 65°C, and 35 mL 30% H,O, was added to the filtrate in 1-mL
increments and it was allowed to react under constant stirring. When the filtrate had
turned white, it was allowed to cool to room temperature. Its pH was adjusted to 5.3 with

32 mL concentrated HCI before transferring it to three-times its volume of 95% ethanol.
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The mixture was left overnight to allow hemicellulose to precipitate. The supernatant
liquid was carefully removed by vacuum suction, and the hemicellulose precipitate was
reconstituted in 300-500 mL of reverse osmosis (RO) water. This hemicellulose solution
was dialyzed in a Spectra/Por dialysis membrane, MWCO: 3500, against 3000 mL RO
water. After overnight dialysis, the dialyzed hemicellulose solution was freeze-dried to
yield hemicellulose powder. A sample of the hemicellulose powder was dissolved in
0.IM NaNOs for molecular weight determination by high performance size exclusion
chromatography with refractive index (HPSEC-RI) and UV (HPSEC-UV) detection.
Another sample of the hemicellulose powder was hydrolyzed, and the hydrolysate was

analyzed for sugar content by HPLC with electrochemical detection (HPLC-ED).

2.3.3 Hydrogel preparation

Chitosan was dissolved in 2% v/v acetic acid aqueous solution to prepare 1% w/w
chitosan solution. Hemicellulose was added to deionized water at 1% w/v and heated to
95°C for 20 minutes with stirring. The solution was cooled to room temperature. Blended
hydrogels were prepared by mixing chitosan and hemicellulose solution for 8 h at 70:30

and 30:70 weight ratios with a total dry matter of 1%.

For crosslinking, glutaraldehyde was added at a set ratio (3% w/w) to the total dry
weight of chitosan in the solution after stirring the mixtures for 8 h. Final solutions were
cast into films in plastic petri dishes and dried in an oven at 40°C for 24 h. The dry films
were immersed in 0.1 N sodium hydroxide solution to neutralize acetic acid residues,

then washed with ethanol to remove an excess NaOH. After rinsing with excess

43



deionized water, the films were dried in an oven at 40°C for 24 h. The average crosslink
density of samples reported in this paper was determined to be 22% unless otherwise
noted. FT-IR spectra of crosslinked chitosan films did not show any traces of unreacted

glutaraldehyde.

2.3.4 Hydrogel characterization
2.3.4.1 Crosslinking density
The effective crosslink density was estimated using the kinetic theory of rubbery

elasticity (Eq. 2.1),24'26

G=RTvp,'"” (2.1)
where G is the elastic modulus, v, is the effective crosslink density, v, is the polymer
volume fraction at equilibrium swollen state, R is the gas constant, and 7 is the
temperature in Kelvin. The elastic modulus of swollen hydrogels, G, was determined

from the linear portion of the stress-strain curve at low strains by using Eq. 2.2,

T= G[a —Lz} (2.2)

a
where 7 is the force per unit of initial cross-sectional area of swollen gel and a is the

deformation ratio (deformed length/initial length) of the network by tensile force.

The average molecular weight between crosslinks (M_C, g/mol) was calculated as

follows (Eq. 2.3):%

—
M, =— (2.3)
vV, U

e
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where v, is the effective crosslink density in mol/cm® obtained by Eq.2.1, and v is the

specific volume of the polymer in cm®/g.

In addition, the degree of crosslinking was also determined by the percent
decrease of free amine groups in the hydrogels. The ninhydrin assay method, which is
commonly used for quantitative determination of free amine (NH,) groups in chitosan,

was performed according to the standard procedure.*® %’

2.3.4.2 Mechanical Properties

The fiber-film geometry module of the RSAIIl Dynamical Mechanical Analyzer
with a 3.5 kg load cell was used to test the tensile properties of the dry hydrogel films.
Crosshead speed and gauge length was 1 mm/min and 10 mm, respectively. Samples
were cut into 7x30 mm strips. The thickness of the film sample was measured using a
digital micrometer with 0.001 mm resolution at three locations and averaged. Samples
were conditioned at 65% RH and 22°C for about 48 h before testing. Replicate tests of at

least three films were performed.

Tensile testing of the swollen hydrogel films at equilibrium was performed with
an Instron Universal Tester with a 100 N load cell. Gauge length and crosshead speed
were set to 10 mm and 2 mm/min, respectively. Samples were cut into 7x30 mm strips
before immersing in deionized water. In order not to damage the swollen samples during

the thickness measurements, they were gently sandwiched between microscope cover
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slips. To prevent water loss during testing, hydrogel samples were coated with petroleum

gel.*

2.3.4.3 Swelling Behavior

For the swelling experiments, dry films with an average thickness of 17 um were
cut into samples of 10 mm x 10 mm. Each sample weighed approximately 6 mg. The
equilibrium swelling ratio of hydrogels, which signifies the expanding and retracting
forces between crosslinks at equilibrium, was determined by water uptake measurements.
Pre-weighed dry samples were immersed in deionized water at room temperature for 1 h,
which was determined to be sufficient to reach the equilibrium state. The weight of the
swollen samples was measured after blotting excessive water gently with filter paper. The
equilibrium swelling ratio (S) was calculated by the following equation (Eq. 2.4),

Ws_WdX

S(%) = 100 (2.4)

d
where W, and W, are the swollen and dry weight of samples, respectively. Equilibrium
swelling ratios at different pH buffers (2, 4, 6, 8, and 10) were determined as described

above.

2.3.4.4 In vitro cumulative release study

In order to load the model drug into the hydrogels, riboflavin was added to
chitosan/ hemicellulose solution before the crosslinking step. The amount of drug loaded
was 20% (w/w) of total dry matter in the final solution. Solubility of riboflavin in DI
water is low (<0.05%); however riboflavin is highly soluble in dilute alkaline solutions.

To minimize the drug loss before the in vitro test, samples were immersed in DI water for
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1 h, rinsed with excess water (without using sodium hydroxide and ethanol) and oven-
dried. Drug loss from dried films was determined by measuring the absorbance of the
rinse water at 445 nm with UV-vis. The amount of drug loaded (M)) before the in vitro
test was calculated by subtracting the amount of drug loss from the initial amount of drug

loaded.

To simulate the release of riboflavin into physiological media, riboflavin loaded
hydrogels with the same dimensions as used for the swelling experiments were incubated
in 25 mL pH 2.2 and pH 7.4 phosphate buffer solutions with same concentration (0.1 M)
and ionic strength (0.1 M) at 37°C and shaken at 50 rpm. At different time intervals, 4
mL of test solution were extracted and 4 mL fresh buffer solution added. The
concentration of riboflavin released was determined by measuring the absorbance at 445
nm with a UV-vis spectrophotometer. Cumulative release (M,/M,, %) was determined by
the ratio of the amount of drug released (M,) at time t to the initial amount of drug loaded

(My).

2.3.4.5 Structural and morphological analysis
FTIR spectra of dry films were obtained with a Nicolet 6700 FT-IR spectrometer

between 4000 and 400 cm™ over 32 scans with a resolution of 4 cm™.

The crystallinity of the films was analyzed using a Bruker D8 X-ray

diffactometer. Cu Ko radiation at 40 kV and 40 mA with a wavelength of 1.54 A was

used, and 20 was varied between 5 and 30° at a rate of 2° per min and a step size of
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0.01°. The degree of crystallinity (¢, Eq. 2.5) was calculated by TOPAS software. The

amorphous baseline was determined by a first order Chebyshev polynomial fit to the
experimental diffractogram according to Rogers et al.’' The relationship of the intensity
of amorphous background ( /,) to the total intensity (X L..,) was then calculated to yield
the degree of crystallinity as follows:

2l
)% 100
2l

xp (2.5)

b=~

The surface morphology of films was examined by a Zeiss EVO 50 scanning
electron microscope (SEM) at 15 kV. Samples were sputter-coated with gold prior to
examination. The appearance of the films was also evaluated by a Nikon SMZ-U optical

light microscope with 10x zoom.

2.4 Results and Discussion
2.4.1 Hemicellulose extraction

Sugar analysis of hemicellulose fractions (see Table 2.1) from aspen wood
showed that the fraction most suitable for hydrogel formation experiments contained
mostly xylose (82%), arabinose (8%) and glucose (5%). For comparison, a commercially
available xylan sample from birch wood was also hydrolyzed and analyzed for sugars. It

was found to contain less xylose (75%) and glucose (1%) and basically no arabinose.
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Table 2.1. Sugar Composition of Hydrolysates of Hemicellulose Fractions and

Commercial Xylan (%)
Arab | Gal | Rham | Glc | Xyl | Man | Residue | Total CHO
Hemicellulose 82 | 2.2 0.0 51 (821 24 0.0 100.0
Commercial xylan - 0.4 0.0 1.02 [ 75.3 - - 76.9

Size exclusion chromatography results revealed a fairly broad molecular weight

distribution with large amounts of low and medium molecular weight, but also a fair

amount of polymeric saccharides. Two peaks, detected by HPSEC-RI, and identified as

Peak #1 and Peak #2 in Figure 2.1, showed apparent molecular weights of MW, =

401,000 and 391,000 g.mol™, respectively. The observed polydispersity, however, is not

unusual for hemicellulose extracted from forest biomass.

Peak #2
Peak #1

] 10 i Retertion time, minutes
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Figure 2.1 HPSEC-RI chromatogram of hemicellulose fraction: Peak #1 at retention time
11.5 min corresponds to MW, = 401,000 g.mol'l, and Peak #2 at retention time 13.8 min

corresponds to MW, = 391,000 g.mol ™.

Although the chemical structure of the polysaccharides has not yet been
determined in detail, it is reasonable to assume that the hemicellulose isolation procedure
described in this paper yielded xylan-rich heteropolysaccharides with arabino-, gluco-,
galacto-, and mannan- residues with some UV-absorbing moieties such as acetyl groups.
The carboxyl group (~COOH) content was determined to be 0.01-0.02 mmol/g, which

suggested the presence of -COOH carrying glucuronic acid residues.

Teleman et al.** performed extensive spectroscopic studies on hemicelluloses
isolated from milled aspen chips and fractioned into oligomeric and polymeric
components consisting mainly of O-acetyl-(4-O-methylglucurono)xylan. According to
their research, the backbone of this structure is constituted of B-(1—4)-linked d-
xylopyranosyl residues, substituted with one o-(1—2)-linked 4-O-methyl-d-glucuronic

acid per approximately every tenth such residue.

2.4.2 Film formation
It was possible to cast films from aqueous solutions of hemicellulose on glass
plates. However, the films were highly brittle with very low mechanical stability.

1.33

Groendahl et a argued that the poor film-forming ability and brittleness of

glucuronoxylans is a direct consequence of insufficient chain length of the polymer, high
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glass transition temperature and poor solubility. Glucuronoxylan in its native state is
amorphous but can crystallize to a certain extent after alkaline treatment due to partial

removal of acetyl groups.”**

The hemicellulose used in this study showed highly regular
crystal formation when cast on glass plates from 1% w/v aqueous solutions. Figure 2.2
shows SEM micrographs of the observed highly regular crystallites. It is interesting to

note that the commercial birch xylan could not be developed into films or flakes and did

not demonstrate such crystal formations.

- WD = 8.0mm Time :10:18:00

Mag= 500X EHT = 1500 kv  Signal A = SE1 Date :6 Mar 2009 W

Figure 2.2 SEM images of macroscopic crystal formation in 1% (w/v) aqueous

hemicellulose solutions cast on glass plates.

Chitosan, as an extensively studied polysaccharide due its non-toxicity and
biocompatibility, has been demonstrated to have excellent film-formation ability.”® As
expected, the mechanical stability of the hemicellulose films improved with using
chitosan as the supporting matrix. At a ratio of 70:30 hemicellulose to chitosan, stable
films were produced that showed spherulite formation (Figure 2.3a) similar to those of
hemicellulose samples without chitosan. With increasing chitosan content however, the

form and size of the crystallites changed (Figure 2.3b). At a ratio of 50:50 hemicellulose
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to chitosan, crystallite domains no longer overlapped, but rather showed space in-

between separate domains without any interference.

Figure 2.3 Optical microscopic images of the dendritic crystals formed in

hemicellulose/chitosan films; (a) H:CS = 70:30 (b) H:CS = 50:50

At first, it was assumed that the crystallites primarily originated from the mono-
or oligomeric components of hemicellulose. In this case these compounds would be
removed upon exposure to repeated swelling/deswelling in distilled water. However,
though less pronounced, crystallites similar to those shown in Figure 2.3 were repeatedly

formed.
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Figure 2.4 X-ray diffractograms of films before swelling-deswelling cycles (CS; CS:H

70:30; CS:H 30:70).

Figure 2.4 shows X-ray diffractograms of hemicellulose/chitosan films before
swelling in water as well as of films from chitosan without hemicellulose for comparison.
Clearly, higher hemicellulose contents yielded higher crystallinity. Major peaks were
located at 26=14.1, 16.9, and 18.6, as found for hemicellulose. After swelling/deswelling,
the crystallinity index of dry hydrogels was estimated to be 20.2% and 14.5% for 70:30
and 30:70 ratios of hemicellulose:chitosan, respectively. These results confirmed that the
chitosan gel was able to entrap the crystallized water-insoluble polymeric portion of

hemicellulose.
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2.4.3 Semi-IPN formation

By crosslinking of chitosan in presence of hemicellulose, a semi-interpenetrating
network (IPN) structure could be formed. Semi-IPN formation was confirmed by FTIR,
X-ray diffraction and the ninhydrin assay method. Figure 2.5 presents the FTIR spectra of
hemicellulose, crosslinked chitosan, and semi-IPN hydrogel film at 30:70 hemicellulose:
chitosan ratio. The peak at 1637 cm™ can be attributed to the imine bond (C=N
stretching) in the semi-IPN due to the Schiff’s base reaction between chitosan and
glutaraldehyde.*® *” A decrease in the percentage of free amine groups was also
confirmed by ninhydrin assay (see Table 2.2). In comparison to crosslinked chitosan
without hemicellulose, peak shifts were detected in the semi-IPN at 1540 cm™ (NH
deformation-amide II) and 3400 cm™ (OH/NH stretching). These band shifts could be
attributed to intermolecular interactions between hemicellulose and chitosan such as H-

bonding and hydrophobic attraction. In addition, as proposed by Gabrielii et al.,***'

some
ionic interaction between carboxyl groups in hemicellulose and free amino groups in

chitosan may also occur, although the amounts of carboxyl groups in hemicellulose are

quite low (see Table 2.2).

Although some of the dendritic crystals shown in Fig. 2.3 were removed during
rinsing and neutralization steps, X-ray diffraction measurements showed that a
crystallinity of 14.5% and 20.2% for H:CS 30:70 and 70:30, respectively, had been
preserved. Taking the ionic and intermolecular interactions as well as crystallinity
introduced by hemicellulose chains into account, the structure of the crosslinked H:CS

semi-IPN hydrogel could be proposed as schematically presented in Figure 2.6.
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Interspersed crystalline regions and chemical crosslinks form the major support of the

structure, while additional weaker interactions also contribute to the mechanical stability

of the hydrogel.
Table 2.2 Amount of carboxyl groups in hemicellulose
Carboxyl groups Free amino groups
(mmol/g) (mmol/g)
Hemicellulose 0.01-0.02 -
Commercial xylan 0.05-0.06 -
Chitosan - 2.05%*
Chitosan*** - 1.60**

** averages determined by ninhydrin assay method described in experimental methods

***crosslinked with 3% w/w glutaraldehyde, degree of crosslinking was ~22%.
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Figure 2.5 FTIR spectra of dry hydrogel films (arrows point at shifted peaks)
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Figure 2.6 Possible semi-interpenetrating network of crosslinked chitosan and entrapped

hemicellulose with weak interactions to chitosan
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2.4.4 Mechanical properties of hydrogel films

The gelling properties of chitosan are well-documented.'® However, chitosan gels
without chemical or ionic crosslinks cannot be considered for controlled drug delivery
due to their low shape retention and low mechanical stability in the swollen state. In this
study, it was hypothesized that the addition of hemicellulose might have a sufficiently
high stabilizing effect due to the introduction of crystallites and the interaction between

the functional groups of hemicellulose and chitosan.

The mean and standard deviation values of elastic modulus, ultimate strength and
strain to failure (standard deviations in brackets) are given in Table 2.3. Dry and water-
swollen hemicellulose films without admixture of chitosan were too brittle to test. In the
dry state of the films, hemicellulose did not enhance their mechanical properties, and
crosslinked chitosan films were clearly stronger. However, in the swollen state the
difference in strength between pure chitosan and chitosan/hemicellulose semi-IPN films
was less. Absorbed water acted as a plasticizer and reduced the strength and modulus of
swollen semi-IPN gels significantly, while slightly increasing the elongation. Strain to
failure values were lower in both the swollen and dry state with increasing hemicellulose
content. This might be attributed to the higher crystallinity of the semi-IPN films in
comparison to the purely amorphous chitosan matrix. On the other hand, the crystallites
formed in H:CS films showed little overlap, if at all (see Fig. 2.3). Instead, more or less

isolated crystallites were observed.
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Even though hemicellulose incorporation did not enhance the mechanical
properties, observed values in regard to the tensile strength, elastic modulus and strain to
failure for H:CS films in the dry state were comparable to those of biodegradable films
reported in the literature.*® The similarity of mechanical properties of semi-IPN gels that
contained hemicellulose and commercially available xylan showed that hemicellulose

extracted for this study could compete with the products currently on the market.

Table 2.3 Mechanical properties of dry and water-swollen hydrogel films with different

hemicellulose compositions

Filins Modulus Ultimate Strength  Strain to Failure
(MPa) (MPa) (%)

H Too brittle to test ~ Too brittle to test ~ Too brittle to test
H:CS 70:30-dry film 1390+ 50 29.27+1.83 3.65+0.46
H:CS 30:70-dry film 2160+180 54.90+15.50 5.03+2.28
CS-dry film 2460+250 71.15+13.37 11.07+1.75
H:CS 30:70-swollen film 4.79+0.21 0.46+0.23 12.67+4.74
X*:CS 30:70-swollen film 5.33+1.08 0.45+0.08 11.23+1.37
CS-swollen film 7.74+ 1.01 1.46+0.32 23.15+4.51

* X: commercial xylan

It can be hypothesized that the decrease in modulus and strength values is a

consequence of lower crosslink density and a simultaneous increase in average chain
length between crosslinks (M_C, g/mol) with hemicellulose inclusion into chitosan matrix

(see Table 2.4). Effective crosslinking density was reduced from 15.3 x10™ mol/cm’ to
9.3 x10® mol/cm®, while the average molecular weight of the chain length between

crosslinks increased from 1074 g/mol to 1326 g/mol for semi-IPN gels with 30%
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hemicellulose content. The decrease in crosslink density and increase in M. may have

resulted in a more effortless movement of the chain segments within the network and thus

led to a reduction in mechanical properties.

The crosslink density of H:CS 70:30 samples could not be determined because the
tensile testing of these hydrogel films at swollen state was impossible. Even though these
samples stayed intact in the swelling medium, samples were easily broken when taken

out from the swelling medium for tensile testing.

Berger et al.'® suggested that an additional polymer whose hydrophilicity is
different than chitosan might disturb the covalent crosslinking of chitosan chains, which
then results in lower crosslink density. It is possible that glutaraldehyde formed fewer
and/or longer crosslinks due to the strong intermolecular interactions between chitosan
and hemicellulose. Although crystalline domains and additional secondary interactions
were introduced with hemicellulose inclusion, it can be suggested that covalent crosslinks
were the predominant factor that influenced the overall crosslinking density and resulted

in lower modulus and strength.
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Table 2.4 Crosslink density and Z\TC values calculated form elastic modulus of swollen

hydrogels and equilibrium swelling ratios

Crosslink density M.

3 S (%)
(mol/cm”) (g/mol)
CS 153+ 1.6 x10™*  1074+114 12644
H:CS 30:70 9.3+ 0.6 x10~ 1326+96 136 =13
H:CS 70:30 - - 148+10

2.4.5 Swelling behavior

The percentage equilibrium swelling ratios of semi-IPN hydrogels are listed in
Table 2.4. As compared to crosslinked chitosan without hemicellulose, semi-IPN
hydrogels had slightly higher swelling ratios with increasing hemicellulose content.

Higher equilibrium swelling ratios can be attributed to lower crosslink density and higher

M_C (g/mol), which resulted in more space for water molecules.

It might have been expected that swelling ratios would be reduced with addition
of hemicellulose into the chitosan matrix due to the formation of water-impermeable
crystalline domains. Additionally, intermolecular interactions might be considered as
physical crosslinks.'® However, as discussed previously, the reaction of glutaraldehyde

could have been impaired by hemicellulose, and therefore higher swelling ratios were

observed as a consequence of lower crosslink density and higherM_C (g/mol).

2.4.6 pH-dependant swelling
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According to Donnan equilibrium swelling theory, the osmotic pressure or ion
concentration gradient between the inside and outside of a hydrogel is the driving force
for swelling. If swelling/deswelling occurs in a narrow pH range and is caused by
ionization and repulsion of charged groups, the hydrogel is considered to be pH-sensitive.
Such hydrogels are very useful as drug carriers. The swelling behavior of crosslinked
chitosan and semi-IPN hydrogels containing hemicellulose is shown in Figure 2.7. At pH
4, the swelling ratios of semi-IPN hydrogels were fairly high. At pH 2, the observed
slight decrease could be due to a shielding effect caused by excess H'. At basic pH

values, swelling was clearly reduced since the hydrogel contracted.

pH-dependant swelling
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Figure 2.7 Effect of pH on the swelling behavior of CS and CS/H hydrogels.

2.4.7 In vitro release study
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Release systems depend on the matrix, the drug to be discharged, and its
solubility in both the matrix and the release medium. Riboflavin has been chosen as a
model drug for this study due to its different solubility at different pH ranges and the
aspect that it does not significantly interfere with the functional groups of the matrix. Due
to the fact that it is not soluble under acidic conditions, the evaluation of the gel matrix
becomes possible, separate from effects that occur due to drug solubility. Chitosan-based
hydrogels have been reported for oral sustained delivery of antibiotics/ antiulcer drugs in

the stomach.” The semi-IPN gels reported in this study could be an alternative for this

purpose.

At pH 2.2, the gel matrix was highly swollen (Fig. 2.7, room temperature), and
the cumulative release of riboflavin from both CS and H:CS 70:30 gels was higher and
faster than at pH 7.4 (Fig. 2.8). At this pH value, raising the temperature to 37°C caused
an additional increase in equilibrium swelling ratio by 30% on the average. Therefore it
was not surprising that within 3 h approximately 95% of the drug was released, although
riboflavin is little soluble at this pH. Therefore, it can be assumed that in this case
riboflavin was discharged mainly as a consequence of the fairly open gel structure. The
matrix most likely presented only a physical impediment for the release, and the

interaction of riboflavin with release medium was of minor importance.

The total amount of riboflavin liberated at pH 7.4 was lower for both H:CS 70:30

(70%) and CS gels (85%) after 3 h exposure. Here the temperature did not play a major

role in regard to the equilibrium swelling ratio. At 37°C the fairly collapsed gels showed
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only approximately 10% higher swelling. However, with increasing alkalinity riboflavin
becomes significantly more soluble. In this case, the higher solubility of riboflavin might
have contributed to the still fairly fast release from a far less swollen gel matrix at this pH

value (Fig. 2.7).

The presence of hemicellulose in H:CS 70:30 gels, however, clearly reduced the
release rate compared to pure CS gels. In order to interpret the experimental results
better, drug release mechanisms were determined by fitting the first 60% of the release

profiles into the following equation (Eq. 2.6)%,

© (2.6)
where M,/M,, is the fractional release of drug in time ¢, k is the constant characteristic of

the drug—polymer system, and # is the diffusion exponent characteristic of the release

mechanism.
Release at 37°C pH 2.2 Release at at 37°C pH 7.4
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Figure 2.8 Release of riboflavin from semi-IPN hydrogels as a function of time in (a) pH

2.2 and (b) pH 7.4 buffer solutions at 37°C.
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Table 2.5. Kinetic Constants (k), Release Exponents (n) and Determination Coefficients

(r*) Obtained from the First 60% of Cumulative Release Data (Eq.2.6)

2

Films n k r
CSatpH2.2 0.52 0.101 0.990
CSatpH 7.4 0.45 0.099 0.993
H:CS 70:30 at pH 2.2 0.60 0.070 0.995
H:CS 70:30 at pH 7.4 0.66 0.287 0.998

According to Eq.2.6, for polymer films, the value of n=0.5 implies that the drug
release is controlled mostly by diffusion, while swelling- (or chain relaxation) controlled
drug release occurs in case of n=1.0. The values between 0.5 and 1.0 are indicative of the
release behavior being controlled by both phenomena. H:CS 70:30 hydrogels at both pH
levels showed non-Fickian behavior (0.5<n<1), indicating that the drug release was due
to both drug diffusion and chain relaxation of the hydrogel matrix (see Table 2.5).
However, n values for CS hydrogels were relatively close to n=0.5 (for thin film),
suggesting that the release was dominated by Fickian diffusion.'” *' At pH 7.4 CS gels
begin to lose their swelling capacity. It can therefore be argued that n values drop below

0.5, implying a beginning transformation from a gel to a solid material.

Further, equilibrium swelling of the gel matrix was reached after approximately
one hour; however, the drug continued to be discharged into the release medium for
additional two hours, which is one more indication for the release to follow a combined

mechanism of diffusion and chain relaxation.
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2.5 Conclusions

An innovative alkaline extraction technique was used to separate hemicellulose
from low-value aspen biomass. Although the isolated hemicellulose was fairly polydis-
perse, a sufficiently large amount of polymeric polysaccharides could be preserved.
Novel pH-sensitive semi-IPN hydrogels were developed based on the extracted high
molecular weight hemicellulose and crosslinked chitosan as a matrix. Crystallites
introduced through hemicellulose enhanced the coherence of the swollen semi-IPN
hydrogels. It is assumed that although covalent crosslinks predominantly influenced the
mechanical stability, fewer and/or longer crosslinks were formed in presence of
hemicellulose, thus improving the response to pH-induced swelling. Higher swelling
ratios were observed with increasing hemicellulose content. Swelling ratios were high at
low pH due to repulsion of the charged groups in the chitosan gel and low at the
physiological pH of 7.4. Riboflavin was selected as a model drug due to its low solubility
and minimal interference with the gel matrix. An in vitro release study of riboflavin
showed that these semi-IPNs could have potential for application as pH-sensitive
controlled drug delivery vehicles in physiological environments, e.g., for antibiotics or
antiulcer drugs in the stomach. At low pH the highly swollen hydrogel matrix would
fairly easily discharge the drug, while at higher pH values the gel matrix is collapsed, and

the release is dominated by the solubility of the drug in the release medium.
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CHAPTER 3
Hemicellulose/Chitosan-Based Hydrogel Networks: Effect of Hemicellulose on

Crosslink Density, Swelling and Mechanical Properties

3.1 Abstract

Semi-interpenetrating network hydrogel films were prepared using hemicellulose
and chemically crosslinked chitosan. Hemicellulose, which was extracted from aspen by
using a novel alkaline treatment and characterized by HPSEC, consisted of a mixture of
high and low molecular weight polymeric fractions. Their major constituent sugar, which
was determined by hydrolysis and HPLC analysis, was found to be xylose. X-ray analysis
showed that the relative crystallinity of hydrogels increased with increasing
hemicellulose content up to 31.3%. Strong intermolecular interactions between chitosan
and hemicellulose were evidenced by FT-IR analysis. Quantitative analysis of free amino
groups showed that hemicellulose could interrupt the chemical crosslinking of chitosan
macromolecules. Mechanical testing and swelling experiments were used to define the
effective network crosslink density and average molecular weight between crosslinks.
Swelling ratios increased with increasing hemicellulose content and were mainly caused
by H-bonding of bound water. Results revealed that by altering the hydrogel preparation
steps and hemicellulose content, crosslink density and swelling behavior of semi-IPN

hydrogels could be controlled without deteriorating their mechanical properties.
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3.2 Introduction

Hemicelluloses are a class of hetero-polysaccharides present in the cell wall of
wood and annual plants together with cellulose and lignin. They are considered to be the
second most abundant polysaccharide in nature, representing about 20-35% of
lignocellulosic biomass.' Increasing interest in materials derived from renewable
resources has rekindled intensive research with focus on new applications for
hemicelluloses. Due to their inherent hydrophilicity, low toxicity, biodegradability and
biocompatibility, the formation of hydrogels is a potential area of application for

hemicelluloses and their derivatives.> >

Hydrogels are crosslinked networks of hydrophilic polymers that are capable of
retaining considerable amounts of water or biological fluids without disintegration. In
addition to their high liquid up-take, stimuli-responsive swelling capabilities and
biocompatibility are some of the features that render them suitable for biological and
biomedical applications.*® However, most hydrogels show relatively low mechanical
stability. Efforts focused on improving the chemical and/or physical crosslinks between
the macromolecular chains without impairing their sorption capabilities.”” The formation
of semi-interpenetrating networks (semi-IPNs) - blending two polymers with one being
crosslinked in the presence of the other (not crosslinked) polymer - is a possible strategy
that has been widely studied."”'® In addition to chemical crosslinks, additional
interactions including hydrogen bonds, crystallites, ionic, and hydrophobic interactions,

may contribute to the characteristics of the resulting hydrogel."
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In our previous study, we synthesized semi-interpenetrating network hydrogel
films from aspen hemicellulose and chitosan and investigated their potential applications
as pH-sensitive controlled drug delivery vehicles.'* The mechanical stability of hydrogels
was predominantly influenced by covalent crosslinks rather than crystallites introduced
through hemicellulose. Aspen hemicelluloses had been freeze-dried and contained some
acetyl groups. As discussed by Berger et al.”*, strong intermolecular interactions between
chitosan and an additional hydrophilic polymer, hemicellulose in our case, was suggested
to be the interfering factor for covalent crosslinking of chitosan chains and resulted in the
reduction of overall crosslink density, lower modulus and strength. For the current study,
extraction of hemicellulose from fresh aspen chips was performed under conditions that
resulted in substitution of the acetyl groups with hydroxyl groups, which in turn enabled

additional hydrogen bonding within the hydrogel.

The aim of the present work was to control the crosslink density and the
mechanical properties of hemicellulose/chitosan semi-IPN hydrogels by changing the
crosslinking sequence. It has been hypothesized that by performing the crosslinking step
before introducing hemicellulose, covalent crosslinking of chitosan would not be
hindered and therefore more and/or shorter crosslinks could be formed. Furthermore,
additional secondary interactions and crystalline domains introduced through

hemicellulose could be favorable in terms of mechanical stability of semi-IPN hydrogels.

3.3 Experimental

3.3.1 Materials
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Chitosan with 190,000-310,000 g/mol viscosity average molecular weight with
75-85% degree of deacetylation and ninhdyrin solution (2%) were obtained from Sigma
Aldrich. Glutaraldehyde, acetic acid, and other solvents and chemicals were purchased

from Fisher Scientific and used as received.

3.3.2 Isolation of Hemicelluloses

Hemicellullose, isolated from fresh aspen chips extracted by a novel alkaline
extraction method and milled by a commercial blender, was provided by USDA Forest
Products Laboratory, Madison, WI (See Figure 3.1). Details of the isolation procedure are
described in Karaaslan et al.'* The sugar content analyzed by HPLC with electrochemical

detection is given in Table 3.1.

Table 3.1 Sugar composition of hydrolysates of hemicellulose fractions (%) from fresh

aspen chips

Arab Gal Rham Glc Xyl Man Ligninash Klason Unknowns
Lignin

ND* 048 026 093 69.70 0.29 0.35 0.7 27.29

ND* = Not detected
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Wood chips

ground in Wiley Mill

0.05 M HCl, 1% NaOH in 4% NaOH 4% NaOH
70°C, 2 h 70% Ethanol R.T., 16 h 70°C, 16 h
Cool to RT 75°C,2 h =P Tilter Filter
Neutralize pH 9.2 Cool to R.T.
Filter Filter

Filtrate I Filtrate 11 Filtrate 111 Filtrate IV

30% H,0,
HEMICELLULOSE | Purify by dialysis

Freeze-dry

Figure 3.1. Schematic view of hemicellulose fractionation process

3.3.3 Hydrogel Preparation

Chitosan was dissolved in 2% v/v acetic acid aqueous solution to prepare 1% w/w

chitosan solution. Hemicellulose was added to deionized water at 1% w/v and heated to

95°C for 20 min with stirring. The solution was cooled to room temperature.

In order to evaluate the effect of the order of sequential blending, semi-IPN
hydrogels were prepared in two ways. In the first method (semi-IPN-1), chitosan and

hemicellulose solutions at 70:30 and 30:70 weight ratios with a total dry matter of 1%
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were stirred for 8h. For crosslinking, glutaraldehyde was added at a set ratio (3% w/w) to
the total dry weight of chitosan and stirred for additional 8h. In the second method (semi-
IPN-2), crosslinking of chitosan solution was performed first, and then hemicellulose
solution was added subsequently at the same weight ratio. The mixture was stirred for 8h.
Crosslinked chitosan control samples (CS) were prepared accordingly without addition of

hemicellulose.

Final solutions were cast into films in petri dishes and dried in an oven at 40°C for
24 h. The dry films were immersed in 0.1 N sodium hydroxide solution to neutralize
acetic acid residues, then washed with ethanol to remove excess NaOH. After rinsing

with deionized water, the films were dried in an oven at 40°C for 24 h.

3.3.4 Hydrogel characterization
3.3.4.1 Mechanical Properties

Tensile testing of the swollen hydrogel films at equilibrium was performed with
an Instron Universal Tester with a 2.5 N load cell. Gauge length and crosshead speed
were set to 10 mm and 2 mm/min, respectively. Samples were cut into 7x30 mm strips
before immersing in deionized water. In order not to damage the swollen samples during
the thickness measurements, they were gently sandwiched between microscope cover
slips. To prevent water loss during testing, hydrogel samples were coated with petroleum

1.15

gel. ” Mean values and 95% confidence intervals of at least ten replicates were reported.
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3.3.4.2 Swelling Behavior

Pre-weighed dry films were immersed in deionized water at room temperature for
1 h, which was previously determined to be sufficient to reach the equilibrium state. The
weight of the swollen samples was measured after blotting excessive water gently with
filter paper. The equilibrium swelling ratio (S) was calculated by the following equation

(Eq. 3.1),

Wo—W
S(%)=ST"><100 3.1)

d

where W and W, are the swollen and dry weight of samples, respectively. Equilibrium

volume swelling ratio (Q) was determined according to (Eq.3.2),
O, =—=1+—(¢-1) (3.2)

where V is the volume of the swollen hydrogel, V, is the volume of the dry hydrogel,

N

p, is the density of the polymer, p, is the density of deionized water and ¢ is the ratio

of equilibrium swollen weight to dry weight of the films (W, /W ). The density of semi-

IPN films was determined by the floating method with carbon tetrachloride and n-heptane

as described by Jagadish et al.'®

Differential scanning calorimetry (DSC) was used to study the state of water in
the swollen hydrogels. A piece of equilibrium swollen sample (2-4 mg) was sealed in an
aluminum pan. After equilibrating for 3 min at -50°C, the sample was heated to 25°C at a
rate of 5°C/min. The non-freezing bound water and free water of the hydrogels were

determined by using Eq. 3.3,
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W, (%) =S(%)-(AH, / AH,)x100 (3.3)
where W, is the percentage of bound water, S(%) is the equilibrium swelling ratio; AH ,
and AH (334 J/g) are the melting endothermic heat of measured free water in the

hydrogel and pure water, respectively. !’

3.3.4.3 Hydrogel structure analysis

The amount of free amino groups (NH>) in semi-IPN hydrogels were determined
by ninhydrin assay according to the standard procedure. FTIR spectra of dry films were
obtained with a Nicolet 6700 FT-IR spectrometer in transmission mode between 4000
and 400 cm™ over 64 scans with a resolution of 4 cm™. The crystallinity of the films was
analyzed by using a Rigaku Miniflex X-ray diffractometer. Cu Ka radiation at 30 kV and
15 mA with a wavelength of 1.54 A was used, and 26 was varied between 5 and 30° at a
rate of 1° per min and a step size of 0.02°. The relative crystallinity of films was
determined by the percent ratio of area under the peak at about 20=178° to the total area

under the peak. '®

3.4 Results and Discussion
3.4.1 Hemicellulose Extraction

Sugar analysis of hemicellulose fractions (see Table 3.1) isolated for this study
yielded xylan-rich (70%) heteropolysaccharides with gluco-, galacto- mannan- and
rhamnan-residues. NMR analysis showed that the sugar residues did not carry any acetyl
groups. The carboxyl group (—-COOH) content was estimated by acid-base titration of

hemicellulose solution and found to be 0.02-0.025 mmol/g. HPSEC results revealed a fair
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amount of polymeric saccharides with apparent peak molecular weights at MW, =
401,000 and 391,000 g.mol”’ which is relatively high as compared to other xylans

mentioned in the literature (e.g., oat spell xylan and commercially available birchwood

xylan)." %

Aqueous hemicellulose solution (1% w/v) casted onto a glass plate did not
produce films but brittle flakes which might be attributed to its fairly low molecular
weight and high glass transition temperature.”' X-ray analysis (See Figure 3.2) showed
that the hemicellulose used in this study had a crystallinity of 42.9%, which is
comparable to data reported in the literature for alkaline extracted hemicelluloses. '* *!

The crystallinity of semi-IPN films with 70% and 30% hemicellulose content was

determined to be 31.3% and 15.4%, respectively.

Intensity

Y

8 T T 1 Tagf T 0 Tt T 0 T T Ta T Tgo
2-theta

Figure 3.2 X-ray diffractogram of hemicellullose flakes
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3.4.2 Effect of crosslinking sequence on the formation of semi-IPNs — FT-IR analysis

Figure 3.3 shows FT-IR spectra of semi-IPN-2 hydrogel films in comparison to
crosslinked chitosan film (CS) and hemicellulose flakes (H) as the control samples. All
spectra were normalized using 2880 cm™ as the reference peak as described by Kolhe and

Kannan.? Data for semi-IPN-1 films were very similar to semi-IPN-2 films.

Absorbance

2 H-CS-70-30-SIPN2

¢ . . . . ! . . . . ! . . . . ! . . . . ' . . 4 . . . . ! . . . . ‘
4000 3500 3000 2500 2000 1600 1000 500
Wavenumbers {cm-1)

Figure 3.3 FT-IR spectra of semi-IPN-2 films, chitosan (CS) and hemicellulose (H)

control samples

Major absorbance bands for the CS control sample were at 1651 cm™ for imide
(C=N stretching) and amide I bond (C=O stretching); 1590 cm™ for amide II (N-H
deformation); and a broad peak at 3200-3500 cm™ for N-H and O-H stretching. These
bands could be seen in both semi-IPN-1 and semi-IPN-2 hydrogel films with 30% and
70% hemicellulose content. Major peaks for hemicellulose were a broad O-H stretching

band at about 3400cm™, and vibrations belonging to glycosidic linkages and saccharide
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ring at 1070, 1035, 981 and 898 cm™. Unfortunately, these bands overlapped with
chitosan peaks and were difficult to distinguish in semi-IPN films. For both semi-IPN-1
and -2 films, peak shifts were observed at the NH deformation band (from 1590 cm™ to
1601 ¢cm™) and O-H/N-H stretching band (from 3360 to 3410 cm™). In addition,
absorbance bands at 1070 and 1035 cm™ became more pronounced and narrower with
increasing hemicellulose content. These differences in both semi-IPNs might be
attributed to the strong intermolecular interactions such as H-bonding and hydrophobic

attractions between hemicellulose and chitosan chains.

The quantitative FT-IR analysis (Fig. 3.4) did not show any significant difference
between semi-IPN-1 and -2, except for the normalized N-H deformation band at 1590
cm™'. This band is characteristic for amino groups attached to the chitosan backbone ** **
and could be used to evaluate the amount of free amino groups which did not undergo a
crosslinking reaction with glutaraldehyde. As shown in Fig. 3.4, semi-IPN-2 films had
lower absorbance values than those of semi-IPN-1 films for both hemicellulose

compositions. The mean values for semi-IPN-2 films were relatively similar to

crosslinked control CS films.

81



.75

.70

.65

.60 -

A1530 (Homalized)

.55

.50
H-C5-30-Td-  H-CS5-30-TO-  H-CS-TO-30- H-CS-TH-30- s
SIPHA SIPHZ SIPHA SIPHZ2

Figure 3.4 Comparison of the normalized N-H deformation absorbance band at 1590 cm™

for semi-IPN-1 and -2 films (mean values and 95% confidence intervals reported, n=5)

The ninhydrin analysis (Fig. 3.5) of available amine groups showed that
hemicellulose interfered in the covalent crosslinking reaction of chitosan chains with
glutaraldehyde. This assay method is commonly used for quantitative determination of
free amino groups in chitosan.”> 26 Fig. 3.6 shows the average molar quantity of free
amino groups (-NH) per unit chitosan weight and its dependence on hemicellulose
composition in semi-IPN-1 and -2 hydrogels. Apparently, the amount of free amino
groups in semi-IPN-1 hydrogels was fairly high compared to semi-IPN-2 hydrogels.
Moreover, it increased slightly with increasing hemicellulose content for semi-IPN-1
hydrogels, suggesting that the interference with the crosslinking reaction was also

dependant on the hemicellulose content. Available amine groups for semi-IPN-2
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hydrogels were at comparable level to the CS control sample and did not seem to depend
on the hemicellulose content. In this case there was no obvious interference of

hemicellulose with the crosslinking reaction of chitosan.

210
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Figure 3.6 The amount of free amine groups determined by ninhydrin method and its
dependence on hemicellulose content for semi-IPN-1 and -2 hydrogels (triangle

represents the CS control sample).

3.4.3 Mechanical properties and network parameters

Stress-strain curves of swollen semi-IPN hydrogel films obtained from uniaxial
tensile testing showed two regions with different slopes. To estimate the elastic modulus
and network parameters, Flory’s statistical rubber elasticity and Mooney-Rivlin theory

were used for low and high elongations, respectively.
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Elastic moduli of hydrogels, G, at low elongations were determined from the slope of

stress-strain curves obtained by using Eq. 3.4,
1
=G| A 7z (3.4)

where 7 is the force per unit of initial cross-sectional area of swollen gel and A, is the
deformation ratio (deformed length/initial length) of the network. According to Flory’s

statistical rubber elasticity theory, the number of effectively cross-linked chains per unit

volume (v,, effective crosslink density) was calculated by using Eq. 3.5, 2729

~ RTUZI/B

Ve
G

(3.5)

where v, is the effective crosslink density in mol/cm’, v, 1s the polymer volume fraction
at equilibrium swollen state, R is the gas constant, and 7 is the temperature in Kelvin. The
average molecular weight between crosslinks (J\TC, g/mol) was calculated by using

Eq.3.6,

— 1
M= (3.6)
vV,

e

where v is the specific volume of the polymer in cm’/g.

Mooney-Rivlin theory can be expressed by the following equation;

7= 2[c1 +%}(z —%j (3.7)

where C; and C, are the elastic parameters. They can be obtained by plotting 7 /(1-17)

versus A, using the linear portion of the plots.® These constants are independent of
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elongation and G™ = 2C, can be taken as an estimate of the high-elongation modulus. In
the present study, for £>15%, G =2C, was used to estimate the modulus, the effective
crosslink density (v:, Eq.3.8) and the average molecular weight between the crosslinks
(M_C*, from Eq.6).

. 2C
v, =——
RT

(3.8)
The elastic modulus, tensile strength, elongation at break data and hydrogel

network parameters calculated are given in Tables 3.2 and 3.3. Although calculated

network parameters and modulus values from both sets of equations were significantly

different, they followed the same trend. This showed that both theories could be applied

to define the semi-IPN network structure prepared in the present study.

Table 3.2 Mechanical properties of swollen CS, semi-IPN-1 and -2 hydrogels. Low
elongation modulus calculated using Flory’s statistical rubber elasticity theory (G, for
€<15%), high elongation modulus calculated using Mooney-Rivlin constants (G*, for
e>15%), tensile strength at break (o) and elongation at break (g) given in averages and

95% confidence intervals brackets (n>10).

G G* =2C, c €
(MPa) (MPa) (MPa) (%)
CS 1.65£0.21 6.30+1.14 1.07+0.25 26.89+4.10
H-CS 30-70 SIPN-1  1.63+0.13  7.06+0.85 1.22+0.24 26.51+3.21
H-CS 30-70 SIPN-2  1.74+0.18  7.83£0.85 1.23+0.21  26.32+2.72
H-CS 70-30 SIPN-1  1.02+0.20 4.77£0.92  0.67+0.24  24.94+3.90
H-CS 70-30 SIPN-2  0.87+0.10 4.41+£0.67 0.37+0.09 20.61+2.40
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G and G* of samples at H-CS 30-70 ratio were comparable to those of CS. The
results show that at a ratio of 30-70 H-CS, a denser network structure with shorter/more
crosslinks was formed which might be the main reason for enhanced modulus and

strength (higher G* values and higher tensile strength at break, higherv,,v, “and lower

VC, M_C " compared to CS samples).

In regard to the preparation sequence of H-CS 30-70 hydrogels, semi-IPN-2
samples showed slightly higher Ve,Ve* and lower E, Vc* (Table 3.3), most likely due

to a lower amount of free amino groups and more covalently crosslinked chains as

determined by quantitative FT-IR analysis and ninhyrin assay.

Table 3.3 Effective crosslink density and average molecular weight between crosslinks

calculated from elastic modulus of swollen hydrogel films. v, and E from €<15%, and

v, and ]\7(* from £>15%.

* J—

*

Ve Ve Mc Mc
(10* mol/em®)  (10* mol/em®) (g/mol) (g/mol)
CS 9.8 25.7 1415 627
H-CS 30-70 SIPN-1 10.2 28.8 1360 506
H-CS 30-70 SIPN-2 10.8 31.9 1286 460
H-CS 70-30 SIPN-1 6.5 20.5 2097 732
H-CS 70-30 SIPN-2 5.5 18.0 2472 810
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Obviously, H-CS 70-30 samples were fairly brittle. Increasing the amount of
hemicellulose in the hydrogels did not improve the modulus and strength values (semi-
IPNs with H-CS 70-30). This might be related to a decrease in effective crosslink density
and simultaneous increase in average molecular weight between crosslinks (see Table
3.3). Overall the mechanical stability was reduced as a result of a more open network
structure with longer/fewer crosslinks. Mechanical properties similar to CS samples

could not be maintained (Table 3.2) regardless of the preparation sequence.

3.4.4 Swelling behavior
It was expected that the crosslink density and the average length of the crosslinks
has an effect on hydrogel swelling. The percentage equilibrium swelling ratios of semi-

IPN hydrogels are listed in Table 3.4.

Table 3.4 Equilibrium swelling ratios (S) of semi-IPN and CS hydrogels. Bound water

(non-freezing) and free water (freezing bound water and freezing free water) in swollen

hydrogels.
S (%) Bound water (%) Free water (%)
CS 15317 103 50
H-CS 30-70 SIPN-1  191+20 149 42
H-CS 30-70 SIPN-2 181+18 135 44
H-CS 70-30 SIPN-1 207423 160 47
H-CS 70-30 SIPN-2 210+18 159 51

87



With increasing hemicellulose content, swelling ratios increased compared to
hydrogels made from 100% CS, indicating a higher capacity for water uptake. With the
help of DSC analysis, the amount of free water and non-freezing bound water was
estimated. Non-freezing water represents water that is bound by hydrogen bonding to the
polymer chains and can be calculated by the difference between the total amount of water
held by the gel and free water. Free water includes the freezing water which is

determined from the endothermic peak of the DSC curve at 0°C."

As shown in Table 3.4, the main percentage of water inside the swollen hydrogels
was bound water. The amount of bound water was higher in all semi-IPNs and increased
with increasing hemicellulose content compared to CS samples. The results clearly
demonstrated the impact of longer crosslinks at H-CS 70-30 ratios with higher potential

for interaction of water molecules with polymer chains.

3.5 Conclusions

Alkaline extracted aspen hemicellulose was used to prepare semi-interpenetrating
(semi-IPN) hydrogel films with chitosan. The molecular weight of the hemicellulose was
fairly high. Crystallinity of hydrogel films increased with increasing hemicellulose
content. Hemicellulose showed to interfere with the crosslinking reaction of chitosan
during semi-IPN formation. This effect could be controlled by altering the sequence of
the hydrogel preparation steps. Increasing hemicellulose content increased the amount of
H-bonded water and enhanced the overall swelling capacity of hydrogel films. Overall,

the mechanical properties of semi-IPN hydrogels did not deteriorate.
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CHAPTER 4
Nanoreinforced Biocompatible Hydrogels from Wood Hemicelluloses and Cellulose

Nanowhiskers

4.1 Abstract

Nanoreinforced hydrogels with a unique network structure were prepared from
wood cellulose whiskers coated with chemically modified wood hemicelluloses. The
hemicelluloses were modified with 2-hydroxyethylmethacrylate prior to adsorption onto
the cellulose whiskers in aqueous medium. Synthesis of the hydrogels was accomplished
by in situ radical polymerization of the methacrylic groups of the adsorbed coating to
form a network of poly(2-hydroxyethylmethacrylate) (PHEMA) matrix reinforced with
cellulose whiskers. The mechanical, swelling and viscoelastic properties, of water-
swollen hydrogels were investigated. Results indicated that the number of effective
crosslinks between polymer chains and the average chain length between crosslinking
points was significantly different from PHEMA hydrogels that had been crosslinked by a
conventional chemical method, using a cross-linking agent. The resulting hydrogels had
enhanced toughness, increased viscoelasticity, and improved recovery behavior. With
respect to the mechanical and swelling properties, it can be hypothesized that these
nanoreinforced PHEMA hydrogels have potential for use in load-bearing biomedical

applications such as articular cartilage replacement.
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4.2 Introduction

Polymers from renewable resources have received tremendous attention in the
scientific community because of the projected unavailability of petroleum based raw
materials in the near future. Recently, there has been a great effort to develop new
materials and processes that could make bio-based renewable polymers viable alternative

for synthetic polymers that would be readily available on the market.

Polysaccharides have been used in a wide range of applications such as food,
packaging, agricultural and biomedical purposes where biodegradability, non-toxicity,
biocompatibility and biofunctionality are required. Cellulose and its derivatives have
been utilized extensively since the early ages as textile fibers, chemical precursors and for
paper making and food additives. Nanowhiskers (nanocrystals) are a novel form of
application for cellulose in nanocomposites. Whiskers are produced by hydrolysis with
acid. The amorphous regions of cellulose are dissolved, leaving crystalline rod or whisker
shape nanoparticles with a diameter of 3 to 20 nm and a length of 100nm to several um
behind.” These whiskers have high modulus, high aspect ratio, and low density. They
may carry reactive functional groups on their surface, which might lead to further high-

value applications. >

Hemicelluloses are hetero-polysaccharides present in the cell wall of wood and
annual plants together with cellulose and lignin. They represent about 20-35% of
lignocellulosic biomass.* Despite their abundance in nature, they have been under-utilized

commercially. Recent research efforts are focused on their application in hydrogels for
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biomedical applications because of their biodegradability and hydrophilicity.” A recent
research direction has been focused on their use in the modification of cellulose surfaces
by using biomimetic approach. Utilizing the strong hemicellulose-cellulose interaction,
novel functionalities have been introduced on cellulose surfaces without deteriorating its

morphology and native structure. °

The aim of this study is to design novel hydrogels with improved mechanical
properties by utilizing hemicellulose and cellulose nanowhiskers isolated from forest
biomass. Hydrogels are crosslinked networks of hydrophilic polymers that are capable of
retaining considerable amounts fluids without disintegration. In addition to their high
liquid up-take, stimuli-responsive swelling capabilities and biocompatibility are some of
the features that render them suitable for biological and biomedical applications.” 8
However, one major obstacle with hydrogels is their poor mechanical properties. It has
been a challenge to fabricate mechanically strong hydrogels with conventional chemical
crosslinking pathways without compromising their other properties such as water uptake
and stimuli responsiveness. ° Recently, Haraguchi et al. developed nanocomposite
hydrogels (NC gels) with unique organic-inorganic network structures that exhibit
excellent mechanical performance as well as optical and swelling/deswelling properties.
' In their study, water-swellable clay nanosheets (3 nm in thickness and 30 nm in
diameter) were used as highly multifunctional crosslinking sites. By performing in situ
polymerization of specific monomers, initiators attached to nanoclay surfaces are being
used as grafting sites for growing polymer chains. As a consequence to the formation of

long and extensible polymer chains connecting the uniformly distributed nanoclay
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particles to each other, NC gels were strong, tough, highly extensible, optically
transparent and can absorb high amounts of water compared to conventional hydrogels.
Huang et al. have recently synthesized novel high strength hydrogels using a similar
approach to NC gels."" In their study, a suspension of macromolecular microspheres (100
nm in diameter) carrying peroxide groups were irradiated to initiate polymerization of
monomers and to synthesize hydrogels. These hydrogel network structures showed

similarities to NC gels.

In this study, a novel approach was developed to prepare nanocomposite
hydrogels using cellulose nanowhiskers and hemicellulose extracted from forest by-
products. In order to possess methacrylic functionality, hemicellulose isolated from aspen
wood was chemically modified. The natural affinity of hemicellulose to cellulose was
utilized for surface modification of cellulose nanowhiskers. Surface modified cellulose
nanowhiskers were used to prepare nanocomposite hydrogels using free radical
polymerization of 2-hydroxyethyl methacrylate (HEMA), a widely used biocompatible
monomer. The effect of morphology and concentration of the incorporated nanocrystals
on the hydrogel network was related to the mechanical properties, viscoelastic behavior

and swelling of the hydrogels.

4.3 Experimental
4.3.1 Materials
2-Hydroxyethyl methacrylate (HEMA, 96%) monomer was purchased from Acros

Chemicals. To remove impurities such as ethylene glycol dimethacrylate, a commonly
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used chemical crosslinking agent for poly(HEMA), further purification was performed as
described in Bryant et al.? Dimethyl sulfoxide (DMSO), chloroform, acetone, sulfuric
acid, ethyl acetate, ammoniumpersulfate, sodium pyrosulfite, ethylene glycol
dimethacrylate (EGDMA), N,N‘-carbonyldiimidazole (CDI) and triethylamine was used

as received.

4.3.1.1 Hemicellulose extraction from aspen

Hemicellulose, isolated from fresh aspen chips and milled by a commercial
blender, extracted by a novel alkaline extraction method, was provided by USDA Forest
Products Laboratory, Madison, WI. A more detailed isolation procedure has been

described in Karaaslan et al.'?

4.3.2 Methods
4.3.2.1 Preparation of cellulose nanowhiskers (CNW)

Cellulose nanowhiskers (CNW) were prepared using acid hydrolysis of cellulose
from two different sources; aspen wood cellulose pulp and from Whatman No.1 filter
paper. Hydrolysis was performed according to the procedure described in the literature
with slight modifications.'"* "> After grinding in a Wiley mill, cellulose powder was
hydrolyzed under constant stirring at 45 °C for 45 minutes using sulfuric acid (64 wt %)
at 17.5 mL/g acid-to-pulp ratio. To stop the hydrolysis reaction, 10-fold excess of
deinozed (DI) water was added. The suspensions were centrifuged and the acid residue
was decanted. After washing the precipitate and redispersing in DI water, the CNW
suspension was dialyzed against DI water using a dialysis membrane with 13,000

molecular weight cut-off for at least 3-5 days until the pH of the solution was above pH 5
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and remained constant. Finally, aqueous CNW suspensions were sonicated for 10 min at
30% output control in an ice-cold water bath to prevent over heating and cleavage of
surface sulfate groups. 10 uL chloroform was added to aqueous stock suspensions to
avoid bacterial growth. The stock solutions were stored in a refrigerator. The
concentrations of CNW suspensions were determined gravimetrically by evaporating the
water in an oven heated to 105° C. To increase the CNW concentration, the water was
evaporated by heating the CNW dispersion at 40-45°C under a hood. The morphology of
CNW was evaluated by Transmission Electron Microscopy (TEM). 20 uL of diluted
CNW dispersion (0.01% w/v) was placed on a 300 mesh carbon film coated copper grid
and air dried. Before TEM analysis, negative staining with uranyl acetate was carried out
to obtain enhanced image contrast. Length (L), diameter (d) and aspect ratio (L/d) of
CNW were determined by using an image processing software. Average values of at least

15 individual whiskers were reported.

4.3.2.2 Chemical modification of hemicellulose

2-[(1-Imidazolyl)formyloxyJethyl methacrylate (HEMA-Im), the precursor for
chemical modification of hemicellulose was prepared by reacting HEMA and CDI in
chloroform at room temperature as described by Ranucci et al.'® HEMA-Im product was

confirmed by FT-IR analysis (see Figure 4.1)
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Figure 4.1 FTIR spectra of HEMA-Im precursor. Peaks: 3130 (v heteroaromatic C-H);

2962, 2930 (v aliphatic C-H); 1765 (v imidazole C=0); 1722 (v ester C=0); 1637, 1527
(v C=C); 1450 (o CH2); 1300-1160 (v CO-0); 767 (y heteroaromatic C-H); 650 (y

heteroaromatic C-H) cm’™.

Hemicellulose with methacrylic functionality was synthesized according to
Lindblad et al.'” with slight modifications. (The reaction mechanism is outlined in Figure
4.2) Briefly, 286 mg aspen hemicellulose and 456 mg HEMA-Im were dissolved in
DMSO. Triethylamine (40.5 mg) was used as the catalyst. Two different batches were
prepared at which the reaction was kept at 45 °C under stirring for 10 and 25 hours,
respectively. 10h and 25h batches are hereafter referred to as MH-10 and MH-25. The
product was precipitated two times in ethyl acetate, centrifuged, the solvent was decanted

and the final precipitate was freeze-dried overnight.
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Figure 4.2 Proposed reaction mechanism for the methacrylation of

hemicelluloses(Reproduced from: Ref. [16])

Degree of modification was evaluated by using specific chemical shifts of the 'H-
NMR spectrum in accordance with the method used for acetylated hemicelluloses'® as
follows;

D - Sum of integrals of methacrylated hydroxyl groups (6 = 5.7 ppm and 6.07 ppm)/2

m

Sum of integrals of all carbohydrate signals (6 = 3.2 -5.5 ppm)/6

4.3.2.3 Adsorption of modified hemicellulose to CNW

Adsorption experiments were performed by slightly modifying the method

described for the adsorption of cationized glucoronoxylans on softwood cellulose
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fibers."”” 2 mL CNW suspension (1%w/v) and adequate amount of aqueous methacrylated
hemicellulose (MH) solutions (ranging 0.5% to1% w/v) and 0.5 M NaCl were mixed in a
vial giving a final concentration of 10 mM NaCl and 200mg/g MH to CNW ratio. The
vials including the final mixtures were sealed with parafilm and incubated in an oven at
45 °C for 24h. At the end of the adsorption experiments, to separate the non-adsorbed
MH from CNW suspensions and to estimate the quantity of adsorbed MH, a typical
solvent exchange procedure with acetone was performed as described by Capadona et
al*® When a mechanically coherent CNW organogel layer had been formed, the
acetone/water mixture at the top of CNW layer was collected and stored in a beaker.
Finally, the separated mixture was flushed with nitrogen to remove acetone. The
remaining aqueous solution was further used to determine the non-adsorbed and the

adsorbed amount of MH based.

Iodine complexation, a commonly used method for the quantitative determination

of xylans, '*?'

was used to estimate the amount of methacrylated hemicellulose adsorbed
to cellulose nanowhiskers. 0.1 mL of separated MH solution was mixed with 0.4 mL of
DI water, 4 mL of 4.62 M CaCl, and 0.5 mL of triiodine stock solution (0.5% I, + 2.1%
KI). Absorbance of this mixture at 610 nm was recorded with an UV-Vis
spectrophotometer after 90 min at which the absorbance value remained constant. The
amount of adsorbed MH was calculated from the difference in the absorbance at 610 nm
before and after the adsorption test using a standard curve of known concentrations of

MH aqueous solutions. To evaluate the contribution of CNW to the absorbance at 610

nm of MH solutions, control samples of CNW suspensions with and without MH were

101



tested with iodine complexation method. CNW suspensions did not form colored iodine
complexes and the contribution to the absorbance band at 610 nm of MH solutions was

negligible.

4.3.2.4 Hydrogel synthesis

Free radical polymerization of HEMA in water via redox initiators was performed
to synthesize hydrogels following the monomer/water/initiator ratios reported in a recent
study.”” Methacrylated hemicellulose (MH) adsorbed CNW in the form of organogels
(acetone gels) were redispersed in deionized water and nitrogen flushed to remove
acetone. 500 mg of HEMA monomer was added into 250 ul of modified CNW
suspension at different compositions (0.2-2% w/v) and vortexed. After adding the redox
initiators (12.5 uL of each 4% w/v ammoniumpersulfate and sodium pyrosulfite aqueous
solution, respectively), the polymerizing solution was vortexed again, immediately
poured into a glass vial, flushed with nitrogen and sealed with parafilm. In situ
polymerization was maintained for 3h in an oven heated at 40 °C. To remove unreacted
monomers and initiators and allow hydrogels to reach their equilibrium swelling, as-
synthesized hydrogels were immersed in an excess amount of deionized water for 5 days
by exchanging with fresh water 1-2 times daily. Final CNW weight fraction (w/w %) in
hydrogels were calculated by the ratio of CNW with respect to the initial monomer used
for polymerization. Control samples, normal structure (NS)-PHEMA hydrogels which
were crosslinked by a conventional chemical crosslinking agent, EGDMA, were
prepared. The weight fraction (w/w %) of the crosslinker (EGDMA) was 1 % with

respect to the amount of HEMA.
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4.3.2.5 Hydrogel characterization

Mechanical testing of the swollen hydrogels at equilibrium was performed with
the parallel plate compression geometry of the RSAIIl Dynamical Mechanical Analyzer
(DMA) with a 3.5 kg load cell. Samples were cut into cylindrical shapes with a cork
borer and had a diameter of 6.7 mm and thickness of approximately 1 mm. The thickness
of the film sample was measured using a digital micrometer with 0.001 mm resolution at
three locations and averaged. Equilibrium swollen samples were kept in deionized water
until mechanical testing. To prevent water loss during testing, hydrogel samples were
immersed in deinozed water. DMA experiment setup for compression tests is shown in

Figure 4.3.

Figure 4.3 DMA experimental setup for testing the compressive mechanical properties of

swollen hydrogels immersed in deionized water at room temperature

Frequency dependent storage modulus (E’) and loss modulus (E’’) of each

hydrogel were evaluated at room temperature, at a compression frequency in the range of
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of 0.1 to 80 Hz with 0.1% strain amplitude. 0.2 N static force was applied to ensure the

surface contact between hydrogel and the upper compression plate.

Compressive stress relaxation tests were carried out to evaluate time-dependant
properties of equilibrium swollen hydrogels. Equilibrium swollen hydrogel disks
immersed in DI water bath were instant compressed to 20% strain for 20 min and

relaxation stress as a function of time was recorded.

The equilibrium swelling ratio (S) was calculated by the following equation (Eq.

4.1),

S(%) = Mxloo
W, 4.1)

where W_ and W, are the swollen and dry weight of samples, respectively. Pre-

weighed dry films were immersed in deionized water at room temperature for 5 days. The
weight of the swollen samples was measured after blotting excessive water gently with

filter paper.

4.4 Results and Discussion
4.4.1 Cellulose nanocrystals

TEM images of cellulose nanowhiskers (CNW) isolated from aspen wood and
filter paper by sulfuric acid hydrolysis are shown in Figures 4.4 and 4.5. Hydrolysis of
aspen wood under same conditions yielded in shorter nanocrystals but with slightly

higher aspect ratios than that of filter paper (cotton) CNW. Average length and diameter
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of CNW from aspen wood was L = 156+19 nm and d = 11+£3 nm. Compared to CNW
from cotton (L = 17733 nm, d = 1543 nm), aspen wood CNW were slightly shorter in
length and in diameter. The reason for shorter crystals might be due to the lower
crystallinity of cellulose (I=53-80%) obtained from wood microfibrils in comparison to
cotton.'* The average aspect ratio (A = L/d) was 14 and 12 for aspen wood and cotton
CNW, respectively. The aspect ratio of rod-like or needle-like nanocrystals has been
reported as an important factor in terms of the critical nanocrystal volume fraction (X.)
needed for percolation. According to the percolation theory *, to form a percolating
network at which nanofillers strongly interact with each other and resulting in significant
reinforcement of the soft matrix, lower volume fraction is needed with higher aspect ratio
fillers. For example, in this study, X. defined as 0.7/A for cellulose nanowhiskers, was
5% v/v and 5.83% v/v for aspen wood and cotton CNW, respectively. Results showed
that the two types of whiskers had comparable dimensions and morphology; however,

aspen wood CNW could be expected to have a slightly higher reinforcing capability.
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Figure 4.4 Cellulose nanowhiskers isolated from aspen wood pulp
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Figure 4.5 Cellulose nanowhiskers isolated from cotton (Whatman No.1 filter paper)

4.4.2 Surface modification of CNW with methacrylated hemicellulose

“Grafting from” approach on cellulose nanowhiskers was carried out to synthesize
nanoreinforced hydrogels. This method has been recently reported to make
nanocomposite hydrogels by using inorganic clay nanoparticles on which initiators were
immobilized and in situ polymerization of several hydrophilic polymers was performed.'’
In this way, clay nanoparticles acted as highly multifunctional crosslinking agents and
long highly extensible polymer chains connecting each nanoparticle could be formed. In
this study, instead of the initiator, monomers (HEMA) were immobilized onto cellulose
nanowhiskers and in situ free radical polymerization was performed to synthesize

PHEMA hydrogels.

In order to immobilize the HEMA monomer on CNW, a new biomimetic
approach was introduced instead of direct surface chemical modification of the hydroxyl

groups on CNW. This approach was based on the surface modification of cellulose
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substrates through utilization of the intrinsic affinity of hemicelluloses (e.g., xyloglucans
and glucorunoxylans) to cellulose in the plant cell wall.® The strength and interfacial
stability of plant cell wall is due to the unique network structure of cellulose microfibrils
coated with other matrix poly- and hetero-saccharides.”® It was proposed that
hemicelluloses self-assemble onto cellulose microfibrils and form interconnecting
networks with other cell wall polymers (lignin, pectin), which is responsible for the load-
bearing ability of the plant cell wall.*> A schematic of a proposed cell wall structure is

given in Figure 4.6.
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Soluble
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Figure 4.6. A model of a primary cell wall showing the network of hydrogen bonded
hemicellulose on cellulose microfibrils and other cell wall matrix poly- and hetero-

saccharides such as pectin or lignin. (Reprinted from Ref. [49])

Inspired by the network structure of the plant cell wall and the affinity of

hemicellulose to cellulose, several research groups investigated the surface modification
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of cellulose substrates (e.g., microfibers, bacterial cellulose, pulp etc.) by coating their
surface with native or chemically modified hemicelluloses as molecular anchors to attach
functional groups.® ?° As an alternative to direct chemical modification, the biomimetic
modification by coating the surface with hemicelluloses has been reported to prevent the
deterioration of the native structure, bulk morphology and mechanical stability of

24,27
cellulose substrates.”™

To attach methacrylic functionality, aspen wood hemicellulose was chemically
modified according to Lindblad et al.”* *” Methacrylation of the aspen hemicellulose was
confirmed by FT-IR analysis (see Figure 4.7). In their study, a low molecular weight
(below 3000) oligomeric hemicellulose, O-acetylgalactoglucomannan extracted from
spruce softwood, was converted to its methacrylated derivative and used to prepare
PHEMA hydrogels. The degree of modification determined by 'H-NMR in hemicellulose
was reported as 18-32% with 2-5 h reaction time. However, in this study it only was 8%
and 18% for MH-10 and MH-25, respectively (see Fig. 4.8 for 'H-NMR spectra). This
might be due to the higher molecular weight of aspen wood hemicellulose (MW, =
401,000, and 391,000). Both methacrylated hemicelluloses MH-10 and MH-25 were
water-soluble which was advantageous for the adsorption experiments performed in the

presence of aqueous cellulose nanowhisker dispersion.
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Figure 4.7 FTIR spectra of hemicelluloses (H: unmodified, MH-10 and MH-25:
methacrylated for 10h and 25h) New peaks appeared: 1751cm™ (carbonate C=0),

1713cm™ (methacrylic ester C=0), 16350m'1(methacrylic C=C).
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Figure 4.8 "H-NMR spectra of methacrylated hemicelluloses a) MH-10 b) MH-25. New
peaks appeared: 6.06 ppm (s, 1H, vinyl C-H); 5.70 ppm (s, 1H, vinyl C-H); 4.31 ppm (m,

4H, CH,0); 1.89 ppm (s, 3H, CH3)

4.4.2.1 Adsorption of methacrylated hemicellulose to CNW

Adsorption of hardwood hemicelluloses (glucoronoxylans) onto cellulose
substrates are shown to be dependant on several parameters, such as xylan molecular
structure, xylan concentration, crystallinity and the surface area of cellulose substrate,
time, temperature, pH of the solution.” High xylan concentration in the solution, low
xylan substitution pattern (branching), high cellulose crystallinity, large surface area of
the cellulose substrate, high temperatures and the prolonged processing time have been
reported to increase the hemicellulose adsorption. * To date, most of the adsorption

experiments were conducted under autoclave conditions at high temperatures and alkaline
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pH.** Moreover, the number of studies on the adsorption of hemicelluloses to cellulose

nanocrystals has been very limited.*"**

In this study, the adsorption of methacrylated hemicellulose on cellulose
nanowhiskers was performed under mild conditions (45°C for 24h) in order to prevent the
possible cleavage (de-esterification) of surface sulfate groups on CNW. It has been
reported that sulfate groups on CNW surface are stable up to 50°C but susceptible to
detach at higher temperatures which results in further degradation/hydrolysis of the

CNW.»

At the end of the adsorption experiments, to remove unadsorbed hemicelllulose
and to isolate modified CNW from the solution, a solvent exchange procedure was
performed. This method has been described by Capadona et al.”* to prepare CNW
acetone gels (organogels) from CNW aqueous dispersions, which was further used as
three dimensional percolating network of self-assembled CNW templates for
nanocomposite production. By exchanging water with acetone, hydrogen bonds among
whiskers could be switched on and well-individualized network could be formed. It has
been shown that a polymer solution which is normally immiscible with CNW could be
filled in the solvent-exchanged CNW network. Moreover, the CNW organogel could be

easily redispersed in water without forming CNW aggregates.”’
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Preliminary studies showed that solvent exchange method was superior to other
isolation methods such as centrifugation and freeze drying. Centrifugation was
unsuccessful because of the tendency of hemicellulose to precipitate from its aqueous
solutions even at low speeds (<4000 rpm). However, higher speeds (>10,000 rpm) were
required to isolate CNW. With freeze-drying, water could be easily removed, however
cellulose nanowhiskers were assembled into an architecture including self-supporting
thin layers and microfibrils. This structure consisting of strongly hydrogen bonded
CNW/hemicellulose aggregates was susceptible to completely redisperse in water
(requiring extensive ultrasonication) without deforming the CNW/hemicellulose

structure.

The adsorption of methacrylated hemicellulose (MH) was verified by FT-IR
analysis (See Figure 4.9). In addition to characteristic cellulose peaks, new peaks
appeared at 1751cm™ (carbonate C=0), 1713cm’™ (methacrylic ester C=0) and 1635cm™
(methacrylic C=C) belonged to MH and indicated that methacrylic functionality attached

onto cellulose nanowhiskers.
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Figure 4.9 FT-IR spectra of CNW before and after adsorption with a) MH-10 b) MH-25

The adsorbed amount of MH was determined by colorimetric iodine-
complexation method. The initial ratio of MH to CNW in the aqueous dispersion before

the adsorption experiment was adjusted to 200mg MH per gram CNW. Results showed
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that 70% and 74% of the added MH was adsorbed to CNW for MH-25 and MH-10,

respectively. Compared to the given results in literature, ** *°

the percentage of adsorbed
hemicellulose was relatively high with respect to the processing temperature. This can be
explained by the larger surface area and the higher crystallinity of CNW as compared to
other cellulose substrates such as fibers and pulp. Specific surface area of CNW has been
reported as 170-300 m*/g and the degree of crystallinity up 95% depending on the source

34-36

and processing conditions. Degree of crystallinity of CNW used in this study was

calculated as 83%.

The adsorbed amount of MH-10 was slightly higher than that of MH-25. This
result was consistent with the fact that the hemicellulose molecules with longer
unsubstituted segments were preferentially adsorbed on cellulose surfaces.'” *' MH-10,
which had lower degree of modification than that of MH-25 and therefore probably had
less branching on the hemicellulose backbone, adsorbed slightly more in comparison to
MH-25. In addition, it has been reported that the increased amount of branching on the
hemicellulose backbone reduced the reaction of iodine with hemicellulose and resulted in

less coloration.'” 2!

This fact was also in agreement with the reduced slope of standard
curves (A610 vs. hemicellulose concentration) as the degree of modification increased

(See Fig. 4.10).
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Figure 4.10 Standard curves of hemicelluloses determined by iodine complexation

method (H:hemicellulose raw, MH-10 and MH-25: methacrylated for 10h and 25h)

Transmission electron microscopy images of the modified CNW with MH-10 and
MH-25 are shown in Fig. 4.11 and Fig. 4.12. Coating with MH did not significantly
influence the morphology and the dispersion of modified CNW as compared to
unmodified CNW (Fig.4.4). Considering the adsorbed amount of MH, which is about
140-150 mg/g, the thickness of coating layer was difficult to measure with TEM analysis.

For a more detailed analysis, AFM (atomic force microscopy) might be beneficial.
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Figure 4.11 TEM image of aspen CNW after adsorption test with MH-10

=4

Figure 4.12 TEM image of aspen CNW after adsorption test with MH-25
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4.4.2 Synthesis and network structure of nanoreinforced hydrogels

Nanoreinforced PHEMA hydrogels (NR-PHEMA gels) were prepared by in situ
free radical polymerization of 2-hydroxyethyl methacrylate (HEMA) monomer in the
presence of aqueous dispersion of MH coated CN'W. Similar to the nanocomposite
hydrogels (NC gels) composed of clay nanoparticles and MMC hydrogels composed of

10,11

macromolecular microspheres, no chemical crosslinking agent has been used to

prepare NR-PHEMA gels.
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Figure 4.13 Proposed mechanism for the formation of nanoreinforced PHEMA hydrogel.

The hypothesis was to use MH coating on CNWs as the uniformly distributed
highly multifunctional crosslinking points and to grow linear PHEMA polymer chains in
between them. Uniform dispersion of CNWs in aqueous medium could be achieved by
the repulsion of negatively charged surface sulfate groups. The double bonds at the

surface of CNWs introduced through methacrylic functionality of MH layer are proposed
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to be possible grafting sites for PHEMA polymer chains. The proposed mechanism for

the formation of the hydrogel is given in Figure 4.13.

In the proposed hydrogel network structure, the formation of PHEMA polymer

chains might be as follows;

Crosslinked chains; a chain initiated from the surface of a CNW and terminated
on the surface of the adjacent CNW, connecting two CNW to each other.

Short polymer chains with one end attached to the surface of a CNW and the
other chain end moving freely.

Looped chains; grafted polymer chains with both end terminating on the surface
of the same CNW.

Entangled chains; grafted polymer chains with free chain ends which are longer
than half of the distance between two CNWs.

Free chains; polymer chains with two ungrafted free chain ends.

It has been shown that the excellent mechanical properties of NC and MMC gels are

predominantly determined by the number of crosslinked chains per unit volume.

10, 11, 37

Therefore, the number of crosslinked PHEMA chains that are connecting two adjacent

CNWs is expected to be responsible for improved mechanical properties of

nanoreinforced PHEMA (NR-PHEMA) gels as well.

4.4.3 Mechanical properties
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Compressive mechanical properties of fully water-swollen NR-PHEMA
hydrogels were determined by using parallel-plate geometry of DMA. Figure 4.14 shows
the stress-strain curves obtained from uniaxial unconfined compression tests of NR-
PHEMA hydrogels including CNWs coated with MH-10 and MH-25, respectively. For
comparison, the stress-strain curve of normal structure (NS) PHEMA hydrogel
crosslinked with 1% w/w conventional chemical crosslinking agent EGDMA is shown as

well.

119



800
- pHEMA-1%
7000 | MH-10-0.1%
MH-10-0.5%
600 -

MH-10-1%

500

400 -

Stress (KPa)

300 +

200 -

100 -
80 90

30 40 50 60 70
Strain %

800

- pHEMA-1% :

700 1 | * MH-25-0.1% - :
MH-25-0.5% : :

MH-25-1% H

600 -

500

400 -

Stress (KPa)

300

200 ~

100

80 90

50 60 70

0 J‘ oo - ‘~' .
30 40
Strain %

Figure 4.14 Stress strain curves of NR-PHEMA hydrogels reinforced with different

weight fractions (0.1%, 0.5% and 1% w/w) CNW a) coated with MH-10 b) coated with

MH-25. Control sample is NS-PHEMA hydrogel with 1%w/w EGDMA.
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The DMA instrument used for the uniaxial compression tests has a constant load
cell that was able to measure forces up to 3.5 kg. Therefore, the maximum amount of
stress (force per unit surface area) that can be applied to the cylindrically shaped hydrogel
samples for the chosen sample dimensions (6.7 mm diameter) was about 800 KPa. At that
stress level, no fracture or break was observed in any of the hydrogel samples. The
breaking strength could not be obtained. The strain at equivalent stress level (800 KPa)

and the elastic moduli calculated from the stress-strain curves are given in Table 4.1.

The elastic shear modulus of hydrogels (G) was determined by plotting o versus

(A — A7) and calculating the slope from the linear region of these curves. Here, o is the
compressive force per unit of initial cross-sectional area of swollen gel and A is the
deformation ratio (L/Ly) where Ly and L is the thickness of the sample before and after
the compression. In addition, to better evaluate the transition of the modulus (E) in the
highly non-linear stress-strain curves (c vs. €), the average tangent slope at 10% strain

increments from 10-90% strain was calculated.*®

Table 4.1 Compressive mechanical properties of hydrogels

e (%) E (KPa) E (KPa) G

at 800 KPa ate=60%  at £=80% (KPa)
NS-PHEMA-1% 59+1.4 3434+239 - 156+5.3
NR-PHEMA-MH-10-0.1% 82+1.4 847+46 5661135 27+4.0
NR-PHEMA -MH-10-0.5% 81+1.1 913+56 6593+65  31+3.5
NR-PHEMA -MH-10-1% 86+0.3 355+13 679151  16+0.8
NR-PHEMA -MH-25-0.1% 79+1.6 1023+44 5763 35+5.1
NR-PHEMA -MH-25-0.5% 78+2.0 1070+£134 7199 40+7.3
NR-PHEMA -MH-25-1% 84+1.6 618+93 5956208 19+4.3
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The network parameters for each hydrogel were calculated according the rubber
elasticity theory (see Table 4.2). The number of effectively cross-linked chains per unit

volume (v,, effective crosslink density) was calculated by using Eq.4.2; 39

) RT021/3
¢ G

v (4.2)

where v, is the effective crosslink density in mol/cm’, v, is the polymer volume fraction

at equilibrium swollen state (reciprocal of Q, volume swelling ratio), G is the shear
elastic modulus, R is the gas constant, and 7 is the temperature in Kelvin. Q, volume
swelling ratio, was calculated from the weight swelling ratio (S) by taking 1.27 g/cm3 as

the polymer density using the Eq.3.2 in the Chapter 3.

The relationship between number of effectively cross-linked chains per unit

volume (v,) and the average molecular weight between crosslinks (M_C, g/mol) can be

defined by using Eq.4.3,
_L(1 2M. J L 4.3)
M. M,

where p is the density of the polymer in the swollen gel (1.27 g/cm’) and M . 1s the
molecular weight of the linear polymer chains before crosslinking. The correction factor
{1 —2M_C/ M n} becomes negligible when M, >>M_C and the network is free of

imperfections such as looped chains, chain entanglements and free chain ends that do not
ideally contribute to the elastic stress.”” Similar to NC gels, ° considering the NR-
PHEMA gels consist predominantly of crosslinked polymer chains rather than polymer

chains with loops and free ends. The correction factor could be neglected.
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Table 4.2 Network parameters and swelling ratios of hydrogels

c M_c v, S (%)
(g/mol)  (10°.mol/cm’)

NS-PHEMA-1% 15,984 7.9 70+2.4
NR-PHEMA-MH-10-0.1% 87,210 1.5 92+2.6
NR-PHEMA -MH-10-0.5% 79,964 1.6 81+6.7
NR-PHEMA -MH-10-1% 139,822 0.9 128+8.4
NR-PHEMA -MH-25-0.1% 69,154 1.8 81+4.1
NR-PHEMA -MH-25-0.5% 61,717 2.1 80+4.6
NR-PHEMA -MH-25-1% 123,677 1.0 95+2.5

The shape of the strain-stress curves was similar to those reported in the

1011 J_shaped curves indicating low modulus at low strains and high modulus at

literature.
high strains with an instantaneous transition have been shown to be the result of increased
toughness and strength in hydrogels designed for load-bearing applications. This

behavior is also characteristic to many biological tissues that can be considered as natural

gels. ¥

Compared to NS-PHEMA hydrogels, the transition from low modulus to high
modulus was more pronounced for NR-PHEMA gels. Fig. 4.15 and Table 4.1 show the
transition of compressive tangent modulus (E) with increasing compressive strain. Up to
60% strain, the modulus of NS-PHEMA gels was 3-5 fold higher than that of NR-
PHEMA gels. In NS-PHEMA gels crosslinked with conventional crosslinkers, the
distribution of chain lengths are broad because of the random distribution of crosslinking
points. This might result in formation of large amounts of short chains with restricted

mobility. Therefore, stress built up in NS-gels was higher than in NR-PHEMA gels in
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this region. This phenomenon was in accordance with the average molecular weight

between crosslinks (M, ) calculated for NS-PHEMA gels which was 4-9 fold lower than

that of NR-PHEMA gels (see Table 4.2). However, M, values were rather high (up to

about 130,000 g/mol) for NR-PHEMA gels.

Similar to the behavior of NC and MMC gels, the modulus values of NR-PHEMA
gels were low compared to NS hydrogels because of the presence of very long flexible
polymer chains between crosslinking points and the high mobility of these polymer
chains in the water-swollen state. This was also the reason why NR-PHEMA gels were
stretchable up to about 80% strains while the elongation of NS-PHEMA only amounted
to 59% at the same applied stress level (see Table 4.1). However, the modulus values
increased instantaneously when the strain was increased further. Surprisingly, tangent
modulus values of NR-PHEMA gels above 80% strain were 5-19 times higher than
values at 60% strain. Moreover, the modulus of NR-PHEMA gels ranged from 5.6 to 6.8
MPa which was significantly higher than NS- PHEMA (about 3.4MPa). A possible
explanation for this sudden increase in modulus might be the restriction of the mobility of
the long polymer chains in NR-PHEMA gels. At this strain region, the polymer chains
between crosslinks were probably close to their full extension and their mobility was
restricted because the water inside the hydrogels was squeezed out. It needs to be pointed
out that no visible break or fracture was detected even at these high compressive strains

and the samples recovered their original shape when the force was removed.

124



8000
7000 | ¢ pHEMA-1% &
# NR-pHEMA-MH-25-1%
— 6000 - ]
© A NR-pHEMA-MH-25-0.5%
X 5000 | o NR-pHEMA-MH-25-0.1%
[72]
< 4000 - i
I ¢
o
£ 3000 | {
9
& 2000 - * $
w e i
1000 | . . §
[} [
0 ‘ ‘ ? T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Strain (%)
8000
7000 | | ¢ PHEMA-1%
[ 3
= NR-pHEMA-MH-10-1% x
2 6000 7 |, NR-pHEMA-MH-10-0.5% 3
X 5000 { ¢ NR-pHEMA-MH-10-0.1%
5
5 4000
S ¢
£ 3000 |
L
@ 2000 s
i N ¢
1000 - . & .
= [ 3
0 ‘ i E \t \' T T T T
0 10 20 30 40 50 60 70 80 90 100
Strain (%)

Figure 4.15 Tangent elastic modulus at 10% strain increments for NR-PHEMA hydrogels
reinforced with different weight fractions of CNW a) coated with MH-10 b)coated with
MH-25. Each data point represents the mean of triplicate values. Error bars represent the

standard error. Control sample is NS-PHEMA hydrogel with 1%w/w EGDMA.
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4.4.3.1 Effect of the degree of modification of hemicellulose

Assuming that the amount of methacrylated hemicellulose coated per unit gram of
cellulose nanowhiskers (140-150 mg/g) was constant for MH-10 and MH-25, the
influence of the degree of methacrylation on the mechanical properties of NR-PHEMA
gels were evaluated. Tangent modulus values at 60% strain revealed that NR-PHEMA
gels reinforced with MH-25 coated CNWs resulted in higher modulus compared to the
gels reinforced with MH-10 coated CNWs. This result was consistent for each CNW
weight fraction used in this study. Elastic shear modulus (G) values followed the same

trend as well, even though the differences between data points were less pronounced.

One possible explanation for this trend might be the increase in the effective

number of crosslinking chains (V,., crosslink density) with increasing methacrylic

functionality at the surface of CNW. As can be seen in Table 4.2, for the same CNW

weight fraction, V', values were high for samples loaded with MH-25 coated CNW. It is

probable that with the increase in the amount of double bounds at the surface of CNW,
the number of PHEMA polymer chains grafting from each CNW and the number of
crosslinking chains connecting adjacent CNWs to each other increased. As a result,

average length of the polymer chains between crosslinks decreased when the number of

grafting sites on each CNW increased (see M . Vvalues in Table 4.2). The main reason

for enhanced modulus might be the denser network structure with shorter/more crosslinks
formed in NR-PHEMA gels with MH-25 coated CNW.

4.4.3.2 Effect of CNW concentration

126



The concentration of MH coated CNW in the NR-PHEMA hydrogels were 0.1%,
0.5% and 1% w/w with respect to the amount of HEMA monomer used for the

polymerization. The hypothesis was to decrease the average length of polymer chains

between crosslinks (M ¢ ) by increasing the concentration of the CNW. Increasing the

concentration of uniformly distributed nanowhiskers may reduce the distance between
adjacent nanowhiskers, and therefore the average chain length of PHEMA chains that
connect adjacent nanowhiskers may decrease proportionally. Another assumption was
that the distribution of distance between individual nanowhiskers was quite narrow

regardless of CNW concentration.

For both MH-10 and MH-25 coated CNW, as the CNW concentration increased

from 0.1% to 0.5%, calculated M - values decreased slightly which was in accordance

with the outlined hypothesis. As a result, tangent moduli and shear moduli increased
slightly with increasing CNW content. This was probably due to the formation of slightly
shorter chains which had restricted mobility and easily reached their full extension.

However, further increase in the CNW content to 1% w/w resulted in an unexpected

increase in M . and a decrease in modulus values. A possible reason for this may be the

amount of water present inside the hydrogel during the compression testing. Since the
polymer chains in NR-PHEMA gels are fairly large and mobile like in NC or MMS gels,
it has been suggested that the influence of water content on hydrogels could be regarded
as the effect temperature has on glassy polymers.*’ Therefore, flexible polymer chains of

swollen hydrogels could behave like glassy polymers above their glass transition
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temperature.” In NR-PHEMA gels with 1% CNW content, the swelling ratios were high
probably due to the hydrophilic groups introduced through cellulose and hemicellulose
(see Table 4.2). Higher water content resulted in lower modulus values and more rubbery
like behavior. It could be expected that the assumed effect of CNW content of
mechanical properties might be better evaluated when the water content in all NR-
PHEMA hydrogels was comparable, for example, at higher compressive strains (€=80%)

when most of the water was squeezed out.

It needs to be pointed out that the CNW contents (0.1-1% w/w) used in this study
was quite low compared to the nanoclay content in NC gels which ranged from 6.6% to
33% w/w with respect to amount of the monomer (N-isopropylacrylamide).”'® NR-
PHEMA gels with higher CNW contents might be worthwhile to study in order to
establish the accurate relationship between CNW content, network parameters and

mechanical properties.

4.4.3.3 Stress relaxation

As mentioned in the previous sections, NR-PHEMA hydrogels did not fracture or
break during the compression test despite the high compressive strains up to about 80%.
One interesting observation was the almost complete recovery of these hydrogel to their
original dimensions once force was released. This was probably due to the improved
toughness or energy dissipation capability of these hydrogels. To further evaluate the
time-dependant mechanical properties and the degree of the recovery of the hydrogels,

stress relaxation tests were performed. Figure 4.16 shows the relative residual stress as a

128



function of time with respect to initial stress. Stress relaxation behavior of NS-PHEMA
and NR-PHEMA hydrogels were significantly different. The relaxation rate of NR-
PHEMA gels was apparently fast and the relative stress remaining after 20 min was quite
low compared to that of NS-PHEMA gels. It took about 6-13 s for NR-PHEMA gels to
relax 80% of the stress while it was about 460 s for NS-PHEMA gels (see Table 4.3). The
residual stress of NS-PHEMA gels was about 77% of the initial stress and reached a
plateau and without further decrease. However, in NR-PHEMA gels the residual stress
could be as low as 11% and did not completely level off after 20 min. It has been shown
that fast relaxation rate and low residual stress obtained from a stress relaxation test
indicate high degree of recovery, good resilience and increased viscoelasticity.*" ** Good
recovery properties of NR-PHEMA gels may be explained by the proposed network
structure composed of long flexible PHEMA chains between uniformly distributed
crosslinking points. In that manner the applied force could be easily distributed and the

polymer chains were able return to their original conformations at a faster rate.

Table 4.3 Change in the relative residual stress during relaxation tests

Time for 80%  Time for 50% % Residual stress
residual stress  residual stress after 1200 s.
NS-PHEMA-1% 459 - 77

NR-PHEMA-MH-10-0.1% 6 43 15
NR-PHEMA -MH-10-0.5% 9 210 29
NR-PHEMA -MH-10-1% 6 32 8

NR-PHEMA -MH-25-0.1% 5 24 11
NR-PHEMA -MH-25-0.5% 13 240 31
NR-PHEMA -MH-25-1% 8 69 18
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Figure 4.16 Change in the relative residual relaxation stress with time for NR-PHEMA
hydrogels reinforced with different weight fractions of CNW a) coated with MH-10 b)

coated with MH-25. Control sample is NS-PHEMA hydrogel with 1%w/w EGDMA.

4.4.3.4 Dynamic viscoelastic properties
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Dynamical mechanical analysis is a nondestructive method used to characterize
the viscoelastic properties of materials. An oscillatory strain or stress is applied to a
material, resulting in stress or strain that can be measured. The response of a material to a
sinusoidally varying force as a function of frequency or temperature is defined by the
storage modulus, loss modulus and loss tangent. Storage modulus (E’) represents the
elastic response of a material and is proportional to the energy stored. Loss modulus (E’”)
represents the viscous response of the material and is proportional to the energy
dissipated as heat. Loss tangent (tan §) is the ratio of energy loss to energy stored

(E”/E’).43

NR-PHEMA hydrogels showed viscoelastic behavior evidenced by non-linear
stress-strain response and time-dependant stress relaxation. To further study their
viscoelastic properties, frequency sweep tests were performed to evaluate the dependence
of modulus (E” and E’) on loading frequency. Frequency was scanned between 0.1 to 80
Hz which has been reported to cover all physiological loading frequency in the human
body during daily activities.* Figure 4.17 shows the viscoelastic behavior of NS-PHEMA
gels with 1% crosslinker and NR-PHEMA gels, including 1% w/w CNW coated with
MH-10 and MH-25. The E’ and E” values of NS-PHEMA gels increased with increasing
frequency and the value of E” came close to the value of E’. The increase in the value of
E” means that the amount of energy dissipated as heat is significant due to the increased
friction among polymer chains.* However, NR-PHEMA gels showed different
viscoelastic behavior compared to NS-PHEMA gels. The value of E’ slightly increased

and reached a plateau at higher frequencies. The value of E” was much lower than the
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value of E’ over all frequencies and showed less dependency on frequency compared to
that of NS-PHEMA gels. This result showed that more energy was stored in NR-PHEMA
gels rather than was dissipated as heat which would be a characteristic behavior of an
ideal elastomer in its rubbery state.*® It is possible that there was less internal friction
between polymer chains in NR-PHEMA gels as a consequence of its unique network
structure and high water content. This might be the reason why NR-PHEMA gels relaxed

at a faster rate to lower stresses and therefore had improved recovery.
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4.4.4 Swelling

The water uptake of hydrogels in their equilibrium swollen state is shown in
Table 4.2. NR-PHEMA gels had slightly higher swelling ratios (80-128%) compared to
NS-PHEMA gels (70%). With the increase in the concentration of MH coated CNW,
swelling ratio increased which might be as a result of the additional H-bounding between
hydrophilic groups introduced by cellulose and hemicellulose. However, for the same
CNW weight fraction, NR-PHEMA gels composed of MH-25 coated CNW had lower
swelling ratios. Considering the average chain lengths between crosslinks and number of
effective crosslinking chains given in Table 4.2, it might be suggested that the network

parameters had a direct influence on the swelling ratios. With decreasing crosslink

density and increasing M ¢« » swelling ratios were high because more space was available

for water molecules in the hydrogel network.

4.5 Conclusions

Cellulose nanowhiskers and hemicellulose extracted from renewable resources
were used to prepare nanoreinforced hydrogels with unique network structure. Inspired
by the plant cell wall matrix, intrinsic affinity of hemicellulose to cellulose was utilized
for the surface modification of cellulose nanowhiskers. Chemically altered
hemicelluloses carrying methacrylic functionality were adsorbed onto cellulose
nanowhiskers in the aqueous medium. /n situ radical polymerization of 2-
hydroxyethylmethacrylate was carried out to synthesize nanoreinforced PHEMA
hydrogels in the presence of surface functionalized cellulose nanowhiskers without using

chemical crosslinking agents. Mechanical properties, swelling and viscoelasticity of
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water-swollen hydrogels were investigated in regard to the hemicellulose degree of
modification and cellulose nanowhisker content. Results showed that the number of
effective crosslinks between polymer chains and the average chain length between
crosslinking points had significantly different effects than crosslinked PHEMA hydrogels
by conventional chemical crosslinkers. It was suggested that modified cellulose
nanowhiskers acted like highly multifunctional crosslinking points. Uniform distribution
of these large crosslinking sites allowed the formation of long crosslinks that increased
the extensibility and toughness of the hydrogels. Non-linear J-shaped stress-strain curves
obtained from uniaxial compression tests showed that nanoreinforced PHEMA hydrogels
had potential to be used in load-bearing hydrogel applications. Stress relaxation and
dynamical mechanical tests evidenced the increased viscoelasticity and enhanced

recovery of as-synthesized PHEMA hydrogels.

One potential application of nanoreinforced PHEMA hydrogels prepared in this
study would be human articular cartilage replacement. Articular cartilage is a load-
bearing natural tissue within joints in the human body. To support and distribute loads
and to provide lubrication in the diarthrodial joints are the main functions of the
cartilage.”® It is considered as a natural hydrogel reinforced with collagen fibrils and
consist of 65-85% water in its structure. Hydrogels such as PVA have been suggested as
biomaterials when the joint replacement is required in case of damaged or diseased
cartilage tissue.”’ Articular cartilage is a viscoelastic material and shows non-linear strain
response. Elastic modulus and fracture stress for human cartilage depend on its location

in the body. It has been reported that elastic modulus of cartilage is in the range of 0.4-10
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141 The fracture stress

MPa and fracture stress is 78.6 MPa at 99.3% compressive strain.
of hydrogels prepared in this study could not be determined because of the experimental

difficulties. However, the other characteristics of nanoreinforced PHEMA hydrogels are

similar to articular cartilage.

As a future work, it might be interesting to investigate the influence of higher
cellulose nanowhisker contents (close its percolation threshold) on the network structure
and mechanical properties of these hydrogels. In addition, the behavior of the hydrogels
under cyclic compression tests and tensile tests would be worthwhile studying in order to

match all of the properties of articular cartilage.
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