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Abstract

The research presented in this thesis explores the potential uses of KGM and the development
of KGM containing hydrogels for wound healing applications. The work involved
characterization of five different speciesArhorphophallusaind investigating the iddogical
activity of KGM and different molecular weight fractions of KGdh skin cells. KGM
stimulatel fibroblast (but not keratinocyte) proliferation atitese effect were influenced by
the species, Glc:Man rati®o of glucomannan, molecular weight ahe treatmergtof KGM.

KGM also had the ability to maintain fibroblasts aABMSC viabilities in unchanged
mediumfor 20 days. The involvement of carbohydrate binding receptors on skin cells was
also investigated to obtain a better understanding of the biological activity of KGWM

also had the potential for cell transportation where examination subjected tostlesar
showed positive resulEollowing these,wo sets of KGM hydrogejsrosslinked KGM and
interpenetrating network (IPN)Ysemi IPNand graft-conetworks)were then developed and
characterizedising FTIR, DSC, SEM antfC solid state NMR spectroscopgd their water
content were examinedThe crosslinked KGM was synthesized at various concentrations of
KGM and Ce(lV), while the IPNs were made of KGM and polxRyl pyrrolidinone)
(P(NVP)) crosslinked with poly(ethylene glycol diacrylate) (PEGDA) @isin
photopolymerisationGraft-conetwork hydrogsl 8WC of 85-90% was verystimulatoryto
fibroblast proliferation and the migration of both keratinocytes and fibrablakile semi

IPN with the highest EWCof (90-95%) and water content did ndbifferencesin the
chemistry and water properties of the hydrogels had significant influences in their biological
activities. Examination on3D tissue engineered skin and wound moddiewed that the
KGM containing hydrogels were able to decrease the extent of skimacture without
affecting thereepithelisatiorprocess.Taken together these data support a potential role for

KGM and KGM containing hydrogels in wound healing.
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Chapter 1. Introduction

1.1 Historical overview of the treatment of wounds.

Historically, wound have beenreated with natural substances such as cobwebs, leaves, tree
bark, resin and honey due to their availability, cooling and soothing efféctsest 1982)

The use of cloth, honey, milk, and resin in the treatment of wouad be traced from
ancient Egypt and Mesopotamia to the Arabs via Greeks and Ronfdres.Edwin Smith
Surgical Papyruswhich was written around1700 BC is one of the earliest known
documentatios on the treatment of wousdencountered during battle fields in Eqypt
(Breasted 1930Mixtures of honey and lard or honey and resin were usaeslcasd healing
agents in Egypt due tbeir properties thgprevent infection from entering theoundsite as
well as sealing off the wound from getting exposed. The Egyptians were also among the first
people to introduce the use of minerals such as silver, sulphur ancumn in wound
treatment (Forrest 1982) The treatment of topical woursdusing water or milk and
subsequentlgovered cloth pasted with honey and regas recorded by The Mesopotamians
on a clay scripture dated back in 2500 @©rrest 1982)

Treatment with salves to promote suppuraticas suggested bilippocratus (46877 BC)

in order to remove necrotic materials and to reduce infammgli®o 1961; Forrest 1982)
Then,Guy de Churliac (130Q368) in Cyrugia Magnaroposedhe five principles of wound
treatmentthe removal of wound debrigseapproximation of the separated parts, maintenance
of wound conditios, conservation and the treatment of complicatiomkich became the
basis of todaylésl9%i)und treament

In the late 19" century, Joseph Listegdopted the idea of antiseptic surgery which led to
significant reductions in the post operative infectiganninen and Farago 1983)se of

simple hygienic practiceeand sterilizationmade a huge difference in the prevention of
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infection. Based othis practice, Robert Wood Johnson | began the production of gauze and
wound dressingtreated with iodine ithe 1870s, that later emerged astep forward in the
production of antiseptic dressirfglanninen and Farago 19830 years on, the discovery of

an antibiotic called penicilih from Penicillium mold by Sir Alexander Fleming at St. Mary
University laboratory, London epitomizedevolution in modern wound treatment.
Technological advansén polymerisationin the early 23" century provided new materials

for wound treatment. Brous synthetic materials such as nylon, polyurethane, polyester and
polypropelene are some of the polymers used as wound dressings. Povidone, vehich is
polymer ofN-vinylpyrrolidone soaked in iodine was widely used to treat wounded soidier
World War 11.

Chronic norhealingwounds have become majoreconomic burden to many countries due

to the debilitating cost of treatment. Winter et. Hd62 thenproposed thad moist wound
environment promoted faster-epithelization rates of the pased tissues in both porcine and
human model compared to dry wound. 3ééndings then led to the introduction of semi
occlusive dressings for t ({@amzekovicela7O)ment of wou
Emergence of tissue engineering and regenerative medicine with improvements init®mpos
and hybrid polymers expanded the range of new matehmisduction of gene and protein
based therapies to impaired wound heafingn diseases such as diabetes and infections ha
significantly improved conditions and promote healing progressioae.riExt generation of
ideal biomaterials for wound dressing should be biologically active that selectively interact
with specific integrins, lectins, tgkines and growth factors expressed by target cells in
surrounding tissues required for the repairtltd damaged tissugGriffith and Naughton
2002) The knowledge of the involvemeand the functions of lectins and growth factor
receptors in many cellular physiological events such as proliferation, adhesion, migration

and differentiatiorcould enable the design of synthetic matert@msmodulate cell functions
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for tissue regeneratn. (Wollenberg, Mommaas et al. 2002; McGreal, Miller et al. 2005;

Irache, Salman et al. 2008)

1.2 The use of sugar for wound treatment

Sugars such as granulated sugar, starch (amylose), honey and cdieNesihe same

chemical structure of §€1,,0s with differerces in molecular weight arslereochemistryrhe

useof sugarin medicines to treat wousdnd ulces has been reported extensively in the last

few centuries by Scultetus in 1679 and Zoinin in 1{ié&per and Caliri 2003)

Sugarshelp to reduce exudation and edema, enkbamdgriens in healing tissue, stimulate

granulation tissue, lower the wound pHduce abacteriostatic effect, and encourage growth

of epithelial tissu€éKnutson, Merbitz et al. 1981; Silvetti 1981; Chirife, Scarmato et al. 1982;

Kilic 2001; Moore, Smith et al. 2001Knutson and colleagues performed the largest series of

wound treatmeist using granulated sugasoaked intogauze in povidonédine on 605

patients withtraumatic wounds, burns and ulcers and showed reduction of the healing time

by 25% compared to conteolvith minimal and no scarringKnutson, Merbitz et al. 1981)

Similar findings were also reported by Herzage, where a reduictiodor and alecreaein

purulent secretiain infected wounds were reportédhirife, Scarmato et al. 1982)

Destruction of
bacteria
Wound cleansing

Infection control

'

Moisture balance

Infection control

_/

Inflammation
Draw
macrophages Reduces edema
into wound bed

Cellularw

Figure 1.1

Physiological rational for the use of sugar for wound heafdgpted fomJ.

Diabetes Sc. Technol. Vol 4, Issue 5, September PBitvas, Bharara et al. 2010)
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Kilic and colleagues specifically used granulated sugar paste to treat his patients with diabetic
foot ulces (DFU) by changing the dressimdwice daily. He noteda decreas in odor,

inhibition of bacterial growth, reduction of edema and debridement of necrotic tissue which
wassimilar tothat reported bKnutson et. al(Kilic 2001). An interesting study on DFU with

multiple resistance to topical applications, allergic to systemic antibiotic and had four multi
pathogerinfected venous stasis ulcers thegre recurrent for 17 years was conducted by

Lisle (Lisle 2002) All wounds were completely healed at the end of treatment, where they
had shown similarities to the findings by
additional findings on the suppression of methicillin resistaBt. a u rhenmlgtic b

strepcocciand mixedbacteriafrom entering flora in the woun(.isle 2002)

Similar observatios were reportedwith the use of high molecular weight polysaccharide
powdes containing 35% ascorbic aciSilvetti 1981) Silvetti claimed that a high molecular
weight polysaccharide prevented the growth of baxteriwound by lowering the water
contentbelow 0.6846 through osmosis, which supported the finding by Chirife e(Sallvetti
1981; Chirife, Scarmato et al. 198Both studies described the positive effefciow pH and
osmosis to improve wound healing condison

The binding of water createa template suitable for cell migration and proliferatiBnenda,
Marques et al. 1995; Topham 2002ncouragg the production of hyaluronic acid from
glucose and simultaneously suppessshe formation of fiber forming collagen that
contributes to scarring(Topham 2002; Pieper and Caliri 2003)pecific interactiogof sugar
with different celltypesalso encouragethe excretion ofessential cytokines and growth

factors thatanimprove conditions of wound healirffgopham 2002)
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1.3 Hydrogel

Hydrogesaredef i ned as three dimensional (3D)
ability to absorb large amowsf water while maintaining their dimensional stabiliBeppas

and Sahlin 1996)The integrity of the hydrogels can be maintained either by physical or
chemical crosslinkingBrannonPeppas and Peppas 199aydrogel formation is influenced

by chemically crosslinked network of hydrophilic palers in which the thermodynamic
forces of swelling are counterbalanced with elastic and refractive forces of the crosslinking in

the materia{Hoffman 2002)

Hydrogels are widely used inbiopharmaceutical and wound applications duetheir
properties which include biocompatibilitgnd the ability to copolymerize with other
synthetic or natural polymers due to the functional groups on the polymer backbone that offer
awide range of formulation possibilitiggioffman 2002) The amount of water absorbed in
hydrogels is related to the presence of specific groups suc€@®H, -OH, -CONH,, -

CONH- and i SO;H (Dergunov and Mun 20090ther factors such capillary effect, pH,
osmotic pressure, temperature and ionic strength of water solution in contact with the
polymeral so i nfl uence [ByadnonPeppak ansl Peppias 1090pHoffnaam
2002; Dergunov and Mun 20Q90he ability of hydrogels to absorb and release water in a
reversible manner and in response to specific environmental stimuli have made hydrogels
appealing for applications in various engineerinddfieanging from personal care products

to drug delivery and as catalgsind biosensar In the tissue engineering and biomatesial
fields, hydroged represent an ideal environment to support cellular proliferation and
migration asthey permit the diffusbn of nutrient and wastéBrannonPeppas and Peppas
1990)and alsaheir structural and hydran propertieghat mimic human tissugCha and Pitt

1990; Peppas, Langer et al. 1995)
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1.3.1 Classifications of hydrogels

Hydroget can beclassifiedin several ways, depending on the method of preparation, the
origin of the hydrogel, ionic charges, sources, nature of swelling with changes in the
environment, rate of biodegradation or the nature of crosslinfkiogfman 202; Kolybaba

2003; Rimmer 2011)One of the important classifications is based on their crosslinking
nature and preparation methods such as physical and chemical hydrogels, hoamg co
interpenetrating polymers. Physical hydrogels are the type of hydratpelre the chains are
connected by electrostatic forces, hydrogen bonds, hydrophobic interactions between
oppositelycharged biopolymers or chain entanglemgidffman 2002) Chemical hydrogels

are the type of hydrogels where the chains are linked to each other with covalent bonds at
spedfic sites of the polymer molecular backbone using crosslink@isffman 2002)
Physical and chemical hydrogels can be produced from either natural or synthetic polymers
(Farris, Schaich et al. 20Q9)nterpenetrating polymsror networls (IPN) are generally
formed of two or more polymer netwarkhat may be crosslinked by chemical or physical
bonds. IPN may be formed simultaneously (from monomer A and monomer B) or
sequentially (from polymer A and monomer @arris, Schaich et al. 2009PN can alsadoe

formed by the swelling of a first network in a solvent containing monowieich then form

the second intermeshing network struct{tikao, Cao et al.)

The double networks of IPN would either be hydrophilic and hydrophobigdrophilic and
hydrophilic. There are two types of IPNs: full IPNs with both networks crosslinked and semi
IPNs in which only one network is crosslinked but the second network is not. The advantage

of IPN in the development of hydrogel lies in the shapraperties of combination netwaork
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Figure 1.2 Classifications of hydrogel#&dapted from Alpesh, P. and K. Mequanint,
Hydrogel Biomaterials, Biomedical Engineeringrontiers and Challenges, 201Ipesh
and Mequanint 2011)

In generalpolymersconsist of repating monomers (homopolymer) or chemically different
polymess (copolymer) or compositian of more than three crosslinked monomers
(multipolymess) that can be organized in different ways to make random copolymers,
alternating copolymers, block copolymers gnaft copolymers(Rimmer 2011) The term
homopolymer hydrogels is defined as one type of dywiitic monomers crosslinked with
each other in a network whereas copolymer hydrogels are formed by the crosslinking of two
comonomers, one of which must be hydrophiidoffman 2002) On the other hand,

multipolymer hydroged areproduced from three or more comonomers reacting together.

1.3.1.1 Synthetic polymes

Synthetic polymers are widely used in biomedical applications because of their wide range of
chemistry with specific molecular weights, chemical structures, degradable or non
degradable structures and with specific crosslinkingcan be produced in large quantities

and low cost of productiofHoffman 2002) Examples of synthetic polymers are as shown in

Figure 13.

PEG based hydrogels are gaining attention due to their limited immunological reaction and
biocompatibility of their degradation produdBae, Gemeinhart et al. 201@®oly(ethylene
oxide) (PEO) whichis an FDA approved biocompatible, and hydrophilic semicrystalline
polymer is one of the most commonly used polymers for tissue engineering due to its
similarity and flexibility to human tissug_ee and Mooney 2001Yhe chemical structure of

PEO is similar to poly(ethylene glycol) PEG and both of these polymers can be
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photocrosslinked by mo d enfl withnegther ensethacrylatetoh e r 0 s
acrylates using appropriate photoinitiator. Blockpmymerisationof PEO or PEG also can
be formed with poly(lactic acid) (PLA) and poly(glycolic acid) (PGA)aocombination of

poly(lactic-glycolic acid) (PLGA) to makéhermally responsive and reversible polymers.

PLA, PGA and PLGA are most commonlged synthetic polymers in tissue engineering
(Cha and Pitt 1990; Peppas and Sahlin 199@pwever, the degradation of PLA and PGA

was reported to cause desttion to proteins due to high local acidftyha and Pitt 1990)
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Figure 1.3  Representative chemical structure for synthetic polymeis) Aeutral
polymers : A) PEO, B) PEG, C) PVA, D) P(HEMA), E) PVRHFresponsive polymers: F)
PAA, G) P(NIPAAM) and H) PPF.
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Another example of widely used synthetic hydrogel for biomaterials is pbiydfoxylethyl
methacrylate) (PHEMA) which is a commoconstituent in contact lensg€orkhill,
Hamilton et al. 1989)Figure 1.3 (D)). Thae lenseesshowed excellent wéability with 38%
water content and/ere comfortable to wear compared to hard contact le(Mashterle and
Lim 1960) Modification by addition of various hydrophilic monomers such as NVP and
glycerol methacrylate (GMAhelped toimprove its swelling and mechanical properties
(Lloyd, Faragher et al. 2001PHEMA is also used in dgudelivery and tissue engineering

applicationgPeppas and Sahlin 1996)

Poly(N-vinyl pyrrolidone) P(NVP) is als@nown as povidone and acommon constituent in
wound dressingfor its compatibility and hydrability (Figure EMiga, Rogero et al. 1999\t

is a water soluble homopolymer ofWnyl-2-pyrrolidone.P(NVP) polymers have the ability

to absorb water, where the absorption center is the amide grewp and Frank 1955)he
polymer has been widely used in various biomedical appliatoe to its hydrophilicity

and biocompatibilityever since it wasleveloped ithel1 93 06s by Professor
and his colleagues in Germany at I.G Farf@®obinson, Sullivan et al. 1990n World War

I, P(NVP)was used aa blood plasma substitute and extender but was declared unsafe for
such use by the FDA due to the riskitsfaccumulation in the body thabuld lead to the
formation of granloma (Robinson, Sullivan et al. 1990Yhe report also mentioned the
polymer interferece with blood coagulation, haemostasis, blood typing and crossmatching

(Robinson, Sullivaret al. 1990)

The use of P(NVP) in clinical applications has been slightly controversial due to the FDA
report and contradictory resulfRobinson, Sullivan et al. 1990; Vijayasekaran, Chirila et al.
1996) The presence of the polymer in rabbit eyes caused severe inflammatory reactions after

it was injected into rabbit eye@/ijayasekaran, Chirila et al. 1996pespite that, WB
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granted permission for the use of P(NVP) as a binder for tablets with acceptable daily intake

of 0-5 mg.mL* (Robinson, Sullivan et al. 1990)

P(NVP) has the ability to be polymerised with fr@elical initiators to make a neaanic,
hydrophilic polymer. Its solubility factor is due to some degree of compensation between the
strong hydrgen bonding capability, specifically between the cyclic amide group and water
protors and the NVP polymer backbone and cyclic methylene grdMmshaverinia,

Roohpour et al. 2009)

Poly(ethyl fumarateo-ethyl glycol) (PEFco-EG)) is a newerpromising synthetic block
copolymer whichconsistsof linear, hydrophobic poly(propylene fumarate) (PPF) and
hydrophilic poly(ethyl glycol) PEG (Figure HHe, J. Yaszemski et al. 2000} has been
used as biodegradable, injectable carrier for bone and blood vessel engineévérg the

degradation talsplace via hydrolysis through the ester linkaff@sggs and Mikos 1999)

1.3.1.2 Natural polymer

Naturally derived plymers areusually biocompatibé (Bundle and Young 1992)These
polymerscanbe derived from bacterial cellul oses
glucomannan, pectin, dextran) or animal (hyaluronic acid (HA), collagRenlt, Frei et al.

1996 ; Mano, Silva et al. 2007; Cascone, Barbani et al. 200&) similarity in the chemical
structures of bioactive glycosamino glycan (GA@plecules present in the ECM with
naturally derived polymers makes it widely used in formulatioith synthetic polymers for
biomaterials. Mechanical and degradation properties of plant extracted polymers make them

useful as dressings for wound treatméBtenda, Marques et.d.995)
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Table 1.1 Examples of plant derived polymers for biomaterials

Source Type Biological Use Reference
activities

Carrageenan Biocompatibility.  As thickner or gelling (Tye 1989)
agent in food industry.
Filling in dental
treatment and in
formulation of

biomaterials.

Pectin Binds to As thickner or gelling  (Farris,
cholesterol and agent in food industry. Schaich et al.
help to reduce Dietary fiber. 2009)
blood cholesterol
level

Glucomannan Improve insulin Wound dressings, (Vuksan,
sensitivity and alsc dietary fiber and cell ~ Sievenpiper
promote wound  encapsulation. et al. 2000;
healing. Alonso-

Sande,
Teijeiro-

= Osorio et al.

< 2009)

C Alginate Support tissue Wound dressings, (Lee and
regeneration and injectable hydrogel anc Mooney
able to support cel cell encapsulation. 2001; Bo
transportation. Chen,

Bernice
Wright et al.
2012)
Xanthan gum Tissue As biomaterial to (Fan, Wang
regeneration. improve mechanical et al. 2008)
strength in formulation
with other
polysaccharide
hydrogel.

Amylose Anti-tumor, As biomaterials for (Esseku and
support tissue tissue engineering and Adeyeye
regeneration and drug delivery vehicle. 2010; Toita,
biocompatible. Morimoto et

al. 2011)
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Table 1.2 Examples of animal derived polynsefor biomaterials.

Source Type Biological activities Use Reference

Collagen Promotes cell Has been developed (Yannas,
attachment, into scaffolds for Tzeranis et
migration, tissue engineering al. 2010)
proliferation and and for treatment of, (Sylvester,
migration. cartilage and Yannas et al.

periodontal ligament. 1989)
(Eichler and
Carlson
2006)

Fibrin Supports Use in wound healing (Currie,
keratinocytes and  treatment or coating Martin et al.
fibroblasts growth on surface of 2003)
and enhances cellule biomaterials to
motility in the wound support cell growth.

Hyaluronic Enhances bone Biomaterials and (Matsuda,

— acid formation, wound scaffolds for tissue  Suzuki et al.

@ ) . : _

c healing and cell engineering. 1990;

E‘: functions. Kuroyanagi,
Kubo et al.
2004; Peattie,
Nayate et al.
2004)

Glycosamino Biological activities ~ Scaffolds for tissue  (Yannas,

glycan as with ECM and engineering. Tzeranis et
support cell al. 2010)
attachment,
proliferation and
differentiation.

Silk Supports cellular Wound dressing, (Liu, Miao et
adhesion, biomaterials and drug al.)
proliferation and delivery vehicle. (Perez
differentiation and it Rigueiro,
also promotes tissue Elices et al.
repairin vivo 2007)
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Source Type Biological activities Use Reference
b-D-1-3 Anti-inflammatory,  Use as vehicle in dru¢ (Bohn and

qu Glucans antirtumorgenesis,  delivery system, drug BeMiller

& encapsulation and for 1995)

= treatment oBpecific

29 disease.

20 Glucomannan Photoprotective Use in cosmetic (Ruszova,

"E % effect against UVA  formulation. Pavek et al.

o © and UVB on skin 2008)

& Mannan Anti-tumor Use in chemotherapy (Wasser

& containing to improve drug 2003)

5 polysaccharide efficacy.

Table 1.3 Examples of bacterial or fungi extracted polymers for biomaterials

1.3.1.2i. Konjac glucomannan

Figure 1.5  AmorphophallukonjacC. Koch
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Konjac glucomannan (KGMijs a perennial herbaceous herb which belongth¢dAracea

family and Amorphophallusspecies(Figure 1.5) There are about 208morphophallus
species that grow in tropical Africa, Madagascar, tropical and subtropical Asia, the Malay
Archipelago, Melanesia and Australiglayo, Bogner et al. 497). KGM is widely used by
Chinese and Japanese as traditional medicine in the treatment of asthma, coughs, hernia,
burns, and dietary fiber in the treatment of diabetes and ob@ddpso-Sande, Teijeiro

Osorio et al. 2009)KGM helps to decrease total cholesterol and lensity lipoprotein and

to maintain high density lipoprotein and increase insulin sensitivity from the pancreas
(Vuksan, Jenkins et al. 1999; Vuksan, Sievenpiper et al. 2000)

KGM belongs to the group of immunomodulatory polysacchariddsch includes
galactomannans, heteroglycans, glucans, arabinogalactans and other mixed polysaccharides
(Bohn and BMiller 1995; Wasser 2003; Miadokova, Svidova et al. 20@@nsumption of

KGM has also been beneficial to the gastrointestinal tract by enhancing the growth of
bifidobacteria(Connolly, Lovegrove et al.)in recent years, the United States and Europe
have introduced KGM as a food additive and dietary supplement, mainly for the treatment of
obesity, constipation and indigesti@Martino, Martino et al. 2005)Clinical studies reported

that supplementation with KGM helps to regulate systemic inflammation in the
gastrointestingConnolly, Lovegrove et al. ; Yeh, Lin et al.)

The active ingredient iAmorphophallus konjais glucomannan (GM) which is alson@ajor
structural component of yeast, bacterias and other plants with similar physical properties
containing U or b 1, 4-glwese and Bnangosef\easseri2@3;c ¢ h a
Ruszova, Pavek et al. 2008) was reported that polymers containing mannose (mannans)

exhibit significant biological activity wheadministered to mamma($izard, Carpenter et al.

1989)
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1.3.1.3 Blend and cpolymerisation of natural and synthetic polymer

The combination of two or more polymersiin natural or synthetic resources by physical or
chemicalmethodsbring together a number of different physical, mechanical and biological
properties of different polymers for the development of specific polymer fung@tiofiman
2002) Both natural andysithetic polymers have their owadvantages and disadvantages
(Ko, Ratner et al. 1981; Hoffman 2002he properes of the blend is dependent on the

degree of compatibility and misdiity of the polymer at a molecular lev@fioffman 2002)

The combination of synthetic with natural polymdor tissue engineering and biomaterial
applicatiors has gained a lot of attention due to biologically active ingredients in naturally
derived polymes that have the potential to emite cellphysiological impact on cellular
level interacting via carbohydrate recognition proteins (legttolgersson, Gustafsson et al.

2005)
1.4 Synthesis and preparation of hydrogels

Hydrogels can be prepared physically or chemicalhd a schematic method for the

preparation of hydrogels is shown in Figuré.1.

1.4.1 Physical method

The physical method usually involves hydrophobic association among the macromolecules,
as the macromolecules gradually lose their water by hydration to form the hydrogel network
(BrannonPeppas and Peppas 199®hysically crosslinked hydrogels possess physical
junctiondomains that associate with chain entanglement, hydrophobic interaction, hydrogen
bonding, crystallinity and/or ionic complexation. Certain polysaccharidegalai by itself

when immersed in water and from heating. The degree of polysaccharide gddguenas on

the degree of substitutiowhich is defined as the average number of etherified hydroxyl
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groups in a glucose unit. These sr@an be controlled ta certain extenin order to obtain

the desired solubility and viscosity in aqueous solution. Tdegree of substitution
polysaccharide solution can be properly adjusted to obtain specific formulation for gelation at
body temperature, which is potentially useful for biomedical application (Chen 2003). The
use of physical crosslinking method is gainingerest due to ease of fabrication and bulk
polymerisation (Xiao, Gao et al. 2000; Pavlov, Ma et al. 2004and the avoidance of using
crosslinking agents that are often toxfdpesh and Mequanint 2011However, the major
disadvantage of physicablymerisationis their weak mechanical properties in the swollen

state(Alpesh and Mequanint 2011)

(et

Hydrophobic polymer

l Hyvdrolysis, oxidation, sulfonation, etc

Hydrophobic
interactions

Crosslink

Chemical hydrogel . Physical hydrogel

Interpenetrating network

Figure 1.6  Schematic method for the formation of physical and chemical hydrogels
(Adapted fromAdvanced Drug Delivery Reviews4 , Al | an S. Hof f man,
biomedical applicatiorts , 10, 2002)
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1.4.2 Chemical method

Chemical methosican be used to prepaaestable stiff network of hydrogels by introduction
of crosslinking at the functional groups of the polymer backbone. The degree of crosslinking,
as defined by the number of crosslinking sites per unit volume of the polymer network affects

the strength and degratibn of the polyme(Berger, Reist et al. 2004)

There are a number of crosslinking agents and catalysts that can be used to make hydrogels.
These agents are divided into 2 categories; reversible and non reversible crosslinkers.
Examples of reversible crosslinkers are dialdehydes and polyaldehgd@on reversible
crosslinkers are epichlorohydrin and other epoxides, triphosphates and divinyl sulphone. One
of the drawbacks in using aldehydes (reversible crosslinker) is tokicity unreacted state.
Though it is possible to reduce or eliminate the toxicity of a crosslinker by extensive washing
with ethanol and distilled watethe issueof toxicity will remain in question in order to

preserve the biocompatibility of the hydedg

1.4.21 Polymerisation.

Polymerisationis a process by which small molecules called monomers react together in a
chemical reaction to form a large molecule consisting of repeating(Laiger 1995)These

chains may consist of repeating monomers (homopolymer) or chemically different monomers
(copolymers). The monomers can be arranged into random, alternating, block or graft

copolymers.

There are five types of polymers: homopolymer, copolymer, randomlysoger, alternating
copolymer, block copolymer and graft copolymer. Their arrangements and chemical

diversities are shown in Figure 1.7.
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Homopolymeri A polymer of the same repeating unit in the chain

M + M YMMMMMMMMMMM
Copolymeri A polymer with two or more different polymers in the chain
M + N YMNMNNNMMMNNN

Random copolymeri A random arrangement of two or more monomers along the polymer
chain.

M + N + A YMAANMAAMMMANNNAAAA

Alternating copolymer 1 Alternating arrangement of two monomers along the polymer
chain.

M + NMMMNNNNMMMMNNNNMMMM
Block copolymeri Blocks of two monomers in the polymer chain
M + N YMMNNMMNNMMNN

Graft copolymer i Formation of branches from two or more monomers along the polymer
backbone.

Z2z272%2

MMMMMNNNMMMNNNN
M M

z Z Z
Zz Z Z

Figure 1.7 Chemical diversity of polymer chains

Bulk polymerisationis a process where the reaction mixture contains only initiator and
monomer, without the presence of solvent. Solupofymerisationis a process where the
reaction mixture contains solvent, initiator, and monomer. Suspemgitymerisationis
defined as a process where the reaction mixture contains an aqueous phasasowabds

monomer, and initiator soluble in the monomer draplBmulsiorpolymerisatiorrequires an
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emulsifying agent and is a similar process to suspensidymerisationexcept that the

initiator is soluble in the agqueous phase rather than in the monomer d{Qulets 2004)

Specifically, there are two types pblymerisation step and chain growtpolymerisation

The type ofpolymerisationis dependent on the method and chemicals used in the reactions.
Step growthpolymerisationis a stepwise reactiothat usually proceed by the reactions
between two different functional groups such as hydroxyl and carboxyl, or isocynate and
hydroxyl group(Odian 1981) . The process includes the formation of urethgieganeh

and Mehdizadeh 2004 gsterification, amidation, aromatic substitution and otli@dian

1981) The process produces condensate and is also called condepsdyimerisation
(Odian 1981) These processaredivided into two groups which are depending on the type
of monomers use(Ddian 1981) The groups involvei) two different bifunctional monomers

in which each monomer passes only one type of functional gpoand i) a single
monomer containing both types of functional grof@xlian 1981) In this process, the
obtained polymer could contain functional groups as part of its backbone chain or lose some
of the atoms in the repeating uf@dian 1981)The two groups of reactions are represented

in a general manner which is showmrFigure 1.8.

nA-A + nBB  YA-AB-BY, ()

nA-B  YLA-B), (ii)

Figure 1.8 Representation of two different groups of reaction in step polymerisation.

Other type of polymerisation is callathain growthpolymerisationalso known as addition
polymerisationOdian 1981) It involves the binding of molecules that incorporate double or

triple chemical bonds. These monomers form the repeating chain by breaking its chemical
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bonds and then linking up ith other monomers. Examples of supblymerisationare
poly(ethylene), poly(propelene) and poly(vinyl chlorideloffman 2002) Some free radical
polymerisatiormust take place in high temperature and pressure, such as poly(ethylene) with
approximate 30CC and 2000 atniChenal, Olonde et al. 20QApther forms of chain growth
polymerisationare cationic additiopolymerisationand anionic chaipolymerisation These
methods a not popular due to stringent reaction condition such as lack of water and oxygen.
These methods provide alternatives to the free radical method and are ideally suited for living

polymerisation(Chenal, Olonde et al. 20Q7)

Free radicapolymerisationis one of the methods for chain growth, also known as anionic,
cationic and coordinatiorpolymerisation The chains form a polymer from successive
addition of free radical building blocks The formation of free radicals can be obtained by a
number of different mechanisms which usually involves the use of separate initiator
moleculegRimmer 2011) This process can be initiated thermally or by irradiation using UV
initiators such as peroxy, percarbd® or azo(Rimmer 2011) Thermalpolymerisationis
suitable for thick specimens whilst UV armdher irradiation techniques are suitable for

thinner devices such as contact lenses.

The polymerisationis controlled by three processes: chain initiation, chain propagation and
chain termination. Duringhe initiation process, a radical is creatednfrinitiating monomer

and transferred from the initiator molecules to the monomer units. Radical initiation works
best on carbowrarbon double bond of vinyl monomers and the caidoogen double bond

in aldehyde and ketor{®dian 2004)Electron bem and gamma irradiatiocan alsayenerate
radicals directly from monomers, without the use afphotoinitiator. The degree of
crosslinking is dependent on irradiation dose and polymer concentf@iimmer 2011) This

technique is preferable for the synthesis of hydrogels for medical applications where small
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traces of toxicity are not tolerated. The advantages of these procedures are that it does not
involve the addition of chemical reagentgile simultaneously sterilising the polymer.
Although high energy radiation usually leads to chain scission of the polymer, crosslinking

will prevail after the degradation under mild condis¢Rimmer 2011)

Photgolymerisatiorhas gainedncreased attention in biomedical applicatidmecause of its
minimally invasive procedure and rapidolymeristion following brief exposure to
ultraviolet light (Langer and Peppas 1981)V polymerisationrequires photoinitiators in
which production of radicals is initiated by homolytic scission of alkyl carbonyl bond.
Examples of the mechanisms involve the cleavage-@t GCI, C-O or GS bonds to form
radicals when exposed to UV (Figuie9) (Nguyen and West 2002pnbstraction of an H
donor molecule to generate a ketyl radical and a donor radicalafrommatic ketonéLiu and
Bhatia 2002)and generation of protonic acids by cationic ppotgmerisatiofKamigaito,
Maeda et al. 1993)This type ofpolymerisationis widely used for biomaterials as it also

provides effective sterilizatiofRimmer 2011)
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Figure 1.9  Photoinitiation mechanismgA) i photocleavage(B) hydrogel abstraction.
Adapted from Biomedical hydrogels, Biochemistry, manufacture and medical applications
(Rimmer 2011)and Biomaterials,Vol 23, Issue 22Photopolymerizable hydrogels for tissue
engineering applicatiofiNguyen and West 2002)

Although this method provides effective sterilization, the usea gfhotoinitiator raise
concern of cytotoxicity due to its small molecules contaminantehwht is essential to
thoroughly remove by washings for hydrogels, the swelling nature can facilitate removal

of the potential toxins from unreacted monomers.
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1.5 Human skin.
It is of outmost importarce to understand the structure of the skin and the underlying
mechanisms of normal and abnormal wound healing in designing hydrogels for wound

treatment.

1.5.1 Functional significance

Skin is an immunologically competent organ with the largest surfaeecarering the entire
human body. It serves as a protective boundary between the human body and the external
environment. As a physical barrier, skin plays significant and collaborative roles in the
biomechanics, protection and thermoregulatory func{Metcalfe and Ferguson 2007}

helps to regulate body temperature by preventing water loss from internal tissues and
protecting the sensitive organs from excessive heat and cold by sweating, and acts as a filter
to preveat bacteria, viruses and harmful chemicals from entering the @uahes, Currie et

al. 2002)

As part of its protective function, skin is capable of sensing and mounting appropriate
responses to pathogen invasions and physical stress by both innate and adaptive immune
responseqWilliams and Kupper 1996)Skin synthesizes important chemicals such as
melanin andcaroenes which give the skin its color. It metabolizes vitamin D, which is
important for alcium adsorption and development of bones, in the epidermis when it is

exposed to sunlight.
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1.5.2 Structural detalls.

Skin is composed of three layeisthe epidermis or the epithelial layer, the dermis that
containsa complex nerve and blood supplgdathe subcutaneous layer whighmainly
composed of fat and loose connective tissugschematic representation of human sisin

shown in Figure 1.0.

The epidermis is thin and highly stratified, composed mainly of keratinocytes and
melanocytes in thiower epidermal layer. It is subdivided into 4 layers (Figufid)i stratum
corneum (the cornified layer), stratum granulosum (the granular layer), stratum spinosum (the

spinous layer) and stratum basale (the basal layer) (Gilbert 2003).

The outermost coified layer of epidermis provides the physical barrier andomposed
mainly of dead keratinocytes while the keratin and desmosomes underneath physically

support the integrity ahe epidermis(Falanga, Faria et al. 2007)
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Figure 110 A schematic representation of human skin. Adapted fidetcalfe and
Ferguson 2007)



The spinous layer contains the major antigen presenting cells called Langerhan cells, which
express major histocompatibility complex (MHC) that ipartant in the defence mechanism

against pathogens and irritaif¥§agner and Sohnle 1995)

The bottom layer of the epidermis contains melanocytes wdriehesposible for synthesis

and distribution of melanin pigmen{¥amaguchi, Hearing et al. 2005)t also contains
keratinocytes that are capable of proliferating to either new basal cells or terminally
differentiated keratinocytes. The differentiated keratinocytes will undergo changes such as
the shrinking of nucleusna cytoplasm packed with keratins before travethimoutermost

layer to form the protective laydlvamaguchi, Hearing et al. 2005; Metcalfe and Ferguson

2007)

The secondayer, i.e. the dermis is an organized structure of thick elastin and collagen fibers
that are filled with a viscous fluid made upf glycosaminoglycans and hyaluronan. It is
relatively acellular and composed of extracellular matrices ar@primarily produced and

maintained by fibroblasts whidrethe major type of cells in the dermis.

The dermis contains a complex vascular arrangement of blood vessels and adnexal structures
with origin of hair follicles, sweat glands and sebaceous glands. It rEs@bundant
endothelial cells which are important for angiogenesis and maintaining the blood vessels,
hemapoetic cells such as macrophages and lymphocytes, smosthecells, adipocytes,
sensory neurons and cells of sweat glands. These cells collabgrdtelpl to maintain

homeostasis within the skin.

The sibcutaneous layeor hypodermisis the third layer of the skin. It is a layer of fat and
loose connective tissues that houses larger blood vessels and nerves. The integrity of this
layer is importanto maintain heat and prevent water loss as well as to protect the body

against mechanical trauma. The size of this layaries throughout individuals.The
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overdeveloped subcutaneous layer leads to obesity while the loss and declination of this layer

causewrinklesand sagging.

Thickened Keratin
plasma membrane

& . Cornified
- layer

Transitional
< cell

S i
Keratin =<
granules

Granular
layer

Spinous
layer

\ Malpighian
layer

Figure 1.11 Schematic representation thfe human epiderial layer. There are four main
layers, cornified layer, granular layer, spinous layer and basal layer. The outermost layer, or
the cornified layeris composed mainly of dead keratinocytes while the keratin and
desmosomes inside the layer support the integrity of the defimssganular and spinous
layers are composed mairdy differentiated keratinocytes while the bottom layéne basal

layer, contans proliferating keratinocytes. Image from Gilbert, 2003 (after Montagna and
Parakkal, 1974).

1.6 Wounds.

A wound is a type of injury in which the epithelial integrity of skin is ripped and torn apart
which may cause a disruption of the skin structuetbe function ofthe underlying normal
tissue. Wounds are divided into two categqra@g®en and closkwounds. There are several
types of open woursd such as incision, abrasion, laceration, puncture, gunshot and
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penetration woundA closal wound happen#hen a blunt force trauma causes contusion and
damages part of the skin structuteclosed wound is as dangerous asopen wound. It can

be classified as contusion, hematomas, crush injuries and chronic and acute wound. The
chronic and acute wound inishcategory happens slbmwand damaggthe tissue from within.

Theseinclude pressure, venous and diabetic ul¢éoseph 2004)

1.6.1 The conditions of wound.

There are about five types of wound, necrotic, sloughy, granulaitelizing and infected

wounds which are shown in Figure 12,

Figure 1.12 The types of woundrlhe pictures showA) necrotic wound,E) sloughy
wound, C) granulating wound,l¥) epithelsing wound andK) infected wound. Pictures
were taken from 3M wound resources center with Wound Healing Research Unit, Cardiff.

(http://solutions.3m.co.uk/wps/portaM/en GB/skincare/wouneresourcecentre/image

library/).

A necrotic woundappears to be black and devitalizethe to the death of tissues from
dehydration and dry wound conditiodnder normal physiological healing, dead tissue will

become soft and easily shed fraine wound site as slough through autolygike treatment

of necrotic wound requireshy dr ogel s such as TegadsedimE hyd
provide and maintain nisture,andto promote autolytic debridement in order to remove the
hardemd tissue. Sometimes enzymes were also used in order to clean wounds by dissolving

tissue debris and slougQueen, Evans et al. 1987)
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A slough wound is the type of wound that has thick layers of sloughy t&sleugh wound
slows granulation, thus proloimg the healingprocess Sloughy layers need to be removed
either by surgery, enzyme preparation or larval therapy. The use of enzawernsmonly
usal form of debridement as the enzyme briealown and separatetissue. In rist
conditiors, the enzymes help to soften and liquefy haedetissue. Dressings such as

hydrogels and foam dressings are commonlyl fisethe treatmenfEaglstein 2001)

Infection of the wound occurs when bacterial colonization in and around the wound site
increass to a critical level leadingto the deterioration of woundondition. The sigs of
infection include redness, heat, swelling, pain, high level of exudation, discoloration of
granulation tissue and delay of healing. Usually antiseptic and antibody are used with the
dressings during treatmeftiaglstein 2001)

A chronic wound is the type of wound that does not heal orderbugh the set of siges in

a period of time that wound usually heaithin. Chronic wound usually involve thevound
becoming stuck in one or more stages ithe wound healingprocess For example,a
prolonged inflammatory stage impairs the balance of production and degradation of
molecules such as collagefsn imbalance in the amount of vital molecules, proteins and
nutrients slows healing(Marvin E 1998; Joseph 2004)

Chroric wounds cost an estimated £213 3.1 billion annually and represent a significant
burden to patients, health care professionalsta@tllational Health Service (NHS) (Posnett

et al.) Chronic wound result from impairment in physiologit and mechanicafactors
causing the delay in healing response that fail to proceed accordihg tisual stepwise
progression. Some chronic wounds may not heal @ yta#trs to heal. To effectively manage
these problems, one must understand the normal healing proca$e aradises of the delay
(Joseph 2004)

Infection, hypoxia, trauma and systemic problems such as diabetes mellitus,
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immunodeficiency and malnutrition are often the causepyblonged inflammatory phase in
wound healing. These famts are interlinked to each other as interplay of healing stages are
overlapping and required the involvement of different types of Eatiie and Shettko 20Q7)
Infection happens when more thar® b@ganism per gram of tissue cologithe wound. This

affects thewound healing precess byincreasing the demand for proinflammatory cytokines
such as macrophages. Prolonged secretion bigh level of proinflammatory cytokines
causes the impairment of fibroblast proliferation, neovascularization and degradation of
granulation(Schwentker, Vodowvz et al. 2002)

Hypoxia is one of the main cause$ delayed healing. Oxygen is required for collagen
deposition and fibril crosslinking with hydroxylat@roline to enste a stable foundation for
reepithelisationHypoxia can be caused by systemic diseases such as diabetes mellitus which
cause erythrocytes to become less pliable and less able to deliver oxygen to the wound
(Gouin and KiecolGlaser ; Angele, Knoferl et al. 1999)

Diabetes also causes complications and damage in nervesesaded immune systems
which lead toa delay in wound healing. Most common complications of diabetes are nerve
damage and artery problems such as peripheral arterial disease which happens from blockage
in the blood vessels due to fatty acid deposits. Dialeeinditions also cause impairment to

our body systemas the fluctuatiors in sugar concentrati@nin blood reducesheb o dy 6 s
natural ability to fight infection. Thisontributesto cell®inability to bind with insulin and
causes a disruption in glu@gansportation into cells for metabolic activitideprivingcells

of nutrients and leadg to many physiological problems.

1.6.2 Mechanism of wound healing

Wound healing is a complex, physiological self repairing process in which injured skin (or

other organ tissues) undergoes progressions of physiological events to restore its functional
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normality (Joseph 2004)Human skin has one of the greatest abdito regenerate itself
compared to other tissues in our body. The nohealing process starts as soon as the tissue

is injured where the blood components come into contact with collagen and ECM at the site
of injury, releasing clotting and growth factofgoseph 2004) This progression is divided

into three sequential and overlapping phases; inflammatory, proliferative and remodeling

which can be characterized by secretion of distinctive cytokines by specific cells.

1.6.2.1Inflammation.

The nflammatory phase playsin important role in fighting ifections, clearance of
debridement and induction dhe proliferative phasgJoseph 2004)During the time of
injury, hemostasis or clotting cascade takes place by a way of a fibrin clot. Simultaneously,
the cells launch chemokinesd cytokines to attract cells to phagocytose debris, bacteria and
damaged tissue that give recognizable cardinalssafninflammatory response such as
redness, warmth, swelling, pain and loss of functidre nflammatory phase can be divided
into four subphases: coagulation, vasoconstriction and vasodilation, polymorphonuclear

neutrophils and macrophag@raun and Wrner 2006)

I. Coagulation.

Coagulation is part of hemostasis asdstarted as soon ake injury takesplace,
triggering inflammatory factors by initiating extrinsic coagulation cascade to activate
factor VII. Factor VIl is an essential blood cloigi factor for hemostasis. Exposure of
tissue factors such as thrombokinase with blood leatteformation ofa fibrin plug

by mediating crosslinking of fibrin and fibronectifhe fbrin plug acs as a structural
support to prevent blood loss and also aa matrix for migratory cells. It allows
plateles to adhere and express glycoproteins on their cell membranes. Glycoproteins

allow them to stick to each other and aggregadmseph 2004)Platelés secrete
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adenosine diphosphate, tissue growth fabtor ( GF and pl at el et det
factor (PDGF) to act on surrounding cells and stimulate chemotaxis of neutrophil,
monocytes and fibroblasts to the wound site, thus promoting the increase of cell

proliferation and migratiorfJoseph 2004)

ii. Vasoconstriction and vasodilation

Vasoconstriction of blood vessehappens immediately after a blood vessel is
breached, causing the ruptured cell membranes to release inflammatory factors such
as thromboxane and prostaglandin. This is to prevent blood loss and a mechanism to
aid the injured site by collecting inflammatory cells and factors. Vasoconstriction lasts
five to ten minutes and is followed by a widening of blood vessels. This peaks at
alout twenty minutes postounding(Joseph 2004)

Histamine is the main cause of vasodilation as it causes the blood vessels to become
porous and facilitates the entry of the inflammatory cells like leukocytes from the

blood stream ito the wound sit¢Joseph 2004)

iii. Polymorphonuclear Neutrophils (PMNS)
PMNs arrive at the wound site within hours of injury and begin to dominate the cells
in the wound for the first forty eight hours of injury together withteslblood cells
(WBC). They are the first to begin bactericidal activity using inflammatory mediators
and oxygen free radicals in what i s cal
healing can occur without PMNs anthey normally undergo apoptosis after
completion of their tasksand areengulfed and degraded by macrophafkseph

2004)

Iv. Macrophages
Unlike PMNs, macrophages are essential to wound healiibegsareinvolved in
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debridement, fibroblasts proliferation and angicems. After 2436 hours as PMNs
begin to decrease, circulating monocytes will enter the wound and mature into tissue
macrophages. These macrophages are importéme tiebridement of damaged tissue

at amicroscopic level by phagocytozing bacteria and idebiso, in the process of
debridement, they produce a wide range of important substances such as intérleukin
(IL-1) and basic fibroblast growth factor (bFGRMetcalfe and Ferguson 2007)

At this stage, IE1 and bFGFRareimportant to the proliferation of inflammatory cells

and pomotion of angiogenesis through endothelial cell replication. Towards the end
of the inflammatory phase, creation of granulation tissues (eicosanoids) in the wound
will strongly influence fibroblast proliferation and synthesis of collagen as well as
promoing the influx of keratinocytes and endothetalls irno the woundLi, Zhang

et al. 2003; Yamaguchi, Hearing et al. 2005)

1.6.2.2Proliferative Phase

The proliferative phase is characterized by angiogenesis, collagen deposition, granulation
tissue formationreepithelisatiorand wound contraction. It begins when mononuclear cells
continuously replae white blood cells (WBC) and macrophagdsvo to threedays after

injury, fibroblasts from the wound margin will migrate inward over the fibrous matrix which

is formed during the inflammatory phase. At the same time, formation of new blood vessels
(angiogenesis) by endothelial cefiikesplace andhis stepoverlags with other proliferative

stages such as fibroplasia over tifdeseph 2004)

I.  Angiogenesisleovascularsation).
Angiogenesis or neovascularization is a regeneration of new blood sveEkel
process is normal andtal in wound healing and concurténhappes with fibroblast

proliferation and endothelial cell migration. Cooperative regulation of vascular
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endothelial growth factor (VEGF), angiopoietic, fibroblast growth factor (FGF) and
transforming growth facteb (TGFb ) are essential as they
expansion to angiogenesis, creating vessels in granulation tdsue$hang et al.

2003) This process is directly stimulated by hypoxionditiors, which is a low

oxygen environmen@nd the presence of lactic acid. Production of angiogenic factors

by macrophages and the otlggowth factors producing cells will stop when they are

no longer in a hypoxic and lactic acid filled environment, leadinthéoeduction of
endothelial migration and proliferatighi, Zhang et al. 2003)At the end of this stage

when tissue igerfuse with adequate nutrients and environment, the blood vessels

that are no longer needed will die by apopt@isisZhang et al. 2003)

ii. Fibroplasia and granulation tissue formation

Fibroplasia and granulation tissue formatmstartsas the inflammatory phase ends
andoccurswith angiogenesis. At this stage fibroblaatebeginning to accumulate in
the wound and will become the dominant typeaking at one to two weeks.
Fibroblasts use fibrin linked fibers to migrate across the wound and then begin to
assemble collagen molecules into the fiddoseph 2004)

Fibroblass are also one of the important components in granulation tissues that
appearafter the inflammatory phase. As angiogenesis staganulation tissues
containing newly formed blood vessels, endothelial cells, myofibroblasts and
components of a new provisional extracellular matrix (ECM) will grow continuously
until the wound bed is coverd@Gouin and KiecokGlaser ; Joseph 2004; Metcalfe
and Ferguson 2007)

Provisional ECM is differento ECM found in no-injured tissue and this will later be

replaced by fibroblastin the next phase of healirf@doseph 2004)
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ii.i Collagen deposition
Fibroblass arethe major contributoto collagen synthesis and deposition of collagen
in fibril linked fibers increase the strength of the wound, facilitating cells ingatve
angiogenesis, inflammation and construction of connective tissues to adhere, grow
and differentiate.
The type Il collagen and fibronectin are produtetweerten hoursand three days
after injury and their deposition peak length from one to three weeks depending on the

size of the woundJoseph 2004)

1.62.3Maturation and Remodelling.

Remodelling begins when collagen deposition is adequatedpithelisationto mature and
production of collagen type lll is gradually replaced by collagen tyfsabc, Mathor et al.
2009) Thetensilestrengthof the wound will increase over time and will become as much as

80% as strong as normal tissue at least 12 weeks after injury.

I. Epithelisation.
Reepithelisatiorntakes place from the formation of granulation tissues in an open
wound that allows epithelial cells and keratinocytes to migrate across the newly
formed tissue to form a barrier between the wound and the surrourssing.(Braun
and Werner 2006) In this stage, keratinocytes do not undergo proliferation yet but its
migration from wound edges across the woutelis important to allow formation of
epithelial cells that would later assist in further healing stage
Before migration, keratinocytes will changtheir shape into longer flatter
morphologies thus extending their cellular processes such as funthmttifin of actin
filament and lamellipodia. The migration is mediated by the lack of contact inhibition

and chemicals such as nitric oxig8chwentker, Vodovotz et al. 2002)hey use
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fibronectin linked fibrin formed duringhe inflammatory phase to move across the
wound site. During this stage, epithelial cells are forming at wound edges to provide a
base for keratinocyte proliferation. The epithelial cells are also important to remove
debris(debridement) and contagions.

Keratinocyte migration will continue until cells from other wound edges meet to form
a contact inhibition which causes them to stop migrating. As this happen, they will
secrete proteins that form the new basement membrahestablisheé desmosomes

and hemidesmosomes to anchor the layer to the basement meitibvaseBeck et

al. 2005)

ii. Contraction.

Wound contracture is a Othe dimunition
centripetal movement of the whole thickness of the surrounding digsoercrombie,
Flint et al. 1956; Yannas 2005Contraction isvital for wound healing and it
commences approximately 4 to 5 days after wounding at an everage-0i70.6
mm.day’ depending on tissue type and wound shdpawrence 1998) The
contraction appearto be mediated by fibroblastic lineage when fibroblasts
differentiate into myofibroblastéEichler and Carlson 200&)ut the exact nature of
myofibroblast interaction with ECM has yet to be determifiegiero Trujeque 2001)
The process begins 4 to 5 days after wounding and continues b6 Hays
depending on tissue type and wound sh@@avrence 1998)It can alsolast up to
several weeks depending on the severity of the wound and prolongecdtimmtcan

cause severe limitation of functionsdagkin deformation.
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1.7 Wound management

The ideal wound management should be cost effective, avoid infections, allow exchange of
water vapor, and allow healing without delay or damaging the newly formed t{§ueen,

Evans et al. 1987)Some diseases such as diabetes and ischemia andaenditch as
malnutrition, aging and local infection could cause a delay in wound healing.
Supplementation with appropriate diets would be necessary to assist healing progression with
such conditiongVuksan, Sievenpiper et al. 2000; Vuksan, Sievenpiper et al. 2001; Phan, Sun
et al. 2003) Infection is a major complication of burn injurg responsible for more than

50% of hospital deathsand it is necessary that wound management should be done
aseptically and in sterile conditisiChurch, Elsayed et al. 2008)Mound should also be
managed properly and according to severity. Moist wound treatment is reportedly beneficial

compared to dry conditiofWinter 1962)

1.7.1 Managing exudates

Exudate has been described as wound fluid, wound drainage or an excess of normal fluid that
accompanies inflammatory reaction after initial woundiAglderley 2010) Exudate leaks

from the body tissue from permeable capillaries as a part of inflammatory response. Exudate
consists of water, nutrients, electrolytes, inflammatory mediators, white cells, protein
digesting enzymes and growth factors andctions to promote healing by supplying the
essential nutrients that promote cell metabolism, migration and allowing separation of
damagd or dead tissues from good tisq\ehite and Cutting 2006; Adderley 2010)

The production of exudates depends on the size of the wound, with larger (or deeper and
wider) woundsprodudéng alarger amount of exudate. As healing progrgsde amount of
exudate normally decreaseHowever excessive amowsndf exudate can cause undesired

problemssuch asncreased risk of infection to the wound.
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Exudate vaes from types of wound, wherac hr oni ¢ woundds exudat e
contain bacteria and dead white cells, along wighHevel of inflammatory mediators and
protein digesting enzymes that would be detrimental to wound he@lidderley 2010;

Wade, Wolf et al. 2010)Chronic wound exudatean alsocause skin irritation and allergic
reactions to the area around the wo(Hdmpton 2004)

Dressings that contain topical antimicrobial such as silver or iodine were used to reduce the
levels of microbial contamination and to reduce exudate to a normal(Ereelshaw 2011)

A broader system antibiotic is required to treat wawvih a high level of exudate that
accompanigthe symptoms of chronic woundféctions(White and Cutting 2006)

Management focusing on the palliative symptom management such as absorbent dressings
and topical antimicrobials can beedto treat the underlying cause of the heavy exudate thus
helping to reduce the risk of infectigBradshaw 2011)

Excessive exudate also brings scomf ort t o patientsd | ives asc
and bedding, malodour and loss of nutriefM¢gade, Wolf et al. 2010)It also can cause
maceration and excoriation of the surroimgdvounded skin which can be very painful and
impairpat ent 6 s q Hampton3004 f | i f e

The ideal dressing should be able to remove excess exudates from the wound site and
surroundhg skin while maintaning the moisture within the dressing at the wound bed (Bale
1997). The dressing should belso easy to remove and cost effectijd@/hite and Cutting

2006) There are various designs of dressing that would be aldédorb exudates into the
dressing matrix through different type of mechanisms such as fdgmhgels and gauze
dressings and these céae either biodegradable or ndmodegradable. There is no strong
evidence to suggest that one particular type of dressing is better than another at managing
exudate or promoting healing as there is currently no standard approach(iwhitee and

Cutting 2006)
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However, biodegradable hydrogelan sometimese effective skin protection to a wound

with excessive exudates as it will able to absorb, protect from maceration and excoriation and
also reduce the risk of damagi newly formed tissue@Vinter 1962) However, the toxicity

of a degradation product is also a considerable factor as certain low molecular weight
monomers may elicininflammatory responsgi, Rodrigues et al. 2012)

Managing exudates is one of the important criteria in the management of wiaind
selection of appropriate materials and dressing change intervals are very important to
minimize the risk of maceration and help to improve healing condition.

Assessment of the effectiveness of the care should always be reassessed at regular interval

using appropriate materials such as biodegradablebioalegradabler foamdressings.

1.8 Materials for wound treatment.

It is accepted that due tbe distinct characteristgof different type of wounds, conditions

and stages of healing, there ie single dressing that can be efficiently applied in all
situatiors. Conventional wound dressings rely on synthetic or natural materials that require
frequent replacemenb provide protection fronthe external environment anchaintain the
moisture conditins of the wound The ideal criteria for wound dressings are summarized in
Table 1.4.

Current treatments do not provide the optimum therapy because of thef lawtterstanding

of pathophysiology and molecular biology of different type of wound conditibm date no
commercially available wound dressings possess all of the properties in Table late nor
able to fully replace the functional and anatomical properties of native skin.

Polymeric materials with distinct chemical, physical and biologicaperties are used in the
production of wound dressings of different designs, dimessandshapes with different
functional properties. The simplest way to classify the products is by consideration of its

origin: synthetic or naturally based poly/polymers where this can be obtained by mixture
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of both natural and synthetic or homogenous m&twsing chemical or physical
modification.

Table 1.4 Ideal criteria for the materials used in wound treatm@kityeh, Hayek et al.
2005; MacNeil 2007; Shevchenko, James et al. 2010)

Economy Physical Biological
Low cost Biocompatible Reduce risk of infection
Readily available Tensile strength to resist Non-antigenicity

fragmentation and good elasticit)

Minimize the cost of Prevent heat and fluid loss. Grow with the child
wound care
Long shelf life Impermeable to exogenous Reduce healing time.

microorganism
Allow vapor transmission
Controlled degradation
Translucent, whiclallows direct

observation of healing progress

There are a number of bioengineered skin replacement products that are currently under
investigation,some of which haventered stage-lll clinical trials and could possibly be on
the market shortlyShevchenko, James et al. 2010hese materials are classified according

to their structure, origin, function and biological activities as summarized in Table 1.5.

Table 1.5 Classification of currently available skin substitute products (modified from
(Shevchenko, James et al. 2010)

Anatomical structure Dermo-epidermal (composite), epidermal a
dermal
Duration of the cover Tempoary, semipermanent and permaner
Type of biomaterials - biological: autologous, allogenic and
xenogenic.
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- synthetic: biodegradable and ron

biodegradable.
Skin substitute composition regarding Acellular and cellular
cellular component:
Primary biomaterial loading with cellular In vivoandin vitro.

component occurs:

There are three types of skin grafts that can be used for wound treatment, autogratft, allograft

and xenogratft whichreobtained from different sources.

I. Autograft.

Autograft is a skin graft taken frothepat i ent 6 s own uninjured ski
side of a torso or from the bottom part of the body. It is the most reliable and remains the
safest substitute for wound treatment because there are no issuesmuitorejection. The
disadvantagewith autograftarethe lack of adequate skin for severely mdpatients and
irregular healing pattern in recipdwmhtheds ar e

skin harvesting f(Gadem Qraltetiae20@3s own body

ii. Allograft .

Allograft is a skin graft taken from the same species such as human cadaver allograft skin
(HCAS). It provides the optiomf readily available skin grafts for temporary biological
dressing. However, HCAS has several drawbacks that include the limitasopmy, poor
quality of grafts, inconvenience of harvesting skin in mortuary, prolonged immune rejection
and potential viral contamination from patie ittansbrough, Mozingo et al. 1997he use

of immunosuppessant to reduce the effect of rejectidrequired to allow autologous cells to
populate into the skin graftéHansbrough, Mozingo et al. 1997Pespite claim of
immunorejection and risk of transmissible virasehses, dermal allografts prepared in a

lyophilized form have been shown to incorporate with autologous skin without rejection
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(Garfein, Orgill et al. 2003)

lii. Xenograft.

Xenogratft is the type of skin graft taken from other species such as pig, frog, lizard, dog and
rabbit to provide a biologically active dermal matrix as a temporargecepient for skin loss
Problens associaté with xenograft involve immunological rejection ovime which causes

the delay of engraftment (Yoshihiro T. et al. 2004). It is important to note that xenograft and
alograft do not allow a true closure die wound and are only suitable as a nmean
temporary wound covering. This is because keratinocytes and fibroblasts from patients
minimally repopulate foreign substances such as xenograft and allografts, causing the original
grafts to deteriorate and survivedefinitely.

Allogenic and xenogenic grafts have drawbacks dudg¢ammunological responst® non

self material which can cause the retardationtbé wound healing proceg$odor 2003)

These materialarealsoin limited suppy andthe operation to obtain allogenic skin casse
donor side morbidity anthere ardifficulties in matchng the topology of the graft with the
injured site (Lionelli and Lawrence 2003; Metcalfe and Ferguson 2004ble 1.6
summariesthe materials thaare either commercially available or in development used for
skin, epidermal and dermal substitute for the treatment of woAtigeh, Hayek et al. 2005;

Shevchenko, James et al. 2010)
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Table 1.6

Skin substitute

Name and
Manufacturer or
investigating group

Allograft
(Cadaveric)

Apligraf

Organogenesis Inc.
Canton, Massachussetts
MA. U.S.A

Orcel

Ortec Internationdinc.
New York,

NY. U.S.A

Polyactive
HC Implants BV, Leiden

E-Z Derm
Brennen Medical Inc.
MN. U.S.A.

Incorporated
human cells

Native

Cultured
keratinocytes
and fibroblasts

Cultured
keratinocytes
and fibroblasts

Cultured
keratinocytes
andfibroblasts

Primary

cellular

loading
occur
Native

In vitro

In vitro

In vitro

Cell

source

Allo

Allo

Allo

Auto

Auto

58

Scaffold
source

Allo

Xeno

Xeno

Synthetic

Xeno

Commercially available or in development materials for skin substitute for the treatment of wound

Scaffold Duration of
materials cover

Native human Temporary
skin with dermal

and epidermal

cells.

Bovine collagen Temporary

Bovine collagen Temporary
sponge

Poly(ethylene Temporary
oxide

terepthalate)/Poly

(butylene

terepthalate)

Chemically Temporary
crosslinked

porcine collagen

Reference

(Shevchenko,
James et al.
2010)

(Shevchenko,
James et al.
2010)

(Shevchenko,
James et al.
2010)

(Shevchenko,
James et al.
2010)

(Healy and
Boorman
1989)



Table 1.7

Epidermal substitute

Name and
Manufacturer or
investigating group

BioseedS

BioTissue Technologies,
GmbH, Freiburg,
Germany

Cryoceal

XCELLentis, Gent,
Belgium merged with
CellTrans Ltd, Sheffield,
U.K.

Lyphoderm
XCELLentis, Gent,
Belgium merged with
CellTrans Ltd, Sheffield,
U.K.

Epicel

Genzyme Biosurgery,
Cambridge, MA, USA.

MySkin
CellTran Ltd. Sheffield,
U.K.

Incorporated
human cells

Cultured
keratinocytes
(subconfluent
cell sheet).
Cryopreserved
keratinocytes

Lyophilized
neonatal
keratinocytes

Cultured
keratinocytes

Cultured
keratinocytes
(subconfluent
cell sheet).

Primary
cellular
loading
occur
In vitro

In vitro

In vitro

In vitro

In vitro

Cell
source

Auto

Auto

Auto

Auto

Auto
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Scaffold Scaffold
source materials
Allo Fibrin sealant
Allo
Allo

Synthetic Silicone support
layer with
surface coated
with specific
formulation.

Duration of
cover

Permanent

Temporary

Temporary

Permanent

Permanent

Commercially available or in development materials for epidermal substitute for the treatment of wound

Reference

(Shevchenko,
James et al. 2010)

(Shevchenko,
James et al. 2010)

(Shevchenko,
James et al. 2010)

(Shevchenko,
James et al. 2010)

(Shevchenko,
James eal. 2010)



Table 1.8
Name and
Manufacturer or investigating
group

Dermal substitute

CollagerGAG-Chitosan dermal
matrix

INSERM,U53 3, Uni v
7, IUH, Paris, France

CollagenGAG

Fibers and Polymers Laboratory,
Massachusetts Institute of
Technology, Bldg. Cambridge,
MA. U.S.A

Per macol E

Tissue Science Laboratories Inc.
Andover, MA, U.S.A
Biodegradable polyurethane
Microfibers,

Department of Materials Science
and

Engineering, University of
Delaware, Newark, DE, U.S.A
Silk fibroin and alginate

College of Veterinary Medicine
and

School of Agricultural
Biotechnology,

Seoul National University, Seoul.
South Korea

Incorporated
human cells

Cultured
dermal
fibroblasts

Primary

cellular

loading
occur

In vitro

In vitro

In vitro

In vivo

In vivo

Cell
source

Allo

Allo

Auto
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Scaffold
source

Xeno

Xeno

Xeno

Synt

Xeno +
Synth

Commercially available or in development materials for dermal substitute for the treatment of wound

Scaffold Duration Reference
materials of cover

Bovine collagen Temporary (Shevchenko,

1/ Chondroitin James et al.

4/ 6-sulfate/ 2010)

chitosan

lyophilized

dermal matrix

Bovine Temporary (Yannas, Lee

collagen/ GAG et al. 1989;
Yannas,
Tzeranis et
al. 2010)

Crosslinked Temporary (MacNeil

collagen from 2007)

porcine

Biodegradable Permanent (Shevchenko,

polyurethane James et al.

microfibres 2010)

Silk fibroin/ Permanent (Shevchenko,

Alginate James et al.

blended sponge 2010)



Table 1.9

Dermal skin construct

Name and
Manufacturer or
investigating group

Incorporated
human cells

Alloderm -
LifeCell Corporation,
Branchburg, NJ. U.S.A
Surederm -
HANS BIOMED
Corporation, Seoul, Koree

Matriderm -
Dr. Suwelack Skin and
Health Care, AG,
Billerbeck, Germany

Integra -
Integra LifeSciences
Corporation, Plainsboro,
NJ. U.S.A.

Tegaderm nanofibre Cultured
contstruct dermal
Nanoscience and Nanote: fibroblasts
Initiative, Division of

Bioengineering,

National University of

Singapore, Singapore.

Primary
cellular
loading
occur
In vivo

In vivo

In vivo

In vivo

In vitro

Cell

source

Allo
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Scaffold
source

Allo

Allo

Xeno

Synthetic
+ Xeno

Synthetic
+ Xeno

Scaffold

materials cover

Human acellular
lyophilized
dermis

Human acellular
dermis

Temporary

Temporary

Bovine non
crosslinked
lyophilized
dermis, coated
wi t-élastln
hydrolysate
Silicone, collagen Temporary
and glycosamino

Temporary

glycans

Poly (U Temporary
caprolactone/

gelatine

nanofibrous

scaffold

electrospun on
polyurethane
dressig

Duration of

Commerciallyavailable or in development materials for dermal skin construct for the treatment of.wound

Reference

(Shevchenko,
James et al.
2010)
(Shevchenko,
James et al.
2010)

(Shevchenko,
James et al.
2010)

(Wolter, Noah et
al. 2005)

(Shevchenko,
James et al.
2010)



1.9 Carbohydrate-protein interactions.

Cell adhesion

Glycoprotein
half-life

Antibodies

Bacterial
toxin

Bacteria

Figure 1.13 Schematic drawing illustrating prote@arbohydrate interactions at the cell
surfacemediating celcell binding, cellpathogens (bacteria, viruses and toxins) adhesion and
cell-antibody bindingHolgersson, Gustafsson et al. 2005)

Carbohydrate recognition by proteins is mediated by cellular respargeh is shown in
Figure 113. Oligosaccharides are functional components of many proteins associated with
cellular communication, adhesion, migration and tuning with enzymatic activities (East and
Isacke 2002).

Mannose recepter(MR) in skin fibroblasts arene of the receptors that amesponsible for
virus, bacteria and parasite invasions in skin via endocy&rgispinocytosigHespanhol,
Soeiro et al. 2005MR roles in innate immune response were ndy teffective as theyre
generally involve in the process and presentation of glycoproteins and ar{tigen Evers et

al. 2002) The expression oMRs vary with type and cell functions such as -wall
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communication, (i.e. attachment of sperm to oocytes (Ofer et al.1976), pathogen recognition
in innate immune respongeee, Evers et al. 2002antigen transporation and presentation
(Taylor, Gordon et al. 2005nd clearance of glycoprote{hee, Evers et al. 2002MR is

also important for the regulation of myoblast motility and muscle growth where/Mills

were shown to have impaired migratory speed and myoblast f¢3@rsen and Pavlath
2006) Exploitation ofthe mannose targeting systecould bea wayto overcome insulin
resistant conditios) where mannose specific receptorstbacell surface could be used to

transportnutrientsinto celk for metabolic activity(Chen, Liu et al. 2005)

1.9.1Mannose Receptos.

The mannose repeor (MR) is a 175 kDa transmembrane receptor that comprises of an N
terminal cysteine rich domain, a fibronectin type Il (FNII) domain, eight or ten tandemly
arranged @ype domains (CTLD), a transmembrane domain and a cytoplasmic domain. Also
known as merophage MR (MMR), it obtained its name due to its lectin activity for sugars
terminated mannose, fucose oralletylglucosamine (Taylor, Gordon et al. 2005) In
addition to MMR, there are other memberstlie mannose receptor famjlgomprisng of
Endo180, the Mype phospholipase JAreceptor (PLAR) and DEC205East and Isacke
2002) The grouping ofthe mannose receptor family is based on the overall structural
conservation which is shown in Figurel4, with each family having a unique number of C
type lectin superfamily. Figure 15 shows the 4 members of mannose receptor family.
Expression of Mannose Receptors (MRs) had been reported on human dermal fibroblasts and
keratinocytes(Szolnoky, BataCsorgo et al. 2001; Wollenberg, Mommaas et al. 2002;
Hespanhol, Soeiro et al. 2008)Rs areinvolved in many cellular responses such as innate
immunity responsdgTaylor, Godon et al. 2005)the migration of myoblasts and muscle

regeneratior(Jansen and Pavlath 200@)e clearance of glycoconjugatése, Evers et al.
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2002) tissue regeneratiofiHfonardoust, Jiang et al. 200&)d in the mechanism of defence
from pathogengHespanhol, Soeiro et al. 2009)IR arealso involve inthe reepithelsation

and connective tissue remodeling, during wound heghagardoust, Jiang et al. 2006)

Endo 180 is related tanacrophage mannose receptor (MMR) which is expressed in
fibroblast, endothelial cells and macrophaf¢@keikh, Yarwood et al. 2000)CharacteristE

of MRs, keratinocyte mannose receptor (KcMR) and MMR are different in molecular weight
and structure which may define their difaces in biological activitie¢Szolnoky, Bata
Csorgo et al. 2001)he expression of keratinocyte and fibroblast MR in culture was found to
be dependent on the supplementation of 10% FBS, where the expression was significantly
increasedoy approximatelytwo fold (Honardoust, Jiang et al. 2006)nhibition of MR by
mannan and manneBSA complex werdound to inhibitLeishmaniaand Candidainfection

of fibroblasts and keratinocytes by blocking the adherence of these pathogens onto the cell
surface(Szolnoky, BataCsorgo et al. 2001; Hespanhol, Soeiro et al. 2005)

MR is well defined on human macrophages and its involvement in the mediation of
endocytic clearance of glycoprotein, regulation of mystaotility and immune response

has been reportedTaylor, Gordon et al. 2005Yable 111 describe the differences between

KcMR andMMR

Table 1.11 Comparison of KcMR with MMR, adapted from Szolnoky et al.( 2002).

KcMR MMR
Number of sites per cell 1x10 2 x 1¢
K o(M) 1.8 x 10° 10°
Internalization Not efficient Efficient
Ca”* dependency Dependent Dependent
Sensitivity to proteolysis Rapid Rapid
Recovery after proteolysis Rapid Rapid
Molecular weight ~ 200 kDa ~ 175 kDa

64



& 7D (uPA-uPAR)

A\,
~)
. ;z Mannose
— N ,) Fucose
: }—(g /) GIcNAc
s B
§§>— \ Mannose
LN } F‘ucosc Endo 180
o GIcNAc

» &
)ﬁf-’ -
q.
§§>4\\ p FNII
S -@ N-linked glycosylation

QQ Q@Q || I W@M@Q 'y CTLD
SOOOO / SOOOOOOO ’

Mannose receptor

Figure 114 Schematic representation of the domain structures in mannose receptor (MR).
The structure consstof extendedconformation and predicted Ninked glycosylation,
indicated by red diamonds, cysteine rich (CR) domain, fibronectin type two repeats (FNII)
and multiple Gtype lectin like carbohydrate recognition domains (CLTDs), a transmembrane
domain and a short cytoplasmic tailhel inset shows the comparison of Endo180 to MR,
which the CR domain lack of Nnked glycosylation responsible for lectin activity.
Abbreviation: uPAUPAR; urokinase plasminogen activatd?A receptor complex. Adapted
from (Taylor, Gordon et al. 2009)rends in Immunolog\ol. 26. No.2 February 2005.
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1.9.2The role and function of lectins in skin wound healing

and

sacke

Much of the study of wound healing has focused on the different regulation of gene

expressionsjnvolvement and identification of glycans and lectins. In wound healing, the

expression anti inflammatory reaction can be characterized by the increase of MR, CD205,

Endo 180 and galectins thate expressed in different phases in the early stage of wound

healing and irthe resolution phas€Zhang, Tachado et al. 2005; Klima, Lacina et al. 2009;

Zhang, Su et al. 2010These lectins are important for the regulation of myoblast motility,

differentiation of fibroblasts into myoblasts, and in the mation of wound contraction and

scarring (Henderson, Mackinnon et al. 2006; Honardoust, Jiang et al. 2006; Jansen and

Pavlath 2006; Klima, Lacina et al. 2009)

The expression of Endo 180 was gradually increased in the area of unwounded epithelium
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close to the wound after-28 days of woundingHonardoust, Jiang et al. 2006)he
activation and increased expression of Endo 18herunwounded area promoted cellular
proliferation with increased uPA expression, which is the main source of migrating
kerainocytes forreepithelisationn the early phase of wound healifigonardoust, Jiang et

al. 200§. The study also confirmed that the cultured keratinocytes at the edte of
experimental scratch wound showed no difference in the expression of Endo 180, indicating
that wounding did not induce Endo 180 expresgHpnardoust, Jiang et al. 2006)he
presence of growth factors were most likely to upregulate Endo 180 expression in
keratinogtes after woundingn vivo (Honardoust, Jiang et al. 2006)

In the regulation of wound camatction, Endo 180 may also function as areceptor with
integrins in myofibroblasts, and facilitate the removal of excess collagen from the ECM
which is important to normalize the structure of collagen rich wound connective tissue and to
prevent the formtion of scafHonardoust, Jiang et al. 2006)

The identification of the dynamic regulation of lectins in different phases of wound healing,
addresses the potential target for the developmerat lwblogically active hydrogel as
wound dressing to aid in wound healifidarkowska, Jefferies et al.Biologically active
carbohydrate ligands can be chemically added to diugdeliveryto specific ligand that

would be beneficial for wound healin@izard, Carpenter et al. 1989)he specificity of
lectins allow scientists to elucidate design features to treat chronic wsandinjuries and
diabetic conditioaas modulations in materials for wound treatment containing materials that

could functiorally direct cellular functionandassist speedy recovery.
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1.10 The design of the hydrogel.

One of theaims of this research is to make bioactive hydrogels that would improve healing
conditions to be used in chronic wound applications. The use of natndalsynthetic
polymers in the hydrogels is a good approach to tackle problems with wounds, especially
whendealng with debridemenwhich require frequenthange of dressingélso, maladies
such as diabeteand autoimmune, requirbiological interventionto stimulate cellular
proliferation and differentiatiowhich are vitals in healing progressiohherefore, hydrogels
with bioactive propertiesrhich can stimulate cell proliferation, migration and differentiation
is of great integst in this design. KGM was chosen due to its excellent bioactivities on skin
cells, which stimulate fibroblast proliferation and helps to maintain cell viability in stressed
condition without media change for 20 d¢$hahbuddin, Shahbuddin et al. 2013)

KGM however have weak mechanical peoties and breaks easily when immersed in water
afterashort period due to abundance of hydroxyl groups in its polymeric.dhgnovement

of this materialwas then achieved by crosslinking using cerium (IV) ammonium nitrate
(Ce(1V)) as initiator at vanus concentrationsThe use of Ce(lV) in th@olymerisationof
hydrogel at lower concentration is safe for tissue engineeaapyication(Vickers, McArthur

et al. 2008) The mechanism of this approach is shown in Figui®. 1.ower concentration

of Ce(lV) in the hydrogelswas not cytotgic and made good hydrogels whiatere
biologically active with skin cells and able to stimulate cell migratieepithelisatiorand
healing progression on tissue engineered skin (which will be discussed throughout chapter 4
8). However, these hydrogelsere very weak and broke easily afteB 2laysin medium
Althoughhigher concentration of Ce(I\Myas able to make mechanically stable hydrogels, it

was cytotoxic to skin cellé&Shahbuddin, Bullock et al. 2013)
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Figure 1.16 Synthesis oKGM hydrogels and the formation of crosslinked KGM initiated
by Ce(IV).
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I n order to improve KGMG6s mechanophysical
NVP were introduced in the design. PEGDA was selected due to its amphiphilic nature,
biocompatibiity and good solubility in both polar and ngolar solvents (i.e. water and
many other organic solvents). PEGDA is commercially available by SAjdvach and
polymerized rapidly and easily in the presence of water by free rgmbbaherisatiornwith
ultraviolet light at ambient conditions

NVP is a hydrophilic, nonionic monomer that is soluble in water, polar angyolan solvent
which easily polymerized thermally and photolytically. The molecular structures of NVP and
PEGDA are shown in Figurel.17. NVP-based materials have been explored for many
biomaterials due to its high water uptake and good physical properties. Therefore, it is in our
interest to desigran interpenetrating network (IPN) of KGM, P(NVP) and PEGDA for
wound healing applicain. Two different type ofPNswere developed, semi IPN and graft
conetwork where in grapttonetwork, the KGM was crosslinked by Ce(IV) but not in semi
IPN. The schematic representations of this design are shown in Fig&&.22.

The variationsof KGM/NVP/PEGDA ratio in thepolymerisatiomrmixture influence the free

water content, lpysicochemistryand bioactivitis on skin cell{Shahbuddin, Bullock et al.

2013) Thesewill be discussedaterthroughout Chapter-8 in this thesis.
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N-vinyl pyrrolidinone Poly(ethylene glycol) diacrylate

Figure 1.17 Chemical structures for KGM, NVP and PEGDA monomers.

A)
OH OH H OH OH H OH OH H
+ Ce(IV)

C)
Linear KGM
Poly(N-vinyl
pyrrolidinone)-co-
poly(ethylene
glycol)

$ 2

+ Ce(IV)
+ HMPP (photo initiator)

+ HMPP (photo initiator)

Figure 1.18 Schematic representation (@) the formation of crosslinks in linear KGM by

the addition of Ce(lV) in aqueous solutif®) semilPN and(C) graftconetwork
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Figure 1.20 Schematic representatiasf the formation P(NVRo-PEGDA) copolymers

via photgolymerisatiorusing HMPP as initiator
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Figure 1.21 Synthesis ofsemtIPN of P(NVP-co-PEGDA) with uncrosslinked KGM via

photgolymerisatiorusing HMPP as initiator

Figure 1.22 Schematic formation of graftonetwork of P(NVRco-PEGDA) with
crosslinked KGM via phofeolymerisatiorusing HMPP and Ce(IV) as initiators
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1.11 Characterizations.

Methods of characterization using spectrometry and thermo analysis are useful to identify

the formation of crosslinks inside the crosslinked KGM and IPN of KGM and P{¢¢vP

PEGDA). The techniques are important wentify the influence ofhy dr o geihgds s we
behaviorcrosslinks,chemical confirmationsurface properties and biological activities.
Combinational approaches with less invasive technique helps scientists to further understand
underlying chemical composition and structure in biological systecellcell, cellmaterial

and materiamaterial interaction in endeavor for the best system in tissue engineering.

For example, e combination of confocal Raman spectroscopy (CRS) and SEM gives an
ultrastructural and chemical analysis in a {oi@structive manner at high resolution, as most

biomaterials are vulnerable to high temperafues Apeldoorn, Aksenov et al. 2005)

1.11.1 Gel Permeation Chromatography(GPC).

The nolecular weight of a polymer is very important in the synthesis of hydrogels and also in
the celtcell and celmatrix interactions.GPCalso known as size exclusion chromatography
(SEC) was used to determine the molecular weight and distribution of KGi EGM
extracts from ethanol, ultrafiltration and enzyme hydrolysatidme method involves the
permeation of a polymer solution through a column packed with microporous beads of
polystyrene of different sized pore diameté@dian 2004) The smaller sized polymer
molecules will penetrate all the beads in the column due to their smaller hydrodynamic
volume while the higher moleculaveight polymer with larger size through the beads in the
column (Rodriguez 1996)The time for passage of polymer molecules through the column
decreases with increasing molecular weight and the molecular weight of a polymer is
measured in a function ofttie using appropriate detectors such as refractive index, viscosity

and light scatteringOdian 2004, Calibration of a column with standard polymer samples of
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known molecular weight allows determination of molecular weight distribution. The process

of GPC is shown in Figure 1.22.

Solvent
flow

il | o
o e e
ob| 58| 8%

| | o o
(a) (b) (c)

= Small molecules

@ Large molecules

Figure 1.22Process of GPC (a) sample injection, (b) elution and (c) continued elution. Taken

from Principles of Polymer SysterfRodriguez 1996)

1.11.2 Equilibrium water content (EWC) .

The ability of hydrogel to absorb water and maintain hydration are important in the
promotion of wound healing and also in controlling permeation of nutrients into cells and
diffusion of cellular metabolic wastéNinter 1962) The amount of absorb water in the
hydrogel is expressed BSVC which is calculated accordingly to the equation:

 ei oo
Qwo =——x 100
wl

Where W.: the weight of the swollen gel.

Wy the weight of the dry gel after swelling.
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1.11.3 Fourier Transform Infrared (FTIR).

FTIR is a usefuland powerfukechnique to identifyand examinghe chemical structure of a
substance based on dipalpole interactions of moleculekat are sensitive to infraredhen
subjected to infraredThis is becausethe atoms constituting a molecule are always in
constant vibration and the frequency of the vibration are specific to localized bonds
(Rodriguez 1996) These chemical bonds usually can be excited and absorared in
specific frequencieé Kal|l ur 8k ov 8 a n d Thatechnigueasuiddlyiused i@ theés )
investigation of structural arrangement and chemical composition of hydr@gatssur,
Sadahira et al. 2008)R spectroscopy is one of the most often used spectroscopy due to its
rapid sensitivity and great variety of sampling techniqu&€& al ur 8k ovg§8 and Mat hl
Most infrared spectrophotometer use a glowing light source that provide light from 2.5 to 15
pum where a wavelength of 2.5 um correspond to a wave number or frequency of 4600 cm
and 10 um is equivalent to 1000 ¢rfRodrigue 1996)

Sampling preparation of a hydrogel on FTIR may usually be a thin film (of approximately
0.001 m thick and held in a non absorbing cell (often made of NaCl) and mixed with KBr
powder or mull with a heavy paraffin oil held between NaCl f{&edriguez 1996)Water

and alcohol are not used as solvent in this process as they absorb strongly in the infrared
region and also may damage the sam®edriguez 1996) Attentuated total refraction

(ATR) is an IR sampling technique for FTNhich is very simple andprovidesthe best

guality data with improvement of samgle-sample reproducibility and minimizing usker

user spectral variatiowithout meticulous samplergparation(l Kal ur 8k ovg8 and Ma
1996) ATR also enables to detect structural features of hydrogels on a molecular basis
(Kalur8kovsg8 and Mathlouthi 1996)

The first study of carbohydrate polymers (cellulose) using IR was first determine by C.Y

Liang and R.H. Marchessayltiang and Marchessault 1959; Liang and Marchessault 1959
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(a)). The positions of characteristic infrared bands in FTIR spectra are summarized in Table
1.12.

Table 1.12Position of Characteristic InfrarecaBdsin FTIR spectrgRodriguez 1996)

Group Frequency range cni

OH stretching vibration

Free OH 36103645 (sharp)
Intramolecular hydrogen bonds 34503600 (sharp)
Intermolecular hydrogen bonds 3200-3550(broad)
Chelate compounds 25003200 (very broad)

NH stretching vibration
Free NH 33003500
Hydrogen bonded NH 30703350

CH stretching vibrations

[ cH 328033340
=C-H 30063100
C-CH; 2872 £ 10, 2962 + 10
O-CH; 28152832
N-CHjs (aromatic) 28102805
N-CHj (aliphatic) 27802805
CH; 2853 + 10, 2926 + 10
CH 288062900

SH stretching vibrations
Free SH 25502600
CI'N stretching vibr

Non conjugated 22402260
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Conjugated

CITC stretchi
CITC (terminal)
CCIl €
CCl<€l CH

C=0 stretching vibration
Non conjugated
Conjugated
Amides

C=C stretching vibrations
Non conjugated
Conjugated

CH bending vibrations

CH;
CHs

C-O-C vibrations in esters
Formates
Acetates
Benzoates

C-OH bending vibrations

Secondary cyclic alcohols

CH out-of-plane bending vibrations in substituted ethylenic

systems.
-CH=CH,

-CH=CH- (cis)
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Y

br

22152240

21062140
219062260

204062200

17061900
159061750

~1650

162061680

15851625

14051465

13551395, 143601470

~1175

~1240, 10161040

~1275

990-1060

905915, 985995

650-750



-CH=CH- (trans) 960970

C=CH, 885895

\ / 790-840

1.11.4 Scanning Electron Microscopy (SEM).

The information about the samples topography, composition and other properties such as pore
sizes,electrical conductivity and character
examined using SENPerkns, Davidson et al. 2006; Freitas, Gaffo et al. 20T#)s can be

done by analyzing slow secondary electron that generated from inelastic scattering of primary
electron beam. The method gives an excellent spatial resolution becauleztittang escape

from the top of the interaction volume. The advatanges of SEM gives scientists information
about the materials and helped them to understand the interactions between the materials and
cells.

Many researchers find that SEM is a useful t@oldharacterization of biomaterials as it can

be controlled from about 1B00,000 times. In the study of polycaprolactone (PCL)
degradation in vivo after six month scientists found significant changes in materials
topography with presence of microcracksdan v oi d s on t he(Lamat er i a
Hutmacher et al. 2009)This however didhot occur for materials that were incubated in
physiological condition for the same length of time. This information helped to understand

the rate of degradation in both in vitro and in vivo which is vital for the design of biomaterial
scaffold for tissueengineering.

Another less invasive and useful method that use a combination approach is focused ion
beam (FIB)/SEMMilani, Drobne et al. 2007)it is a technique that usesinbedded electron

column and ion column in the same specimen chamber to aim at the same point on the
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specimen surface. The technique is widely used in semiconductor technology before the
application in biological specimerislilani, Drobne et al. 2007)in this system, the focused

ion beam is operated at low beam current to obtain the image while the high beam current
used specifically for in situ sputtering, then the seconddegtrons that collected from
sputtered secondary ions will give the imdlyklani, Drobne et al. 2007)

This combination in a microscale is not only in invasive but remedlal information about

the sample composition (biological) as accurate as 2D histology.

1.11.5 Differential Scanning Calorimetry (DSC)

DSC is thermo analytical technique which can be used to examine polymeric materials by
their thermal transitioffRodriguez 1996) Thee subtle changes in structure can be observed
when the polymer sample is compared to other material undergoing similar heating process
(Rodriguez 1996) This thermoanalytical techniqueflects the change in heat capacity of a
sample as a function of temperature by measuring the heat flow required to maintain a zero
temperature differential between an inert reference material and the polymer §adiple

2004)(Figure 123).

(@)
Reference

iy
: i:!‘" !

AN

ATsz‘TR

Heated block

Figure 1.23 Schematic diagram of apparatus for Differential Scanning Calorimetri. Sample

and reference materials are contained in a hehteck that is programmed so thap T
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ncreases linearly with timgRodriguez 1996)

DSC is also used to determine the amount of free water inside the hydrogel, as free water do
not directly bound by hydrogen bonding. It also has similar transition temperature, enthalpies
and DSC curves to pure wat@im, Lee et al. 2004)The amount of free water inside the
hydrogel can be calculated approximately using the amount of melting endothermic heat of
fusion for pure water per mg of samples (As is discussed in 5.2.5, Figure Bdl2}ver,

DSC does not uniquely identify the chemical composition of materials but rather suggesting
the transition the formation of crosslinks and strong interaction between the polymers. The

composition of unknown materials may be completed using FTIR and NMigsana

1.11.6 °C Solid State NMR

High resolution solid state NMR spectroscopy is a useful means to obtain structural
information of solidand liquidpolymers(Kobayashi, Ando et al. 199. The basic concept of

solid state NMR is characterized by the presence of anisotropic (directionally dependent)
interactions.When a compound with hydrogens is placed in a strong magnetic field then
irradiated with a radidrequency signal, an absdigm of energy occur at specific frequency

as transition between different spin orientation legieé rise to interactions between nuclei
(Laws, Bitter et al. 2002) Anisotropic interactiors have a substantial influence on the
behavior of a system of nuclear spin. However, in a classical liquid state NMR experiment,
the free movement of atoms in the compound known as Brownian motion leads to an
averaging of anisotropic interactiowhich sometimes can be neglected on the time scale of
the NMR experimentNMR spectroscopy also can be used for compositional analysis which
include the detection of isotactatactic ratios, monomer sequence distribution in copolymers

and other configational variationgRodriguez 1996)
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1.12Aim.

The aim of this projectvas to explore the actions of konjac glucomanngGM) and
develop hydrogelffom KGM for their actions on skin cells. Initially, investigatioms the
chemistry and biological properties of 5 different specieAmbrphophallusvith skin cells
were conductedthen KGM hydrogels were developed. The specific objectives were as

follows.
1. Investigation ofthe biological effects oKGM on skin cells.

1. Investigabon of the structurectivity relationship of KGMextracts(i.e. Glc:Man
ratio, MW distributionsand % GM contentip skin cells.

2. To investigateto what extentthe biological acivities of KGM on skin cells
requires foetal calf serum (FCS).

3. To determine the potential of KGM to support skin cells and ADMSC in nutrient
deprived condition$or up to 20 days.

4. To determine the involvement of mannose sensitive receptors or ofes lache

interactions of KGM with skin cells.

2. Investigation of the potential of KGM hydrogels for cell transportation.
1. To investigate theeffect of KGM, crosslinked KGMand KGM-Xanthan blend

hydrogelsonthetransportatiorof fibroblasts up to 18 hours

3. Development of KGMhydrogels for wound healing.
1. To develop two types of biologically active KGM hydrogels; biodegradable

crosslinked KGM and nedegradablesemiIlPN andgraft-conetworks

hydrogels.
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2. To determinethechemical and physicaroperties of the hydrogels using
scanning electron microscopy (SEM), Fourier Transform infrared spectroscopy
(FTIR), differential scanning calorimetry (DSC), equilibrium water content
(EWC), 13C solid state NMRandrelate these to theibiological effect on skin

cells.

4. Investigation of the effect of KGM hydrogels on the migration of skin cells in wound
scratch assay.
1. To examine the effect of KGM ahe proliferation and migration ahitomycin C
treated fibroblatsand keratinocytem a wound scratch assay
2. To examine the effect of KGM hydrogels on the proliferation and migration of
mitomycin C treated fibroblasts and keratinocytes in a wound scratch assay.
5. Investigation of the biological effect of KGM hydrogels on skin cellsTE skin and
wound model.
1. To examine the effesbf KGM hydrogels on the stimulation of cell proliferation
in TE skin
2. To examine theeffect of KGM hydrogelson thereepithelisatiorof TE skin and
healing in a TBvound model.
3. To investigatethe effe¢ of KGM hydrogels on the extenbf contraction of TE

skin.
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2. Materials and Method
2.1 Materials.

Materials were obtained from the following manufacturers: all KGM samphes,
oncophyllus, A. paeoniifolius, A. prairsnd A. eleganswere provided by the Institute of

Biological Sciences, Faculty of Science, University of Malaya, , excepA.f&oonjacKoch

which was obtained without any purification (99% GM content) from Health Plus Ltd.
London -mannknase front.japonicus(EC 3.2.1.78 enzyme activity 5000 U.i)g
(Megazyme Ltd. Ireland); ethanol (Fisher, U.K.); phospimatifered saline (PBS) tablets

(Oxo0i d, Uni pat h, Hamshire, u. K. ) ; Dul beccobod
Flow, Thame, Oxfordshire, U.K.); glutaming,e ni ci I I i n and streptomyc.i
(Gibco Europe, Life Technologies, Paisley, U.K.), fetal calf serum (FCS) (Advanced Protein
Products, Brairley Hill, West Midlands, U.K.); Difco trypsin, (Difco Laboratories, Detroit,

MI, U.S.A)); isopropangl(BDH Laboratory Supplies, Lutterworth, Leicestershire, U.K:); 3
[4,5-dimethylthiazol2-yl]-2,5 diphenyltetrazolium bromidiiazolyl blue (MTT), cholera

toxin, epidermal growth factor (EGF), adenine, insulin, sodium chloride, transferrin,
triiodothryonire, 0.02 % ethylenediamine tetraacetic acid (EDTA) in PBS, Trypsin/EDTA
(0.05% w/ v trypsi n/Diamindih@2phenylidole (BAPT) And Trypdnd , 6

blue (Sigma, Poole, Dorset, U.K.). 3.7% of formaldehyde, SYTO9 (Molecular Probes, U.S.),
Propidium lodide (PI) (Invitrogen, U.K.). No. 22 and 15a scalpel blade (Sw\aorton,

Sheffield, U.K.), Neubauer haemocytometer (Weber Scientific International, U.K.), stainless

steel rings and grids (Department of Medical Physics at the Royal Hallamshire Hospital,
Sheffield, UKy Thi nCert E cel | culture inserts (Greir

(Costar, U.K.) and Class Il laminar flow hood (Walker Safety Cabinets, U.K.).
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2.2 Separation of high molecular weight and low molecular weight
components of KGM (A. konjac Koch) using ultrafiltration, ethanol

extraction and enzyme treatment.

2.2.1 Separation of high molecular weight and low molecular weight

components of KGM (A. konjacKoch) using ultrafiltration.

1 g of KGM was added to 2 L of distilled waterar?000 mL beaker and filtered through a
30,000 g.mdt cut-off filter (Whatman, UK) using an ultrafiltration device (Millipore 3000)
under vacuum pressure and nitrogen gas to allow the low molecular weight component to
pass through. Both HMW and LMW KGHkécovered from this process were lyophilized and

the molecular weight distribution obtained using Gel Permeation Chromatography (GPC) as

per section 2.3.

2.2.2 Separation of high molecular weight and low molecular weight

components of KGM (A. konjacKoch) using ethanol extraction.

1 g KGM was dissolved in 100 mL of ethanol in a 250 mL beaker forhredhen filtered
twice (11 nm pore size, Whatman, UK). KGM recovered from this processyoasilised

and then analysed for molecular weight using GPC.
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2.2.3 Enzymatic digestion of KGM A. konjacKoch) .

Materials

E n z y mdlannafiase §. japonicu} , PBS, and Bovine SBrum Al
mannanase is a recombinant enzyme from endo and exo dcélhgbro japonicus

purchased from Megazymes, Irelarn@. japonicusis a saprophytic soil bacterium that
cleaves plant <cell walls to makmannaasegegeg. T he
in C.japonicus(Hogg et al., 2003). The specificity of this enzyme is 417 U.mog carob
galactomannan (5000 ULil). One unit of mannanase activity is defined as the amount of
enzyme required to release one pmol of mannose reducing sugar equivalent per minute from
carob galactomannan in sodium phosphate buf
Mannanase(. japoncug was PBS with BSA (0.5 mg per each mL of PBS).

Method

Hy dr ol y smasnanaset flor@.japonicus (Megazyme, EC 3.2.1.78) was carried out

on 1.5 g of KGM in 250 mL of buffer, pH 7 at room temperature-%¢) for between 10

minto 5hrs. Arange® ¢ o0 n ¢ e n t-maanarase 0sl, 1p10, 160 and 500 UYnkas

added to obtain a series of KGM with different molecular weight distributions. After
hydrolysis, the solutions were boiled for temn to denature the enzymsjophilised and

stored at 2C in a fridge. Molecular weight distributions were obtained using GPC. We then
confirmed the stimulatory activity on fibroblast proliferation of the KGM heated atC100

using cell culture to ensure that the boiling procedure did not change the biotagizity.
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2.3 Analysis of KGM (A. konjac Koch) molecular weights using Gel

Permeation Chromatography (GPC).

The average molecular weights of KGM were determinedAgyeous RIGPC (Agilent

Technology, USA)Figure 2.1)using HMW Aqueous TSK 4 Viscoteclolomn (950 mm) at

1 mL.min* flow rate on an aqueous GPC. 2 mg of KBMKGM extractsveredissolved in

2 mL of 0.1 M NaN@NaH,PQ, buffer and filtered through 0.4 um pore filter (Whatman,

UK) pore filter before injecting into the column. Results wamalysedwi t h  Ci r r us E

GPC/Multidetector software, Version 3 (Varian, Inc. USA).

Figure 2.1 Photomicrograph of an aqueeli® GPC from Agilent Technology.

2.3.1 Calibration of GPC

Calibration was done using poly(ethylene glycol)/poly (ethylene oxiREG/PEO)
standards. The raw data obtained was further analysed using cirrus GPC online software.
Gel Permeation Chromatography calibration was conducted using poly(ethylene glycol)/poly

(ethylene oxide) (PEG/PEO) from Agilent Technologies. Three diffecatibbrants namely,
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red, yellow and green were used in this method with each containing a mixture of four
narrow polydispersity polyethylene (glycol/oxide) standards (Table 2.1). TheaMes and
mass contained in the vial. The retention time of themeljc samples were recorded and

plotted against the molecular weight of standard calibrants (Figure 2.2).

Table 2.1Calibrants used in the calibration of GPC.

Red 1,258,000
116,300
12,140

615

Green 442,800
23,520
1,500

106
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Figure 2.2 The calibratiorcurve to describe the relationship between retention ({fiRig

and molecular weight

2.4. Cell culture

2.4.1 Medium preparation

All procedures were dongt room temperature ani sterile conditionin a Class Il laminar

flow hood

Adenine

0.5 g of Adenine powder was mixed thoroughly in 20 mL of distilled water with 1 M HCI
titrated slowly in a drop wise manner to solubilize the powder. Then distilled water was
added to make a 8@L volume. The solution was then filtered, then aliquoted into 2 mL
aliquots before being stored in®°C. 2 mL of this was used in 500 mL of medium making a

final concentration of 1.85 x TOM.
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Cholera toxin

100 mg of cholera toxin was dissolved in 1h8 of distilled water to make a stock solution
andstoredat2C. 0.2 eL of this solution was added
form a base stock of 8.47 pg.thiand then storedat®c. 500 &L of this was
medium to make I8 M concentration.

Endothelial Growth Factor (EGF)

10 mg of EGF was dissolved in 100 mL of 10%
and stored in5 °C . 50 L of this was used in 500 mL
of 10 ng.ml*.

Hydrocortisone

0.5 g of hydrocortisone was added into 2 mL of 100% ethanol and mixed thoroughly. Then

the solution was added into 18 mL of PBS to
used in 500 mL medium to makle a final concen
Insulin

0.2 g of insulin was dissolved in 2 mL of 0.01 M HCI and mixed thoroughly. Then, the
solution was added into 18 mL of distilled water, filter sterilized and store@Gt4 500 &L o
this was used in 500 mL medium to make a concentratidh®mg.mL™.

3,36 Trli-Thryrdnime (T )

13. 6 mg o f-L-Bhryror8né (BYsodiumaak was dissolved in minimum amount of

0.02 M NaOH and the volume was made up to 100 mL of distilled water. The solution was
then filtered and alandgswredat dC. T; aliquots were Osedetd.  a | i ¢
make up T/ T stock which was used to make Gre

T/T Apotransferrin

100 mg of Transferrin was dissol vestockwas 12 mL

added into the solution and distilled watwas added to make up 20 mL solution. The
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solution was then filteredbs@nd5@a0iguoof itmhios

in 500 mL medium to make a final concentration af § . “mL

2.4.2 Fibroblast and adipose derived stem cell (ADMSGjulture medium

(10% DMEM).

438.75 mL of DMEM high glucose (with 4500 mg-.Lglucose and pyruvate) was
supplemented with 50 mL FCS, 5 mL k10° M L-glutamine 1.25 mL of 0.625 pl.[*
amphotericin Band 5 mL 100 I.U.mt penicillin and of 100 pg.mi: streptomycin to make a
total volume of 500 mL. The medium was stored in a refrigeratoP@tfdr a maximum of 4
weeks. 3 mL of medium was placed in a 5 mL bijou and incubated®& ®7 at least 24rs

prior to use as a sterility check.

2.43 Serum free and 2% FCS supplemented fibroblasts culture medium.

478.75 mL of DMEM high glucose (with 4500 mg-.Lglucose and pyruvate) was
supplemented with 10 mL FCS (10% wi/v), 5 mL2fl0> M L-glutamine t 0 0 &)g . ml
1.25 mL of amphotericin B §.625 pl.LY), and 5 mL penicillin (100 1.U.mt) and of
streptomycin (100 pg.mt) to make a total volume of 500 mL. For serum free, FCS was
replaced with DMEM. The medium was stored in a refrigerator°@ for a maximum of 4
weeks. 3 mL of medium was placed in ek bijou and incubated at 3T for at least 24rs

prior to use as a sterility check

244Ker atinocyte culture medium.( Greenos

330 mL of DMEM high glucose and 108 mL of
supplemented with 50 mL FC, 500 eL of human r &c,omd0 nalntof
hydrocortis®ne 500. 4 Le g.frmiap B ileof aalenineo(k8xi), ( 1 O
500 &L dSmgimbsul 5®@0 €L o ft rminxstfwerd)aof3,3&p c g. ml

idothyronire 2x10'M) , 1. 25 €L of a mp H)o5tmk ofipenicilin (1BO ( 0. 6 2
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LlUmMand strept om)tomake gtdad dlunte @f.500/mL. The medium was
stored in a refrigerator at°€ for a maximum of 4 weeks. 3 mL of medium was plaicea 5

mL bijou and incubated at 3T for at least 24rs prior to use as a sterility check.

2.45 3T3 culture medium.

438.75 mL of DMEM high glucose (with 4500 mg.Lglucose and pyruvate) was
supplemented with 10 mL New Born Calf Serum (NBCS) (10% wi/v), 5 n20f.0° M L-
glutamine { 0 0  £)gl.2BinL ofamphotericin B ©.625 pl.L"), and 5 mL penicillin (100
.U.mL™) and of streptomycin (100 upg.rif) to make atotal volume of 500 mL. The
medium was stored in a refrigerator #iC4for a maximum of 4 weeks. 3 mL of medium was
placed in a 5 mL bijou and incubated at %87 for at least 24rs prior to use as a sterility

check.

2.5 Isolation and culture of keratinocytes, fibroblasts, and adipose derived

stem cells (ADMSC) from skin.

Human keratinocytes and fibroblasts were isolated from skin removed during abdominoplasty
or breast reduction elective surgeries in the Department of Plastic Surgery, Northern General
Hospital, Sheffield with fully informed patient consent for the use of skin for experimental
research. All tissue was banked and used on an anonymous basis under the Human Tissue
Authority Research Tissue Bank Licence number 12179. Human dermal adijestedadt

the same time in these samples was also used to isolate ADMSC

2.5.1 Isolation and culture of keratinocyte.

0.1% w/v Difco Trypsin in PBS was prepared by adding 0.5 g of Bifggpsin powder, 0.5 g

phenol red and 0.5 g-Blucose into 500 mL of PBSThen, the pH of the solution was

adjusted to 7 wusing 2 M NaOH wusing a pH met ¢
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mL aliquots then stored &t5 °C for future use in this procedure. Primary keratinocytes were
extracted from skin following indwation with 10 mL of prepared Difedrypsin (0.1%)
overnight at #C. 5 mL of FCS was added to neutralize the trypsin followed by separation of
epidermis from the dermis. The underside of the epidermis and top of the dermis were gently
scraped $ mediom té&reteeeerkératinocytes and the resulting cell suspension were
transferred into a 25 mL universal and centrifuged at 4&0r 5 min. The pellet was
resuspended in Greendés media and the cells
waspreviously seeded with&0° i3T3. The cells were incubated at %7, in a 5% CQyin a
humidified atmosphere. The medium was changed at ev8rgad/s and keratinocytes were

passaged at 780 % confluency. Only passagef2iwere used for experiments.

2.5.2 Isolation and culture of fibroblast from skin.

0.05 % Collagenase was prepared by dissolving Collagenase A powder in DMEM, filter
sterilizing, supplementing with FCS 10% v/v and aliquoting intaril@liquots stored a0

°C. Primary fibroblasts werisolated from skin by mincing the dermal region of the skin into
small pieces, followed by digestion with 10 mL of collagenase A (@4)5in DMEM
overnight at 37C with 5% CQ,. The cell suspension was then centrifuged atgt@fr 10

min and resuspendein 10% DMEM. These cells were then seeded into T25 flasks and
incubated at 37C with 5% CQ. The medium was changed every 2 days and the cells were

passaged as needed, fibroblasts between passage 4 and 9 were used in the experiments.

2.5.3 Isolation and culture of human adipose stem cell (ADMSC) from full

thickness skin

Human subcutaneous fat was selected as the source of ADMSCs. Tissue was obtained from
discarded skin from elective breast reduction or abdominoplasty surgery dftenfiumimed

consent from Sheffield Teaching Hospitals trust and handled on an anonymous basis under a
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research tissue bank licence (number 08/H1308/39) under the Human Tissue Authority.
Samples were sectioned with a scalpel in Petri dishes, with 10 niRB8f and 10 mL
penicillin (100 units.ml}) and streptomycin (100 pg.rif).Samples were mechanically
minced with a scalpel, and the pieces were collected in 50 mL tlizstie was washed with
1520 mL PBS before centrifugation at 3§dor 5 min. The peleted tissue was transferred

to a new 50mL tube. Hankds solution (Gibco Europe, Li
containing 0.1% collagenase type A (Roche Diagnostics GmbH, Mannheim, Germa#g), 0.1
albumin bovine fetal (BSA) (SigmaAldrich, Dorset, UK)and 1% antibiotic (penicillin/
streptomycin) was added to the tissue and incubated &€ 3@r 30 min with periodical
shaking to aid chemical disaggregatioDigested tissues were centrifuged at B€r 5

min. The floating fractions consisting of adigytes were discarded and the pellets
representing the stromal vascular fraction (SVF) were resuspended%n REM. Cells

were centrifuged at 33Q for 5 min, and the pellets fsuspended in 10% DMEM before
seeding into one T25 flaskCells were maintaied at 37C and 5% CQ

After 24 hrs, nonadherent cells were discarded by removing the culture medium, and
washing with PBS.Regular visual inspections were undertaken to observe cell morphology
and exclude infectionDuring the culture period, growtinedium was changed three times a
week. After one week, ADMSCs reached 8886% confluence following which cells were
subcultured using 5 mL Trypsin/EDTA (Sigrdddrich, Dorset, UK) per T25. 100,000 cells
were seeded in each T75 flask, depending on thereagents. Cells between passages 4 and

7 were used in experiments
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2.6 Subculture of cells

2.6.1 Keratinocyte subculture

There are two steps process involved in keratinocyte subculture; removal of feeder layer
using 0.002%(w/v) EDTA in PBS and detachment of keratinocytes using 2.5 mL of
trypsin/EDTA. First, the medium was removed and washed with 10 mL of PBS to remove
any remaining of FCS. Then, 5 mL of 0.002%/v) EDTA in PBS was added to the flask and
incubated for 20 min fothe detachment of i3T3 cells. Cell detachment was monitored by
microscope every 5 min until i3T3 detachment was completed. The cell suspension was
removed from the flask and the flask washed with PBS. 5 mL of Trypsin/EDTA was added to
the flask and ingbated at 3°C for 5 to 10 min. Again, cell detachment was observed under
the microscope at every 5 min. 10 mL of 10
neutralize the trypsin and the cell suspension transferred to a universal and centrifuged at 330
g for 5min. The pellet of cells was 1®uspended in 10% Greens media andautured into

new flasks preseeded with i3T3s. Keratinocyte at passages2lwere used for all

experiments.

2.6.2 Fibroblast subculture

Flasks containing fibroblasts were wadhvice with PBS. 5 mL Trypsin/EDTA was added
into the flask and incubated at °87for 5 min for cell detachment. Cell detachment was
confirmed by viewing under the microscope. 10 mL DMEM was added and the cells
suspension transferred to a universal and centrifuged ag) 3305 min. The pellet was re
suspended in a known volume of DMEM and d ceunt was performed before any

experimentation. Fibroblasts at passag&svere used for all experiments.
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2.7 Preparation of irradiated 3T3.

Irradiated 3T3 (i3T3) murine fibroblasts were used as a feeder layer during keratinocyte
culture. Unirradiatd 3T3 (passage 14 stored in 10% DMSO in FCS in a liquid nitrogen
Dewar at-196°C) were used in the production of i3T3. First, a cryovial of 3T3 passage 14
was thawed and the cells expanded in culture using standard fibroblasilsuwb protocol

into 10flasks and then subcultured again for a seeding density of 36gl€in a 10 layer
Cell StackE. After a week, the cells at ap
resuspended and centrifuged at 30@r 5min. The cells were rsuspended in 20 mbf

culture medium and irradiated at a dose of 60 Gy using a Cs 137 source at the Department of
Cancer Studies, Medical School, University of Sheffield. Post irradiation, the cells were
suspended in a culture medium, centrifuged at@@Ghd counted. Aomcentration of 4x10

cells per mL in 10% DMSO in FCS was prepared and transferred into cryovials and frozen

down accordingly to method 2.9.1.

2.8 Cell count and viability assessment

Cell count and viability assessments were performed using trypan biliesier method
(Hunt1987).A5 0 ¢l sample of <cell suspension in a
t o another 50 ¢l of trypRanEpfehdorktubs. dJsinga200n  ( 0
e | pipett e, 10 ¢l of t hred umderxa gldss cowelslip tpressed wa s
onto a Neubauer haemacytometer. The distinction of viable aneviable cells was

observed under a light microscope where the-viahle cells will appear blue. Viable cells

were counted and the concentration of viadalis in the suspension was calculated.

2.9 Cell cryopreservation
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Materials
Cellstar Cryovials were obtained from Greiner Bioe, Stonehouse, Gloucestershire,
England. Initial freezing of cells was carried out using a Naljé@ryofreezing container

purchased from Nalgene Co., Rochester, New York.

2.9.1 Method of cryopreservation

The detachment of cells from tissue culture plastic was described in the section (2.3). The
suspended cells were then centrifuged at §30r 5 min and then resuspended in 10%
DMSO in FCS. A cell count was performed prior to that in order to obtain of °4¢1l8 per

mL and transferred to cryovials. The cryovials were placed in a Nalgene Freezing Container
with isopropanol to control the decremerfit@emperature te1°C per minute and then placed

into a-80°C freezer overnight. The frozen cryovials were then transferred to a liquid nitrogen

Dewar at-196°C.

2.9.2 Thawing of cryopreserved cells

Cryovials were removed from Dewar and thawed in a waaén at 37C for a fewmin. 10

mL of prewarmed cell culture medium was added to a universal and cells from the cryovials
added to it. The cell suspension was centrifuged atg@3®F 5min. The supernatant was
discarded and the cell pellet was susperidesl known volume of cell culture medium. Cell

counts and viability assessment were performed before seeding the cells in flasks.

2.10 Mono and coculture of fibroblasts and keratinocytes on tissue culture

plastic for the biological effects of KGM.

Materials

Modifications and extraction of KGMA( konjacKoch) using ethanol and enzyme were
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conducted as per section 2.2. Fibroblast culture medium with 0, 2 and 10% v/v FCS were
made accordingly to section 2.4.1 and keratinocyte culture medium witiFO®4vas made

accordingly to section 2.4.3.
2.10.1 The effect of serum and KGM on human fibroblasts

2x10* fibroblasts in 1 mL of 0, 2 and 10% FCS medium were placedlid well plates and
incubated at 37C, 5% CQ for 24h. Then, the medium culture wasneved and 1 mL of 10
mg.mL" of KGM of different species in 10% DMEM was added to each well. In all cases the
cells were then cultured for 1, 3 and 5 days and measurements of cell viability were

undertaken using the MTT assay.

2.10.2 The effect of KGM andfractionated KGM on human fibroblasts.

2x10 fibroblasts in 1 mL of medium were placed in a 12 well plate and incubatedGt 37
5% CQ for 24 h. Then, the culture medium was removed and 1 mL of 10 mjohKGM

or KGM of different molecular weight fractions obtained by ethanol extractions,
ultrafiltration or enzyme hydrolysis in 10% DMEM was added into the well. In all cases the
cells were then cultured for 1, 3, and 5 days and measurements of celkyialile

undertaken using the MTT assay.

2.10.3 The effect of KGM and fractionated KGM on human keratinocytes.

4x10" keratinocytes (ceultured with 2x16 i3T3 in 1 mL of 10% Green) were placed in a

12 well plate and incubated at°87 5% CQ for 24 h. Then, the culture medium was

removed and 1 mL of 10 mg.rilof KGM or KGM of different molecular weight fractions
obtained by ethanol extractions, ultrafiltra
was added into the well. In all cases the ceksenthen cultured for 1, 3 and 5 days and
measurements of cell viability were undertaken using the MTT assay. The effect of KGM on

the rate of keratinocyte proliferation was expressed as a percentage of the control

99



proliferation.

2.10.4 The ability of KGM (A. konjac Koch) on supporting keratinocyte,

fibroblast and ADMSC metabolic activity in unchanged media for20 days.

2x10" fibroblasts and 2xT0ADMSC in 1 mL of 10% DMEM were cultured separately in 12
well plates and incubated at°87 5% CQ for 24 hrs before adding 15 mg of KGM powder

to half of the wells. Then all cells were maintained for 20 days without changing the media.
For keratinocytes, 2x£03T3 with 4x10" keratinocytes in 1 mL of 10% Greens were cultured
in 12 well plates and incubated at°@7 5% CQ for 48 hrs The culture medium was then
removed and 1 mL of 1 mg.riLof KGM powder was added to wells. Then, the culture
condition was maintained for 20 days without changing the medium. Cell viabilities for the

control and the KGM treated telwere assessed at days 1, 5, 10 and 20 using a MTT assay.

2.11 Semi quantification of the presence of MR on fibroblasts and

keratinocytes using ConRFITC staining.

2x10* fibroblasts in 1 mL of 10 DMEM or 5x10* keratinocytes (ceultured with 2x160

i3T3 in 1 mL of 10% Green) were placedari2 well plates respectively and incubated at
37°C, 5% CQ for 76 hrs. The culture medium was removed and 1 mL of a fresh medium
containing Dmannose (1, 10 and 20 mg.HLwas added into the well for 6@in. After
removal of the medium containing-Dannose, the cells were then washed gently twice with
PBS. 1 mL of 3.7% Formaldehyde was added fom@®at £C. The cells were washed again
with PBS. Then 1 mL of (10 pg.mt) of Con AFITC and 1 pg.mL* of DAPI wereadded to

the cultures for 6nin in an incubator at 3. The cells were washed twice using a PBS to
remove the unbound Cori AITC. The cells were imaged using a fluorescence microscope

(Axon Instruments ImageXpress (Axoncorp, USA)) at excitation andsiom wavelengths
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for DAPI and Con AFITC of 340 and 488 nm and 545 and 610 nm respectively.

2.12 The blocking of MR on fibroblasts and keratinocyte using Bnannose

2x10" fibroblasts in 1 mL of 10% DMEM and 5xi&eratinocytes (caultured with 2x160

i3T3 in 1 mL of 10% Greends) were placed 1in
37°C, 5% CQ for 24hrs. The culture medium was then changed and 1 mL of fresh medium
containing Dmannose (1, 10 and 20 mg.Hlwas added into the wells for 60 mifhen the

medium containing Bmannose was removed and 1 mL of fresh medium, containing 10
mg.mL" of KGM was added to each well. Cell viability was then measured for days 1, 3, and

5 using an MTT assay.

2.13 Investigation of the effect of concanavalin A ahthe interaction with

KGM on fibroblasts.

2x10 fibroblasts in 1 mL of 10% DMEM were cultured in 12 well plates and incubated at
37°C, 5% CQ for 24 h. The culture medium was then changed and 1 mL of PBS containing
Con A (10, 50 and 100 pg.ri) was addedor 30 min. After removal of the PBS containing
Con A, 1 mL of fresh medium containing 10 mg.fnbf KGM in 10% DMEM was added to

each well. Cell viability was then measured for days 1, 3 and 5 using a MTT assay.

To investigate the interaction of Con AttviKGM, 2x1d fibroblasts in 1 mL of 10% DMEM

were cultured in 12 well plates and incubated 8€3%% CQ for 72 h. The culture medium

was then changed and 1 mL of fresh medium containing 10 mMg@IM was added into

the well and placed in an incubafor 1 hr. Then, 1 mL of 100 pug.mLCon AFITC in PBS

was added into the culture medium and placed in an incubator for another 30 min. The
medium was then removed and the cells were washed twice using a PBS to remove the KGM
bound Con AFITC. The cells wee imaged using a fluorescence microscope (Axon

Instruments ImageXpress (Axoncorp, USA)) at excitation and emission wavelengths for
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DAPI and Con AFITC of 340 and 488 nm and 545 and 610 nm respectively.

2.14 Measurement of cell viability andproliferation assay.

2.14.1 MTT assay

@_( \N /@ mitochondrial reductase @_( \N
H
. S .
N N
Br— / /

S S

Figure 23  Reduction of MTT by mitochondrial dehydrogenase.

3-(4,5Dimethylthiazo{2-yl)-2,5-diphenyltetrazolium bromide or MTT assay is a
colourimetric indicator of cell number or viability by means of mitochondrial dehydrogenase
activity according to method of Nik and Otf{blik and Otto 199Q) The cells were gently
washed with PBS and 1.0 mL of MTT solution was added per well. Then the plates were
incubated with for 40min at 37C, 5% CQ in a humidified atmosphere. During this time,
mitochondrial dehywbgenase activity will reduce MTT into an insoluble purpddoured
formazan product that can be eluted wusing
in 100 mL of isopropanol.The reduction of MTT by mitochondrial dehydrogenase is shown

in Figure 23. After 40 min, the MTT solution was subsequently removed and 200 pl of
acidified isopropanol was used to elute the formazan product from the cells. 200 pl of the
isopropanol was then transferred into a 96 well plate and the optical density at $4Adhm
reference at 630 nm) was read in a Dynex Technologies MRXII microplate reader attached to

a PC running Revelation 2.0 software.
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2.14.2 Al assayr Bl uekE

©° O\ OH 0 o\ OH
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Resazurin Resorufin

Figure 24 Reduction of Resazurin by mitochondrial dehydrogena
Al amar Bl ueE assay is a colourimetric growth
activity. The redox indicator in the solution changes colour from blue to red in response to
chemical reduction of alamar blue into purple by the mitochondrial deggdase activity in
cell nuclei The chemical reaction of this reduction process is shown in Figure Thé
changes in the colour which indicate the number of cells or cell viability was then measured
using a plate reader. To measure the cell vigpiiitst the samples were washed with PBS
and an AlamarBlue® assay performed by adding 5 mL of AlamarBlue® (diluted 1:10 in PBS)
(AbD Serotec, Kiddlington, UK) and incubated for 60 min. All cultures were kept in identical
conditions of 5% CQ 37°C, andassayed at the same time point. Absorbance at 570 nm was
then measured in a colourimetric plate reader-{HidK, NorthStar Scientific LTD, Leeds,
UK) to obtain baseline values of cell attachment. Samples were then washed with PBS and

returned to culture calitions. AlamarBlue® assay was repeated after 7 and 14 days of

culture.

2.14.3 Picogreen assay

A~

PicogreenE a fluorescent nucleic acid stain

dsDNA (double strainds DNA) The method used in this study wamducted according to
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Ahnet. al.,1996(Ahn, Costa et al. 1996)

All media was removed and cells were washed twice with PBS. ThermuR0&f 10%
digesting buffer was added and cells were frozeB@IC and then thawed in a dry incubator

for three cycles to break the cell membranes and extract the DNA. The cells were then
scraped off and centrifuged at (~1700 g) fomdi to collect the DNA from the supernatant.

100 pL of the supernatant was added® pL of Picogreen (1:200) and mixed well. 100 pyL

of this solution was then transferred tdilorescence plate reader (Biotex instruments, Inc.,
USA) and samples excited at 340 nm with an emission wavelength at 488 nm. A quantitative
estimation of the celnumber was obtained by calibrating this reading against a known

number of cells using this method.

2.14.4 Phalloidin TRITC and DAPI staining .

5x10" keratinocytes (ceultured with 2x16 i3T3 in 1 mL of 10% Green) and 2x10
fibroblasts were cultured for42hr in a 12 well plate respectively. The medium was then
removed and the cells were washed with PBS twice. The cells were then fixed with 3.7%
formaldehyde for trin 4°C. The formaldehyde was then removed and the cells were then
washed twice with PBS. fnL of PhalloidinT RI TC (1) eagndmLDAP®Hin( 1 e€g.
PBS were added to each sample and incubatedHoinlan incubator at 3T with 5% CQ.

The medium was then removed and washed twice with PBS then, theokwo
fluorescence assay was obserugsing an a fluorescence microscope (Axon Instruments
ImageXpress (Axoncorp, USA)) The excitation and emission wavelengths were 480 and 500

nm for PhalloidinRTRICT and 340 and 488 for DAPI.

2.14.5Cell viability assessment using Live/Dead assay

5x10" keratinocytes (ceultured with 2x16 i3T3 in 1 mL of 10% Green) and 2x10

fibroblasts were cultured for 24 hr in a 12 well plate respectively. The medium was then
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removed and then 1 mL of KGM (1, 5 or 10 mg:Milwas added to the cultures. After 3
days,the medium was removed and the cells were washed with PBS twice. 1 mL of SYTO9
(1 ug)y. ambhd Pl werke addey .toneach sample and incubated for ifh an
incubator at 37C with 5% CQ. The medium was then removed and washed twice with PBS
then, the twocolour fluorescence assay was observed using an a fluorescence microscope
(Axon Instruments ImageXpress (Axoncorp, USA)) The excitation wavelengths were 480 nm
for PI and 545 nm for SYTO9. The optimal emission wavelengths were 500 and 610 nm

respetively.

2.15 The effect of KGM, xanthan and KGM -xanthan blend on the

transportation of fibroblasts.

2.15.1 Synthesis and preparation of KGM,xanthan and KGM -xanthan

blend hydrogels
The hydrogels were prepared by adding 30 mg of KGMamthanpowder in 1 mL of free
DMEM in a 12 well plate, respectively. Then, the mixture is left to settle and gel for 30 min.

For KGM andxanthanblend, 30 mg of 1:1 ratio of KGM andanthanmixture was used.

2.15.2 The effect of KGM, xanthan and KGM -xanthan blend for the

transportation of fibroblasts.

1x1C fibroblasts in 1 mL of 10% DMEM were cultured in two 12 well plate and incubated at
37°C, 5% CQ for 24 hr. Then, the hydrogels made previously in a 12 well plate were
transferred into a 12 well plate and pldde direct contact with the cells. The control well
plate was placed in an incubator {875% CQ) while the other well plate was placed on a
laboratory bench (at room temperature) and subjected to mechanical stress from a rocking

shaker at 4 rpm up 4 hours. Cell viability was then measured after 12, 18 and 24 hours
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using a MTT assay.

2.16 Synthesis and characterization of KGM hydrogels

Materials

The monomer Ninyl-2-<pyr r ol i done ( NVP, 09 9 %, Al drich)
reducedpressure and stored diC4until use. Konjac glucomannan (KGM 97%, Health Plus

Ltd) was used as supplied. The crosslinker, poly(ethylene glycol) diacrylate (PEGDA) and
the initiators, 2zhydroxy-2-methylpropiophenone (HMPP, 97%) and Cerium Ammonium
Nitrate (Ce(lV)), Sodium Chloride (NaCl), Hydrochloric acid (HCI), -(85
dimethylthiazolyl}2-5-diphenyltetrazolium bromide (MTT), isopropanol and Toluidine Blue.

All chemicals were supplied by Sigma Aldrich, Poole, U.K. and used as supplied. 3.7% of

formaldehyde SYTO9 (Molecular Probes, U.S.), Propidium lodide (PI) (Invitrogen, U.K.).

2.16.1 KGM polymerisation using Ce(IV) ammonium nitrate.

KGM hydrogel was prepared by free radipalymerisatiorusing Ce(lV) as initiator. Two set

of hydrogels were made by eithearying concentration of KGM (1, 1.5, 2 and 2.5 (w/v) %)
with 0.01 (w/v) % Ce(lV) as constant or varying concentrations of Ce(lV) (5xaL0°,
1.5x10° 3x10%and 6x10° (w/v) %) with 1.0% KGM as constant. KGM was dissolved in
160 mL dHO and stirred vigorously for 3@hin at room temperature to form a uniform
solution. Degassing with nitrogen gas was conducted prior reaction with Ce(IV) to remove
oxygen and to improve the mixing. Then the amount of Ce(IV) was added to the solution and
mixed thoroughly. The solution was poured onto a Petri dish (140x20 mm) covered with

PTFE film and left to evaporate at room temperature férdays.
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2.16.2 UVPolymerisation.

2.16.2.1 Purification of NVP monomers.

Thermometer

N/ =3 —>Vacuum

Oil bath

Figure 2.5 Experimental set up for the distillation of NVP monomers for purification.

Purification of NVP liquid mixure as supplied by Sigillrich was conducted by continous
fractional distillation at 18t (in oil bath) at reduced pressure in a fume hoodegtament

of Chemistry, University of Sheffield (Figure 3. It was necessary to monitor the
temperature at the thermometer attached to distilled tube to not exceedi@gWRizh is the
flash point for NVP. The distilled tube was kept insulated usmion and then wrapped
with aluminium foil to allow evaporation of NVP monomers. The monomers was then
collected at the end of the procedure in a round bottom flask and kept in refrigerdf@ at

for the use in the future
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2.16.22 SemiIPN of KGM and P(NVP-co-PEGDA).

Figure 2.6 Experimental set up for the polymerisation of séig andgraph conetworkA)
Dymax UV curing system, (B) mould for polymerisation and (C) example qidhanerised
hydrogel.

The experimental set up for tpelymerisationof semi IPN and graft conetwork is shown in
Figure 26. SemiIPN was prepared by free radiqadlymerisatiorusing 2%(w/v) 2-hydroxy
2-methylpropiophenone (HMPP) as initiator PEGDA solution 25 mL dHO was added
into a 100 mL beaker art) g of NVP was mixed thoroughly for 36in. Then (14, 24 and

35 (w/v) %) KGM were added into the solution and stirred well for anothemB0 2 g of
PEGDA with 2 (w/v)% HMPP was then added into the solution and stirred well for another

30 min. Using a syringe, the solutioof approximate 10 mlwas then injected into a pre
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made mold of dimensions 7.5x7.5 Tmith a thickness oR50& m, consisting
plate covered witlPTFE film. Then the solution was covered with another quartz ptate a
then placed horizontally into a Usring machineusing Bluewave 200 Version 3(Dymax

Corp, U.K)attached with 400 watt mercury bulb (Dymax PN 36910 irradiatiorprocess

was conducted for énin, with 3 min on each side alternately. The hydrogel produced was
removed from the mold and placed in 70% ethanol and rocked gently for 3 days to remove
unreacted monomers. The ethanol was changed daily before washing twice in PBS. The

hydrogels were then stored in PBS

2.162.3 UV Polymerisation: Graft conetwork of KGM and P(NVP-co-

PEGDA).

Graft conetworkof KGM was prepared by free radicablymerisationusing 2 (w/v)% 2
hydroxy-2-methylpropiophenone (HMPHh) PEGDA solutionand Ce(lV) as initiators. 25

mL dH,O was added into a 100 mL beaker and 10 g of NVP was mixed thoroughly for 30
min. Then (14, 24 and 35 (w/v) %) KGM were added into the solution and stirred well for
another 30min. 2 mL of PEGDA with 2%w/v) HMPP was then added into the solution and
stirred well for another 3@nin. Then (0.5 or 1 (w/v) %) Ce(IV) was added into the solution
and mixed forl hr. Using a syringe, the solutiai approximate 10 mlas then injected into

a premade mold ofdimensions 7.5x7.5 c¢hwith a thickness o050 € m, stingno$ a

guartz plate covered with PTFE film. Then the solution was covered with another quartz plate
and then placed horizontally into@V curing machine usingluewave 200" Version 3
(Dymax Corp, U.K) attached with 400 watt mercury bulb (Dymax PN 369#® irradiation
process was conducted for 6 min, with 3 min on each side alternately. The hydrogel produced
was removed from the mold and placed in 70% ethanol and rgekég for 3 days to wash
unreacted monomers. The ethanol was changed daily before washing twice in PBS. The
hydrogels were then stored in PBS.
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2.163 Indirect contact of KGM hydrogels with human primary fibroblasts

and keratinocytes

1 mL of 2x10 cells.mL? cells in 10% DMEM or 4x10* keratinocytes (ceultured with
2x10* i3T3 in 1 mL of 10% Greemwere seeded into a 12 well plate and left to attach
overnight. 0.79 cn? hydrogel was placed in inside the well and cell proliferation was

measured after 1, 3 abddays using MTT assays(Figure 27A).

2.164 Direct contact of KGM hydrogels with human primary fibroblasts

and keratinocytes

1 mL of 2x10 cells.mL?* fibroblastsin 10% DMEM or 4x10" keratinocytes (c@ultured

with 2x10 i3T3 in 1 mL of 10% Greemere seeded into a 12 well plate and left to attach
overnight.0.79 cnf hydrogel was placed in a Thin Cert (0.4 pm) with 500 pl fresh medium
and an additional 500 pl fresh medium was added into the well. Cell proliferation was

measured after 3 days of inmtion at37°C, 5% CQ using MTT assayéFigure 27B).

A) B)

Medium level —_ |

/ Hydrogel \
| — Cells — |

Figure 2.7 Diagram showing schematic for(A) direct and (B) indirect contact of

hydrogel with cells.
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2.165 Live/Dead staining of human primary fibroblasts and keratinocytes

2x10" fibroblastsin 10% DMEM or4x10* keratinocytes (ceultured with 2x16i3T3 in 1

mL of 10% Greerwere cultured for 24 hr in 12 well plate respectively thet®@n? KGM

film with increasing concentrations of Ce(IV) was added into the well plate. After 3 days, the
medum was removed and the cells were washed with PBS twice. 1 mL of SYIN@@mL

) and PI (1ug.mL™") were added to each sample and incubated forif an incubator at

37°C. The medium was then removed and washed twice with PBS then, theolwo
fluorescence assay was observed using an a fluorescence microscope (Axon Instruments
ImageXpress (Axoncorp, USA). The excitation wavelengths were 480 nm for Pl and 545 nm

for SYTO9. The optimal emission wavelengths were 500 and 610 nm respectively.

2.166 Differential Scanning Calorimetri (DSC).

The glass transition of the dried synthesized hydrogel was measured usingPBI&@

Elmer DSC Pyrisl) (Massachusetts, U.S.AFigure 2.8) The hydrogels, with sample size
approximatelyd.5 £ 0.5 mgwere measured over and placed in an aluminium pan in the cell
of the DSC unit and an empty pan was used as the inert cofelcrucibles were then
closed by pressing aluminium cap, which was pierced by a needle on the top for degassing
Nitrogen was usd as the purge gas. DSC was performed fiédrand 360C at a heating rate

of 1°C per minute. The computer software (Perkin Elmer) for the apparatus plotted and

analysed the thermal analysis curves and the area
r i ‘ values of endo and exothermic heat was m@eoin the
(.2

N

unit of (mJ).
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Pyris I.

2.167 Measurement of free water content in hydrated KGM hydrogelusing

DSC.

The amount of free water content in hydrated hydrogels were measuredRS@gPerkin

Elmer DSC Pyrisl) (Massachusetts, U.S.AFigure 2.8) The hydrogelswere soaked in

dH,O overnight prior analyse3he hydrated hydrogels, with sample size approximately 4.5

+ 0.5 mg were measured over and placed in an aluminium pan in the cell of the DSC unit
and an empty pan was used as the inert control. The crucibles were then closed by pressing
aluminium cap, which was pierced by a needle on the top for degasgiogen was used as

the purge gas. DSC was performed fre60 and 66C at a heating rate dC per minute.

The computer software (Perkin Elmer) for the apparatus plotted and analysed the thermal
analysis curves and the values of endothermic heat were normalized to sample weight and
presented in units of (mJ.M The amount of energy releaseds subjected to the amount

of free water inside the hydrogel.

2.168 Equilibrium Water Content (EWC) .

Circular discs were cut from a sheet of dry hydrogel. Then the discs were put in 12 well plate
with 3 mL of dHO to swell for 48hrs. The swollen disevas then weighed and any excess
water was removed gently by a paper towihe polymer was then placed in a vacuum oven

at 50C over a 24hr period. The weight of the dried polymer disc was then recorded every

two hrs untilthe weight remained constant.

EWC (%) = 222 x 100
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Where W, = wet weight and \W/= dry weight

2.169 '*C solid state NMR Spectroscopy

3¢ solid state NMRspectroscopgnalysiswas doneby Dr. David Apperleyat the University

of Durham EPSRC solid state NMR service. A Varian Unity Inova Spectro&isiRS

400 with a 7.5 mm MAS probe was useuth reference to neat tetramethylsilane. The
measurement on crosspolarisation was carried out at 1.00 ms contad&3ighé&Hz TPPM
decoupling, 6800 Hz spinning rate, 0.010 s Gaussian broadening with FT size 16384 in
ambient temperatureédpproximately 500 mg of hydrogel was sent to the University of
Durham by first class post. The samples were lightly ground in a nathpestle prior to

analysis.

2.1610 Measurement of KGM content in the hydrogels

Quantification of the amount of KGM inside the hydrogels was determined by toluidine blue
staining as describg@mith, Mallia et al. 1980)ith some modifications. A disc of hydrogel

with a diameter of 7 mm was cut in half and was stained by incubating the hydrogel in a 24

well plate with 1 mL of 0.01% toluidine blue in aqueous 0.01N HCI/0.2%wvtNaCl

overnight on a rocking shaker at rooemperature. Then, the hydrogel was rinsed twice with

dH,O and left overnight in d¥D to remove excess toluidine blue. The hydrated sample was
then transferred into a new 2ethoxwetHahol) gmtledt e wi
into the wellandlet for 2 days to dissolve and el ut e

solution was transferred into a 96 well plate and the absorption was measured at 562 nm.
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2.16.11 Fourier Transform Infrared (FTIR).

. J.

FrIRS

Figure 29 FTIR spectrometer (Spectrum 100, Perkin Elmer, USA) on single reflection ATR.

The surface chemistry of the hydrogels waralysedon the FTIR (Spectrum 100, Perkin
Elmer, USA) using a universal diamond (Figur8)2The hydrogels were cut into 0.79 Tm
having a thickness of about-51 mm. The crystal area was cleaned using DCM
(dichloromethane) (CkCl,) and the background was collected. The hydrogel was then placed
onto the small crystal area and the pressure arm was positioned over the crystalsamd pres
of about 76880% was applied until the strongest spectral bond showed intensity beyond 70%
T. The spectra in the range of 4000 to 750'cat 2 cnt resolution and averaging 300
number of scan were collected using Spectfink¥TIR software. Then, theop plate was

cleaned for the use of other samples.

2.1612 Scanning Electron Microscopy

SEM was utilized to characterize the morpholog@sP(NVP-co-PEGDA) and KGM
hydrogel sé sur f &arsurfaeahalysis, theshydrogeéveas dutamo.i cm

sputter coated with gold (Cressington 108, Cressington, U.K.) and imaged using SEM
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(Philip XL-20 SEM). For cross section analysis, the squared hydrogel was cut vertically at
the center, and sputter coated with gold (Cressington 108, Cressington, ThiK was then
imaged using the same SEM model. Magnificatior260-1000x were utilized to observe the

morphological differences between the hydrogels.

2.17 The effect of fibronectin and i3T3 on the attachment of keratiocytes

and fibroblasts on full IPN hydrogels.

Keratinocyte attachment was investigated on 3 different surfaces, TCP (cootrddGM
coated TCP and on full IPN hydrogel (24%/v) KGM with 1.0% (w/v) Ce(IV)). 5 mg.mL*

KGM in free medium was used to coat the TCP surface and left to dry in a fume hood for 24
48hrs. Then, each sur face Miaamectniotséeded with axad e d
i3T3 as feeder layer or both or neither coated with fibronectin aedkefdayer. The coating

or feeder layer was left to settle for overnight beftx&0> keratinocytes (caultured with

5x10% i3T3 in 1 mL of 10% Greemere seeded onto the surface. Keratinocyte proliferation
was measured after 3 days using MTT assay.

As for fibroblasts, 1x19cells in 1 mL 10% DMEM were used in this experiment.
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2.18 The effect of KGM and KGM hydrogels on tissue engineered skin

models.

2.18.1 Preparation of tissue engineered skin models

All procedures were performed in sterile condition in a class Il culture hood. The skin was

obtained aseptically from operation theatre in approximately 0.6 mm thickness.

2.18.2 Deepidermisation of donor skin.

The split thickness skin graft was removadni its container and cut into a sheet of
appropriate size before it was transferred into a 100 mL sterile plastic container containing
sterile 1 M sodium chloride solution. The skin was then incubated °& ®7 24 hrs to
separate the dermis from the dgrimis. Usually after 2lrs there will be a visible separation

of epidermis from the dermis and this was removed by gentle scraping the epidermis with a
blunt ended spatula. The-dpidermised dermis was then washed twice with PBS and then
transferredi nt o a 100 mL sterile plastic containe
incubated at 3T for a minimum of 4&rs. This is to ensure that any remaining of sodium
chloride was washed out, to saturate the DED with culture medium, and also to check the for
presence of infection in the DED by observation of any changes in the colour of the medium.
For each and every experiment, DED from one single patient was used to reduce inter patient
variation in skin characteristics. The DED was cut into squares dwtlensions of

approximately 2.0x2.0 ¢cm

2.18.3 Production of tissueengineered skin skin models
Following deepidermisation, the DED was cut with a scalpel into squares of approximately

2.0x2.0 cr and placed into a six well plate with the papillary rdisr facing upwards. A
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chamfered metal ring with internal diameter of 1 cm was placed in the centre of each piece of
DED and was pressed down gently to create a water seal tight to prevent leakage of the cell
suspension.

Then 3x18keratinocytes in 306 10% Greensand 1xi® i br obl asts in 200 ¢
were seeded into the centre of the ringn amount of Greends medi u
outside the ring. This was incubated fori8 at 37C in a humidified 5% C®incubator.

Seeding rings wereemoved and a sterile stainless steel grid was introduced underneath the
composite in each well to achieve air |liqui
Greenb6s medium supplemented with KGM at di f
well. The skin models were then cultured af@t a humidified 5% C®atmosphere for 14

days.

A cartoon illustrating the experimental set up for a seeded composite at an ALl is shown in

figure 210 below.

Air liquid interface Seeded composite

Cell culture medium\ H Grid
vy -

Figure 210 Diagram showing schematic for theulture of tissue engineered skin

composite at an air liquid interface.

2.18.4 The effect of KGM on tissue engineered skin models.

Material
KGM solutonK GM powder was dissolved in 10% Green
of 1 and 5 mg.mt. Thissolution was made fresh for each experiment.

Method
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To examine the effect of KGM on the contraction aneépéhelisation of the skin composite,

the composites were prepared as per section 2.15.3 and left in ALI condition overnight before
adding medium wit concentrations of KGM (1 and 5 mg.fjLinto the culture. The
composites were photographed everg 2lays for image analysis. After 14 days the
composites were fixed in formalin, and wax embedded in paraffin wax before being stained
with H&E for furthe observation on the tissue architecture and reepithelisation of the

composites.
2.18.5 The effect of KGM hydrogel on tissue engineered skin models.

Material

KGM hydroges were synthesizeds per sectior2.1622.163. The materials were washed

with 70%1 MS , PBS and rinsed with 10% Greends pri
Method

To examine the effect of KGM on the contraction and reepithelisation of the skin composite,

the composites were prepared as per section 2.15.3 and left in ALI corditiovernight

before putting the hydrogel on the top of the composite. The composites were photographed

for every 23 days for image analysis and after 7, 14 and 21 days, the composite viability was
measured using Al amar Bl ue Eixed in fbrimalin, artdlwax ¢ o mp
embedded in paraffin wax, before being stained with H&E for further observation on the

tissue architecture and reepithelisation of the composites.

2.18.5 Assessment of composite contraction by digital photography and
image analyss.
The composites were photographed using a Fuji digital camera. For each picturgyethe 6

plate was placed alongside a scale bar to allow calibration of the captured image in order to

accurately measure the area of the composites. The procedureeri@sned inside a
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laminar flow hood to maintain sterility. All images were imported into ImageJ software
(NIH, Maryland. USA). The scale bar in each photograph was used to calibrate the image, a
mouse was used freehand to trace the margin of the copp@sit the software used to
calculate the area. The area of the composite on day 0 (when it was raised tbqaidair
interface) was designated 19®and all changes in area were expressed relative to this initial

measurement.

2.18.6 Haematoxylin and Eosn staining.

The stain was used to show the cellular architecture and interactions within the skin
composites as haematoxylin stains cell nuclei purple or blue while eosin stains proteins and
other basic structures of dermis pink.

Sections were dewaxed slides in xylene for thm@ia. Then the slide was incubated in
ethanol, 100% for Znin, 70% for 1 minute, then d@ for 1.5min. The slide was then
stained with haematoxylin for Bin before rinsing in tap water for 4 minutes. THieles

were then stained with Eosin fomain before washing in d© for 30 seconds. The slide was
then dehydrated through ascending grades of ethanol, 70%tioy, 2nd 100% for 1 minute
before being placed into xylene for 1 minute. Each slide was thamtew with DPX

mountant (Fisher Chemicals, U.K.) and covered with a cover slip.

2.18.7 Assessment of epidermal thickness by digital photography and image
analysis

The H&E stained composites were photographed using an electron microscope with
MoticTek softvare. All images were imported into ImageJ software and calibrated with
known distance to make a scale bar in each photograph. A mouse was used freehand to trace

the margin of the basal membrane and epidermal layer and then the software was used to

calcubte the area of this plot relative to the calibration derived from the scale. Average

119



thickness of basal membrane and epidermal layer was calculated by dividing each area with

the length of respective area.

2.19 The effect of KGM hydrogels on a wound ofkin model.

Material
KGM hydroges as per section 2.4.1 and 2.4.3. The materials were washed with 70% IMS,

PBS and rinsed with 10% Greends prior puttin

2.19.1 Production of wound on a tissue engineered skin model.

Tissueengineered composite was produced accordingly to 2.15.3 and left at ALI for 5 days.

The composite was then transferred into a petri dish and a 6 mm incision of was made on the
composite usinga Swaimior t on bl ade No. 15a. Thely) 20 ¢l
was added i nt o *fbBndgerih PBS fo méke anfiprinmlle to be applied in

the cavity to create the environment that is similar to wound. The fibrin glue was applied on

the backside of the composite and left forrih for the glueto set, this ensured that the

cavity was sealed. The composite was then transferred back onto the grid and left to settle for

overnight before KGM hydrogel was applied onto the surface.

2.19.2 The effect of KGM hydrogels on a wounded skin model.

The effe¢ of KGM hydrogels on a wounded skin model was conducted following 2.15.3 and
2.16.2 procedures. The hydrogels in PBS were washed subsequently in 70% IMS, PBS and
culture medium before were cut inBb79 cnf and placed on the top of the composites. The

vabi l ity of TE composites was measured using

processor for histology accordingly to procedures 2.13.2 and 2.15.7.
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2.20 Cell migration assay

2.20.1 The effect of mitomycin C (MMC) on fibroblasts and keratinocytes.

1 mL of 1x10 fibroblasts was cultured in a 12 well plate for overnight and treated with 300

mL concentrations of mit omy)ddr30miGbefore waBHRS ( 1,
with PBS and reincubated with fresh medium. Cell viability was measwwiag MTT assay

after 1, 3 and 5 days.

As for keratinocytes, 1 mL of 5x103T3 and 1x18 keratinocytes was cultured in a 12 well

plate for overnight and treated with 300 mL concentrations of MMC in PBS (1, 10 and 100

e g . ‘thior 30min. The medium wathen removed and washed with PBS. 1 mL of fresh
medium was added into the culture and then incubated®@t Bith 5% CQ.Cell viability

was measured using MTT assay after 1, 3 and 5 days.

2.20.2 Migration of fibroblasts and keratinocytes

Cell migrationwas detected by scratch wound healing assay. 1 mL of Tkt6blasts or 1

mL of 1x10 keratinocytes caultured with 1 mL of 5x1Di3T3 was cultured in 12 well plate

till confluent for 48 hrs and the sctipatch w
The culture was then washed three times with PBS to remove cell debris and treated with 300
mL of 1 ® of enigpmynih C in PBS for 30min for fibroblasts and 60min for
keratinocytes. The medium was then removed and washed with PBS. 1 mL ahé&esim

was added into the culture and then incubated & 8Wth 5% CQ. 3 independent repeats

were captured at 0, 24 and 48 hrs time points during cell migration by Olympus microscope
camera. The area of cell migration into wound site was quantifiad UsiageJ and presented

as relative migration cells compared with the 0 hr. The magnification of each picture was 20

X.
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2.20.3 The effect of KGM on themigration of fibroblasts and keratinocytes

Cell culture for each fibroblasts and keratinocytes were prepared accordingly to 2x12°2.
fibroblasts in 1 mL of 10% DMEM orxiL0° keratinocytes (ceultured with5x10* i3T3 in 1

mL of 10% Greenwere used in this experiment. The cells were left to attach for two days and
form a confluent monolayer on the well plat€he culture medium was then removed and 1
mL of concentrations of KGM (15 and 10 mg.mt) in culture medium was added into the
well. The cell migration at every 0, 8, 12 and Bk were then observed using Olympus

microscope camera amghalysedising an ImageJ software.

2.20.4 The effect of KGM hydrogels on the migration of fibroblasts and

keratinocytes

Cell culture for each fibrdasts and keratinocytes were prepared accordingly to 23x1¢"
fibroblastsin 1 mL of 10%DMEM or 1x10° keratinocytes (ceultured with5x10* i3T3 in 1

mL of 10% Greemnwereused in this experimenthe cells were left to attach for two days and
form a confluent monolayer on the well plafde culture medium was then removed and 1
mL of fresh medium was added into the well. THe@9cnt of washed hydrogel was put in
the middle of scratch area. Thell migration at every 0, 8, 12 and BAwere then observed

using Olympus microscope camera amalysedising an ImageJ software.
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2.20.5 Live/Dead staining on the effect of KGM hydrogels on cell migration

Following 2.17.4, Live/Dead staining afigrated cells in adjacent with KGM hydrogels was
conducted. The hydrogel and cell medium were first removed from the wellplate and washed
with PBS twice. Then,) 1amd ®If') wse Jdde§ torgdth ¢ g. m
sample and incubated forht in an incubator at 83C with 5% CQ. The medium was then

removed and washed with PBS twice. The Live/Dead stained cells were observed using an

Axon Instrument (Biotex instruments, Inc., USA) accordingly to 2.13.4.

2.21 Statistical Analysis.

Quantitative dea (e.g. MTT optical density readings) wenealysedusing Minitab (MiniTab

Inc. USA) and Microsoft Excel (Microsoft Corporation) to obtain means and standard
deviation (SD), n = number of independent e
t-tes was performed to determine statistical significance, indicated in the corresponding
figures or tabl es by: ns (not significant ;

significant; p<0.01) and *** (extremely significant; p<0.001).
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Chapter 3. Investigation of KGM biological effect on skin cells

3.1 Introduction.

Polysaccharides form glycosidic structure of cell wall which are recognizable by cell surface
receptors (Alonso-Sande, TeijeiréDsorio et al. 2009; Farris, Schaich et al. 2009)
Biologically active polysaccharides with the ability to ignite cellular responses in skin could
be skin protective agent and useful for wound healing applic§Rouszova, Pavek et al.

2008)

Glycosylated glucomannan (GM) and glucans are important constituents of plant and
bacterial cell walls which not only function to retain the cell structure but also are involved in
cellular recogition by cell surface receptors such as the mannose receptor (MR), toll like
receptors 2, 4 (TLR2, TLR4) and soluble mannose binding lectin (MBL) when in contact
with mammalian cell§Gow, van de Veerdonk et al. 2012)he recognition of spdia types

of sugar such as fucose, mannose, glucoss;dtlylglucosamine and heparin is specific to the
type of lectin(Tizard, Carpenter et al. 1989; Lis and Sharon 1988gtin involved in many
biological functions such as immune responses, cellular recognition, migration and

metabolism(Lis and Sharon 1998; Dam and Brewer 2010)

Konjac glucomannan ( KGM) i-4-Daglucoamannopyaahosyh ol y s a
backbone of Bmannose and {glucose derived from the tuber Aiorphophallus konja€.

Koch which belonggdo the Araceae family. It is used in Asia as a food, a traditional
medicine, for pharmaceuticals, biomaterials and in the chemical industries due to its low cost,

high viscosity, excellent film forming ability, biocompatibilty and biodegradability.

(Alonso-Sande, Teijeir@Osorioet al. 2009)

The ratio of mannose to glucose in KGM is approximately 1(kato and Matsuda 1969)
The ratio of mannose:glucose is one of thedexthat affect the biological activities of GM
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(Huang, Takahashi et al. 2002; Leung, Liu et al. 2004her factors are the structure, degree
of branching, molecular weight, solubility, solution conformation and ionic chaieisn

and BeMiller 1995; Kulicke, Lettau et al. 1997)

KGM with different molecular weight distributions have shown potential for the applications
in drug delivery system@&hen, Liu et al. 2005; Wen, Wang et al. 2008; Gupta, Gupta et al.
2009 and wound healing treatmefthang H 2007)HydrolysedKGM has also shown good
results in the treatment atne vulgarifAl-Ghazzewi and Tester 2018hdatopic dermatitis

in mice (Onishi, Kawamoto et al. 2007)

Human dermal fibroblasts and keratinocytes are reported to express Mannose Receptors
(MRs) which recognize carbohydrate expression be surface of microorganisms
(Szolnoky, BataCsorgo et al. 2001; Wollenberg, Mommaas et al. 2002; Hespanteip &b

al. 2005)and that this expression is dependent in the presence of 10% FCS. In the presence of
FCS the expression was significantly iresed about two foldHonardowst, Jiang et al.

2006) MRs have been implicated in many cellular responses including innate immunity
responsgTaylor, Gordon et al. 2005)egulation of myoblasts motility and muscle growth
(Jansen andPavlath 2006) clearance of glycoconjugat¢kee, Evers et al. 2002wound
healing(Honardoust, Jiang et al. 200&)d host dfence from pathoger§glespanhol, Soeiro

et al. 2005) In wound healing, MR plays a role in-epithelization and connective tissue

remodelling(Honardoust, Jiang et al. 2006)

MR expression is spatiotemporarily increased in the migrating and remodelling stages of
wound healing(Honardoust, Jiang et al. 2006; Zhang, Su et al. 20T} process is
regulated by celextracellular matrix interactions and orchestrated by the release and
activation of growth factors and cytokines at the wound(gftenardoust, Jiang et al. 2006)

MRs are required for the degradation of ECM and cell migration, and also to activate and
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liberate gowth factors from the matrigBlasi and Carmeliet 2002; Jansen and Pavlath 2006)
GM active components in Aloe Vera have also been reported to exhibit wound healing

properties interacting via MRChoi and Chung 2003)

Following the literature on MR, investigation of their role in the stimulation and inhibition of
fibroblast and keratinocyte proliferation was conducted. MR can be blockewriDose
(Szolnoky, BataCsorgo et al. 2001; Hespanhol, Soeiro et al. 2@@8)semi quantification of
MR on cell surface was measured using CoiirIAC staining. The knowledge of MR
involvement in KGM biological effect on fibroblasts and keratinocytes proliferation would be

useful for the development of KGM hydrogel for wound healing.

Investigation on the ability of KGM to support cells (fibroblasts, keratinocytes and adipose
derived stemells) in unchanged culture mediums for up to 3 weeks following reports on the
ability of mannose rich lectin was conducted following literature on FRIL from hyacinth bean
(Dolichos lab lah helped to preserve human cord blood progenitor cells in suspensio
culture for up to 1 month without media chang€slucci, Moore et al. 1999nd stem cells

up to 2 weeks in cultur@gollet, Moore et al. 2000)
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3.2.Results

3.2.1 The effects of KGM from different species oAmorphophallus on

fibroblast proliferation -relationship to glucomannan content

Table 3.1 shows the percentage of GM found in 5 specie&nadrphophallusand the
Glu:Man ratio. TheA. konjacKoch had the highest GM content with a 2:1 Glu:Man ratio
with 97% of glucomannan content followed By oncophyllus, A. paeoniifolius, A. prainii
andA. elegansA. konjacKoch, A. oncophylluandA. eleganavere found to have a higher
mannose content coraped to glucose.

The effect of preparations of commercially availaBl&onjacKoch and laboratory prepared
preparations ofA. oncophyllus A. paeoniifolius, A. prainiiand A. eleganson fibroblast
proliferation is shown in Figurd.1. This effect was fand to be dependent on KGM species
and also concentratio®. konjacKoch, A. oncophyllusand A. paeoniifolius,with 50% or

more percentage of GM stimulated fibroblast proliferation after 3 and 5 days in culture while
A. prainii and A. elegansnhibited fibroblast proliferation. 10 mg.mLA. konjacKoch had

the highest stimulation on fibroblast proliferation at day 3 and 5 compared to similar
concentrations ofA. oncophyllusand A. paeoniifolius.In contrastA. prainii andA. elegans
inhibited fibroblast proliferation at all concentrations by days 3 and 5 compared to control

cells.
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Table 3.1 Comparison of the mannose and glucose content of KGM extracted from five
different species ofAmorphophallus result courtesy from Ms. DahlisShahbuddin.
(Shahbuddin, Shahbuddin &t 2013)

Species Man:Glc ratio GM(%)
A. konjacKoch 2.2:1 97
A. oncophyllus 2.5:11 57.28
A. paeoniifolius 0.8:1 49.82
A. prainii 0.18:1 29.86
A. elegans 235:1 16.78
A) B) ©) D) E)
g 1.4, = Control
% 1.2 T o1 mg.mrl
T 1.0 ik -4 3mg.mrl
8 *kk *kk v 1
_rE 0.8 i * X - 10 mg.mf
5 0.6 " .
T 0.4 . A
- T Kk
E 0.2 v d
0.0

1 3 5 1 3 5 1 3 5 1 3 5 1 3 5
Time (Days)

Figure 3.1 Comparison of the effect of KGM extracted from five different species of
Amorphophallusn fibroblast metabolic activity. 2x1Gibroblasts were cultured in 1 mL of
10% DMEM in 12 well plate for 24r. Cells were then cultured in 10% FCS supplemented
with various concentrations of KGM for 1, 3 and 5 days (AXonjac Koch, (B)
A.oncophyllus (C) A.paeoniifolius (D) A.praiini and (E)A.elegans Cell proliferation was
assessed using MTT assay. Results shown are means &) ***p<0.001 highly

significant, **p<0.01 very significant and *p<0.05 significant compared to control.
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3.2.2 The effect of KGM from different species on fibroblasts is dependent

on serum.

The dependency of the presence of serum on
was examined by varying the concentration of FCB0% in culture medium. Then, 10
mg.mL? of KGM in designated culture medium was added into the culture and cell
proliferation was measured using MTT assay after 5 days. Fig2weshows the effect of the
KGM extract in varying serum concentrations of 0, 2 and 10%. The cell proliferation was
extremely low in 0% FCS but addition of KGMA( konjac Koch) and A. oncophyllus
increased fibroblast proliferation by a factor of 5 fold compared to control and peEes

of KGM. Fibroblasts proliferation was increased to 17 fold and 15 fold in 2% FCS and 35
and 30 fold in 10% FCS by addition of KGMA.( konjac Koch) and A. oncophyllus
respectively when compared to control with 0% FCS .

In 0% FCS, the other 3 KGM extracts frédn paeonifolius, A. prainiandA. elegansdid not
increase proliferation. However, an increase in fibroblast proliferation was observed with
increasing FCS, although species other thakonjacKoch andA. oncoplgllus were unable

to stimulate fibroblast proliferation compared to control. In 10% FESlegangnhibited

fibroblast proliferation while the other two specfepaeonifoliusandA.prainii did not.
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Figure 3.2 (A) Investigation of the serum dependency of the stimulatory effect of KGM on
fibroblast metabolic proliferation mg.riL extracted from 5 speciesA.konjac Koch,
A.oncophyllus, A.paeonifolius, A.praindnd A.elegans Cell proliferation was measured

using MTTassay (n2). (B) Measurement of the DNA content of fibroblasts by the effect of

KGM (A.konjacK o ¢ h) on proliferation wusing PicoGre
number was calibrated with PicoGreen. Zxfibroblasts were cultured in 1 mL of 10%

DMEM supplemented with various concentrations of KGM for 1, 3 and 5 days. Results

shown are means £S[h=2), ***p<0.001 highly significant compared to control cells.
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3.2.3 The effect of KGM on the proliferatian of fibroblasts

The measurement of fibroblast cell number was quantified using a fluorochrome,
PicoGreenE assay for total cellular DNA. The
known number of cells. The primary aim of this study was to awortirat the increase of cell

number was parallel to the increase in metabolic activity as measured witi{fjlife 32

B). The figure shows a significant increase in cell number in the culture with 5 and 10
mg.mL* KGM after 3 and 5 dayg\fter 5 days, theell number increased more than two fold

compared to control cells as is showrkigure 3.3.
Figure 3.3 Micrographs showing the increase number of cells with increase concentration
of KGM (A. konjacKoch) of nuclei stained fibroblasts with DAPI dA) control no KGM,

(B) 1 mg, (C) 5mg and (D) 10mg at day 3. Initially 2x1Dcells were cultured in 10%
DMEM. (Scalebar. 100¢ m
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3.2.4The effect of KGM on keratinocytes

We then measured the biological activity of KGM (frddm konjacKoch) onkeratinocyte
proliferation using MTT assay and found that KGM inhibited keratinocyte proliferation more
than 50% after 5 days. The rate of proliferation was dropped with 5 and 10 @M
compared to controls after 3 days and the effect was clearlyethafter 5 days (Figurg4).

We then further investigated the viability of keratinocytes cultured with KGM using
Live/Dead assay and FiguR4B) shows that the presence of 1, 5 and 10 mg.&KGM

killed the cells in dose dependent manner where the higbasentration of KGM had the

most dead cells.

3.2.5 KGM supports fibroblast and ADMSC but not keratinocyte viability

in unchanged media for up to 20 days.

The ability of KGM (fromA. konjacKoch) to support skin cells and ADMSC was then
examined in undnged media conditions for up to 20 days to mimic the deprivation of
nutrient condition(Figure 3.5) Typically, medium need to be changed at evedydays to be

able to supply ample nutrients to the increased number of cells. We include ADMSC in this
study following the literatures on the ability of mannose rich lectin to support progenitor and

stem cells in unchanged medium for 4 weeks.

After 20 days in culture, the viability of control cells was decreased compared to day 5 and 9,
suggesting the nutrieteprivation had cause the cells to lower its metabolism. Further study
showed that the addition of 15 mg.thhative KGM helped to maintain fibroblast viability

with 3-5 fold greater compared to control cells throughout 3 weeks of culture (RdiAe

Figure 3.6 showsthere wereno differences in the morphology of fibroblasts after 5 and 20
days in nutrient deprived culture with and without KGM.

The effect was investigated with the same cell density cultured until confluence for 9 days
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(Figure 3.5B). 15mg.mL* KGM was then added into the culture for a further period of 11
days and measured the cell metabolic activities. A similar result as in Biguxavhere the
presence of KGM significantly increased the viability of fibroblasts compared to control

cells.

The addition of 1 mg.mt KGM in keratinocyte culture medium of nutrient deprived
condition showed similarity as was seen with KGM inhibitory effect on keratinocyte
proliferation in normal culture medium (Figurg5C). There were differences ineth
morphology of keratinocytes with evidence of cell damage after 20 days in culture with
KGM. There was also fewer number of keratinocytes cultured with KGM after 5 days in
culture as shown in Figui®7. However, in contrast KGM was found to significargiypport

ADMSC in culture without media changes for 3 wefkigiure 3.5D).
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Figure 3.4 Effect of KGM (A.konjacKoch) on human keratinocyte proliferation assessed by

MTT assay. 2x10 keratinocytes were eoultured with 2x18 i3T3 for two days in 1 mL of

10% Greends medi um, then treated with KGM f
+SD, (n=3), ***P<0.001 highly significant, **P<0.01 very significant and *P<0.05
significant incomparison to control. The bottom panel shows the viability of cells stained

with live/dead stain where (A) are control cells and (B), (C) and (D) are cells cultured for 5

days in the presence of 1, 5 and 10 mg.KEM respectively(Scale bar: 100 pjn
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Figure 3.5 (A, C-D) Investigation of the ability of KGMA. konjacKoch) to support the
metabolic activity ofA) fibroblasts (C) keratinocytes and (D) ADMS@nder conditions of

media starvation. 2xfOfibroblasts were seedein 1 mL of 10% DMEMor 2x1G
keratinocytes were eoultured with 2x18 i 3 T3 f or two days in 1
medium or 5x1OADMSC were seeded in 1 mL of 10% DMERhen supplemented with 15

mg of KGM, and not changed for 20 days. Metabolic activity was assessed at 1, 3, 5, 9 and
20 days via MTT assay. (B) Investigation of KGM to increase fibroblast metabolic activity,
not proliferation. 2x1bfibroblasts were seeden 1 mL of 10% DMEM and left until they
reached confluency at day 9. Then, at day 9, 15 mg KGM was added into the media and cell
viability was assessed at day 12, 15 and 20 using MTT assagntrol,= - fibroblasts + 15
mg.mL? KGM (A. KonjacKoch). Rewsilts shown are means +SOA, C and D) (n=3) and

(B) (n=1) **p<0.001 highly significant, **p<0.01 very significant and *p<0.05 significant

in comparison to control.
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Figure 3.6  Morphology of fibroblast cultured deliberately in unchanged meditoup0
days.( A-B) Control (without KGM) and(C-D) wi t h KGM. Cell 6s cytos
with phalloidin TRITC (red) and nuclei with DAPI (bluefScalebar. 10.0em
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Figure 3.7 Morphology of keratinocyte cultured deliberately in unchanged media up to
20 days. (A-B) Control (without KGM) and(C-D ) with KGM. Cell 6s ¢
stained with phalloidi#TRITC (red) and nuclei with DAPI (bluejScalebar. 10.0em

Control

With KGM
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3.2.6 Detemination of KGM molecular weights by enzymatic
hydrolysation u s i n-giann@nase and extraction using ethanol and

ultrafiltration .

Enzymatichydrolysatono f K GMG6s | ong p orhapnareaseiemables beeentistss by
to synthesize low molecular weight chain of KGMs in a highly selective and precise manner.

Il n t hi smamdnasd fyoj€@.japonicuswas used to cleave -KGMOs
4) glycosidc chains and the enzymatic activity was stopped by heat inactivation @ 0

10 minutes.

The molecular weight and the effect of heat inactivation on K&MeénjacKoch) molecular

weight distribution and biological activity was then examined andvshia Figure 3.8 and

3.9. The heat treat ment changed KGMO s aver
compared to untreated KGM (Table 3.2) but latter experiment showed that this did not affect

its biological activity on the stimulation of fibroblastofiferation (Figure 3.11D).

Attempts to produce low molecular weight of KGM were conducted using 10G@hd

U.mg* b-mannanasat both room temperature and°60We started the enzymatic treatment

using 500 U at both 6@ and room temperature and gradpalecreased the amount of
enzyme and time in order to produce higher molecular weight. We found that the use of 100
and 500 U enzyme in condition§0°C and room temperature completdiydrolysedthe

KGM and did not give any differences in term of molecular weight distribution and
polydispersitywhich are shown in Figur8.10. The profile for GPC chromatograms of these

KGM is shown in Table 3.3.

Attempts to produce molecular weight in the rangfe 100000500000 g.mot were
conducted using low concentration of enzyme at 0.1, 1 and 10 UCatabd room

temperature.Hydrolysationin5°C t e mper at ur e wa smamnanase activityt o d e
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in order to obtain the highest molecular distributi@mge that would be beneficial for
fibroblast proliferation. Enzyme concentrations ofit.J.mg"in room temperature andG
produced KGM molecular weight in the range of 95jQBD,000 g.mét. KGM hydrolysed
with 0.1 U.mg" enzyme at & gave higher wlecular weight of 160,000 g.mbtompared to
those prepared with 0.1 U.mg" of enzymehydrolysedKGM at room temperature. The
profile of GPC chromatograms for thelsgdrolysedKGM are shown in Table 3. We then

examined the biological effect of thelsgdrolysedKGM on fibroblasts (Figure 311D).

Table 3.2 Molecular weight data of netreated A. konjac Koch) KGM and after
treatment with 100C for 10 minutes measured by GPC.

Sample Time Condition Molecular Polydispersity

weight (Mn)

A  KGM (A. konjacKoch) - - 1500000 2.5
(£500000)

16000(£5000) 1.02

8000 (+500) 1.04

2000(+400) 1.07

B KGM (A. konjackoch) 10 min Heated at 500000 1.64
100°C (£100000)

To denature 7000 (x1000) 1.12

enzyme 1200 (+500) 1.21
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Figure 3.9  The GPC profile of KGMA. konjacKoch) which was heated with 19D for
10 minutesfor enzyme inactivatiorio observe if the heating procelssoke the polymeric

chain ancchanged the molecular weight distribution.
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Figure 310 The GPC profiles of hydrolyse®kGM (A. konjacKoch) by b-mannanaseat
different concentrations-8) 100 U.mg" at 60C and room temperature andBj 500 U.mg

! at 60C and room temperature.

Attempts to produce KGM with different molecular weight using ethanol extraction and
ultrafiltration were conducted and the molecular weights obtained from these processes w
summarized in Tabld.5 and3.6. 400,000 g.mdiand 1000 g.mdiwas obtained for HMW
KGM and LMW KGM from ultrafiltration, respectively. 2000 g.riolLMW KGM was
obtained from ethanol extraction. The extracts biological activity was then examicet

culture with human dermal fibroblasts and is shown in FiGur&B.
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Table 3.3 Mol ecul ar we i

ght

dat a

for

GRafhamader o mat

hydrolysedKGM (A. konjacKoch) at different concentrations 100 and 500 U'ragjroom

temperature and 80 at different time ohydrolysationas shown in Figure 3.8

Concentration of Time of Condition Molecular Polydispersity
4. hydrolysation weight (Mn)
b- mannanase (u.mL")
A 100 30 min 60°C 800 (+100) 1.33
60 min 700 (x100) 1.20
120 min 700 (£100) 1.10
B 100 10 min Room 800 (£100) 1.43
30 min temperature 800 (+100) 1.27
60 min 800 (+100) 1.35
C 500 120 min 60°C 700 (£100) 1.10
300 min 700 (x100) 1.08
1440 min 700(x100) 1.06
D 500 120 min Room 700 (+100) 1.10
300 min temperature 700 (£100) 1.10
1440 min 700(x100) 1.02
Table 3.4 Mol ecul ar wei ght -namanasaydrolysedhGM (B f f ect

konjacKoch) at different concentrations 0.1, 1 and 10 U'ragroom temperature andG

for 10 minutes.

Concentration of Time of Condition Molecular  Polydispersity
b- mannanase (u.mC') hydrolysation weight (Mn)
A 0.1 10 min Room 120000 2.89
temperature  (x50000) 1.04
500 (+100)
B 0.1 10 min 5°C 150000 2.88
(5000) 491
70000
(£1000)
C 1 10 min Room 90000 1.43
temperature  (£1000) 1.02
600 (+100)
D 10 10 min Room 700 (x£100) 1.02
temperature
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Table 3.5 Molecular weight dataf the effect of KGM A. konjacKoch) extracts
following treatment with ethanol.

Fractions of KGM Time Condition Molecular Polydispersity
weight (Mn)
A HMW+LMW Room 500000 1.64
Temperature  (x50000) 1.12
700 (+£100)
B LMW - Room 1000 (£500) 1.69
Temperature 563 (x100) 1.08
C HMW - Room 400000 2.28
temperature  (x50000) 1.05
600 (x100)

Table 3.6 Molecular weight dataf KGM (A. konjacKoch) extracts following treatment
with ultrafiltration

Fractions of KGM Time Condition Molecular  Polydispersity
weight (Mn)
A HMW - Room 300000 1.62
Temperature  (x50000) 1.10
900 (x£100)
B LMW Room 1100 (x100) 1.05
- Temperature 500 (+100) 1.05
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3.2.7 The effect of different MW extracts of KGM @A. konjac Koch) on

fibroblast proliferation.

The relationship between the distribution of molecular weight and the biological activity of
the extracts oriibroblast proliferation following KGM treatment of ethanol, ultrafiltration
and enzyme was then investigatesing MTT assayFigure3.11 shows that the treatment (b)
ultrafiltrat i opmmannénasg sigaiticAndynmeauced& @M biofogical adiivity
compared to (a) nemodified KGM. HMW components from ultrafiltration and ethanol
extraction were found to retain some stimulatatnaty on fibroblast proliferation (+ 144%)
after 5 days when compared to nmodified KGM (+ 244%) (compared to controls in the
absence of any KGM). However, LMW KGM from ultrafiltration did not significantly affect
the rate of proliferation when compdré control cells after 5 days while ethanol extraction
reduced fibroblasproliferaton after 3 and 5 days by approximateB6% compared to nen
modified KGM.

Figure 312summari ses the effect enhannanase ahydgplysedo f
KGM at room temperature and’®. The biological activities of 0.1 U.rfiLb-mannanase
hydrolysed KGM at room temperature or afCSor 10 minutes showed no stimulation or
inhibition on fibroblast proliferation. The ability to stimulate fibroblast proliferativas
completely lost following the treatment wittD and 100 U.mt: enzyme for 10 min on
KGM.

We then examined the effect of ethanol extracted HMW and LMW KGM on keratinocyte
proliferation and found that the inhibitory effect was dependent on the naregalght of
KGM (Figure 313)

The relationship between KGM and molecular weight following treatment with ethanol,
ultrafiltration and enzymes on fibroblast and keratinocyte proliferation after 5 days are

summarized in Figure B4. It was found that the effect of KGM on both fibroblasts and
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keratinocytes was clearly dependent on the molecular weight of the fractionated riraterial
non modified KGM molecular weight component of around f£xg0mol* stimulated
fibroblast proliferation(by + 240%) but was very inhibitory to keratinocytes proliferation (
60%). The HMW components (of approximately 5k@0nol') shown some stimulatory
activity on fibroblast proliferation (+ 144%) while inhibit keratinocyte proliferation (by
50%).

It was observed that molecular weight >100,000 g'mmetained the biological activity of
KGM stimulating fibroblast proliferationLow molecular weights KGM (~20000,000
g.mol*) from ethanol extraction and enzymatic had no effect on the cells but (<1860)g

was inhibitory to cells.
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Table 3.7 The relationship between the distribution of KGM konjacKoch) molecular
weight and ability to stimulate fibroblasts proliferation at day 5 as measured with MTT assay.
Cells from passage-8 were used (seed at 2x10 cells.mL?) in 10% DMEM. (n=3), +++

highly significant, ++ very significant and + significant in comparison to control.

KGM treatment Effect on fibroblasts
KGM (non modified) +++
Heat treated KGM +++

0.1U.mg" b-mannanase treated -
KGM (at5€) (10 min)
0.1 U.mg" b-mannanase treate -
KGM
(20 min)
1 U.mg" b-mannanase treated -
KGM
(20 min)
10 U.mg" b-mannanase treatec -
KGM
(20 min)

100 U.mg* b-mannanase treate -
KGM (1 hour)

Ethanol extractetiMW ++
Ethanol extracted LMW -

Ethanol treated KGM ++

Ultrafiltration extracted HMW ++
Ultrafiltration extracted LMW -

146



A) B)
= 14 a conira —& Control
S 1.2{-8-KGM ~0- UF HMW
* - UF LMW
© 1.0
8 0.81
= *k%k *%k%
806
204
©
— 0.24
= 0.0 T ] T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
C) D) -& Control
1.4+ -0 Heat treated KGM
" |- Control 1o o
c 1.2{-e- Ethanol extracted HMW KGM -01 U.mgl atsc
S’r -0~ Ethanol extracted LMW KGM —2#-0.1U.mg-atr.t rkk
‘0 1.01-% Ethanol treated HMW+LMW KGM___ v-1Umglatrt
©
8 0.8 -7~ 10 U.mg'l atrt g
§ 0.6l %100 Umglatrt (
3 0.4
©
~ 021 T
S 00 . |
o 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (Days) Time (Days)

Figure 3.11

The effect of extracts of KGMA(. konjacKoch) on fibroblast proliferation.

2x10 fibroblasts were seeded in mL of 10% DMEM containing 10 mg.mt KGM

extracts. Metabolic activity was measured after 1, 3 and 5 days of incubation using MTT

assay. (A) nomodified KGM extract, (B) high molecular weight and low molecular weight

ultrafiltration extracts, (C) ethanol extracted KGM further divided into high molecular

weight and low molecular weight extracts and a combined extract of low molecular weight

and high molecular weight KGM. (D) shows the effects of enzyme treatmentbwith

mannanase at a range of concentrations and temperatures on KGM activity. Results shown

are mean £SDO(n=4), ***p<0.001 highly significant compared to control.
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Figure 3.12 The effect ofb-mannanase treatment at differex@incentrations for 10min,
except for 100 U.mg (1 hr) on KGM (A. konjacKoch) on the stimulation of fibroblast rate

of proliferation at day 5 measured as measured by MTT assay. Result shows that KGM
treated with enzyme at lowest concentration of 0.ing" completely lost its biological
activity and concentration more than 10 U:mbydrolysed KGM became inhibitory to the

cells. The biological activity on KGMydrolysedwith 0.1 U.mg" at room temperature arf-

C did not have any effect on fibroktaproliferation. The ability ofheat treated KGM on
fibroblast proliferation did not shown any difference to non modified KGM. mean £SD,
(n=2), ***P<0.001 highly significant, **P<0.01 very significant and *P<0.05 significant in

comparison to control.
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3.2.8 The effect of different molecular weight extracts of KGM A. konjac

Koch) on keratinocyte proliferation.

The effect of HMW and LMW KGM extract following treatment with ethanol on
keratinocyte proliferation was measured using MTT assay and showigune 313. We
found ethanol treatment reduced KGM inhibition on keratinocyte proliferation and that this
effect is clearly dependent on molecular weight of KGM. The LMW KGM had the least
inhibition (-25%) while the HMW KGM had an almost equivaleffect to KGM.

Figure 314 shows the relationship between the distribution of KGM konjac Koch)

molecular weight and ability to stimulate fibroblasts and keratinocyte proliferation at day 5

2.04 I Control

LMW KGM from ethanol extraction
HMW KGM from ethanol extraction
[CIKGM

=
»
1

{<

=
N
1

o
(0]
1

MTT absorbance at 540nm
o
~

0.0+

1 3
Time (Day)

Figure 313 The effect of extractef KGM (A. konjacKoch) on keratinocyte proliferation.
4x10" keratinocytes were eoultured with 2x16i3T3 in 1mL of 10% Greens containing 10
mg.mL? KGM extracts. Metabolic activity was measured after 1, 3 and 5 days of incubation
using MTT assay. (Results shown are mean +®B2), ***p<0.001 highly significant

compared to control).
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Figure 314 The relationship betweehe distribution of KGM A. konjacKoch) molecular
weight and ability to stimulate fibroblasts and keratinocyte proliferation at day 5 as measured
with MTT assayResult shows that KGM was very stimulatory to fibroblast proliferation but
inhibitory to keratinocyte proliferation, and these effects were influenced by higher molecular
weight. 2x10" fibroblasts were cultured in 1 mL of 10% DMEM for 1 day and Zx10
kerainocytes were caultured with 2x16 i 3 T3 for two days in 1

medium. Then, 10 mg.mbtof KGM extract was added into the medium.
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3.2.9 Blocking of MR on fibroblasts and keratinocytes by Bmannose

In this study, investigation on theviolvement of MR on KGM biological activities on
fibroblasts and keratinocyte proliferation was conductgidg a simple sugar,-Bvannose to

block mannose sensitive receptofdiee f f e c t on KGMO6s biological
were measured using the MTassay. Figure 35 shows the addition of increasing
concentrations of Bnannose from 1 to 20 mg.filin fibroblast culture did not affect
fibroblast proliferation nor inhibit KGM stimulation on fibroblast proliferation, clearly
indicating that MR is noinvolvedin thisresponse. On the other hand, Figur63hows that
increasing concentrations of-Mannose from 1 to 10 mg.iiLinhibited keratinoycte
proliferation and also inhibit KGM inhibition of keratinocyte proliferation, suggesting the
involvement of MR with the cell type

Semi quantification of the presence of MR on fibroblasts and keratinocytes was measured
using Con Ai FITC staining (Figure 37). Con A is known to bind onto glycosylated feature

of cell surface which contains lectins and MR that this binding can be blocked using
mannose. The technique provides a sgudntitative assessment of the MR density on the
cells. From this study, we found that concentration of > 10 migmannose completely
blocked Con A FITC adhesion onto fibroblasts as for keratinocytes > 40 mig.ménnose

was required. These results suggest that keratinocytes have a higher densitgahptRed

to fibroblasts where a higher concentration of mannose was required to block the binding of

Con A.
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Figure 315 The effect of concentrations of-Bannose (120 mg.mL*) and competition

with KGM on fibroblastproliferation. 2x16 fibroblasts were cultured in 1 mL of 10%
DMEM in a 12 well plate before being supplemented with medium containing mannose or
mannose with an extract of KGM (frofkonjacKoch) at 10 mg.mL*. Results shown are
mean £SD(n=3), ***p <0.001 highly significant, **p<0.01 very significant in comparison to

control.
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Figure 316 The effect of concentrations ofBannose (110 mg.mLY) and competition

with KGM on keratinocyte proliferatiar2x10® keratinocytes were eoultured with 2x160

i3T3 fortwodaysinlilmLot 0 % Gr e e n iha 12mellglate efore being
supplemented with medium containing mannose or mannose with an extract of KGM (from
A.konjacKoch) at 10 mg.m[*. Results shownra mean +SD(n=3), ***p<0.001 highly

significant, **p<0.01 very significant in comparison to control.
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Figure 3.17 Binding of Con AFITC (green) to fibroblasts and keratinocytes in the presenbenadinnose, cell nuclei are labelled with DAPI
(blue). (AD) 2x1¢ fibroblasts (seeded in 1 mL of 10% DMEM) or-kB 4x10* keratinocytes (ceultured with 2x160i3T3 in 1 mL of 10%
Green) were cultured for 3 days then amount-@h&nnose was added into thature to block mannose sensitive receptors (MR). After an hour,
the unbounded mannose was washed and CBITE was added into the culture. Con A binds to glycosylated surface of the cells that consist of
different type of lectins, where semi quantifioa of MR was conducted by observation of unbounded Con A on the cell surface which was

blocked by Dmannose. Photographs show dose dependent inhibition of Con A binding to fibroblasts. In keratinocytes, this inhibitign was on

Keratinocytes Fibroblasts

seen at 40 mg.mt. (Scalebar: 300 pn.
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3.210 Investigation of the effect of Concanavalin A and its interaction with

KGM on fibroblast culture.

Investigation of the effect of concentrations of Con A-{00 pg.mLY) on fibroblast culture
found no significant differences in fibroblast proliferation with all concentrations of Con A
(Figure 3.18A). However, 16100 pg.mL* Con A significantly inhibited KGM stimulatory
effect on fibroblast proliferation, where 10 pg.thCon A reduced KGM stimulatory effect

of fibroblast proliferation by more than 50% (Figu848B). This result suggests that other
lectins than MR was responsible for the stimulation of proliferation by KGM, presumably
because the binding of KGM onto lex preventing it from adhere onto the cell surface.

The hypothesis of KGM binding onto CorFATC, by culturing fibroblasts with 1, 5 and 10
mg.mL* KGM before adding 100 pg.mt.Con A into the culture for 30 minutes, according
to method 2.13. The cellsere then washed twice with PBS to remove KGM and possibly
Con A bound to KGM from the culture. Visualization of CorRFN'C binding onto cell
surface was observed using a fluorescence microscope (Axon Instrument) and shown in
Figure 319.

The cells cultued with 5 and 10 mg.mtKGM (Figure 319 H and K) did not show any Con
A-FITC binding compared to control cells and the cells cultured with 1 mgKGM. We
assumed that the addition of 1 mg.MKGM did not effectively cover the cell surface due to
insignificant effect on the inhibition of keratinocyte proliferation, shown previously thus
leaving larger surface area for CorFATC to adhere. The cells which were supplemented
with 5 and 10 mg.mt KGM had most of its glycosylated surface covered with KGMis
leaving Con AFITC to bind onto the KGM, not the cell surface. Hence, the washing

procedure with PBS to remove KGM clearly removed Cefl’/ARC which bound to KGM.
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Figure 3.18 (A) Effect of Con A on fibroblast proliferation and (B) inhibition of the effect

of KGM on fibroblast proliferation by Con A after 1, 3 and 5 of culture. Results shown are
mean =SD, (n=3), ***p<0.001 highly significant, **p<0.01 very significant in canmgon to

control.
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3.3 Discussion

The first part of this chapterdiscussd the relationship betweerihe species of KGM,
Man:Glc ratio, glucomannan content, distribution mblecular weight, treatments with
ethanol, ultrafiltration and enzyme on thlogical activitiesof skin cells The species with

more than 50% gcomannan contenfA( konjacKoch, A. oncophyllusand A. paeonifoliuy
stimulated fibroblast viability, wherea&. prainii and A. elegansdid not. KGM with the
higher mannose to glucose ratio was very stimulatory to fibroblast proliferaiokofjac

Koch with 2.2:1 andA. oncophyllusvith 2.5:1) and inhibitory to fibroblast proliferatior.(
elegans235:1). These results suggest that the variability in the biological response to the
KGM species may be related to the content of GM and Glu:Man ratio.

KGM t reat ment wi t h et hanol , ultrafiltration
molecular weight and biological activities on fibroblasts and keratinocytesHigh molecular
weight KGM (>100,000) stimulated fibroblast and inhibited keratinocyte proliferatitvese
effects also wer e sus c e p-manbahase andoethanol exyract®en d e g r
where the ability of KGM to stimulate fibroblast or inhibit keratinocyte proliferation
decreased with a decrease in molecular weight. Ethanol extracted HMW si@ulated
fibroblast proliferation at 144% compared to nondified KGM while ethanol extracted
HMW inhibit keratinocyte proliferation at50% compared to nemodified KGM at-60%.

The results were consistent with the relationshiplog veramolecularweight fractions with
higher content of mannose ability to stimulate the proliferation of muroelTLeung, Liu

etal. 2004) KGM6 s -astivity telationshipewas also fodrto be similar to that of ¢1
3)-b-glucan, where molecular weights higher than 550,000 ¢ rsbbwed the highest
immunopotentiating activity, while fractions from the same source with molecular weights of
500010000 showed no activity.(Kojima, Tabata et al. 1986; Gomaa, Kraus et al. 1992;

Bohn and BeMiller 1995; Kulicke, Lettau et al. 1997)However, (1-3)-b-glucan with an
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average molecular weight of less than 20,000 g'muith a degree of branching (DB) of
<0.25 has antiumor activity which may suggest the influence of DB and molecular weight
with its biological activity(Blasdek, Kasbauer et al. 1992; Gomaa, Kraus et al. 1992)
glycoprotein synthesis, it has been proposed that the introduction of low molecular weights
of KGM may act as alternate substrates for Golgi enzymes, which affects the synthesis of
glycoproteingVarki A, R et al. 1999)

KGM component of (1-4)-b-D-Glc and (14)-b-D-Man werereported to hava few short

side chains which may contain galactose residues and exhibit some degree of acetylation
which depends on the plant speci€Stephen 1983; Cescutti Campa et al. 2002)
Glucomannan which is an active component of KGM and also found in structural cell wall of
yeast and bacteria was reportedly beneficial for medical purposes systo@protective

effect in UVB irradiated human keratinocytes andvivo model of UV induced erythemia
formation in human volunteerdRuszova, Pavek et al. 2008hhibition of the growthof
Candida albicansn the presence of the presencelLattobacillusand Lactococcusspecies
(Sutherland, Tester et al. 2008Jound healingLeung, Liu et al. 2004and in the treatnmé

of diabetes to increase insulin sensitivifyuksan, Sievenpiper et al. 2000; Vuksan,
Sievenpiper et al. 2001)¥he structureactivity relationship of glucomannan is found to be

s i mi | a4) glican infmUnbstimulatory and biological activities which depahdn the
molecular weight, irrespective of the chemical structure of the qigmgima, Tabata et al.

1986; Gomaa, Kraus et al. 1992; Bohn and BeMiller 1995; Kulicke, Lettau et al. 1997)

The secondart ofthis chapterdiscussedhee f f e c t of FCS on KGM6s
fibroblast proliferation The results showd that KGM was able to stimulatébroblast
proliferation in the absence and presence of 2 and 10% of FCS. However, this effect was
more evident with 10% FCS (with more than 35 fold) compared to in 2 and 0% FCS, (17 and

5 fold) respectivelyAlthough KGM was able to stimulate cell proliferation in the absence of
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FCS compared to control, tleell population was too low compared to those cultured with 2
and 10% FCS. This effect could relate to the expression of MRs in keratinocytes and
fibroblasts, which werelependent on the concentration of FO8e expression oMR in

skin fibroblasts and keratinocytes were increasedbtmut two fold in the presence of 10%
FCS when compared to 1% FQ®&ollenberg, Mommaas et al. 2002he expression of MRs

in cellsin vivo andin vitro also can be modulated by a number of agents such as pathogens
(AstarieDequeker , N6 Di,avjamin B t(Clolasly, .BarSh&vi® 6t)al. 1987)
dexamethasonéMokoena andGordon 1985)and interleukin 4(Stein, Keshav et al. 1992)

and FCS(Wollenberg, Mommaas et al. 200BCS is a rich source of platelet mitogens
contains growthactors and essential chemicals ¥arious cell functions such as growth and
differentiation in which explained its effect ddGMO stimulation of fibroblast proliferatian

The involvement of lectins in the interaction of KGM with fibroblaastsl keratinocytes was
investigated and discussé this chapter Mannose receptor@MRs) are involvedn many
cellular responses such as the hiefensefrom pathogengHespanhol, Soeiro et al. 2005)
regulation of innate immunity(Taylor, Gordon et al. 2005)egulation of myoblasts motility

and muscle growtfdansen and Pavlath 2006)earance of glycoconjugatésee, Evers et al.
2002) and wound healingHonardoust, Jiang et al. 2008h wound healing, MRs plays a

role in reepithelization and connective tissue remlig (Honardoust, Jiang &tl. 2006)

The expression oMRs was reported on both human dermal fibroblasts and keratinocytes
(Wollenberg, Mommaas et al. 2002; Hespalh Soeiro et al. 2005; Shahbuddin, Shahbuddin

et al. 2013) .

The mechanism of KGMoés biological edctivigct o n
was investigatedsing Con A, a plant lectin which specifically binds to glycosylated sigface
containing different type of receptors, such as galectin, MRs and Dectin on cell membrane

(Goldstein, Hollerman et al. 1965; Becker, Reeke et al. 1976; Moore, Fuchs et ala@@00)
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using Dmannose, as inhibitor to mannose specific receptespanhol, Soeiro et al. 2005)

The visualizationo f mannose specific receptors on ke
were conducted using CorATC whereD-mannose was used to semi quantify the presence

of lectins on the cell surface by specifically block the binding of C4HTC onto mannose

spedfic receptors.(Labsky, Dvorankova et al. 2003t was found that fibroblasthad less

mannose specific receptors compared to keaites wherédd-mannose of >20 mg.mL*

was required to completely block ConFATC adhesion, whereas keratinocytes required

more than 40 mg.nit.(Shahbuddin, Shahbuddin et al. 2013)

In separate experiment,-Bannose at-20 mg.mL* did not affect fibroblast proliferation or
KGM6s stimul ati on o HowéverlCondAclltars with flpnoldaktslid e r at i «
not affect fibroblast proliferatiobut significantlyi n hi bi t ed KGMélsoblast i mul a
proliferation. The resultsuggests the involvement of other lectins whach notspecific to
mannosebutre s ponsi bl e for KGM6s stimulation on fii
of action in this interaction is still unclear because Con A also bound onto KGM, which may
haveprevented it from interacting with cells.

The supplementation ofD- mannose in keratinocyte cultsreeffectively inhibited
keratinocyte proliferation anthe effectsof KGM on keratinocyte proliferation ia dose

dependent manner, suggesting tiheolvement of MR in KGM iological effect on
keratinocytebut not fibroblasts.

Although it is not possible to identify with confidence the exact mechanisaotimin of the

KGM high molecular weight fractianthe evidence showthat the stimulation fofibroblast
proliferation by KGM irvolves Con A receptorswhereas in the case of keratinocytes,

mannose specific receptors were responsible for KGM inhibition of the proliferation.

The reports of mannose rich lectins having the ability to preserve mwuoed blood

progenitor cells in suspension cultures for up to one month without media d@wigeci,
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Moore et al. 1999and stem cells for up to 2 weekscmlture (Kollet, Moore et al. 2000&nd

the the very recent report on the use of plant polysaccharides in cell encapsulation for the
short term storage of stem cells for the use in cell the(BpyChen, Bernice Wright et al.
2012) were themot i vat i on Dbehind the study of KGM©6 s

ADMSC in nutrient deprived condition in this chapter

The preservaton oc el | sd met abol i s mbyilestinsswas reedigteidoy cond
preventingcellular proliferation and differentiation through interaction with a tyrosine kinase

receptor, (FIt3) which is central to regulation of stem ceéldoore, Fuchs et al. 1997)

In this study, the presence of KGM in tbglture medium of fibroblasts and ADMSGug not

of keratinocytes) maintained a high level of metabolic activity in unchanged media conditions
for up to 20 days. The presence of KGM in the medium enabled fibroblasts and ADMSC to
maintain a high level of mtabolic activity in starved media conditions, whamgmally there

was adecrease in metabolic activity in the absence of KGM after 10 days. This may be due
to theincreasingpresence of metabolic waste in the medium and also the ldbk edsential

amino acid glutamine(normally provided in the media every few day&)dosage ofl5
mg.mL* was chosen for prolonged culture of fibroblasts and ADMS@agprevious study

of KGM at 10 mg.mL[* showed the highest stimulation of fibroblasts proliferatiorufotto 5
days.Accordingly it was decided that it would be interesting to see the efféloé @dditional

5 mg.mt* on sustaiting cell viability in 20 days of unchanged medium.

The result shows KGM6s great p o tl domgt term | i n
preservatiorby stimulation ofcell proliferation and maintaing cell viability in a nutrient
deprived condition(Shahbuddin, Shahbuddin et al. 201Bplysaccharide based hydrogels
have gained significant interest as carriers and substrate to assist cell transportatioaccompar

to conventional cryopreservation method which is very challenging, expensive and risk of
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detrimental effect from DMS@Volden, Haugen et al. 1980; Cao, Li et al. 200R)is also
biocompatible, cheap and relatively easy to use on de#sent studies had shown that
alginate marine polysatharide of mannuronic and guluronic acidsippors corneal
epithelial cell§Wright, Cave et al. 2012)hMSC and mES@reservations with similar level
of cell viability, expression of stem cell markers, proliferation rates and mioghas

equivalent to the stored cells in the incubafGhen, Zhang et al. 2009)

3.4 Conclusions

In conclusion, the data in this chaptdrowthat plant derived KGMA. konjacKoch) has
significant stimulatory effects on fibroblast proliferation and viability under conditadn
media starvatiomorup t o 20 days but not vatmfibrbldastain i nocy
deprived medium condition was also observed with ADMSC.s&hmesults suggest that

KGM haspotentials fowound healing applicatiaand also for the transportation of cells
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Chapter 4. Development of biodegradable hydrogels from KGMor wound

healing.

4.1 Introduction.

Biodegradable hydrogels from synthetic or natural materials can be specifically tailored to
obtain suitable characteristics for biomedical purposes such as implant devices and sutures.
Commonly used synthetic biodegradable polymers are polyester basdthd®iolyacid)

(PLA) and poly(glycolic acid) (PGAJjLee, Cobain et al. 2007)However, these polymers

have drawbacks in that their degradation products may produce high local acidity which may
damage adjacent cells and thus become toxic to(&ilsy and Mooney 2003)

Biodegradable polymers can be specifically tailored to obtain suitable characteristics for
biomedical purposes such as implant devices and sutures. Some of the commonly used
biodegradable polymers are natural polysacitles, or synthetic polymers like Poly(lactic
acid) (PLA) and poly(glycolic acid) (PGAYHoffman 2002) Polysaccharidesare of
considerable interest due to themnique chemical and mechanical properties,
biocompatibility and biological activitiesinteracting via specific carbohydrapeotein
interactions (Xiao, Liu et al. 2001; LuZhang et al. 2004; Farris, Schaich et al. 200%)eir
biodegradability is also predictable and controllable due to the presence gir@lids at the
backbone which will degrade via hydrolygisoffman 2002; Zhang, Xie et al. 2005)

Degradation is deterioration of materials can be described by chemical and physical
degradation(Kolybaba 2003) Thee are two types of degradation: chemical and physical
degradation. Chemical degradation happens when the chemical structure of a material
collapses and starts to disintegrate into smaller fractions via enzymatic cleavage or
hydrolysationcleavage while pysical degradation can occur through surface or bulk erosion

(Kohn 2004) The degradation can also occur from the action of microorganisms such as
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bacteria and fungi et¢Kolybaba 2003) Biodegradation israimportant factor for a polymer

to be used in biomedical application, especially as drug delivery vehicles and implants, as
the accumulation of the residues post degradation can cause undesired side effects. The
degradation of synthetic polymers can bempoted by incorporation of biodegradable
linkages such as natural polymers from polysaccharides and polypeptides. Polysaccharides
such as cellulose, dextran, hyaluronic acid, chitosan and chitin have been employed for
polymers due to their characteristioghich are relatively low immunogenicity, ease of
functionalization and degradation by enzymes present in the @dgyShyu et al. 2003;
Peattie, Nayate et al. 2004; AlorSande, Tgeiro-Osorio et al. 2009)In the development of
biodegradable hydrogels for wound healing, the choice of polymers and the type of
polymerisationare very important to avoid cytotoxicity and immunogenicity effects when i
contact with biological cells. There are four types of terms used to describe the disintegration
of materials over time: biodegradation, bioerosion, bioabsorbtion, and bioresdqkxiom

2004)

This chapter describes the development of biodegradable hydrogels that would be able to
deliver KGM onto a wound site to hel@ improve healing progression without the need for
frequent dressing changes. Previous chapters
very stimulatory to fibroblast proliferation and inhibitory to keratinocyte proliferation, which
would benefitthe healing process and at the same time possibly reduce the rate of contraction
in wound healing.

KGM was successfully synthesized using cerium ammonium nitrate (Ce (1V)) via free radical
polymerisationn aqueous solution. The use of Ce(IV)pimlymerisatiorof polysaccharide is

not new and has long been used to initiate gralifmerisationrof numerous monomers onto
assorted substrates, including grafting of synthetic polymer onto natural polysaccharide e.g

polyacrylamide onto guar gufhimma, Reddy et al. 2003)Ce(IV) also does not possess
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any cytotoxicity wlen adjacent to skin cells at low concentrations and is used extensively in

burn treatments as an antiseffoss, Phipps et al. 1993; Jakupec, Unfried et al. 2005)

The polymerisationof konjac glucomannan using Ce(lV) proceeds through chain transfer
polymerisation creating crosslinks among initiated sites on the glucomannan structure. This
grafting has been shown to be degemt upon the concentration of the initiator and also the

concentration of the substrate.

In order to obtain more stable and controlled degradation, the concentrations of KGM and
Ce(lV) were increased in two sets of polymers with increasing concengatioe(lV)

(where the amount of KGM was kept constant) and increasing concentrations of KGM
(where the amount of (Ce(IV)) was kept constant). The degradation and integrity of each
polymer in water up to 96r was then observed and recorded. Later indhapter, the effect

of increasing concentrations of Ce(IV) and KGM in indirect and direct contact with skin cells

after 1, 3 and 5 days were measured using the MTT assay, which was used to measure cell
viability.

The characterizations of the crosslinked M®vere conducted using Differential Scanning
Calorimetry (DSC) and Fourier Transform | nfr
conformation with increasing concentrations
separation, Jand formation of crosslinks. DSC measurements are effective measurements to
study the strength and synergistic interaction of crosslinked KGM initiated by the ceric while
FTIR provides information on the changes of chemical conformations in the crodslinke

KGM by means of dipole interactions.
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4.2 Results
4.2.1 Synthesis andCharacterizations of KGM hydrogel using Fourier

Transform Infra red (FTIR) .

Table 4.1 The chemical compositions of crosslinked KGM with increasing
concentrations of Ce(IV) and KGM.

Hydrogel KGM Ce(lV) | P(NVP) PEGDA

(%) (%) (%) wt 2%
HMPP

= (o]

S _a 1 0.001 - -

X = %

558~ 1 0.0015 - -

£g82

=558 1 0.003 : :

0w = 8

e g 1 0.006 - -

&) o

s ° 0.5 0.001 - -

x 2 S

8T = 1 0.001 - -

cC = F

228X 125 0.001 : :

S =S

G © 1.5 0.001 - :

The biodegradable KGM hydrogels were successfsyigthesised in aqueous solution at
room temperature using Ce(1V) as initiator by either varying the concentration of KGM or the
concentration of Ce(lV). All hydrogels were then characterized using FTIR and DSC and

their biological effects on skin cells were investigated using the MTT assay.
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Fourier Transform Infrared (FTIR) is a useful tool in the investigation of molecular structure
of polymers by the measurement of the changes in the dipole moment of vibrating molecules
when exposed to IRGriffiths and De Haseth 2007FTIR recorded the changes in the
confirmation of chemical structures which are sensitive to environmental ch@giishs

and De Haseth 2007The most frequently used IR spectral region in carbohydrate analysis
for glucose and mannose the anomeric region at 95W0 cni* (Mathlouthi and Koenig
1986)wher e the U and b ¢ on &nd maneosescandé disgnbuisioed s e |
using the 2U aq84Dcn? bandb8anails respectivedy(kMathlouthi arml

Koenig 1986)

In this study, moleculaanalysiswith FTIR technique with attenuated total reflectance (ATR)
was used to detect structural featurecmsslinkedKGM. The objective in this study was to
determine glucomannan conformation and spectral featu@edslinkedKGM. The FTIR
spectra of KGM androsslinkedKGM hydrogels with increasing concentrations of Ce(1V) is
shown at Figure 4.2. All hydrogels ekfied qualitatively similar spectras previously
reported(Xiao, Gao et al. 2000; Yu, Huang et al. 2006; Chua, Chan et al. 26t?)broad

bands stretching from 3068500 cnt, which was assigned to the OH graiyathlouthi and

Koenig 1986 Kacurgkovg, Capek et al. 2000; Xiao, Gao et al. 2000; Xiao, Liu et al12D0

Qi et al. 2009) peaks at 1150 cmand 1030 ci assigned for @-C stretching modes from

ether groups in the pyranose rif@hua, Chan et al. 20122 nd peaks attri bu
gl ucos i dnammosidicnlidkagbst 870 crit and 800 crit (Mathlouthi and Koenig

1986; Hua, Zhang et al. 2004; Widjanarko, Nugroho et al. 201The methyl group that
attached ta OH group which peaked at 2922 ¢mnd the peaks at 13A®00 cn assigned

to the stretching vibrations 61CH- and the peaks 1730 émassigned for C=Qvere also
observed in all sampléMathlouthi and Koenig 198&acon, Rao et al. 1993; Xiao, Liu et al.

2001) The spectra in therange of 1700-700 cn* show major distinctios between the
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crosslinked hydrogelsvith diminishing peaks observed with increasing concentrations of
Ce(IV). The region of 640cm* which is marked by blue lines in the Figure 4.2 show the
existence of b-1,4 linked glucose in glucomanngiVidjanarko, Nugroho et al. 2011)
(Figure 4.3. b ©IC4 stretching modebetween 120®00 cm were observed at150

cm® and1050cmit in our hydrogelsThe increasing concentration of Ce(1V), formed greater
crosslinking in the glucomannan chain resultethsabsorptiomf OH peak in the region of
3700-3000cmi* and alscthe absorptiorof the acetyl band in the regi®»002700cm™. The

result also suggestghat increasing concentrations @fe(lV) created strong intermolecular
interaction which later supported the DSC results where increasing concentrations of Ce(IV)

increased the thermal stability of the crosslinked KGM.
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Figure 41  Comparison of TIR spectraange from 400600 cni® of KGM hydrogels

with increasing concentrations of Ce(lV)
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Figure 42 FTIR spectrarange from 2000500 cm® show differences in relative

intensities of the bands, diminished peaks and shifting peakKGM hydrogels with

increasingconcentrations of Ce(1V)
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Table 4.2

Summary of

the details of the FTIR spectra of the crosslinked KGM

hydrogels with increasing concentrations of Ce(1V).

Peak  Assignments KGM Reference
(cm™)
3397 -OH- a (Li, Qi et al. 2009; Xu, Luo et al.
2009; Widjanarko, Nugroho et al.
2011; Chua, Chan et al. 2012)
2953 -CHz- in C-CH3 a (Xiao, Liu et al. 2001; Wijanarko,
Nugroho et al. 2011; Chua, Chan
al. 2012)
1730 C=0 a (Jacon, Rao et al. 1993; Xiao, Lit
et al. 2001; Chen, Liu et al. 2005
Moshaverinia, Roohpour et al.
2009)
1640 b-1,4 linked (Lernga, Barros
glucose in et al. 2009; Xu, Luo et al. 2009;
glucomannan Widjanarko, Nugroho et al. 2011)
1372 -CHx- a (Mathlouthi and Koenig 1986;
Széaraz and Forsling 2000; Pande
and Pitman 2003; Vaaler 2008;
Widjanarko, Nugroho et a2011)
1375 -CHy- a (Widjanarko, Nugroho et al. 2011
Chua, Chan et al. 2012)
1244 C-O-C stretch a (Lern8a, Barr
Widjanarko, Nugroho et al. 2011)
1150 C-0-C a (Kacur8kovsg, Capek et al. 2000;
Kal ur 8kovga an
Widjanarko, Nugroho et al. 2011;
Chua, Chan et al. 2012)
1050 C-O (on KGM) a (Xu, Luo et al. 2009)
941 (Kaacurgkovsg, Capek et al. 2000)
891 -CH- in glucose (Kalur 8kovsg8a ail
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872 -CH- in mannose a (Mathlouthi and Koenigl986
Kacur8kovs, Capek et al. 2000;
Hua, Zhang et al. 2004; Xu, Luo ¢
al. 2009; Widjanarko, Nugroho et
al. 2011; Chua, Chan et al. 2012

808 -CH-inmannose a (Hua, Zhang et ak004; Xu, Luo et
al. 2009; Widjanarko, Nugroho et
al. 2011; Chua, Chan et al. 2012

745 -CH- in mannose & (Higa, Rogero et al. 1999; Hua,
Zhang et al. 2004; Widjanarko,
Nugroho etal. 2011)

4.2.2 Characterization of crosslinked KGM hydrogels using Differential
Scanning Calorimetry (DSC)

The thermal stability and miscibility of the crosslinked KGM with increasiogcentrations

of Ce(IV) were investigated by means of endothermic peaks in DSC thermograms. DSC is a
thermoanalytical technique which is used to examine polymeric materials to determine the
phase thermal transition of a polymer. The observed thermaditiceas will be unique to
different polymer compositions which can be utilized for comparison with other polymers.
Although the thermal transition does not uniquely identify the chemical composition in the
polymer, FTIR was used to complete the analysth®fynthesized polymers.

The DSC thermograms of the crosslinked KGM hydrogels with increasing concentrations of
Ce(lV) are shown in Figure 4.3. All hydrogels were subjecteecb@to 366C heating at
10.0C per min in nitrogen atmosphere. The KGM withoGe(lV) showed a sole
endothermic curve stretching from 113 to 4®@vith T, at 126C while the addition of 1x10

305 (w/v) Ce(IV) gave a broader curve stretching between 80 arftC196th Ty at 118C.

The Ty tend to shift to a 2@0°C higher temperatureith increasing Ce(IV) concentrations.

This suggestedhe existence of an intermolecular hydrogen bonding effect in the linear

KGM. The endothermic peak area of the hydrogels wilxD0° % (w/v) Ce(lV) increased
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gradually from 6307 to 7987 mJ, althoutte peak temperature was slightly dropped from
127 to 118C. Then thepeak temperature wascreasedo 145C with the 1.5x15 % (w/v)

Ce(lV). However, the endothermic peak area for this hydrogel was smaller than the hydrogel
with 1x10°% (w/v) Ce(IV) tydrogel with 3466 mJ. The hydrogels with &€10° % (w/v)

Ce(IV) had both endothermic I and exothermic peaks in their thermograms. The
endothermic peaks ¥ for both hydrogels were 165 and 2Z6 respectively while the
exothermic peaks were 185 arel7°C, respectively. The endothermic areas for both
hydrogels were 14083 and 11958 mJ, respectively, which were almost three times larger than
the hydrogel with 1.5x18% (w/v) Ce(IV). The increase of the area of endothermic peaks in
the hydrogels with iereasing concentrations of Ce(lV) may suggest the increase formation of
crosslinks. The presence of exothermic peaks in both hydrogels wixBI3 % (wi/v)

Ce(lV) may due to the greater amount crosslinks inside the network which required
enormous amoundf heat in the rearrangement and reorganization of the molecules in the
polymeric networkThis could alsalue to the presence of high concentratiof€e(IV) that
formed radicals in the polymer which was not removed from the hydrogel. The area of
exottermic peak in the hydrogel with 6x386 (w/v) Ce(lV) were larger than the hydrogel

with 3x10°% % (w/v) Ce(IV) with 4572 and 2887 mJ, respectiveéljle summary of the

thermograms of the hydrogels with increasing concentrations of Ce(lV) is shown in Table

4.3.
Concentration of Ce(IV) Onset Peak Area
(°C) Temperature (mJ)
(°C)
1 0 113 127 6302
2 1.0x10° 81 118 7987
3 1.5x10° 107 145 3466
4 3.0x10° 139 165 14083
183 185 2887
5 6.0x10° 168 176 11958
209 217 4572
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Table 4.3  Summary of theletails of the DSC thermograms of the crosslinked KGM
hydrogels with increasing concentrations of Ce(IV).

217°C

6.Ox103Ce(IV)

3.0x10° Ce(IV)

145°C
1.5¢10°3 Ce(IV)

ENDOTHERMIC -

11PC

1.x10° ce(ly) "

KGM without 127°C

Ce(IV) S T—

50 0 50 100 150 200 250
Temperature (C)

Figure 43  Comparisons of DSC thermograms of the crosslinked KGM hydrogels with
increasing concentrations of Ce(l'sibjected to heating fror60 to 260C at 10C per min

in nitrogen atmosphere. Thendothermic peaks for the hydrogels increased with the
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increasing Ce(lV) concentrationsabelt e mper at ures for the hydrog

are in black and exothermpeaks are in red.
4.2.3 Cytocompatibility of the crosslinked KGM hydrogel with increasing

concentrations of Ce(lV).

4.2.3.1 The effect of hydrogels in indirect contact with keratinocytes and

fibroblasts

Biocompatibility of KGM hydrogels with increasing ieoentrations of Ce(IV) was examined

by placing the hydrogels in indirect contact with fibroblasts and keratinocytes, then cell
proliferation was measured after 3 days using MTT assay (Figure 4.4 A and B). The results
show that indirect contact of the KGMydrogels with thecells hadno effect on the

proliferation of both keratinocytes or fibroblasts.

4.2.3.2 The effect of hydrogels in direct contact with keratinocytes and

fibroblasts

Investigation of the cytocompatibility of KGM hydrogels with increastogcentrations of
Ce(lV) was conducted in direct contact with keratinocytes and fibroblasts where the cell

proliferation was measured using MTT assay after 1, 3 and 5 days.

The result in Figure 8.show the effect of the KGM hydrogels with increasaoncentration

of Ce(lV) in direct contact with keratinocytes and fibrobla@sand B, respectively)All
hydrogels were very inhibitory to keratinocyte viability but selectively inhibited fibroblasts
viability in a concentration dependent manner. Only ¢becentration of 1xI8% (w/v)
Ce(lV) significantly stimulated fibroblast viability. The Live/Dead staining micrographs of
fibroblasts and keratinocytes are shown in Figureahd 4.7 respectivelyFigure 4.6shows

the absence of dead cells in the adtwf fibroblasts when the hydrogels were placed in
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direct contact with the cells. The decrease in the number of fibroblasts with increasing
concentrations of Ce(lIV) was also observed. The low number of fibroblasts was consistent
with the MTT assay resukhown in Figure 4A. On the contrary, Figure A.shows the
presence of dead cells and reduced number of keratinocytes in the culture with increasing
concentrations of Ce(lV). The observation was consistent with the MTT result shown in

Figure 45B

4.2.4 The effect of increasing concentrations of KGM in the crosslinked

hydrogels on fibroblasts and keratinocytes.

Investigations on the effects of KGM hydrogels on fibroblast and keratinocyte
cytocompatibility and bioactivity were conducted by placing celldiiect contact with the
hydrogel with increasing concentrations KGM. 1X4® (w/v) Ce(IV) was used in this
formulation. Studies were conducted by placing the hydrogels directly on the cultures of
fibroblasts and keratinocytes and then, cell viability wasasured after 1, 3 and 5 days
using the MTT assay Figure 4.8 (A and B). The concentrations of KGM 4L 2656 (w/V)
significantly stimulated fibroblast viability, while 1.5% (w/v) KGM did not. Although the
effect was shown to be dependent on the cdration of KGM, the inability of 1.5% (w/v)

KGM to stimulate fibroblast viability was perhaps related to the changes in physico

chemistry of the hydrogel from rapid absorption of the medium inside the culture wells.

Hydrogels with increasing concentration$ KGM in direct contact with keratinocytes
significantly inhibited cell proliferation after 1 to 5 days (Figure 4.8B) which was also similar

to the result in Figure 4.5B.
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Figure 44  Indirect contact with crosslinked KGM hydrogel with increasing concentration
of Ce(IV) with 1% KGM (w/v) with(A) fibroblasts andB) keratinocytes measured after 3
days by MTT assay. 1 mL of 2xX1dibroblasts were cultured in 10% DMEM or 1 mL of
2x10" keratinocytes caultured with 2x16i 3 T3 in 10% Greens?d
overnight. Then, @9 cn? hydrogel was put in direct contact with the cells, respectively.
Results shown are means * ,S@=3). ***p<0.001 highly significant, **p<0.01 very

significant and *p<0.05 significant compared to control.
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Figure 45 The effect of direct contact with KGM hydrogels with increasing
concentration of Ce(IV) with 1% KGM (w/v) hydrogels witfA) fibroblasts and(B)
keratinocytesneasured after 1, 3 and 5 days using MTT assay. 1 mL of* 2fiti®blasts

were cultured in 10% DMEM or 1 mL of 2x1@eratinocytes caultured with 2x16i3T3

in 10% Greensd in 12 we79ktnf pydragelevasfpotin diester ni g
contact with the cells, respectively. Results shown are means,{r803). ***p<0.001

highly significant, **p<0.01 very significant and *p<0.05 significant compared to control.
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Figure 46 Live and dead stained fibroblasts with Syto9 and PI cultirédtect contact
with KGM hydrogel observed after 5 days of culture A) control, B) KGM , xa)0f D)
1.5x10°%, E) %10° and F) &10° % (w/v) of Ce (IV). 1 mL of 2x1b cells were cultured in
10% DMEM in 12 well plate(Sc al e b 3.r : 100 em
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Figure 4.7 Live and dead stained keratinocytes with (Syto9 and PI) cultured in direct
contact with KGM hydrogels observed after 3 days of cult(#& control, (B) KGM, (C)

1x10° (D) 1.5 x10°, (E) 3x10° and (F) &x10° % (w/v) of Ce(lV). 1 mL of 2x16
keratinocytes caultured with 2x16i 3 T3 in 10% Gr e gScdlesbarilf0 12 we |
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Figure 48  The effect of KGM hydrogels with increasing concentrations of KGM with
1x10° % (w/v) Ce(IV) in direct contact with A) fibroblasts and B) keratinocytes measured

after 1, 3 and 5 days using MTT assay. 1 mL of 2xflifroblasts were cultured in 10%

DMEM or 1 mL of 2x10 keratinocytes caultured with 2x16i 3 T 3

n

10% Gr eens

well plate for overnight. Then, P9 cm? hydrogel was put in direct contact with the cells,

respectively. Results shown are means + @B2). ***p<0.001 highly significant, **p<0.01
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very significant and *p<0.05 significant compared to control.

4.25 The degradation of KGM hydrogels with increasing concentrations of

Ce(lV) and KGM.

4.2.5.1 The degradation of crosslinked KGM hydrogels with increasing

concentrations of Ce(lV).

The physical integrity of KGM hydrogels with increasing concentration€efV) was
observed over 96 hr (Figure 4.9). The hydrogels were opaque and very brittle, and those
with higher concentrations of Ce(IV) appeared slightly yellowish due to the presence of ceric
iron compared to lower Ce(lV) concentrated hydrogels. It olmerved that 1% (w/v) KGM
hydrogels with lower concentrations of Ce(lV) -15x10°% (w/v)) degraded faster than
those with higher concentrations§810%% (w/v)) Ce(IV) hydrogels which took more than

48 hr to begin degrading. At 96r, the hydrogelsvith (1-1.5x10%% (w/v)) Ce(IV) completely
dissolved in water but the hydrogels with§810°% (w/v)) Ce(IV) appeared very soft and

fragile. The observations on the hydrogel 6s

4.2.5.2 The degradation ofcrosslinked KGM hydrogels with increasing

concentrations of KGM.

The degradation of crosslinked KGM hydrogels with increasing concentration of KGM was
then observed in aqueous solution afte@60hr (Figure 4.10. It was observed that the
hydrogels withhigher concentrations of KGM (1.2B5% (w/v)) started to break up faster
compared to hydrogels with lower concentration {06 (w/v)), suggesting that hydrogels
with higher concentrations of KGMence with greater amount of OH grolnase a greater

capaity to absorb more wat@nd higher degree of hydrolysis. In this case, the hydrogel with
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higher concentration of KGM showed fastelisintegrabn from the inside (bulk
degradation) This involves dissolution and degradation of surface layers andralstve
with the leaching of unbound or loosely bound componentan uptake of fluids into the

hydrogel.The observations on the integrity of the hydrogels are summarized in Table 4.4.

Table 4.3 Qualitative observations of the degradation of crossthikKkGM hydrogels
with increasing concentrations of Ce(lV) in aqueous solution after 24, 48 dandro62 well

plates
% Time (hr)
Concentration 0 12 24 48 96
of Ce (x 10%
(wiv)
1 Solid Solid Start to break  60-70% Dissolved
dissolved
1.5 Solid Solid Start to break  60-70% Dissolved
dissolved
3 Solid Solid Solid Start to break Start to break
6 Solid Solid Solid Solid Start to break

Table 4.4 Qualitative observations of the degradation of crosslinked KGM hydrogels

with increasing concentrations of KGM in aqueous solution after 24, 48 andi®@.2 well

plates.
% Time (hr)
Concentration 0 12 24 48 96
of KGM
0.5 Solid Solid Start to break  60-70% Dissolved
dissolved
1 Solid Solid Start to break  60-70% Dissolved
dissolved
1.25 Solid Start to Dissolved Dissolved Dissolved
break
1.5 Solid Start to Dissolved Dissolved Dissolved
break

184



Concentration of Ce(IV) x 1073 (w/v)
1 1.5 3 6
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Figure 49 Images of the degradation of KGM hydrogels with increasing concentrations
of Ce(IV) in agueous solution (0 to ).

Concentration of Ce(IV) x 107 (w/v)
0.5 1 1.25 1.5

Time (hours)
36

Figure 410 Images of the breakdown of KGM hydrogels with increasing concentrations
of KGM in aqueous solution (0 to 96).
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4.3 Discussion

Biodegradable KGM hydrogels were successfully synthesized in aqueous conditions using
Ce(lV) and KGM at variousoncentrations. Ce(IV) was used to initiate the hydrogen on the
alpha positiorof hydroxyl group on KGM to form crosslinks and then the concentration of
the initiator was increased to create more
mechanical and physical propertieg strengthening the hydrogel. Hydrogels with higher
concentrations of Ce(lIV) were able to sustain their shape for more thanc@énpared to

other hydrogels with lower concentrations. For further experiments,¥1@u/v) Ce(IV)

was chosen in the formulation of hydrogels with increasing concentration&bf. KThe
hydrogels with higher KGM concentrations (1-2%% (w/v)) degraded faster compared to
those with lower concentrations of KGM, indicating that higher concentrations of W(&M

more hydroxyl groupsvere able to absorb more wateside the hydrodewhich then broke

the bulk formation from the inside from hydrolysis

Biocompatibility is an essential issue for biomaterials. It is important to ensure that the
hydrogels will not provoke any inflammatory response while their degradation products must
be safe to cells. Initially, the effect of hydrogels in indirect contact with skin cells were
examined in order to investigate any release of potential toxic products that might be
harmful to cells.Indirect contact studies showed thaicreasing corentrations of Ce(1V)

and KGM in crosslinked hydrogels did not stimulate or adversely inhibit the viability of
fibroblasts and keratinocytes after 3 days.

The direct contact study of hydrogels with increasing concentrations of Ce(lV) with skin cells
showed that all hydrogels inhibited keratinocytes whereas only those with concentrations of
3-6x10°% (w/v) Ce(IV)were inhibitory to fibroblasts (Figure 4.4). There are two reasons

that may contribute to the inhibition of keratinocyte proliferation, i) ékpansion and the
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breaking of the hydrogel that exposed a larger area of KGM onto the cell surface and ii) the
presence of Ce(IV) in the hydrogel. The crosslinked KGM hydrogel with *Bx1(w/v)

Ce(IV) stimulated fibroblast viability after 3 and 5 dajmost as equivalent to 10 mg.thL
KGM. The Ce(lV) concentration was then used in the formulation of crosslinked hydrogel
with increasing concentrations of KGM.

Next, the effect of hydrogels with increasing concentrations of KGM in direct contact with
skin cells showed that hydrogels with l225% (w/v) KGM stimulated fibroblast viability
while 1.5% (w/v) KGM did not. On the other hand, all hydrogels with10846 (w/v) KGM
inhibited keratinocyte viability wvatinocgth was
viability (ShahbuddinShahbuddin et al. 201.3The inability of crosslinked hydrogels with
1.5% (w/v) KGM to stimulate fibroblast viability may be attributed to the alteration in KGM
hydr og el -6hemignhfyom rapidabsorption of the medium in the culture well that
possibly affects the interaction of cells with materidfsom these results, it was observed
that 1% (w/v) KGM with 1x16% (w/v) Ce(lV) achieved optimum conditions to stimulate
fibroblast proliferation compared to other formulations.

The next part in this chapter discusses the characterization of the crosslinked hydrogels with
increasing concentrations of Ce(IV) using DSC and FTIR. The DSC thermograms of
crosslinked KGM with increasing concentration of Ce(BHow thetrend of increaisg of
temperature of thendothermic peakfrom 80 to 217C and the increase of the endothermal
and exothermal energi¢Bigure 4.3) The hydrogelswith 3x10°% and 6x1G% (w/v) Ce(IV)

had twodistinct peaks of endo and exothermiehich were not observed in the hydrogels
with lower Ce(IV) concentrationsThe exothermic peakwere due to theincrease in the
crosslinkingin the hydrogelsvhich absorbed more energy in order to immobilize and break
KGM polymeric chainslt also presurad thatunremovedhigh concentrationsf Ce(IV) in

the hydrogelscontributed to the factor.
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The FTIR spectra of crosslinked KGM hydrogels with increasing concentrations of Ce(1V)
showed the -breskennkeadf g-Balnked mahmosididiskagds at b
10271244 cnt (Figure 4.4)which were seen between 12000 cni" in xylans, chitin,
carrageenan and cellulogéelL er n 8§ a , B a r. The speatrd in thel regior2120DA )

cm'® alsogive information about the conformational changes and structures between the
hydrogels whereas oninishing spectra bandsnd diffeences in relative intensities of the
bandsat 17001500cni*, 13001100cm* and900-700 cmi* were likely due to significant

steric reaarangement and interactions @K due to crosslinkingNikonenko, Buslov et al.

2005)

4.4 Conclusions

In conclusion,biodegradable, crosslinked KGM hydrogels were successfully synthesized in
agueous medium using Ce(lV) as an initiator and at room temperature. The synthesis and
characterization of the hydrogels with increasing concentrations of KGM or Ce(IV) were
defined The results showed that although increasing concentrations of Ce(IV) were able to
sustain the hydrogel 6s pmhhandveryiahibitory totbahgskin t y f o
cell s. The exact mec hani sm of teliseis uhkpaivn,o g e | 0 ¢
but is likely to be related to the effect of native KGM konjacKoch) as mentioned in the

previous chaptehe biodegrattility of the hydrogels and their ability to stimulate fibroblast

viability are very appealing for applicationsvimund healing.
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Chapter 5. Synthesis and preparation of KGM and poly(Nvinyl
pyrrolidinone) bipolymer semi interpenetrating network (IPN) and graft-

conetwork.

5.1 Introduction.

The aim of the study was to develop a+modegradable interpenetratingtwerk (IPN) and
graftconetwork of KGM for the treatment of cutaneous wounds as crosslinked KGM was

only able to maintain for -2 days before fully disintegrated.he ability to swell in a

controlled swelling ability is important in the removal of exudateile simultaneously

keeping moist environment to the wound gifieen, Evans et al. 198TQopolymerisation

of KGM with either synthetic or natural polymers not only help to sustain the hydrogel from
breaking apart too easily or rapidly, but also aiding to create a suitable microenvironment for

the wound to heal quicklgShevchenko, James et al. 201@)stable material will also ease

t he handling by the practitioners and al so
wound site without breakingshevchenko, James dt 2010)

The copolymerisationof KGM with other synthetic or natural polymers is a challenge due to
KGMés rapid gelation in water and insolubil:i
groups at every 13 or 19 molecular units on the KGM backlipaeda, Shimahara et al.

1980) Improvements of KGM solubility by chemical and physical modification such as
methylation, enzymatitiydrolysatonand i1 rradiation are | ikely t
weight and biological activity as was reported in @tea 3 which may not be suitable for the

purpose in the development of biologically active hydrogel for wound healing.

In this chapter, methods of the development-bimalegradable interpenetrating network
(IPN) and graftconetwork of KGM were reported.wb sets of hydrogelssemtIPN and

graft-conetwork were made afopolymerisationof poly(N-vinyl pyrrolidinone) (NVP))
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and Poly(ethyle glycol diacrylate) (PEGDA) with KGM using HMPP (and Ce(lV)) as
initiator and cured in an UV oveiio the best of my knsledge, this is the first study ever

conducted using these chemical formulagion

IPN is a blend of two or more polymers by physical entanglement where each individual
network may be formed simultaneously or sequenti@éieppas, Bures et al. 2000; Farris,
Schaich et al. 2009)SemtIPN are formed when only one polymer in the system is
crosslinked while full IPN are fornde when crosslinking occurs between two or more
interpenetrating polymer networkbkloffman 2002) Graft polymer is a combination of two
different set of system that is either crosslinked hydrophilic polymers or hydrophobic
surfaces with a second hydrophilic polymer covalently attad&chmer 2011)while
conetwork is composed of segments that are covalently attached to each otheéhevherst
important key aspect is the -continuous nature of the morphologiimmer 2011) The
scheme in Figurel.21-1.22 (in Chapter 1l)illustrate the formation ofemtIPN and graft

conetwork prepared via UV photocrosslinking under rapid free ragidgierisation

In this study, PNVP) wasselecteddue to its homopolymer solubility in water and also its
wide application in wound dressings and biomedical applicati®azzak, Darwis et al.
2001; Moshaverinia, Roohpour et al. 2008NVP) can be conjugated to a number of drugs
and polymers for pharmaceutical applicatiRimmer 2011)and previous work from
Rimmer group demonstrated the biocompatibility ¢¥¥P) copolymerized with EDGMA

and DEGBAC in both direct and indirect contact with fibroblag8mith, Rimmer et al.
2006) This study also showed that while fibroblasts did not attach to this hydrogel, the
presence of (NVP) adjacent to the cells significantly increased fibroblast viabifyith,

Rimmer et al. 2006)

Polyethylene glycol diacrylate (PEGDA) is a Poly(ethylene glycol) (PEG) based polymer and
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have been used in myriad biological apations such as scaffold in tissue engineering,
medical devices and wound dressilfgga, Rogero et al. 1999; Imaz and Forcada 2008)
is favordle due to its negligible toxicity and limited immunological reacti@ae,

Gemeinhart et al. 2010)

The incorporation of, (NVP) and PEGDAwith KGM was selected to further enhance the
crosslinked KGM hydrogels physical stability by phaodtymerisatiorwhich would be useful

for wound healing applicatioriDrury and Mooney 2003; Lee, Cobain et al. 200
considering hydrogels as wound dressings, it is necessary to investigate the hydrogels in
indirect and in direct contact with skin cells. The cells are not required to grow on the
hydrogels rather than having the cells in close proximity with the ogeds. The most
importantcriteria for wound dressings would be biocompatibility and do not illicit serious

i mmunol ogi cal response when placed @NWP)t he de
as vitreous substitute had shown that the materials wggetable, had optimal optical
properties and did not stimulate excessive immune respisgasekaran, Chirila et al.

1996) In vitro cytotoxicity test showed thaP(NVP) based hydrogels crosslinked with
diethylene glycol dimethacrylate (DEGDMA) significantly increase fibroblast viability in
both, presence and absence of serum conditjplasg, Chirila et al. 1997)which supported

the finding by Smith et. al (2007). The same result also was observeNWwP) based
chitosan who showed dual properties of supporting epithelidl (8&#Ha) growth and
selectively inhibited fibroblast (NIH3T3) growth and attachment on to the hyd¢(Bgsdud,

Hardikar et al. 2000)

Further in this chapter, characterizations of different chemiu@lpdysical properties of the
synthesizedsemilPN and graftconetwork hydrogels were conducted, and the relationship
bet ween the changes in the hydrogel s chemic

free water content witlits biological activities on skin cells were also investigatéithe
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water loving property is an important feature for hydrogels, especially for the treatment of
wound (Winter 1962) Hydr ogel 6s h yat roy egghilibrlum evatdr gontents d e f
(EWC) which is the measurement of the amount of water that a hydrogel able to absorb.
Although, there are several disadvantages of high hydrophilicity such as poor mechanical
property, and inhibition of cell attachment aoidlogical activities(Jhon and Andrade 1973;

Blokzijl and Engberts 1993; Cauighodriguez, Deb et al. 1996i is important to note that

water plays significant role in cellular interactions @ndmotion of wound healin@Jhon and

Andrade 1973)

The interaction of water with carbohydrate containing hydrogel plays essential role in both
proteinprotein and protetcarbohydrate interactions by mediation of hydregending
interactions between protein and carbohydrgtundle and Young 1992; Holgersson,
Gustafsson et al . 2 0 05 ;. Wateryisdthe rmain ddmponent ®fv i | e
polysaccharide based hydrogels with more than 90%her weight when in their swollen

state and the involvement of water in the binding interactions of protein and polysaccharides
is an important part in these key interactifirsmieux 1993)

There are three types of water inside a hydrogel matrix: i) free waterwater in the
outermost layer which can be easily removed under temperate conditions as it does not take
part in hydrogen bonds with polymer molecules, ii) bound water, which is bound directly to
the polymer chains via hydrophilic groups or hydrogen boihe&coming an integral to the
hydrogel structure, and iii) semi bound water, which is intermediate between bound and free
water (Kim, Lee et al. 2004) The influence of water in cellular and prioténteraction by
carbohydrate moieties can be driven either by hydrophobic stacking between the
carbohydrate and protei(Bundle and Young 1992pr the degree of swelling capacity
(Peppas, Bures et al. 2000)

The structure and properties of the hydrogels were studied in detail by scanning electron
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microscopy (SEM), Fourier Transform infrared spectroscopy (FTIR), differential scanning
calorimetric (DSC), equilibrium water content (EWEIC NMR, toluidine blue staining and
biological studies were conducted using skin cells, fibroblasts and kera&eod¢ NMR

and FTIR were used to determine the changes in the chemical structure of linear KGM when
incorporated with P(NVRo-PEGDA). Calorimetric assement of the state of water in the
hydrogel and its relationship with the changes in the chemistrpial@ical activities were

also reported in this chapter.

5.2 Results

5.2.1 The synthesis and characterizations gemilPN and graft-conetwork.

In these experiments semi IPNs and geafhetworks composed of crelisked KGM and
P(NVP-co-PEGDA) were prepared. In a grafbnetwork, first KGM was crosiinked with

Ce(lV) in the presence of NVP and PEGDA monomers. Then in a second step, the NVP and
PEGDA were further photopolymerized. In this system, crosslinking and grafting of the
KGM occurred in the first step then the photopolymerisation was used to complete the
polymerisationof NVP and PEGDA. For semi IPNs the Ce(lV) was omitted so that the
KGM was not crosgéinked. The formulation data for easemilPN and graftconetwork is
provided in Table 5.1.

Table 5.1 The chemical compositions in P(NW®-PEGDA),semiIPN and graft
conetwork hydrogels.

Hydrogel KGM ce(lV) | P(NVP) | PEGDA
(%) (%) (%) wt 2%
HMPP

p 14 - 40 8

a

E 24 - 40 8

D)

n 35 - 40 8
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« 14 0.5 40 8
£ 2 14 1 40 8
S
O = 24 0.5 40 8
(&]
24 1 40 8

5. 2.2 Observation on t he hydrogel s6

scanning electron microscopy (SEM)

Characteristic morphology of dried P(NMB-PEGDA) samples caused by the presence of
KGM was observed bEM. All hydrogels were opaque and possessed no particular texture
or porousity on the surfad&igure 5.7) This due to the samples preparation in moulds with
the polymerizing mixtures pressed against poly(ethylene terephthalate)Ts$teeSEM of the
hydrogels, P(NVReo-PEGDA), 1% crosslinked KGM with 1xT0% (w/v) Ce(lV), semi

IPNs and grafconetworks withdifferent concentrations of KGM and Ce(lV) was conducted
at magnification 20B00x. The introdudion of KGM into P(NVRco-PEGDA) as semi IPN

and grapfkconetwork,grossly separated theydrogels into two phase structunghere the
outer surface of the klyogels were smooth while the KGM was in the insideurther
examination on the hydrogel ds <cross section
centre) showedspongelike morphologies with porous that were typical of reaction by

induced phase sepaiat (Figure 5.8).

The mechanism to explain the formation of this morphologies and the related studies on their
effect to physicochemical properties (EWC, free water content, FTIR, DSC%*@n8olid

State NMR) are interesting and will be discussed ini@e&.3.
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Figure 5.7 The morphologies of theurface ofA) P(NVP-co-PEGDA), (B) crosslinked 1% (w/v) KGM with 1x23% (w/v) Ce(lV), (CE)
SemtIPN of 14, 24 and 35% (w/v) of KGM , (B) Graftconetwork of 14% (w/v) of KGM wt 0.5 and 1% (w/v) of Ce(IV) respectively and (H
) Graft-conetwork of 24% (w/v) of KGM wt 0.5 and 1% (w/v) Ce(IV) respectivahgerved using SEM.
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Figure 5.8 The morphologiesf thecross sections dfA) P(NVP-co-PEGDA), (B) crosslinked 1% (w/v) KGM with 1xI®6 (w/v) Ce(1V),
(C-E) SemtIPN of 14, 24 and 35% (w/v) of KGM , (B) Graftconetwork of 14% (w/v) of KGM wt0.5 and 1% (w/v) of Ce(IV) respectively
and (Hl) Graft-conetwork of 24% (w/v) of KGM wt 0.5 and 1% (w/v) Ce(IV) respectively.
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5.2.3 Characterizations ofsemiIPN and graft-conetwork hydrogels using

FTIR.

P(NVP) has been investigatéa polymerisationwith some hydroxyl containing polymers
such as PVAMumtaz, Labrugére 8§ et al. 200@gllulose(Sadeghi and Yarahmadi 201dnd
PMMA (Dai, Sun et al. 2012)where hydroxyl bondingppears to be a major factor in
inducing miscibility. This part of the thesis examined tiv@lecular interactions of KGM,
P(NVP-co-PEGDA), semiIPN and graftconetworkvia FTIR-ATR. All hydrogels displayed
the presence of hydroxyl@H) groups which gaverbad band between 35@D00 cm"
andcharacteristic peak 6fCH group attached to the hydroxyl group at 2920 ¢¥iao, Liu

et al. 2001; Widjanarko, Nugroho et al. 201 IR can be used to monitor the conversion of

the C=C bonds in NVP and PEGDA during crosslinkiSgaraz and Forsling 2000)

The assignment peaks observed in P(M@HPEGDA) spectrm are as follow; C=0 at 1702
cm?, C=C at 1666 cth, CN at 1290 cm, C=C bending at 985 and 851 ¢nin PEGDA.

On the other hand, the assignment peaks for specific groups in KGM spectrum are 3397 cm
(OH), 2953 crit (CH), 1702 crit (C=0), 1375 crif (C-H), 1150 crit (C-0O), 1050 crit (C-

O-C), 906700 cm' (CH in mannose/glucose). The spectra for both 4BMi and graft
conetwork displayed almost all assignment peaks observed in P¢BIPEGDA) and KGM,
except at 1666 cthwhich was absorbed intadader peak of 1703 ¢hmassigned to (C=0),
suggesting polymerisation of NVP and PEGDA monomére peaks 2159 and 2028 tm
which assigned to CIC stretching vibrations
not semilPN, suggesting the addition of Ce(IV) in the formulation may form more grafting
in the network The peak at 1703 ¢hwas low in KGM compared to P(NVP)dicating of

more C=0 acetyl group in P(NVRChen, Liu et al. 2005)
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The molecular structures of KGmi the hydrogelsvas confirmed by the peaks &00-700

cm®, which were specifically assigned to mannose and glueaseat1670 cm™ which

conf i r nAk4) dlybosidickchain in glucomanngMathlouthi and Koenig 1986; Hua,

Zhang et al. 2004; Widjanarko, Nugroho et al. 2011) Fur t her , -ltd4Himkedpr es en
gl ucosi ddl,4 linkec thannosidic linkages in KGM andGM hydrogels were

observed at 1027244 cni which specifically assigned to-O-C stretch vibration andlso

C-O (Hua, Zhang et al. 2004; Widjanarko, Nugroho et al. 20ThHe peak 1375 cirtwhich

assigned to CH deformation of cellulose was also detected in KGM spEegraieferences

for each assignment peak are summarized in Table 5.2.
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Figure 5.9 Comparison of the FTIR spectra between sHMN and graphconetwork
hydrogels shows the broadening of peak at 1666tom 736 cril, to indicate crosslinking of
NVP and PEGDA during polymerisation.
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Figure 510 Comparison of FTIR spectra foh] P(NVP-co-PEGDA), (B) KGM and (C
E) semiIPN with 35, 24 and 14% (w/v) KGMThe blue box atemtIPN hydrogel spectra
labeled to show the similaries with the peaks observed in P{AAMFEGDA).
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CO cC=C
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Table 5.2

Peak Assignments

(cm™)

3397

2953

2159

2028

1700
1710

Summary of the absorption regions and assignments for KGM, RP@¢VP
PEGDA),semtIPN and graficonetwork hydrogels with KGM.

-OH-

-CHy- in C-
CHs

CCIl C©

CCIl I C}

C=0

P(NVP-
CO-
PEGDA)

a

Qan

KGM

an

an
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5.2.4 Characterization of semi IPN and grafconetwork using DSC

Calorimetric analyses forsemiIPN and graftconetwork was done using DSC and carried
out over the full range of studied compositions. The hydrogels in dry condition were
subjected to heating process betweghto 360C at a heating rate of 40 per minute in a
nitrogen atmosphere. Thetdds of the thermograms in Figure 5.11 are shown in Table 5.3.
From the ther mogr ams, I t endotheymic cpbal demperatire t t h
increased with increasing KGM and Ce(IV) concentrations, reflecting the increase of phase
separation. The hermograms also provided information on thermal transitions and
morphological changes fromemilPN and graftconetwork, wheresemtIPN is usually
depicted by the formation of two or more peaks while geaftetwork usually have a single
peak. The resulniFigure 5.10 suggested that all hydrogels displayed a complex, microphase
separation behavior. It was also observed that the glass transition tempergtdepénds

on the concentrations of KGM and the presence of Ce(IV). The higher concentratioiViof KG
led to a denser KGM morphology in the hydrogel while the presence of Ce(lV) promoted
crosslinking of KGM in the IPN. These support the argument that higher crosslinking and
hard segment polymers with a denser and random morphologies give higher ta@driran
compared to linear polyme(kee, Chun et al. 2001 hreepeakswere observed for P(N\P
co-PEGDA) at 143, 148 and 1%3, depicting the presence of different compouimdshe
copolymer. The shape of the peak faemilPN with 24% (w/v) KGM was similar to
P(NVP-co-PEGDA) with shoulder peak at 143and a narrow peak at %3 The increasing
concentrations of KGM and the addition of Ce(1V) gnaft-conetworksignificantly increase

the Ty of the hydrogels. Jvalue forsemilPN with 35% (w/v) KGM was higher compared to
semilPN with 14 and 24% (w/v) indicated the existence of stronger interactions in the
system and the shifting of phase transition with increpgioncentration of KGM. The
similar trend was also observed in grednetwork with 14 and 24% (w/v) KGM. From the
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thermograms in Figure 5.10 it was shown that asd¥ymilPN with 35% (w/v) KGM and
graftconetwork with 14% (w/v) KGM and 1% (w/v) Ce(lV) giayed a distinct peak that
would be indicative for graftonetwork. The endothermic peaks for both gcaftetwork

with 24% (w/v) KGM initiated using 0.5 and 1% (w/v) Ce(IV) appeared to be very broad and
showed sign of degradation with exothermic peaksarauind 298C as was seen with
crosslinked KGM with higher concentrations of Ce(lV) which was mentioned in the previous
chapter. The broad peak and highgrwiere concluded to be induced by the formation of
crosslinks in KGM and its interaction with P(NM®-PEGDA). The endothermic peaks for
graft-conetwork of 14% (w/v) KGM with 1% Ce(IV) and grafonetwork of 24% (w/v)

KGM with 0.5 and 1% (w/v) Ce(IV) displayed complex mixture opctymerisationwith

the appearance of shoulder on the broad peaks. &xoithpeak was observed in both graft
conetwork of 24% (w/v) KGM with 0.5 and 1% (w/v) Ce(lV). The endothermic and
exothermic peaks for both grafonetwork hydrogels of 24% (w/v) KGM with 0.5 and 1%
(w/v) Ce(IV) appeared to be in the same range wjtardund 151 and 142 and

exothermic peaks at about 310 and &l 8espectively.
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semilPN and graficonetwork hydrogel samples.

Table 5.4 Summary of the DSC thermograms and characteristic peak termperature in all

Hydrogel No. of  Type of Onset Peak Area
Peak peak (°C) Temperature (mJ)
(°C)
KGM 1 Endothermic 113 127 6302
P(NVP-co-PEGDA) 3 Endothermic  103.5 143 1639
148
153
SemilPN (14% 1 Endothermic 103 127 3374
KGM)
SemilPN (24% 2 Endothermic 117 128 581
KGM) 153 11007
SemilPN (35% 1 Endothermic 143 152 5232
KGM)
Graft-conetwork 2 Endothermic 109 132 1484
(14% KGM, 0.5% Endothermic 155 159 732
Ce(lV))
Graft-conetwork 1 Endothermic 133 141 1468
(14% KGM, 1%
Ce(lV))
Graft-conetwork 2 Endothermic 128 151 16258
(24% KGM, 0.5% Exothermic 276 310 1192
Ce(lV))
Graft-conetwork 2 Endothermic 68 142 94534
(24% KGM, 1% Exothermic 287 318 2472

Ce(IV))
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Figure 5.11 DSC Thermograms afried hydrogels ofA) KGM, (B) P(NVP-co-PEGDA),
(C-E) SemiIPN with 14, 24 and 35% (w/v) KGM, respectively afkdl) Graft conetwork
with 14 and 24% (w/v) KGM and 0.5 and 1% Ce(lV) respectivEfye dash line in purpie
to show the endothermic peak of KGM and the lines in orange are for REHPEGDA

peaks.
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5.2.5 Equilibrium Water Content (EWC) and free-bound water measured

using DSC

The EWC was higher fosemilPN with (85-93%) compared to grattonetwork hydrogels

with (80-85%). It was observed that increasing concentrations of KG&&milPN (14, 25

and 35% (w/v)) gave inverse relationship with the EWC in the range froBb%3 The
decrease in the EWC seEmilPN with 35% (w/v) KGM was mainly caused by the compact
and denser structure of KGM in the hydrogel. The addition and increasing coticanifa
Ce(lV) to form KGM crosslinking in P(NVRo-PEGDA) network for graftonetwork
decreased hydrogel 6s abi |l i 43% detreaseanbhe @W®of mor e
graftconetwork with 0.5 and 1% (w/v) Ce(lV) was measured for both 14 and 249 (

KGM (Figure 5.12. It was then observed that the crosslinking and morphology of KGM in
the hydrogel played significant roles in the EWC.

Further experiment was then conducted to relate the link between EWC and free water
content inside the hydrogby quantifying the amount of free water inside the hydrogel. This
was estimated relatively using DSC which measures the amount of energy required to release
free water from the hydrogel when the sample was heated #66nto 66C in hydrated
condition. Intially, the samples were allowed to hydrate for 24 h and then estimatieh2of 8

mg of the hydrogels were sealed in an aluminium pan. The samples were then cceoled to
60°C and subsequently heated td@Gt a rate of 1T per min. The free water,for semi

IPNs were almost equivalent to KGM with temperature ranging from 5.2 ¥ @viile graft
conetworks and P(N\4eo-PEGDA) ranged from 1.8 to 2G. The relationship between the
energy required to release the amount of water per mg of sampléMdDdsEsummarized in

Figure 5.14.
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Figure 5.14 Summary of the results ifigure 5.12 and 5.13 which representse t
relationship between free water inside the hydrogels measured by the amount of energy
required to release the water from the hydrogel measured by DSC and the water content
inside the hydrogelThe result shows tha@aemtIPN had higher free water content and EWC

which equivalent to KGM compared tgraft-conetworks and P(NVPRPco-PEGDA). 0

represents KGM in solution, + represents P(NAOHPEGDA) while combinations of KGM

in hydrogels are shown as open symboldemilPN ( , [ 14 %, ewv) 24% a
KGM and grey symbols indicate grato net wor k with 0.5% Ce (1 V) (
24% (w/v) KGM) and filled symbols indicate grafto net wor k with 1. 0% Ce.
14% and (W) KM%
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5.2.6Characterisation of hydrogels using°*C Solid State NMR

Spectroscopy

Figure 5.15 (AF) showthe spectra of°C Solid State NMR for all of our synthesized
hydrogels.The broad peak ofi10 ppm which was observed in Figure 5.14A was absent in
P(NVP-co-PEGDA) (Figure 5.14B) indicating the full crosslinking of the vinyl groups.

The peaks at 62, 75 and 102 ppm correspond to C6, C3 and C1 positions of KGM
respectively. Signal at 102.5 ppm wasntified as cellulostic confirmations of mannosyl and
glucosyl units which signifies the anomeric resonance from the KEWhitney, Brigham et

al. 1998)and thiswere found in the crosslinked KGM and in all samples of sems i&id
graftconetworks This broad resonance of crosslinked KGM peaks were due to the presence
of a range of conformational changes at C2, C3, C4, C5 anflG@d&y, McArthur et al.

1991)

The corresponding C1 confirmation of P(N\¢B-PEGDA) peakat 71 ppm was observed in

all samples of the semi IPNs and gredinetwork. We observed the changes in the intensity at
62, 71, 75 and 102 ppm, suggesting the changes in the chemistry of the KGM andd&NVP
PEGDA) by addition of Ce(IV).

C6 and C606 methylene carbons gave rise to
and this was easily deconvoluted from the peak around 75 ppm. This methylene carbon could
then be compared with the methylene on the NVP residues at P5 (approx. 19 ppovjde

a reasonable estimate of the compositions of the-goaigtworks and the sefti?Ns.

Table5.5 provides the data showing the relative fractions of NVP (dAP) residues) and
glucose/mannose units in the feed and the polymerised mateniatscted from**C solid

state NMR resultslt also show that semi IPNs contained more % network composiion

(KGM/NVP) than graft conetwork hydrogeland there was no difference in the % network
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composition of grapftonetwork hydrogels with 0.5 and 1%w/v) Ce(1V), with 24% (w/v)

KGM. However for graficonetwork of 14% (w/v) KGM, difference was observed at 0.5

and 1% (w/v) Ce(IV), with 69 and 62 % respectively. From this result, it can be concluded

that noderateconversions of NVP and PEGDA producerhterials that contained a larger

proportion of KGM than in the feed.

Table 5.5Molar compositions expressed as percent KGM relative to NVP in the

monomer feeds and polymerised networks.

Conetwork 24% KGM

Conetwork24% KGM

Conetwork14% KGM

Conetwork14% KGM

SemilPN 24% KGM

SemilPN 14% KGM

[Ce]

0.5

1.0

0.5

214

%Mol. feed
[KGM]/NVP]

29.1

29.1

19.3

19.3

29.1

19.3

%Network
composition
[KGM]/NVP]
50
50
69
62
74
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Figure 5.15A Solid State™*C-NMR spectrum of crosslinked KGM

02

B)

75.

haoudl

§
<=o

P(NVP)-co-PEGDA

78.45

K l
62
43.44
32.1
21.37

240 220 200 180 160 140 120 100 80 60 40
ppm

Figure 5.15B Solid State**C-NMR spectrum of P(NVRo-PEGDA).
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Figure 5.15C Solid State®*C-NMR spectrum osemiIPN of 14% (w/v) KGM
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Figure 5.1 Solid State'*C-NMR spectra of grafconetwork of 14% (w/v) KGM with 0.5

and 1% (w/v) Ce(IV).

216



E)

.2 71.0

176
102
62
43.6
323
18.8

240 220 200 180 160 140 120 100 80 60 40 20 O
ppm

Figure 5.1% Solid State’*C-NMR spectrum osemiIPN of 24% (w/v) KGM
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Figure 5.15 Solid State®*C-NMR spectra of grafconetwork of 24% (w/v) KGM with 0.5

and 1% (w/v) Ce(IV).
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5.2.7 The measurement of KGM content in the hydrogel

The measurement of KGM content inside the hydrogels was done using toluidine blue assay,
which specifially stains heavily glycosylated structures such as hepddparin is highly
sulfated glycosaminoglycans (GAG). It stains nucleic acid blue and polysaccharide purple. In
this experiment, the Toluidine blue was used to indicate the presence of KGM timside
hydrogel.The changes in the coloration of Toluidine bbfeall samples are shown Figure

5.16. The measurement of extracted Toluidine blue from the hydrogels is shown in Figure
5.17.The semi IPNs with 35% (w/v) KGM had the highest content of K€alhpared to the
other hydrogels with 14 and 24% (w/v) KGM. ComparisoserhilPN and graftconetwork

with 14 and 24 % (w/v) KGM showed a significant difference in the content of KGM.
Similar results were also observed with 0.5 and 1% (w/v) Ce(lV) in the-gyaéitwork of

14% (w/v) KGM. Higher KGM content was observed in the gcaftetwork of 14% (w/v)

KGM with 0.5% (w/v) Ce(lV) compared to gradonetwork with the same KGM
concentration with 1% (w/v) Ce(lV), suggesting a change in the chemistry of KGM

resulting in less absorbance of toluidine blue.

PLAIN KGM SEMI IPN Graft conetwork

gy

Increasing concentrations of KGM (or initiators) accordingly to figure belcgv.

Figure 5.16 The changes irthe color of Toluidine blue from light blue to purple or dark

blue to indicate the presence of KGM in the hydrogels. The sequence of the hydrogels are as
follows; P(NVRco-PEGDA) (without KGM), KGM (50 mg.mL), semiIPN 14, 24 and 35%

KGM (w/v) andgraft-conetworks14% KGM (w/v) with 0.5 and 1% Ce(lV) (w/v) and 24%

KGM with 0.5 and 1% Ce(1V) (w/v).
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Figure 517 The measurement of KGM content s@milPN and graftconetwork using
Toluidine blue staining. Results shown are meaD, (n=2 ) ***P<0.001 highly significant,

**P<0.01 very significant and *P<0.05 significant in comparison to control.

5.2.8 Cytocompatibility study and the effect of the hydrogels on human

primary fibroblasts.

Cytocompatibility ofsemiIPN and graficonetwork with increasing concentrations of KGM
was conducted in indirect contact with human primary fibroblasts and the cell viability after 5
days was measured using MTT assay (Figut8)5All samples showed no reduction in cell
viability when comparedo control, suggesting that bosemilPN and graftconetwork
hydrogels were cytocompatible. The effect of direct contaseofilPN and graftconetwork
hydrogels with fibroblasts after 1, 3 and 5 days in culture is shown in Figl®e & was

found that direct contact obemilPN with fibroblasts did not stimulate cell viability but
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direct contact of graftonetwork with fibroblasts was able to stimulate cell viability

significantly.

0.84
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Figure 518 The effect of semiIPN and graficonetwork hydrogels with increasing
concentrations of KGM and Ce(1V) in indirect contact with human primary fibroblasts after 5
days measured by MTT assay. 2kfibroblasts were cultured in 1 mL of DMEM with 10%
FCS supplemented with variogencentrations of KGM for 1, 3, and 5 days. The results
were compared to control cells without KGM. Results shown are m&n (n=2)

***n<0.001 highly significant compared to control cells.
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Figure 519 The effect of direct contact of AemilPN and B) graftconetwork hydrogels
with increasing concentrations of KGM and Ce(lV) on the viability of human primary
fibroblasts measured after 1, 3 and 5 days using MTT assay:* fixtblasts were cultured
in 1 mL of DMEM with 10% The results were compared to control cells without KGM.
Results shown are meat8D, (n=2), ***p<0.001 highly significant compared to control

cells.

5.2.9 Attachment of human dermal keratinocytes on graftonetwork
hydrogel (24 % (w/v) KGM with 1.0 % (w/v) Ce(IV).

Keratinocytes attachment amaft-conetworks and dependency on fibronectin and i3T3 was
investigated. Three different surfaces were used in this experiment; TCP, TCP coated with
KGM and graftconetwork of (24% (W/VKGM, 1.0% Ce(IV) (w/v). The number of cell
attached on these surfaces was measured using MTT assay (FR2@ure 5.

The result shows few viable keratinocytes cultured on the KGM coated surface and on the
hydrogel. It also found that fibronectin did nenhance keratinocyte attachment on the TCP,
KGM coated surface and grafonetwork (Figure 5.21 AC). The presence of i3T3 was

important for successful culture on theaft-conetworks hydrogel(in Figure 521C, more
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keratinocyte attachment was seentbe hydrogelwhen the cells were cultured with i3T3

compared to without i3T3 cells)

+13T3 -13T3

1.2+
1.0+

0.8+

MTT absorbance at 540 nm

B i

wtfn  nofn wtfn  nofn wtfn nofn wtfn  nofn wtfn  nofn wtfn nofn
Control KGM 24% KGM 1% Ce(IV) Control KGM 24% KGM 1% Ce(IV)
Graft-conetwork Graft-conetwork

Figure 520 Measurement of keratinocyte viability cultured on TCP (control), KGM coated

TCP and on graftonetwork with and without i3T3 arfibronectin respectively. 1x£0
keratinocytes were eoultured with2x16i 3 T3 on di fferent surfacesi
medium. Assessment of keratinocyte proliferation was conducted by MTT assay. Results

shown are mearSD, (n=2), ***P<0.001 highlysignificant, **P<0.01 very significant and

*P<0.05 significant in comparison to control.
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Without fibronectin With fibronectin

Figure 521A Mi cr ographs of the morphology of huma
containing 10% FCS after 3 days of culture. Cells were cultured on tissue culture plastic in

the presence and absence of i3T3 without fibrondétiand C) and with fibronectin (B and

i3T3

+

i3T3

D), respectively(Scalebar. 100un).
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Without fibronectin With fibronectin

i3T3

+

en
-
M

Figure 521B Mi cr ographs of the morphology of h u ma
containing 10% FCS after 3 days of culture. Cells were cultured on tissue culture plastic

coated with 5 mg.mt KGM in the presence and absence of i3T3 without fibrongétiand

C) and with fibronectin (B and D), respectivegl$calebar. 100unj.
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Without fibronectin With fibronectin

i3T3

+

i3T3

Figure 521C Mi cr ogr aphs of the morphology of huma
containing 10% FCS after 3 days of culture. Cells were cultured on acgraeftwork of

24% (w/v) KGM with 1.0% (w/v) Ce(lV) in the presence and absence of i3T3 without
fibronectin(A and C) and with fibronectin (B and D), respectiv¢8calebar. 100um).
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5.2.10 Attachment of human dermal fibroblasts on a graftonetwork of

(24% (w/v) KGM with 1% (w/v) Ce(IV).

Human dermal fibroblasts were seeded on diffeseintaces A) TCP, B) P(N\Weo-PEGDA)

and C) graficonetwork of 24 % (w/v) KGM with 1% (w/v) Ce(IV) as shown in Figure
5.22and 523. Fibroblasts did not attach on the plain hydrogel but a small degree of
fibroblast attachment was observed on the graftawork, but the population was
insignificant. Fibroblast attachment on the hydrogels was observed using Axon Instrument
and SEM. Figure 5.21B) shows that fibroblasts did not attach on P(N&PPEGDA)
whereas the presence of attached cells was observgdaftitonetwork hydrogels (Figure
5.21(C). However, observation the attachment of fibroblasts onto the hydrogel using SEM
shows that the number of cell attached on the hydrogel surface was too low when compared

to control (TCP) (Figure 5.22).

Figure 5.22 Micrographs of the growth and morphology of DAPI stained human dermal
fibroblasts stained with after 5 days in culture using Axon Instrument. Cells were cultured on
(A) TCR (B) P(NVP-co-PEGDA)and(C) Graft-conetwork of 24% (w/v) KGM 1% (w/v)

Ce(V). (Scalebar. 100 pnj.
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Figure 5.23 SEM micrographs of the growth and morphology of human dermal fibroblasts orcamafivork of 24% (w/v) KGM with 1%
(w/v) Ce(lV) hydrogel
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5.3 Discussion

The nonbiodegradable,semilPN and graficonetwork hydrogels were produced by
photgoolymerisationusing HMPP as photoinitator where Ce(lV) was added to create a graft
conetwork to initiate crosslinking of the KGM. Alteration of the chemical composition,
initiators and the concentration of KGM, in the hydrogels changed the physical, mechanical
and biobgical properties of the hydrogel. Both of the synthesigethlPN and graft
conetwork hydrogels were biocompatible, but only gcafhetwork was able to stimulate
fibroblast proliferation. The mechanism of this interaction and cell behavior is not fully
understood, but from this study, clues were directed to the differences in the chemistry, EWC,
bound water and the content of KGM in the hydrogel.

The confirmation of the hydrogel sd chemical
where the presence 6l , 4 | i nked g4d14 ¢tinkesl imarnasidicalinkdges inb
crosslinked KGM were observed at 162744 cnt and also detected in bosemilPN and
graftconetwork (Hua, Zhang et al. 2004Vidjanarko, Nugroho et al. 2011)n semi and
graft-conetworks the shifting of peakd666to 1720 cm” assigned to C=0 acetyl group and
1030 to 1095 cihassigned to @ and GN group, respectively suggest the formation of
crosslinks in KGM and P(NVRo-PEGDA) to form an IPN(Guo, Huang et al. 1996;
Lewandowska 2011)The peak at 1727 chwas low in KGM compared td®(NVP),
suggesting of more C=0 acetyl groupR(NVP) (Chen, Liu et al. 2005)hile the mannose
group which appeared at 808 and 745'émcrosslinked KGM were shifted to 875 ¢nin
semilPN and graftconetwork hydrogel§Hua, Zhang et al. 2004; Xu, Luo et al. 2009;

Widjanarko, Nugroho et a011)

The morphological appearance of KGM in the IPN hydrogels were confirmed by SEM
mi crographs of the hydrogel 6s cross section.

interfacial morphologies, the cross section of KGM containing hydrogels appearedeto ha
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porous structures. The porous structure and the formation of crosslinking serthéPN

and grafticonetwork have profound effects tnhe hydr ogel 6s EWC and b
decrease in bound water in gratinetwork compared tcsemilPN with the same
concentration of KGM may relate to the changes in the chemistry of KGM when Ce(IV) was
added into the formulation.

The KGM content in botsemtIPN and graftconetwork hydrogels quantified using toluidine
blue staining (which stains high molecular weighgars such as heparif@mith, Mallia et

al. 1980) confirmed the presence of KGM in the hydrogels. This also showed that the
formation of crosslinked KGM igraft-conetworkswith higher concentration of Ce(IV) may
have altered KGM chemical composition, thusutessg in reduced KGM content compared

to semilPN. This was confirmed by’C NMR spectroscopyvi t h t he decrease
assignment peaka 62, 71, 75, and 102 ppm in full IRlRdmpared tesemilPN which had no
Ce(IV).

The phase transition gemilPN and graftconetwork hydrogels was measured using DSC.
P(NVP) and PEGDA are rigid polymers withgTat 158 and 5%, respectively(Priola,
Gozzelino et al. 1993; CauidRodriguez, Deb et al. 1996)hepolymerisatiornof P(NVP-co-
PEGDA) gave a broad curve with two shoulder peaks at 143, afi@,1&®l a narrow peak

at 143C, depicting the presence of different chemical compositions in {ha\yeoerisation

The shape of the peak faemilPN with 24% (w/v) KGM was similar to P(NV4eo-
PEGDA) with shoulder peak at 143 and a narrow peak at 1%®3 The increasing
concentrations of KGM and the addition of Ce(lV) in gradnetwork significantly increase

the Ty of the hydrogels. Jvalue forsemilPN with 35% (w/v) KGM was higher compared

to semtIPN with 14 and 24% (w/v), which indicated the existence of stronger interactions in
the system and the shifting of phase transition with increasing concentratic®@\of Khe

similar trend was also observed in grednetwork with 14 and 24% (w/v) KGM. From the
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thermograms in Figure 5.9 it was shown that @agniIPN with 35% (w/v) KGM and gra#t
conetwork with 14% (w/v) KGM and 1% (w/v) Ce(IV) displayed a distinct psak would

be indicative for full IPN. The endothermic peaks for goafhetwork with 24% (w/v) KGM
initiated using 0.5 and 1% (w/v) Ce(lV) appeared to be very broad and showed sign of
degradation with exothermic peaks at around’@%s was seen with @slinked KGM with

higher concentrations of Ce(lV) which was mentioned in the previous chapter. The broad
peak and highergiwere concluded to be induced by the formation of crosslinks in KGM and
its interaction with P(NVREo-PEGDA). The endothermic peaksr fgraftconetwork of 14%

(w/iv) KGM with 1% Ce(1V) and grafconetwork of 24% (w/v) KGM with 0.5 and 1% (w/v)
Ce(lV) displayed complex mixture of polymerisationwith the appearance of shoulder on

the broad peaks. Exothermic peak was observed in bothogreetwork of 24% (w/v) KGM

with 0.5 and 1% (w/v) Ce(lV). The endothermic and exothermic peaks for both graft
conetwork of 24% (w/v) KGM with 0.5 and 1% (w/v) Ce(IV) appeared to be in the same
range with T around 151 and 142 and exothermic peaks abaut 310 and 31¥,
respectively. This result also confirmed that the presence of Ce(IV) may strongly influenced
the conformational changes in the Il PN and
Further in this chapter, correlation between the changé® inltemical composition of KGM

in semilPN and graftconetwork with water interaction were investigated using EWC and
free water measurement. The EWC of a hydrogel is of a great interest for controlled release
application and degradation. Hydrogel swelllee to the increase in its segmental mobility of
polymeric chains when water diffuses into the network of polymers. The expansion in the
size of the hydrogel due to swelling also affects the distance between the polymeric chain,
which may be influential icell-material interactions. The EWC feemilPN decreased from

95 to 86% with increasing concentrations of KGM from 14, 24 to 35% (w/v) whereas the

EWC for all graftconetwork hydrogels were in the range of&®6. The EWC for 35%
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(w/v) KGM semiIPN wassimilar to graftconetwork, reflecting the correlation with a tighter,
denser gel morphology resulted from higher concentration of KGM with the formation of
crosslinked KGM in P(NVRo-PEDGA) network by Ce(IV).

The state of water molecules within the hygits was probed by DSC. Water molecules can

be classified as bound water or free water based on heating experiment on hydrated samples.
Unlike bound water which involves hydrogen bonding, free water has good mobility inside
the hydrogel since it has no @maiction with the polymer and was associated with a sharp
endothermic peak appearing arourffC Ovhich similar pure water in terms of transition
temperatures, enthalpies and DSC cu¥@s), Lee et al.2004) The amount of free water in

the hydrogel was approximately calculated as the melting endothermic energy for pure water
per mg of sample.The melting point of free water in all samples appeared to be ¥bpve 0
due to the presence of dense polymegtwork chains in the hydrogel, not due to the binding

of water to the polymer as bound water did not show any endothermic peak in the
temperature range ef0 to OC (Kim, Lee et al. 2004)

Fromthese observations, it is clear that the increase in EWC is attributed mainly to the free
and bound water content in the hydrogel. Another factors that could have been contributing to
this effect are the presence of crosslinks in the network that lithieedontent and binding of
water with the hydrogel and the ionic repulsion i@OO ions, where dissociation of
hydrogen bonding induce the increase of bound water in the hyd(dMmidavinia,
Pourjavadi etal. 2004) It was also found that the increase of crosslinks in the hydrogels did
not only reduced EWC and the presence of free water in the hydrogels, but also changing
KGMés chemical structure and co'fictNMRtandi nsi de
toluidine blue staining, whickvas widely used to identify the presence of high molecular
weight sugar such as heparin in a subst§Bod@th, Mallia et al. 1980)

Clearly, the difference in the structure and chemical properties of these materials produces
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changesn biological activities of the cells. ThusemilPN have higher EWC, free water and
KGM content compared to gradbnetwork, where the KGM was crosslinked by addition of
Ce(lV). The consequence of the formation of crosslinks in the IPN led to the decofease
EWC, which may relate to the mitogenic effect BfNVP)co-DEGBAC on fibroblasts
viability (Smith, Rimmer et al. 2006lso, the formation of crosslink in the IPN led to the
increase of Jand phase separation as were observed in DSC thermograms.

This study also showed that, in common with most-caarged hydrogels, the graft
conetwork of KGM was not good for keratinocyte and fibroblast attachment even in the
presence of i3T3 and fibron@t There are a number of factors that affect cell adhesion onto
polymer; polymeric surface charge, the presence of specific surface chemistry (i.e. peptides
or alkyl amines) water content and structure and the type of(tgten, Minett et al. 1985;
Schneider, English et al. 2004he link between water content of hydrogel on cell adhesion
had been described where high water content disabled protein adsorption onto the polymer
and discourage cell attachme(®immer, German et al. 2005Cells require integrin
interactions or the presence of adsorbed proteins to attach onto polymeric surface. Integrins
are cell surface receptor that anchor cells to the ECM andltremssignals to regulate cell
functions such as adhesion, migration, differentiation and proliferation. Integrins also
regulate cytoskeletal organization. The presence of proteins such as fibronectin, laminin or
vitronectin is required to enhance cell attmment onto some surfac@suttelman, Mortisen et

al. 2001)but of course these proteins must be adsorbed in active conformationsaétpgs

such as amine functionalization and tethering with RGD peptides help to improve cell
attachment and growtl{Rimmer, Johnson et al. 2007; Perlin, MacNeil et al. 2008;
Shahbuddin, Park et al. 2008®)hydrogels.

The results present in thitbiapter suggest that the biological activitiesedilPN and graft

conetwork are not controlled only by the chemical structure of the polymer but also by the
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amount of free water present in the hydrogel. Also, the biological effects on the stimulation

and inhibition of fibroblasts and keratinocyte viability are the results of a dynamic interaction
between the cells and the gels via cell specific receptorde@t@). The effect also might be
attributed to hydrogel 6s ability to absorb
to the cells(Smith, Rimmer et al. 2006) The hydrogel may also function as a diffuser for

cell meabolic waste and at the same time supplying nutrients to the cells. The detailed
mechanism of action clearly would require further studies diven graftconetwork
advantageous in stimulating fibroblasts viabilityis couldbe potentially useful fowwound

healing.

5.4 Conclusions

The semtIPN and graftconetwork hydrogels were prepared successfully frqidVIP),
PEGDA and KGM via free radicalolymerisationusing HMPP and Ce(1V) as initiators. The
experimental results from FTIR, DSEC NMR, EWC, free water content, toluidine blue
staining and biological studies using MTT assay reveal that conformational changes in full
IPN hydrogels resulting in lesser EWC, free water and KGM content play significant roles in
affecting the biologicahctivities of skin cells. The measurement of DSC confirmed that
graftconetwork possessed broader peak compared to semi IPNs, owing to the formation of
crosslinks in the bipolymers. The synergistic interactions and formation of crosslinks initiated
by HMPP and Ce(lV) was also confirmed by FTIR, where bes#milPN and graft
conetwork displayed all characteristic peaks assigned to R@MNAEGDA) and KGM
except for the peak at 1727 ¢nwhich shifted to 1635 cm It is also worth noting that the
ability of hydrogel to absorb water decreased with the formation of crosslinks in the

hydrogel.
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Chapter 6. The effect of KGM, xanthan and KGM-xanthan blend hydrogel

for cell transportation.

6.1 Introduction.

There are relatively few publications on how to tramspaltured cells for clinical use as
discussed inEves, Baran et al. 2011for long term storage of cells, these are stored in
liquid nitrogen. Cells can be transported frozen in liquid nitrogen, especially where there is a
short delivery time windophowever, thigs both challenmpg and expensiv@Day and Stacey
2007) Also, some researchers have reportegbpreservation of cells to be uneddie due to
detrimental effects of dimethyl sulfoxide (DMSO), which is not suitable for cell therapies and
linked to cell membrane damag@éolden, Haugen eal. 1980)and apoptosig¢Cao, Li et al.

2007) Cryopreservation in liquid nitrogen requires equipmentalsd is labor intensive and
requires that the cells during transport to be kept fr¢Zéen, Zhang et al. 2009)
Polysaccharides of different origins such as pectin, galactomannan, dextran, alginate,
chitosan or xanthamoth individually or combined have great potential in assisting cell
transportation due toheir ability to maintain cell viabilityand they arebiocompatible,
inexpensive and abundant in natykdano, Silva et al. 2007; Farris, Schaich et al. 2009)
Polysaccharide based hydrogels have gained significant interest as carriers and stdstrate
assist cell transportation compared to conventional cryopreservation methodexample,
alginate was found to support the short term preservation of corneal epithelia{\Weilgt,

Cave et al. 2012)and hMSC and mESC at roomemperature in air tight contairgewith
minimal medium contenfChen, Zhang et al. 2009] hesetransportedcells were found to

have similar levet of cell viability and expression of stem cell markers, proliferation rates
and morphology as the stored cells.

Polysaccharidesuch as carrageenan and xanthan form strong helical confirmation structures

with specific catios (Sato, Norisug et al. 1984)while konjac glucomannaris a linear
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polysaccharide with Bnannose and glucose in its structurgFan, Zhu et al. 2007)The
differences in mechanical properties and structure of these polysaccharide polymers enable
the design of two skin scaffold layers for wound healing treatrif@neida, Mueller et al.

2013) Although these polysaccharides individually may able to form hydsogékn the
hydrogels are either too hydrophilicabsorbing all medium in éhwell plate or very weak
which makes the maintenance of the hydrogel 0
polysaccharides into a hydrogel provides better structural integrity and function that would be
useful for the transportation of cells.

As mentioned earlier, KGM is a water soluble natural polysaccharide derived from the tuber
of Amorphophallus konja&och whichisc 0 mp o s & dl Yekiked -mannose and D
glucose with acetylated branches at every 19 mole¢Hiezng, Takahashi et al. 200KGM
hydrogel has been demonstrated to maintain fibroblasts and ADMSC viability in unchanged
mediafor up to 20 days, which is an attractive quality for cell transportation and preservation
of cell viability (Shahbuddin, Shahbuddin et al. 2013)

On the other hand, xanthan is a microbial polysaccharide of bactetmmthomonas
campestris which consists of a cellulesb a ¢ k b o n(e 1 YoBi-pludoyranose glucan
with trisaccar i-Wel ibrrkaemdpwBnose 2 Y--IBgiudojonic acid

( 4 Y Imabnopyranose (Figure 6.(Sandford and Baird 1983 he confirmation is alsan
antiparallel, double stranded helix whithless polydispergethan hydrocolloid and does

not gel on its owr(Li, Qi et al. 2009; Almeida, Mueller et al. 2013Jhe blend of Xanthan

and KGM is particularly interesting, as the combination producsygnargistic interaction

with good physiochemical and mechanical prope#&#liams, Day et al. 1991; Goycoolea,
Morris et al. 1995)It also produced a stronger gel compared to each material alomeaand

4 times stronger than the xanthlaous bean gum blen@Villiams, Day et al. 1991)

The aim of this study was to examine the potential of KGM, xantharad@M-xanthan
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blend to assist cell transportati@eally across the wholef the UK and possibly Europees
previously investigated by Eves et.(&ves, Baran et al. 2011)he goldstandard for cell
culture is incubation in a well maintain environment ofG375% CQ and 95% @ with
bicarbonate buffer to maintain the pH to be around(Ewves, Baran et al. 2011)Usually
patients have to travel to receive effective treatment which can be inconvenient, time
conaiming and expensivieves, Bararet al. 2011) Cell survival up to 24 hours is essential

for transportation as usually that amount of time is required for travelling inside the country
while 48 and 72 hours, would enable cell transportation across European continent and to
other partof across the worl@Eves, Bararet al. 2011)

Chapter 3 discussed KGMo6s ability to maintai
media up to 20 day$Shahbuddin, Shahbuddin et al. 2018)d to stimulate fibroblast
viability and proliferation when placed in direct contact with the hydrogels. These findings
led tothe investigation of the potential use of KGM, KGM blends and crosslinked hydrogel
for cell transportation. The chapter discusses very brief on the basic characterization of KGM
and KGMxanthan blend hydrogels and also examined the potential of theseyélgd(and
crosslinked KGM) to maintain cell viability during the transportation up until 24 hours with
mechanical stimulation. In this experiment, to mimic the mechanical trauma and variation in
temperature outside the incubator, the cells in a 12 wek plere placed in direct contact

with the hydrogels and placed inside the incubator (as control) and outside the incubator on a
rocking shaker subjected to an upward and downward movements with a minimum speed of

4 rpm.
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Figure 6.1 Chemical structures ¢f) xanthan gum an(B) KGM.
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