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encapsulied into gelling system. (a and ¢) NB?N gels without HA.

(b and d) SemiPN gels with HA (16 mg/ml). The hydrogels
puorescently | abeled with a dye that
presence of intracellular esterase activity in living cells (calédih

anda dye t hat ethiduin hdmodime® sviter Isound to

the DNA of dead cells with compromised membraridse samples

were directly visualized on an Olympus 1X81 inverted microscope.

Note: cell adhesion and cell viability were significant improved in

semil PN hydrogels both ié&ééeé&d®&.144nd 3D mode

Figure 3.9: LIVE/DEAD viability assay for 3D culture of ADSCs with different
gelling condition after 3 and 6 days. Green fluoresces (cafddin
| abel ed | iving cahidunshoradimgrl)rabeled puor esces
dead cells. The samples were dingelisualized on an Olympus 1X81
inverted microscope. Scale bars in all cases represent 100 pm. Note: it
seemed that the ratiof 10 % polymer with 1 % HAhowed higher
cell survival ratio after 6 days, hich is confirmed by quaified
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Figure 3.10Quantification analysis dflVE/DEAD® viability assay for 3D culture
with different gelling condition after 3 and 6 dayercentage of live
cells to total cell number calculated from LIVE/DEADstaining
micrographs (Mean + SD, n = 3). Note: a significant drop on

percentage cell v d@Pb2%HAQd gmacsu pf oaufntde ri n
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Scheme 4.1Synthetic route and chemical structures of PEGMEMEO,MA -
PEGDA and HASH hydrogel. (i) modification of HA with
cysteamine (EDAGNHS) car bodi i mi deotarmupl i ng; (i
Ones t eirps@tu DE-ATRP in butanoneat 50 °C; (iii) hydrogel
from in-situ crosslinking of componentsvia thiol-ene Michael
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Figure 4.1: (a) LCST of theEGMEMA-MEO,MA-PEGDA copolymer
determined by UWis spectrophotometer. (I temperature ramp
rheological measurement fdhe copolymer (30 wt%)Note: the

LCST of the copolymer was around 2€; and therheological
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modulus were dramatic increased due to the aggregation of
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Figure 4.2 'H NMR (300Hz) spectrum of HA and thiolated HA (FBH) in DO,
Note: the protons from 2.6 (1) to 2.4 (2) ppm confirm the conjugation
of thiol groupéééeééeééeééeééeéee. 691
Figure 4.3: Content of free thiol groups on HA and thiolated HA {&iA),
determined by EIlIl man6s assay. Note: the
the modified HA showed significant higher than control group of
nor mal HAE é € éécééééecé ¢ e é e 6 é é e é 170
Figure 4.4: Chemical gelation via Michagpe addition between PEGMEMA
MEO,MA-PEGDA copolymer and thiolated HA (H/&H) at room
temperature. The molar ratio between thiol groups on theSHAand
the vinyl groups on the copolymer were (a) 1:0 (without polymer), (b)
1:1, and (c) 1:2, which were calculated based'dnNMR and
El | ma n 6is. Naden lHASH solution without polymer stay as
liquide form, while in the other two groups, stable hydrogels were
formedééééécéécéeééeceéecéeéee.ée. Nl
Figure 4.5: Compression tests on chemical elioged hydrogels fabricated from
PEGMEMA-MEO,MA-PEGDA with thiolated HA. (a) Storage
Modulus of hydrogels prepared at different polymer concentration (n
= 3, Meanz SD). (b) A hydrogel sample (diameter 12.5 mm,
thickness 2.5 mm) was under a compression test using DMA. Note:
the hydrogel prepared from highpolymer concentration exhibited
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Figure4.6: SEM images of the crodiked hydrogel usinga) 10 wéo and(b)
15 wt% PEGMEMA-MEO,MA-PEGDA polymer and fixed
concentation of HASH. Note slight largerpore formed witHower

polymerc oncentr at iéoénétééécéceeé é éé . .73 1

Figure4.7: Swelling ratio of hydrogel withl0 wt% and15 wt% PEGMEMA-

Figure 4.8: Cell viability of ADSCs encapsulated i¥8P-HA hydrogels at 3, 7,
14 and 21 days. (a) Representative
encapsulated ADSCs stained with calcein AM (green) for live cells
and ethidum homodimet (red) for dead cells by LIVE/DEAD
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stain kit. (b) Hydrogel prepared on Teflon tape (molatia of

,,,,,,,,,,,,,,

t hi ol : vi néyélé éagsé éle:é)eé& é .6 é é é .176

Figure 4.9: Cell viability of ADSCs encapsulated #8F-HA hydrogels at 3, 7, 14
and 21 daysPercentage of live cells to total cell number calculated
from LIVE/DEAD® staining micrographs (Mean +SD, =1 3). Note:
there is no significant differenad cell viability from every time point
(p< 0.05)eééééececéeééecééecéee. 711

Figure 4.10:Cellular proliferation assessment by PicoGfeassay. Note: total
DNA content in the hydrogel is significant increased from 7 days (n =
3, p<0.05) and maintain at the same level after tvhich means the
proliferation of the cells were restricted after 7 daéyg € é é . 781

Figure 4.11:Cell metabol activity assessment by alamarBlussay. Percentage
of deduced alamarBlGavas calculated by the absorbance at 550 and
595 nm. Note: total cellular metabolic activity were significantly
reduced after 14 days (n=B<0. 05) ééé éé é ..M

Figure4.12: Secretion profile of cytokines of hADSCs in botSHRHA hydrogel
(3D) and tissue culture plastic (2D) over 7 days. Cells were seeded at
0.5 x 16 cells/ml in both 3D and 2D culture conditions in-#®ll
plates. Supernatant from both conditions waalysed using muki
plex ELISA kit for IL-2, IL-10 and INFo . ( m < 6.05)3 Note:
inflammatory cytokines of l2 andINFo r educed after 7 days
hydrogel microenvironment, while remained at the same level for 2D
seeded cells ¢h); antiinflammabry cytokine of I-10 in hydrogel

seemed higher |l evel ééeka&gé2DI8contr ol (c)

Figure 4.13: Secretion profile of growth factors of hADSCs in botBHHA

hydrogel (3D) and tissue culture plastic (2D) over 7 days. Cells were

seeded at 0.5 £0° cells/ml in both 3D and 2D culture conditions in

48-well plates. Supernatant from both conditions was analysed using

multi-plex ELISA kit for PIGF, VEGF and TGB . ( p<&05)3,

Note: theangiogenic growth factors of PIGF, VEGF significantly

increased in hydrogel system over timebja TGFb was al so showed
increased production over time in both 2D and 3D conditions, but

there was no significardifference in concentration levels at any time

for 3D culture (épéeéeéee&ade 82
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Chapter 5

Figure 5.1: The identified parameters for measurement of wound contraction and
epithelialization on H&E staining slides. E: epidermal; D: dermal;
E1/E2: regenerated epidermal; G: granulation tissue. Note: wounds

are contracted al oénéggé énéiétéhé @ ®Wa |l i ng proce

Figure 5.2:Representative photographs of wounds at 3, 7 and 14 days. NA: no
treatment group; C: ADSCs cell alone group; H: hydrogel alone group;
H+C: hydrogel + ADSCs group. Note: obvious wound contraction
occurred in no treatment and celbne control groupat 7 and 14
dayséeééecéeéécéeeéeéécéeeéée. 191
Figure 5.3: Percentage of wound area at 3, 7 and 14 days comparing to original
wound area measured by ImagéPRius, (Media Cybernetics, USA).
(*) labels the significant differences bexen each time point and
groups( Two way ANOVA with Tukeyds post an:
+SD, n = 7,p < 0.05. Note: wound areas of hydrogel treatment
groups (with or without cells) were significantly larger thao
treatment and cell alone control grougis14 days due to the skin
contractionééeéeéceéceeéee.éeeée. 18
Figure 5.4: Percentage of wound contraction. Note: no significant difference
betweeneach treatment group at each time p¢inwo way ANOVA
with Tukeybés post annael7,ps0.09 butat hod, Me a n
trend can be found that hydrogel treatment groups (with or without

rADSCs) contracted less than otheogps at 7 and 14 dayg é 201

Figure 5.51n vitro 2D cell attachment assessment. Fibroblast (3T3), hormal human
keratinocytes (NMK) and ADSCs were seeded on the cell culture plate
(Cont.) and on the surface of theSH-HA hydrogels (Gel) and
detected by LIVE/DEAD stain after 48 h. Scale bars in all cases
represent 100 pm. Note: neither of these cells can attach on the

hydrogel surface compared withe cellsseeed on tissue culture

//////////

Figure 5.6: Percentage of wound epithelialization. Note: no significant difference
betweeneach treatment group at each time p¢iwo way ANOVA
wi t h Tukeyods post analnwsi,gp< met hod, M

005 eeéeeceéééeceeééeceeceéeéeee . é.é.203
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Figure 5.7:Repregntativepuorescenimages of rADSCembeddedhydrogelsat 3,
7 and 14 daysimplanted cells were marked wi@ellTrackef™ CM-
Dil (red) counterstained with Hoechst 33258 (blue). The yellow dotted

,,,,,,,

Figure 5.8:The stereological quantification of the volume fraction of implanted
rADSCs based on thpuorescenimages labelled bgellTrackef
CM-Dil/Hoechst 33258. Note: no significant difference between each
time point St u d etest,Mean +8D,n=7,p<0.05 é & é . 50

Figure 5.9:Representativépuorescenimages of CD68immunohistochemistry
stained macrophagégreen) counterstained with Hoechst 33258 (blue)
for different treatment groupat 3, 7 and 14 days$cale bars in all
cases represebBt0 Omé é é é é é é 6&6éeé é ..& é é 206

Figure 5.10Quantification ofvolume fraction of macrophages at 3, 7 and 14 days
based on the immunohistochemisinyages (CD68Hoechst 33258
Note: ro significant difference between each treatment group at each

time point(Two way ANOVA with Tukeyb6s post

,,,,,,,,,,,,,,,

Figure 5.11:Representative images (x 600 magnificationH&fE stained tissue
slides at 3, 7 and 14 days. W: skin tissue at wound area; H: hydrogel.
The arrows highlight the neutrophils cells. Scale bars in all cases
represent 10 um. Note: the neutrophils surrounding the hydrogels was
obviously more than control groups at dayb8tclearly decreased at
day 7, which indicated that thleydrogeltriggered hgher acute
inflammatory response than control groapshe early stage of wound

Figure 5.12: Volume fraction of total inflammatory cells at days 3, 7 and 14.
Counted inflammatory cells included neutrophils, eosinophils,
lymphocytes and macrophages. Note: because of the increased
neutrophils, totalinflammatory cells in Hydrogel withithout cells

groups are significantly higher than control groups at day 3 and day 7

(Two way ANOVAwithTukey 6s post , Meana$Dynsi s met hod

/////////////////////

Figure 5.13: Representativepuorescentimages ofCollagen type IV
immunohistochemical staining (green) counterstained with Hoechst

33258 (blue) for different treatment groupiseach time point. Note:
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the angiogenesis with hydrogel treatment groups (with or without cells)
were obvious increased at 14 dgagompared with control

,,,,,,,,,,,,,,,,,,,

groups&céeééécecceéeééecececé..eééeé 211

Figure 5.1: Vascular surface density at 3, 7 and 14 days. Note: Hydrogel +
rADSCs group shows significant higher than control grd@pse way
ANOVA with Tukeyds post mn/p<ysi s met ho
00H.eééeeéeéecéeéécééee.eeéeéé. 212
Figure 5.5: Vascular length density at 3, 7 and 14 days. Note: Hydrogel +
rADSCs group shows significant higher than control grq@pe way
ANOVA with Tukeyds post mn/p<ysi s met ho

s w w7 £ £ s 1 7 £ £ 2z 1z 7 1 1 £ 1 7

0.05 . ceeéééeececeececééééeecececeé. | 213.

Figure 5.5: Total vascular surface area at 3, 7 and 14 days. Notsigniicant
difference between each treatment group at each time (Gmeat way
ANOVA with Tukeyds post mmn/ap<ysi s met ho
005 . éécéécééeéeécéecéeceeéeéce . 214
Figure 5.T: Total vascular length at at 3, 7 and 14 days. Notesignificant
difference between each treatment group at each time (et way

ANOVA with Tukeyds post mmn7ap<ysi s met ho

,,,,,,,,,,,,,,,,,,,,

Chapter 6

Figure 6.1: Summary of the main outcomes from each phase of this
thesi sééééeééeééeae&&edéeécéecéeéecééern

Figure 6.2: Future direction of bioactive modifications on the Hi&aGed
hyperbranched multifunctional polymerhich can be performed for

speci fic wound healéiénig.éappl BlRat i ons é é é ¢
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Abstract

Wound healing, especially chronic wound healing, has become a major
clinical problem all over the world. Among all the treatments for wound
healing, wound dressings are the main managemmgptoacks for both
acute and chronic wounds. Howevdthaughsignificant progress has been
made in the developent of modern wound dressingsver the pastew
years,there are still restrictions to stimulatitige healing proces#\s an
alternative to existing approachessue engineeringpproachesvith stem

cell therapy have been widebtudiedfor wound healingapplicationsand
showed promising therapeutic effedideally, the next step is to develop a
wound dressing with specific therapeutic functionssuch asdelivering
therapeuticagents (e.ggrowth factorsandbr stem cells}o promote the
healing processlhe overall goal of thisloctoral projecivas to develop an
injectablehydrogel cell delivery system which could easlycapsulate and
support adiposederived stem cels (ADSC9 growth proliferation and
secretion with the potential use asteamporarybioactive hydrogel dressing
for wound healing applications. To this etide multifunctional PEGased
hyperbranched copolymers with thermoresponsive behavior imsitu
photo/chemical crosg$inkable properties have been developed via an
advanced onstep in-situ deactivation enhanced atom transfer radical
polymerization(DE-ATRP) method At room temperature, this copolymer
was watetsolublewhile forming a gel rapidly abody temperature, so that
the cells can beasilyencapsulated arapplied to any wound size, shape or
cavity,whichi s | ess i nvasive than other approac
discomfort In addition a phote/chemical gelatioroccurs withina short
time to achieve a stable hydrogel with enhanced mechanical properties
supporting cell growth, proliferation and secretioRurthermore, in
combinationwith extracellular matriYECM) biopolymer of hyaluronic acid
(HA), the microenvironment of the hydrogefstem ha been optimized
during the project, so that the encapsulated ADSCs ncaimtain their
viability and secretion levein vitro. Finally, thein vivo cell survival,
material inflammatory response, and the wound healing effect ef th

optimized hydrogel systemwith rat ADSCs were evaluated using a rat

XXiii



dorsal excisional wound modét was found that this systeprevented the
wound contraction and significantly enhanced angiogengsis is the first
study to describe an injectabsgem cell bioative hydrogel dressing for
wound healing purposeandwith the advanced multifunctional polymer and
injectablehydrogeltemplatedeveloped in this project, there is significant
potential for furthedevelopment othis technique to the next step towards

the realization of clinical wound healing applications ultimately.
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Introduction

1.1Wound Healing

The skin is one of the most important protective barriers of the body against
the environment and its functional disruption or injury may result in major
disability or even death. According to ttdefinition from the Wound
Heal ing Society, wound healing is a fAcom
various mediators, different blood and parenchymal cells, and extracellular
matrix (ECM)*. Based on the nature of the healing process, wounds can be
classified into two catexies asacute woundsndchronic woundg. Acute
wounds, which are usuglicaused by mechanical injuries and thermal or
chemical burns, can generally completely heal with minimal scarring within
days to 12 week$>. In contrast, chronic wounds fail to heal over months,
even years, due to repeated tissue insults or specific physiological
conditions such as diabetes, obstinate infections and poor management of

the wounds$"°.
1.1.1 Acute Wound Healing

Depending on the biologic and physiologic mechanisms, the acute (normal)
wound healing process can be divided into three overlapping phagese(

1.1): (i) hemostasis and inflammation; (ii) proliferation and repair
(neoangiogenesis, proliferation and-em@thelialization); and (iii) tissue
remodeling® ’. More importantly, these overlapping steps are precisely
regulated by local and system mediators such as cytokines, chemokines and

growth fators®*°.

1.1.1.1 Hemostasis and Inflammation

Bleeding usually occgrimmediately after skin injurywhich does not only

serve to flush out the bacteria and foreign antigens but also to activate
hemostasis. After injury, platelet aggregation initiates the clotting cascade
forming a fibrin clot and triggers plateletediated vasoconstrictioh. The

clot serves as a temporary shield protecting the uncovered wound tissue and
the vasoconstriction can prevent further blood loss. In addition, the
fibronectin and fibrin composition in the clot supports and guides the
fibroblast and keratinocytes aprovisional matrix or scaffoldThe platelet
activation also results in the release of mediators such as ptigeletd
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growth factors (PDGF), which indug@ series of immune defenses and
tissue repaiprocessncludingthe migration of fibroblasts and keratinocytes,
the recruitment of inflammatory cells, the production of collagen,
glycosaminoglycan or other ECM proteins, and tlgnthesis of

collagenasewhich are response to reshape the regenerissaet> 2

The damage of blood vessels and vasoconstriction also result in a hypoxic
microenvironment, which induces the release of-amtrobial substances
such as reactive oxygen species (R&S¥, oxidants, cationic peptides,
proteases”’ and stimulate the formation of neutrophil extracellular traps
(NETs) which can degrade virulence factors and bact&riZhese anti
microbial substances can kill the microorganisms in the early wound stage,
while too manyof them may cause further tissue damage and delayed
healing process. Moreover, the imbalance of oxidants and antioxidants may
cause the prolonged inflammatory phase in chronic wotfhtis Therefore

the balance of ROS production cardetoxification by ROSletoxifying
enzymes, antioxidants and hemeoxygenases plays a crucial role in wound
healing proces$®. A number of studies have aimed at itiiging some
potential clinical targets based on this mechanism. For example, the
intracellular enzyme peroxiredoxththat is expressed in epithelial cells was
found to protect cells from the R@Sduced damagé® ?. The gene
transcription approaches for encoding growth factors, cytokines and
chemokines have also beesedto control the oxidative stress. A good
example for such targets is the transcription factorBXFrelated factor 2
(Nrf2) which regulates the production of antioxidant molecules in
keratinocytes?®. Keratinocyte growth factor (KGF) or so called fibroblast
growth factor7 (FGF7) can increase the expression of 2Nrand
peroxiredoxin6, therefore indirectly protecting keratinocytes from ROS
induced damag® .

The inflammation begins nearly simultaneous with hemostasis and is
usually complete within 24 h to 3 days, while sometimes it may lasirfer
week after injury’. Within a few minutes after injury, neutrophils are
recruited from the circulating blood around the wound site to clean the rush

of contaminating bacteri&’. In addition, the prénflammatory cytokines
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produced by neutrophils can activate local fibroblasts and keratinocytes at
the early wound stag€. The infiltration of neutrophils ceases once the
infection is controlled (normally after a few days) and then are cleared by
macrophages phagocytes. Monocytes are also recruited to the wound

site at this stage, in response to various mediators such as monocyte

chemoattractant protein 1 (MEP) transforming-byr owt h

and fragments of ECM proteins, and then they differentiate into activated
macrophages'’. Adherence to the ECM may induce monocytes and
macrophages to express important cytokines for inflammation and tissue

repair process such aslonystimulating factor 1 (CSR), tumor necrosis

factor-UOU, (PRBF, transf or milh)g, HTG®Fvt h

interleukinl (IL-1), insulinlike growth factor | (IGFI) #"?°. In addition,

macrophages can also synthesize nitric oxide (NO) which has been proved

f

a (

to have an impaant beneficial role in wound healif§®*. As a fAtransi ti

cel |l o bet ween infl ammati on and wound

phagocytose cell debris and clean the wound site, but also regulate the
migration andproliferation of epidermal ced] organization of new tissue

connection, and angiogene$is?.

Another important cell type acting at the inflammatory phase is leukocytes,
which are induced by endothelial and intercellular adhesion factors. For
example, the immunoglobulin superfayninembers intercellular adhesion
moleculel (ICAM-1) and vascular cell adhesion moleelildVCAM-1)
which are upregulated by vascular endothelial growth factor (VEGF) and
IL-1, may benefit the recruitment of leukocytes and macrophages during the

3336 |n addition, the effect of the intercellular

inflammabry phase
communication channels (gap junctions) can also promote or delay the
wound repair process. tasshown that dowaregulation of connexin 43

(Cx43), one of the important gap junction proteins, reduced the chemokine

ligand2 (CCL-2) and TNFU | evel , | eading to decreas

response and improved healiig As another potential treatment target,
chemokines suchsacysteineX amino acidcysteine ligandl (CXCL1) and
its receptor (CXCR1) also regulate the recruitment and infiltration of

leukocytes and macrophagés

r

f aci

(

€
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Furthermore, vasoactive substances such as serotonin, prostaglandins,
histamine and bradykinin also play significant roles in the inflammatory
stage of wound healing procéSsThese factors increase the permeability of
endothelium which leads to enhanced infiltration of immune and reglésr ¢

As a result, the fluid starts to leak and the temperature increases at the
wound site, leading to a warm and moist microenvironment for healing
process. At the end of the inflammation pbe, bleeding is controlled and

the wound bed is clean, which is suitable for the next phase of proliferation

and repair.
1.1.1.2 Proliferation and Repair

The proliferation and repak the second phase of the healing process
usually occurs within-B weeks after wound injury and includes three major
events: reepithelialization, neovascularization and granulafioRibroblast

and keratinocyteare the key cell typeduring ths stage
1.1.1.2.1 Re=pithelialization

Re-epithelialization occurs within hours after injury when the epidermal
cells from skin appendages (e.g. hair follicles) clear the damaged stroma and
blood clots from the wound sit&leanwhile, keratinocytes undergo marked
changes in their phenotype: the retraction and dissolution of the intracellular
tonofilaments and desmosont&sand formation of peripheral cytoplasmic
actin filaments to support cell movemefft The tight adherence of
epidermal and dermal cells is brokeia dissolution of hemidesmosomal
links between the epidermis and the basement membrane. Consequently,
these cells interact with several ECM proteins such as fibronectin,
vitronectin, and collagen type 4, and separate eschar tissue frdme t

wound space.

24-48 h after wound injury, epidermal cells start to proliferate following the
active migrating cells from the edge towards the center of the wound. The
proliferation and migration of keratinocytes include a series of cell
transfomation and leapfrogging processés which are induced and
regulatedby a number of growth factors and cytokirseeh ad=GF family

(e.g. FGF2/-7/-10) “**® epidermal growth factor famil{EGF, heparin
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binding EGF)*" *® hepatocyte growth factor (HGEJ *°, IL-6 °* *? and

TGFU *. Furthermore, the role of TGF as an i mportant gr owt
functioning throughout the entire hawg process has been controversially

discussed in literature. On the one hand, it stimulated keratinocyte migration

and promoted chronic wound healitfg On the other hand, inhibited effect

on keratinocyte migration and-epithelialization has also been found after

treatment with TG > °°. A recent report demonstrated that the
association of TG wi t h i ntegrins anebseiadl M mat er i ¢

role in the wound healing proce¥s

In addition, some matrix metalloproteinases (MMP&)family of zinc
dependent endopeptidases which cleave specific ECM and basement

member proteins®® >

, also play essential roles to encourage cell
proliferation and migration, such as MMP (interstitial collagenasey’,
MMP-9 (gelatinase B)** and MMR10 (stromelysir2) ®2 Once the
migrating cells from opposing sides make contact with each @tlesasing
process is triggered that is known as the contact inhibition. Then, basement
membrane reformed as a zipgi&e sequencé® and epidermal cells return

to their normal phenotype
1.1.1.2.2 Angiogenesis

Angiogenesis, sometimes also refereetheovascularization, is a restoring
process for the vascular network. It is essential for providing nutrients and
oxygen during the healingrocess®. As discussed in the former sectipn
increased endothelial permeability creates a required nutigdnt
microenvironment for wound repair before the new blood vessel system
regenerates. Shortly after the injury, the partial pressure of oxygen at the
wound site significantly decreases while the partial pressure of carbon
dioxide (CO,) increases to about 8dm Hg, and the pH decreases to 6.8,
leading to increased level of lactic acid. The lactic acid molecules can
regulate the cell metabolism and transcription. For example, an increased
lactic acid level promotes collagen production within the wound and

enhames angiogenes's.
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On the other handhe hypoxic environment induces macrophages secreting
growth factors to stimulate angiogenic factors such as VEGETGRb 1

% basc FGF ’°, and indirect angiogenic factors such as cystditfe
angiogenic induce61 (Cyr61)’* and sonic hedgehog protein (SHR) In
addition to these factors, endothelial receptors, ECM and provisional matrix
are also important for angiogenesis, which affect the proliferation and
migration of endothelial cell§. At the late stage of the proliferation phase,
angiogenesis ceases once the wound space is filled with new granulation

tissue, and many of the blood vessels are cleared via apoptogsgifoc
1.1.1.2.3 Granuladn

The last mechanism of the proliferation phase is called granulation and
begins aboutfour days after injury’. Here, new capillaries occur,
macrophages, fibroblasts and blood vessels move into the wound space,
leading to a development of ndissue rich in hyaluronic acid, fibronectin,
collagen and other ECM materials. In this stage of the wound healing
processfibroblasts are the main contributors to the production of new ECM
compounds. For instance, hyaluronic acid increases the tissuatibgd
fibronectin promotes the cell adhesion and migration; proteoglycans (e.g.
chondroitin sulfate) benefit the regulation of several growth factors and
secreted proteins; and glycoproteins (e.g. collagen and elastin) provide the
mechanical strength ofiew tissue matrix’. During this process, the
proliferation and migration of fibroblasts are stimulated by mediators that
include PDGF"®, TGRb 1° and FGF ”’. Finally, the provisional matrix is
replaced by new extracellular matrix caused by the influx of fibrobf&sts

Once the collagench ECM has formed, the fibroblasts cease to produce

collagen and undergo aptosis®.

Another essential mechanism during the ECM regeneration is wound
contraction. Usually during the second week vadund repair process,
fibroblasts differentiate into an actin containing phenotype, named as
myofibroblasts’. Utilizing their contractile properties, myofibroblasts pull
wound edges together to result in the wound contraction, which increases
the healing process at some level via reducing the wound gap; but too much

contraction can cause deforming scars, painful contractures and mobility

7
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dysfunction®. The modulation factors that are involved in this process
include TGFb 1B 22 PDGF®, integrin receptors for ceECM attachment

8 and enzymes for collagen remodelifg Furthermore, during the
contraction process, collagen molecules accumulate, are remodeled and
crosslink with each other. Approximately aihreeweeks after injury, the

wound can achieve about 200of its final strengtf§' .
1.1.1.3 Remodeling

The final phase of wound healing in which regenerated granulation tissue
reorganize into mature connective tissue, is called remodeling. It starts from
about three weeks after injury and continues for months, even years to
achieve the restoration of physiologic étions **. As discussed earlier,
collagen synthesis starts during the proliferation phase to build the
granulation tissue, while at the same time, connective tissue is developed to
reshape the collagen and ECM production is driven bgraphages and
fibroblasts®® "8, Released collagen molecules first form a triple helix protein
of procollagen thatan form fibers with arranged order, and then chogs

to generate stable and stronger collagen strafidsin this process,
angiogenesis ceases, cell metabolism in ECM is reduced, hyaluronic acid
and fibronectin are replaced by collagen fibers. Then composition of type Il
collagen decreasesin 30% to 10%, which results in an increased tensile
strength in tissué. Meanwhile, the macrophages, keratinocytes, fibroblasts

are removed by apoptosis

The remodeling process, a balance between the new collagen formation and

old tissue degradation, is regulated by EGbhd growth factors and MMPs

87 The activity of MMPs and their inhibitors (i.e. tissue inhibitor of matrix
metalloprotemases, TIMPsarestimulated by several cytokines, chemokines

and growth factors. For example, TBF has been -regulptor t ed t o
MMP-9 and dowrregulate MMP1, which sustains the balance between

matrix synthesis and degradation, and promotes the remodelinggtotes

Other examples include: 122 inducing MMR3 expression; IL1 results in

MMP-1/-3/-9 and inhibits the TIMPL >3 In addition, chemokines such as

CXCL10 and CXCL11 have also been proved as essential factors regulating

the tissue remodeling and dermal formafior®.
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Figure 1.1: An overview of the stages of the nornfatute)wound healing
process describing major biological processes, characteristic cell types and
molecules as well as the main growth factors and cytokines involved in their
regulation.
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1.1.2 Chronic Wound Healing

As discussed abovd, follows the rapid and acute wound healing process
under normal physiologic conditioradter injury. However, this process is
impeded under certain pathologiconditions, leading to a chronic wound

with a long duration (over 6 months) or frequent recurrehde®™. Many
factors can impair the normal healing process including local factors (e.qg.
tissue maceration, infection, ischemia and induced foreign bogypnses)
systemic factors (e.g. advanced age, undernourishment and diabetes) and
abnormal pathophysiological condition (e.g. genetic mutation in epidermis
bullosa®” and angiogenesis disorder in keloid strin addition, reduction

of tissue growth factor?, disturbance of proteolytic proteinasésnd cell

senescencE’1%? gre also essential influences in chronic wound.

Chronic wound healing has become a major clinical problem all over the
world. Not only the patients suffer from the physical and emotional stress
over year®r even during their whole lifetime, balso their families and the
healthcare system &# bear the enormous financial burden. It is estimated
that 1 to 1.5% of the population in the industrializeduntrieswill suffer

from impaired wound healing during their livé%. In the UK, there are
approximate 200,000 patients with chronic woutffsThe cost to the UK
National Health Seice (NHS) for these patients is estimated at £2.3 billion
to £3.1 billion every year, which is almost 30 of the total healthcare
expenditure from 2005 to 2008

1.1.2.1 Common Chronic Wounds

Chronic wound healing is a complex pathological phenomenon involving
disruption of number of molecular pathways dt@ilases othe healing
process The most common chronic wounds include venous leg ulcers,

pressure ulcers and diabetic foot ulc&rd* 1%
1.1.2.1.1 Venous ulcers

Venous ulcers are a major caus# chronic wounds, influencing

approximately 12 % of the adult population all over the world, and there is
a high probability for this type of wound to persist for longer than five years
107109 15 the UK, the annual cost to the NHS for treating and caring the

10
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patients with venous ulceranges from £168 million to £198 million
Furthermore the differences of age and gender seem to be related with the
incidence of the venous ulcers: female and elder patients are more common
than males and youngel®. Venous ulcers often occur on theg) caused

by longlasting venous hypertension which results from the venous
thrombosis near the malfunctioned valvé® ! Persistent venous
hypertension will further lead to the swellingathcauses the longstanding
pain of the patients, and the restricted blood flow that causes the damage to

the skin tissue® 110111

1.1.2.1.2 Pressure ulcers

Pressure ulcers, or bed sores, are caused by the sustained pressure, friction
or sheaiforce which leads to the reduced blood supply and tissue dafthage
The prevalence of the pressure ulcershie US is around 107 % *? and

18.1% in Europe'™®. Probably more than 20,000 patients in hospitals have
pressure ulcers in the UK at any time and the annual cost to NHS is ranging
from £1.8 billion to £2.6 billion'°*. Healthy people ermally do not develop

the pressure ulcers as our body can prevent the sustain pressure
automatically by routine movements. Thus, patients with pressure ulcers
usually have other underlying health condition such as restricted mobility,
malnutrition, disrugon of blood supply (e.g. patients for tygediabetes),
ageing skin; or extrinsic environmental risk& It usually begins with the

skin erythema once the excessive pressure is placed on the particular part of
the body, and then can develop to 4hickness wound with underlying

tissue damag™> 11,

1.1.2.1.3 Diabetic foot ulcers

Diabetes mellitus is another major incentive for chronic wound, which can
cause a poor blood supply and neuropadigorder. It is estimated that 15%

of the patients with diabetes could develop foot ulcers an% @@ ulcers
relapse within five years, ultimately leading to lower limb amputatidhs

18 The prevalence statistics indicate that diabetes has become one of the
major burdens for worldwide healthcare systeinsthe US approximate

18.8 million people have been diagnosed with diabetes with a further 7.0

11
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million as yet undiagnosed, and theatatf direct and indirect cost for these
patients is estimated at $174 billion in the US per y&ain the UK, it is
estimated there are about 64)0patients with diabetic foot ulcers at any
time and the annual cost to NHS is around £300 milligh°. Moreover, it

is forecast that the percentage of the patients and the relatedwidbst
significantly increase in the near future mairdye to the aging of the
population® *2%. With this trend, the total number of patients of diabetes
was estimated to rise from 171 million in 2000 to 439 orillby 20304

123 and its global health expenditure is expected over $ 500 billion by 2030
124

1.1.2.2 Principles of Chronic Wound Care
1.1.2.2.1 Moisture andcclusion

For more than 2,000 years people believed that a dried wound bed is
essential for preventing large scale infection and promoting the healing
process'?°. Nowadays the moistureound bed is widely accepted as the
most ideal healing environment. Wound exudate not only supplies the
nutrients on the wound bed, but also provides the favorable conditions for
certain cell recruitment and migratidf® **’. However, the overhydrated
maceration surrounding the wound may impair the healing process by
prolonged inflammation, reduced mobility and venous insufficiencin
addition, the chronic wound fluid obstructs the proliferation and remodeling
processes with excessipeoteases and growth factdf§™*°. Therefore, an
ideal wound dressing should maintain the moisture environment while

absorbing the extra exudate at the wourdi*be
1.1.2.2.2 Infection

Excessive bacterial accumulation at Win@und space may cause the chronic
inflammatory and delayed healifd". Infected wounds usually present the
signs including erythema, edema, exudate, pain or even fever. Some
common pathogenic bacteria which can impair wound healing include
Staphylococcus aurepyBseudomonas aerugingsatreptococcus pyrogens
Coliform, Clostridium Proteusand others®?*** Antiseptics (e.g. hydrogen
peroxide, iodine based preparation and silver releasing devared

12
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antibiotics (e.g. mupirocin) are commonlysed to reduce the wound

inflection in modern dressing&>**,
1.1.2.2.3 Dehdement

Debridement is the approach to clear eschar, callus and exudate from the
wound bed in order to promote healing procg84*. Sharp debridemeris

the most accurate and fast method to remove théhaaling tissueso as to
convert the chronic wound into an acute wouridss approacltan be used

on most of wounds including diabetic ulcers, venous ulcers and pressure
ulcers, but not appropriate for arterial ulc&fs***. Wetto-dry debridement

is to leave the salinmoist gauze drying out on the wound bed and then
removethe nonviable tissue together with the gad®e'*®. This coarse
approach is rarely employed nowadays because it causes a high degree of
pain and cannot precisely remove the slough and nonviable tAsiadytic
debridementis a slow approach (it usually takes weeks) using a moisture
donating dressing to rehydrate and separate the dried and nonviable tissue
139140 Enzymatic debridemers another slow approach which uses topical

proteases targieg the fibrin and collagen in nonviable tissge4® 244

1.2Common Wound Dressings

Wound dressings are the most important therapeutic tools for both acute and
chronic wounds. With different type and physiologic conditions of the
wounds, specific wound dressings have been developed over thé.\lears

the past, traditional dressings were made from plant fibers, animal fat
honey and latteday cotton wool, gauzes and Ii{e . The main functions

of these dressings were to absorb the exudates, keep wound bed dry and
prevent the bacterial infection. However, as discusselier, a warm moist
wound environment igssential for healing procesherefoe the modern
wound dressings focusnore on creating an optimal environment for
promoting the wound repairing. The most important properties for the

modern wound dressings inclutie
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Provide debridement actiorClean the wound spaacéa removing

the dead tissue and foreign particles; and indirectly prevent the
bacterial infection.

Maintain a moist wound environmerit is essential for preventing
cell desiccation and death; and promoting cell migration, re
epithelialization, angiogenesand ECM remodeling.

Absorption Excess exudate surrounding the wounds contains undue
level of proteases and growth factowshich impair the healing
process

Provision of thermal insulation Normal body temperature is
essential for the angiogenesislaepidermal cell migration.

Prevent infectioninflux of bacteria into the wound space may cause
the chronic inflammatory, delayed healing and additional tissue
damage.

Exchanges of gaseous substances and .fl@dlance between
hypoxia (promoting anggenesis) and raised oxygen level (inducing
re-epithelialization) plays an important role during the healing
process Moreover, permeability to water vapor is significant to
manage the wound exudate.

Nonadherent Ease to remove from wound bed. Preventaegain

or further trauma.

Nontoxic and nosallergic.

Cost effective

Based on thee aspects, wound dressings can be classified differently. For

example, depending on their materials, they can be classifigssve

products that simply act as a covede.g. gauze and tulle)nteractive

materialswith decent permeability to vapor and gaseous (e.g. hydrogels and

foams); andbioactive materialge.g. hyaluronic acid collagens, chitosan,

hydrocolloids and alginate$§”**°. While based on their functions, they can

be classified as debridement dressings, antibacterial dressings, occlusive

dressing and adherence dressings and so f8rtBlassification criteria can

sometimes be helpful for choosing an appropriate dressing, however in most

cases one dressing can fit in different categories, which may cause more
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confusion for patients. Therefore, in this chapter, the author did howfo
any sinde criteria system, while combining different classifications together

depending on their matats and functioning mechanism.

To provide protection from damage by force, bacterial infection, and to keep
a moist wound environment, a numbercgimmonwound dressings have
been developed such as gauzes, films, hydrogels, hydrocolloid, alginates

and foams, which is summarized follows Table 1.1).

Gauzedressings made from cotton, rayon or polyesthich are usually
used to absorb fluid and exudates on open wolifidBry gauze dressings
that promote dehydration of wound bed will disturb healpngcessas
former discussed, and often bind to wounds once it déstteghich cause
pain and further trauma at dressing chanifés In addition, when the
dressings absorb too much wound exudates and fluid; Hezome
moistened and ease to be infected. Therefore gauzestamdex changed
more regularly tbn other modern dressings (e.g:21times per day).
Although many modern gauze dressings such as petrolatum and sodium
chloride impregnated gauZe? have developed with different adherent and
absorbing properties, they are mainly used for cleaning wounds as

secondary dressings nowadays

Films are transparent, sefpermeable and adhesive dressiAg8. Films

have been used for a long #nand the original productsre made from
nylon and polyethylene derivativéd’. These dressings with badly absorb
efficiency often caused the bacteria accumulation, skin maceration and
infection 2 Nowadays, advanced film dressings have improved the
permeation properties that permit the exchange of oxygen and water vapor
between wound and environment, so as to prevent the excess exudates
accretion while remain the appropriate moist wound envirohrvéaunds

can be examined through the transparBims without removing the
dressing, therdore the frequency of dressinghanges can be made as
needed; meanwhile most films become Haoierent by moisture surface
whi ch mini mi zexomforhaad fyrther iraemat ab dressing
changes®>*’. In addition the film dressings are elastic and flexible which

can be easily applied on knees or elbows areas. Films dressings can be used
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as primary dressing or a secondary dressing to seal otheadhesive
dressings, but they areomnsuitable for the wound with heavy exudate as

their limited absorbing property and too thin for the deep cavity wotifids

Hydrogeldressing are made from swelling polymeric hydrophilic materials,
which can maintain the moist wound emviment. Hydrogel dressings
contain a large amount of water and can only absorb very limited exudate,
which are best suitable for dry wounds or the wounds with light exddfing
157159 Hydrogel dressirgican be made as amorphous gel or elastic sheet
form. The gel dressings are usually applied together withecondary
dressing (e.g. gauze), while the sheet dressings can be usedaatbn
flexible to cut for specific wound shapeOne of the major advantages of
hydrogel dressings is neadherent to wound bed, thus can be easily
removed at dressing changes without causing pain and further trauma. In
addition, hydrogels cool the wod surface which lead to a pain relief for
patients at some level®®'®2 Furthermore, hydrogel dressings provide
autolytic debridement by rehydrating the necrotic and slough tiS&4&

The disadvantages of hydrogel dressings include the low mechanical

strength and may cause owebist wound environmenrf* 1%,

Hydrocolloid dressings absorb the wound exudate to form a gel and
maintain the moist wound environmélit. Hydrocolloid dressings are one

of the most widly used dressings for light and moderately exuding wounds
including pressure ulcer, burn and traumhd. Typical hydrocolloid
dressingsare made from gelatin, pectin and carboxymethylcellut6$&>,

They may adhere to dry area which resulting a trauma around the wound at
dressing changes, therefore barrier and protectant can be used with
hydrocolloids togethet”®. Usually hydrocolloid dressings have a relatively
long wear time up to one weekhich reducs the cost and inconvenience

for patients .
GranufleX™, Aquacel™, Comfeel™, Tegasorb", DuoDERM® CGF® and

so forth

Common hydrocolloid dressing products include

Alginatesthat derived from brown seaweedntain the calcium and sodium
salts of mannuronic and guluronic acid¥. These highly absorbent

dressings are often used to manage the wounds with heavy level of exudate
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171172 The jon released from these polysaccharide dressing can reacted with
wound fluid crosdinking to form a degradable gel on the wdured, which
maintain the moist environment and protect wound from bacterial
contaminatiort”®*"* The differentcomponenbf mannuronic and guluronic
acids caninfluence the degradabilityand swelling propertyin various
alginate dressing&’. In addition, beause of the ion exchange reaction in
wound space, the unique pharmacological functions of the alginate
dressings have been reported such as promoting hemodtatit’®,
increasing the proliferation of fibroblasts’ and activate the secretion of
TNF-U from macrophaged’® The concerns fousing alginate dressings
include: maceratioraroundwound area ’® and fibrous debris left in the

wound space may causeexpetedimmuneresponse>® 18,

Foamdressings are made from porqalyurethandoam or film*°3, These
dressings camaintainthe moist environment, provide thermal insulation,

and preventshear injury’®> The absorption capacity of foam dressings
depends on the pore size, thickness and texture properties. These dressings
can be used for light to rderately draining wounds but not suitable for
overdried wound and dry scar$®. Examples of tB commercialfoam
dressing products include Allev§nLyofoant, 3M™ adhesive form and so

forth.
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Classification fr zzﬂgi:gy Advantage Disadvantage Applications Products
Gauzes 12to 24 h Inexpensive Desiccated wound Clean and dry wounds Curity™ gauze sponge;
Accessible environment Secondary dressing Vaseliné" gauzes;
Adherent to wound Xeroform™ gauzes:
Poor barrier Mesalf sodium chloride
impregnated gauzes
Films Up to 1 week Moisture maintaining  Non-absorption Wounds with minimal Bioclusive’™ film
(until fluid leaks) Transparent Skin stripping exudate Cutifilm™ plus film
Elastic and flexible Only for shallow wounds Secondary dressing Tegaderm!” dressing
Protect from bacterial OpSité" Flexifix film
infection Blisterfilm™ film
Hydrogels 1to 3 days Moisture maintaining  Non-absorption Dry wounds Nu-gel™ dressing
Nontraumatic change Low mechanical strength  Wounds with minimal Purilon™ dressing
Pain relief May cause ovemoist exudate SAF-Gel® dressing
environment Painfulwounds Curagel™ hydrogel
Carrasyfi gel
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Classification
Frequency

Advantage

Disadvantage Applications

Products

Hydrocolloids Up to 1 week

Keep until soaked
with exudate

Absorbent
Long wearing time
Occlusive

Protect from bacterial
infection

Highly absorbent
Hemostatic

Absorbent
Thermal insulation

Occlusive

Low permeation Wounds with light to

Fluid trapping moderate exudate
Skin stripping

Malodorous discharge

Fibrous debris Wounds with heavy

Lateral wicking exudate

Mild hemostasis

Malodorous discharge Wounds with light to

Opague moderate exudate

GranufleX" dressing
Aquacel" dressing
Comfeel" dressing
Tegasorb” dressing
DuoDERM® CGF® dressing

Kaltostaf dressing
Sorbsaf" dressing
Tegasorb” dressing
AlgiSite-M dressing
Allevyn® hydrocellular
dressing

Allevyn® cavity dressing
Lyofoant® dressing

3M™ adhesive form
dressing
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1.3Allo- and Autologous Skin Graft
1.3.1 Autologous Skin Graft

Autologous skin graft, or known as skin transplantation has besh for

many years as a gold standard for-thickness wounds (especially for burn
wounds)*® 8 Autologous split skin grafts (SSGs) are harvested from a
patientds body with the whole epidermis
SSGs are transplanted on the wound bed, its capillaries will merge with the
host capillary network to supply the nutrients for grafts surviving and
regeneration of new skin tisst®. Over the past few yearand thanks to
improved techniques such as early excision, fluid resuscitation and infection
control, the mortality of patients with extensive burn injoagsignificantly
decreased®” ', However, atologous skin grafts suffer from obvious
limitations and drawbacks. First of all, donor grafts are harvested from
patients, which results in secondary wounds. Although the split skin donor
site usually heals within a week and can be repeatedly harvestedaiyy
times, it will cause scarring at the harvest site, prolongs the hospital stays
which leads to an increase in the risks for infection and complicEtidf?.
Furthermore, the application of SSGs donor sites is actually limited to

extensive injuryn which patients have lost most of the skin tissue.

To solve these problems, autologous cultured skin replacements have been
developed since the 19785. By this technique, relatile few autologous
epidermal cells are harvested from the patients, culturetdtro to form a
skin graft and then transplanted back to
was first clinicaly applied in 1980 **° and since then these cultured
autografts have been used to treat various wounds without causing any
rejection response and thenttional recovery of the wounded skin area
showedto be as good as treating by SSG¥'*. Several products of
cultured autografts are shown Table 1.2 Epicef autograft (Genzyme
Biosurgery, Cambrige, MA, USA) was the first commercially available
autologous cultured epidermal product that utilized autologous keratinocytes
sheet for deeplermal or fulithickness burrt$®. The disadvantages of this
product include fragility to sheer force and slow cell expansion (the

culturing takes approximatethreeweeks). Burn wounds have a high risk
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to develop hypertrophic scar by delayed healing process, therefore early cell
coverage is essential for burn wounds treatment. CellSgfagta Medical,
Woburn, MA, USA) was designed for such purpd¥e A suspension of
keratinocytes can bproduced for spraying on to the wound bed with an
aerosol device within 5 days after harvesting a smalhstkness donor
biopsy from patients®* These sprayed dslcan grow, proliferate and
migrate into an even confluent cell cover over the wounds. The aerosolizing
technique is a simple and rapid approach, particularly for the wounds with
complex shape for grafting. Moreover, a new technical process called
ReCelf kit has been developed by the same company, which can prepare
the autologous cell suspension within approximatel3@0nin. Another
cultured autograft product is EpiD®xModex Therapeutics, Lausanne,
Switzerl and), wh i caflcell sogoe ¥* Theadutereoott s 6
sheath stem cell from hair follicle can differentiate into keratinocytes by a
co-culturing process within 2 weeks. This process takes a lomgerthan

the former discussed techniques but it does not require any skin biopsy.

1.3.2 Allogeneic Skin Graft

Another option to address the challenges in wound healing are acellular
allogeneic skin grafts which are made from cadaveric skin to temporary
prevent the contamination and fluid 10$¥. For dermal allografts, human
cadaveric skin is cryopreserved, lyophilized and glycerolized to remove
cellularcomponents and infectious or antigenic donor tissues so as to reduce
the rejection risk. After transplantation, host cells and vascular structures fill
into the graft and regenerate to form new skin tissue. Disadvantages for
these allografts are obviousdamclude, apart from the ethical issue, the
safety risk (transplant rejectignjand as a general concern, disease
transmission and contaminatioff **”. Moreover, as the number of donors

is limited and the shelf life of the product is short, allografts from tissue
banks cannot fill the clinical demands. Therefore, it is paramount to develop
alternative products for allogeneic skin grafts. Some examples of

commercially available allogeneiciskgrafts are shown ifable 1.3
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Table 1.2:Commercially available autologous skin grafts for clinical 1{18&% *%°.

Brand Name Manufacturer Cell Source Cell Type Lifespan

Epicef’ Genzyme Biosurgery, autologous Keratinocytes Permanent
Cambridge, MA, USA

CellSpray Avita Medical, Woburn, autologous Keratinocytes Permanent
MA, USA
EpiDex’ ModexTherapeutics autologous Keratinocytes Permanent

Lausanne, Switzerland

EPIBASE Laboratorires Genevrier, autologous Keratinocytes Permanent
SophiaAutipolis, Nice,
France
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Brand Name Manufacturer Cell Source Scaffold Material Lifespan

Allograft Skin bank (Notfor profit) allogeneic Acellular native human skin (cadaveric) Temporary

Karodern? Karocell Tissue Engineering AB, allogeneic Allogeneic human acellular dermis Permanent
Karolinska University Hospital,
Stockholm, Sweden

AlloDerm® LifeCell Corporation, allogeneic Allogeneic human acellular lyophilized derm Permanent
BranchburgNJ, USA

SureDerm HANS BIOMED Corporation, allogeneic Allogeneic human acellular lyophilized derm Permanent
Seoul, Korea

GraftJacket Wright Medical Technology, Inc. allogeneic Allogeneic human acellular preeshed dermis Permanent

Arlington, TN, USA
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1.4Tissue Engineeed Skin Substitutes

Although advanced cultured autologous skin graft techniques have reduced
the culturing and processing time, protected frtbra hypertrophic scar
formation, and significantly improved the survival ratio for the patients with

extensive burng® *°

other alternative approaches are still demanded for
clinical applicationsthese includdissue engineed skin substutes which
consist ofbioactive natural or synthetic materials combined with/without
cells, drugs and growth factors to replace the damaged skin tissue and
accelerate the healingrocess® 18 1%° Tissue engineed skin substitutes
havebeen developed for many years and can be classified as acellular or

cellular skin substitutes.
1.4.1 Acellular Skin Substitutes
1.4.1.1Bioactive materialdressings

Some dressings made from natural biomaterialg. €ollagen, hyaluronic
acid, chitosan and elasfiaccomplish more than just protectitige wound
area and maintaining a moist environment for healiffeey also actively
adjust the wound environment by regulating proteolytic enzymes (e.g.
MMPs), absorbing the metabolic byproducts from cell or microasgan
and promoting the dermal regeneration®®. These biomaterials have
attractive advantages such as biodegradability, biocompatibility and
bioactive functionalities. For example, collagen plays essented turing

the healing processncluding stimulating migration of dermal cells
regulating granulation tissue construction and remogeénd affecting scar
formation Hyaluronic acid (HA) is a glycosaminoglycan with a highly
hydrophilic property and lack of immunogenicity® and has been widely
used for drug and growth factors delivéfyr 2> Chitosan has also been
reported topromote wound repair by accelerating the granulation stage in
healingproces$®®

These active material dressingshave two major therapeutic functions.
One is regulating the level of proteolytic enzymes in wound environment
and protecting growth factors from MMPs degradatih Examples for
such dressings include: Promogran Pri8mmeound matrix (Systagenix,
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Gargrave Centre of Excellence for Wound Healing, North Yorkshire, UK)
and Fibracdl Plus Collagen dressing (Johnson addhnson, New
Brunswick, NJ, USA). The other function is proniog the regeneration and
reconstruction of the dermal tissG®. The examples for products in this
category include Medifl Il Particles dressing (Human BioSciences, Inc,
Gaithersburg, MD, USA), SkinTem Il dressing (HumarBioSciences,
Inc, Gaithersburg, MD, USA), Healthcare MatriDétnfldeal Medical
Solutions Ltd, Wallington Surrey, UK) and Od5i#/ound Matrix (Cook
Biotech, Inc. West Lafayette, IN, USA). More detailed information of such

bioactivematerialdressings is sumarized inTable 1.4
1.4.1.2Synthetic bilayer substitutes

Another tye of acellular skin substitytealled synthetic bilayer substitutes,
combine ECM biomaterials with a thin layer of silicone to maintain the
moisture wound environment and protect against bacterial infettfon
Examples of this type of dressings include Biobfafi¢DL Laboratories,
Inc., Rockford, IL, USA),AWBAT® (Aubrey, Inc., Carlsbad, CA, USA),
Integrd" Bilayer Matrix Wound Dressing (Integra Life Science
Corporation, Plainsboro, NJ, USA) angafomatriX’ (Anika Therapeutics,
Inc., Bedford, MA, USA). More detailed information of such acellular
synthetic bilayer substitutes is summarizedable 1.4
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Brand Name Manufacturer Scaffold Source Scaffold Materials Lifespan
Promogran Prisnfawvound  Systagenix, Gargrave Centre of xenogeneic/synthetii Porcine lyophilized collagenkidized Permanent
matrix Excellence for Wound Healing, regenerated cellulose (ORC)/silver
North Yorkshire, UK
Fibracof Plus Collagen Johnson and Johnson, New xenogeneic Lyophilized collagen/alginate Permanent
dressing Brunswick, NJ, USA
Medifil ™ Il Particles Human BioSciences, Inc, xenogeneic Particles made fronbovine collagen Permanent
dressing Gaithersburg, MD, USA
SkinTemg" Il dressing Human BioSciences, Inc, xenogeneic Bovine collagen Permanent
Gaithersburg, MD, USA
MatriDern® Ideal Medical Solutions Ltd xenogeneic Three dimensional matrix consisting of Permanent

Wallington Surrey, UK

bovinecollagenwith elastincoating
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Brand Name Manufacturer Scaffold Source Scaffold Materials Lifespan

Oasi§ Wound Matrix Cook Biotech, Inc. West xenogeneic Porcine lyophilized small intestine sub Permanent
Lafayette, IN, USA mucosa

Permacdl™ Surgical Tissue Science Laboratories plc xenogeneic Porcine acellular dermal collagen implant Permanent

Implant Aldershot, UK

E-Z Derm™ BrennenMedical, Inc., MN, xenogeneic Porcine aldehyde reconstituted dermal Temporary
USA collagen

Biobrané& UDL Laboratories, Inc., xenogeneic/synthetic Porcine collagen/nylon mesh/ultrathin Temporary
Rockford, IL, USA silicone film

AWBAT® Aubrey, Inc.,Carlsbad, CA, xenogeneic/synthetic Porcine collagen peptides/thin porous silicc Temporary
USA membrane with nylon fabric
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Table 1.4:Commerciallyavailableacellular skin substitutes for clinical use (contidg® 198 1%

Brand Name

Manufacturer

Scaffold Source

Scaffold Materials Lifespan

Integrd" Bilayer Matrix
Wound Dressing

HyalomatrixX’

Pelnac"

Terudermis

Integra Life Science
Corporation, Plainsboro, NJ,
USA

Anika Therapeutics, Inc.,
Bedford, MA, USA

Gunze Ltd, Medical Materials
Center, Kyoto, Japan

Olympus Terumo Biomaterial
Corporation, Tokyo, Japan

xenogeneic/synthetic

xenogeneic/synthetic

xenogeneic/synthetic

xenogeneic/synthetic

Bovine tendon collagen with Semipermanent
glycosaminoglycan and polysiloxane

A benzyl ester of hyaluronic acid with semi Semipermanent
permeable silicone member

Porcine atelocollagen with silicone cover  Semipermanent
layer

Bovine lyophilized crostinked collagen Semipermanent
sponge with silicone
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1.4.2 Cellular Skin Substitutes

Cellular skin substitutes generally seed ercapsula the living cells
(dermal or stem cells) into a biodegradable scaffold. These degradable
scaffolds provide ideal mechanical properties and physiologic conditions for
cell growth, proliferation as well as secretion of growth factors to stimulate
tissue regeeration and wound repair?®®. During the healing procesthe
scaffolds degrade progressively and leave behind a regenerated matrix filled
with host cells and tiseuwhich is similar to natural skins. Based on the
anatomic skin structure, vaus cell types and substitudevices have been
developed for different wound areas, which can be divided as epidermal
substitutes, dermal substitutes and composite epidermmabtisubstitutes
(Table 1.5 19819,

1.4.2.1Epidermal substitutes

Since it became possible ¢alture human keratinocytes (the main cell type

in the epidermisin vitro and to rapidly expand these cell numbervivo'®,
autograftshave become one of the most important clinical tools for treating
epidermal wound damage. These autograft techniques have been
significantly improved over the lasew decades as discussed above
Advancing technology beyond pure cell sheets, some tissgmeered
autografts grow cells on natural or synthetic biomaterials to further reduce
the culturing time, are easy to handle and also prtitestound area from
moisureloss and bacterial infection. For example, mySKi(CellTran Ltd.,
Sheffield, UK) ses sukconfluent autologous keratinocytes seeded on a
silicone substrate layer for treating diabetic foot ulcers, superficial burns and
neuropathic pressuré”” 2% | aserskiff (Fidia Advanced Biopolymers,
Padua, ltaly) cultures autologous keratinocytes on a hyaluronic acid
membrane'®® and Bioseed”® (BioTissue Technologies GmbH, Freiburg,
Germany) resuspended autologous keratinocytes in a fibrin sealant for

chronic venous leg ulcef&®?° (Table 1.5.
1.4.2.2Dermal substitutes

In the cases of fulthickness burns, both epidermis and dermis layers are

damaged and need to be replaced, tlpplication of the cultured
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keratinocytes graft is not an optimal treatment option for such wotiids
Currently the most widely used dermal equivalents are allogeneic or
xenogeneic acellular skin grafts. Typical cellular tissue engineering dermal
substitutes include DermagraftAdvanced BioHealing, Inc., New York, La
Jolla, CA, USA), TransCyfe(Advanced BioHealing, Inc., New York, La
Jolla, CA, USA) and Hyalogrdtt(Anika Therapeutics, Inc., Bedford, MA,
USA). More detailed information of such dermal tissue engineering
substitites is summarized ifiable 1.5

1.4.2.3Dermal/Epidermal substitutes

Dermal/epidermal substitutes are considered more advanced skin
equivalents as they mimic the native architecture of both epidermis and
dermis*®®, Both fibroblasts and keratinocytes are combined into scaffolds
which are made ém native ECM or synthetic materials®. The cells
contained in these substitutes provide growth factors, cytokines and ECM
materials into host tissue, thus stimulate host cells and accelerate the healing

process .

Curent commercial available dermal/epidermal substitutes
include Apligraf (Organogenesis, Inc., Canton, Massachusetts, CA, USA),
OrCef’ (Ortec International, Inc., New York, NY, USA), PolyActf/¢HC
Implants BV, Leiden, Netherlands) and TissueTech Autograft SyStem
(Fidia Advanced Biopolymers, Abano Terme, ltaly), which are summarized

in Table 1.5
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Table 1.5:Commerciallyavailablecellular skin substitutes for ciital use® 198 199

Brand Name Manufacturer Type Cell Source Scaffold Materials Lifespan
mySkin™ CellTran Ltd., Sheffield, UK Epidermal autologous Silicone layer with a specially Permanent
substitutes keratinocytes formulated coating

Laserskiff Fidia Advanced Biopolymers, Epidermal autologous Hyaluronic acid membrane Permanent
Padua, Italy substitutes Keratinocytes

BioseedS"® BioTissue Technologies GmbH Epidermal autologous Fibrin sealant Permanent
Freiburg, Germany substitutes keratinocytes

Dermagaft® Advanced BioHealing, Inc., Dermal allogeneic Polyglycolic acid/polyglactin mesh Temporary

New York, LaJolla, CA, USA  substitutes fibroblasts

TransCyt& Advanced BioHealing, In¢. Dermal allogeneic Porcine collagen with silicon film and Temporary
New York, La Jolla, CA, USA substitutes neonatal nylon mesh
fibroblasts
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Brand Name Manufacturer Type Cell Source Scaffold Materials Lifespan
Hyalograff’ Anika Therapeutics, Inc., Dermal substitutes autologous Hyaluronic acid membrane Permanent
Bedford, MA, USA fibroblasts
Apligraf® Organogenesis, Inc., Cantor Epidermal/Dermal allogeneic Bovine collagen Temporary
Massachusetts, CA, USA  substitutes fibroblasts and
keratinocytes
orcef Ortec International, Inc., Epidermal/Dermal allogeneic Bovine collagen sponge Temporary
New York, NY, USA substitutes fibroblasts and
keratinocytes
PolyActive® HC Implants BV, Leiden, Epidermal/Dermal autologous Polyethylene oxide terephthalate Temporary

TissueTech Autograft
System™

Netherlands substitutes

Fidia Advanced Epidermal/Dermal
Biopolymers, Abano Terme, substitutes
ltaly

fibroblasts and
keratinocytes
autologous

fibroblasts and
keratinocytes

and polybutylene terephthalate

Hyaluronic acid membrane Permanent
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1.4.3 Limitations of current skin substitutes

As a result of all the efforts over the last few years, a number of advanced
tissue engineering substitutes have been developed as discussed earlier,
however there is still no single product that can provide all the properties as
an fi deal 0 osfldlyreplace thb sative $kin.tSeme of the major
limitations or concerns of the tissue engineering skin substitutes are

summarized as follows.

- High cost® 198199

- Short shelftime %198 1%

- Long culture time for cellular substitutes®

- Create second wound (in case of autologous cell soufees§

- Immunogenic rejection risk for allogeneic/xenogeneic cell or
material source§ 23

- Disease transmission risk for allogeneic substittes”

- Prone to contaminatioft*?*°

- Low vascularization ratio in scaffofd®

- Allergies caused by xenogeneic cell or material souffces

- Mechanical fragility**>?*’

1.5Drug & Growth Factor Delivery

Some pharmaceutical agerasid antimicrobials are ually included in
different dressings. For example, thymol and hydrogen peroxide are often
used to clean and debride the wound area,tarmtotect the wound from

218 219 220-222 such as

bacterial infection % Silver and antibiotics
dialkylcarbamoylchloride, povidoredine, gentamycin, ofloxacin and
minocycline are also commonly used for incorporation into wound dressings.
However, these antibacterial agents can onlygatovounds froninfections

but do not contribute physiological funotis duing the healing process
Growth factors, on the other hand, play significant roles in the whole
healing process as discussed earlier. Because these approaches are not the
focus of this dissertation, the author summarized here only some main

growth factorsnvolved in the wound healing proceas shown imable 1.6
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It is obvious that the wound healing process is regulated by a complex
molecular signaling network which is very dynamic during different healing
stage, therefore, using gene therapy to deligesingle growth factor can
hardly modified all the phases of the wound heafirecess Thus a number

of studies have tried combined different growth factors together to achieve
more effective results, such as combination of PDGF withIEE PDGF

with FGF2 ?* and KGF with IGR %2> Alternatively, advanced controlled
delivery systems have been also developed for slow and sequential release

of growth factors and relative gerfé8
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(ECM: extracellular matrix; EGF: epidermal growth factor; FGF: fibasblgrowth factor; HEEGF: heparin binding EGF; HGF: hepatocyte

growth factor; IL: interleukin; PDGF: plateleerived growth factor; ROS: reactive oxygen species; TGF: tumor growth fe&Gf-: vascular

endothelial growth factor)

Growth Factors Source Target Key Functions References
VEGF keratinocytes, endothelia cells, angiogenesis, 34,71, 72, 227230
fibroblasts, macrophages, inflammation,
macrophages, smooth muscle cells, granulation tissue formation

endothelial cells

TGFb keratinocytes,
fibroblasts,
macrophages,

platelets

neutrophils

fibroblasts,
keratinocytes,
macrophages,
leukocytes,
endothelial cells
ECM

angiogeneSiS, 9, 54-57, 8891, 231-234

inflammation,

granulation tissue formation,
collagen synthesis,

tissue remodeling,

leukocyte chemotactic function
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Growth Factors Source Target Key Functions References
IL-6 fibroblasts, macrophages, inflammation, 51.52,93,235
keratinocytes, leukocytes, angiogenesis,
macrophages, keratinocytes, re-epithelialization
endothelial cells fibroblasts, collagen deposition,
endothelial cells tissue remodeling
neutrophils
IL-1 macrophages, endothelial cells, inflammation, 626,33 34,93,236 237
leukocytes, macrophages, angiogenesis,
keratinocytes, keratinocytes, re-epithelialization,
fibroblasts leukocytes, tissue remodeling
fibroblasts
neutrophils
IL-4 leukocytes macrophages collagen synthesis 238239
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Growth Factors Source Target Key Functions References

IL-27 macrophages, macrophages suppression of inflammation, 239
collagen synthesis

PDGF platelets macrophages, inflammation, 240243

keratinocytes,
fibroblasts,
endothelial cells,
leukocytes

HGF fibroblasts keratinogtes,
endothelial cells

re-epithelialization,
collagen deposition,
granulation tissue formation

tissue remodeling

suppression of inflammation,
angiogenesis,
re-epithelialization

granulation tissue formation

34, 49, 50, 244
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Growth Factors

Source

Target

Key Functions

References

FGF2

FGF7,
FGF10

EGF,
HB-EGF,
TGFRU

keratinocytes,
fibroblasts,

endothelial cells

fibroblasts,

keratinocytes

keratinocytes,
macrophages

keratinocytes,
fibroblasts,
endothelial cells
mastcells

smooth muscle cells

chondrocytes

keratinocytes,

keratinocytes,
fibroblasts

angiogenesis,

granulation tissue formation

re-epithelialization,
tissue remodeling

re-epithelialization,
detoxification of ROS

re-epithelialization

43-46, 245

23,24

47, 48, 93, 246-249
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1.6 Stem Cell Therapy for Wound Healing

As previously discussed, wound healing is a complex biological and
physiological process that involvedifferent cell types, molece$ and
biomaterials®®. Creating an ideal skin substitute to completely mimic and
replace the native skin has not been sisfogs 1% 19 2%1 Therefore, stem

cells which have the unique capability to differentiate into various cell types
and secrete numerous growth factors have attracted more and more attention
for last few yars??® Stem cel has beerfirst discoveredby Till and
McCulloch in 1961%°2 and more recently they havebeen found to be
present in different tissues such as ki brain®** liver 2% pancrea$®,

%6 and blood vessel®’. Embrymic stem cells

skeletal musclé™, testis
raised momentous ethical concerns and controversies byhsqthblic and
scientists. As an alternative, a number of other stem cell sources from the
adult tissue have been studied for clinical applications such as bone marrow
derived stem cells (BMSCs), hematopoietic stem cells (HSCs), umbilical
cord derived stem dsl| cutaneous stem cells and adipdseved stem cells
(ADSCs). More recently, Induced Pluripotent Stem cells (iPS) produced by
genetic reprogramming of somatic cells have been generated, which have
the similar differentiation capability as embryonic steells and have
shown great potential for clinical applicatio§?°>. BMSCs and ADSCs,

two major types of stem cells for wound healing are discussed in the

following sections.
1.6.1 Bone Marrow Stem Cells

BMSCs was first described by Friedenstein and colleagues in*96d
firstty named as mesenchymal stem cells (MSCs) by Caplan in the early
1990s%2. The International Society for Cellular Therapy (ISCT) identified
minimal criteria for characterization of MSCs in the 2000s: (i) tpdas
adherent at standard culturing condition; (ii) express surface markers
including CD105, CD90 and CD73, but lack to express CD 45, CD34,
CD14 (or CD11b), CD79a (or CD19) and HH2R surface molecules; (iii)
capable to differentiate into osteoblasts, adjpes and chondroblasis

vitro 2% 2% Besides th osteoblasts, adipocytes and chondroblasts, MSCs

can also differentiate into myocytes, tendocytes and ligaments?¢&f§
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So far, MSCs have been found in different tissues through the body such as
bone marrow, blood vessels, fat, skin, muscle, and t&&ff, and it has

been reported that MSCs possess certain level of plasticity, in other words
can differentiate across the lineage bound&ty

BMSCs have been reported to play essentigs in wound healing process
by producing various cytokines, however, the mechanism is not fully
understood?’®?’2. The BMSCs are precursor cell of fibroblasts,

keratinocytes®”* and fibrocytes?”

in the granulation tissue formation
process™>® 2’® They also regulate the ratio of collagen type | and collagen
type Il in the remodeling process, which is essential for scar form&tion
BMSCs have been employed to treat acute burn wounds or chronic wounds
(e.g. diabetic foot ulcer) either using alone or in corabon with gene
therapy >’*%%. For example, transfected BMSCs with PDGF and -beta
defensin2 (BD-2) showed increased collagen deposition, granulation tissue
formation and reduced bacterial infectiéff. BMSCs wih angiogenic
factors (e.g. VEGF) showed improved neovascularization and accelerated
healing®’®?®2, Furthermore, MS@onditioned medium has been reported to
promote angiogenesis, epithelialization, and affect recrytaiferation of
macrophages and endothelia progenitor cells during the healing pfdtess
83 |n summary, BMSCs have been wideised in researching and clinical
studies for wound healing; however, several drawbacks of using BMSCs
limited their applications such as painful extracting process, low yield and

decreasing cell number with atf& 234>

1.6.2 Adipose-derived Stem Cells

In comparison tBMSCs the ADSCs yield fronadipose tissue is generally
40-old higher?®® and the cell sources f&DSCs (e.g. liposuction) are
much easier to achieve and the surgical approach is considerable painless
for patients. In addition, the isolated cells can be cryopreserved for up to 6
months which can be accessible for the further therapeutic®¥séshas

been prove that ADSCs possess the plasticity to differentiate into various
cell lineages including adipocytes, osteoblasts, chondrocytes, myocytes,
hepatocytes, endothelial, hematopoietic, and neuronal Z&l§¥%*° and

the potential to improve the angiogenesis and lstabvascular formation
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296300 15 addition, cytokines secreted by ADSCs have been demonstrated to
play essential roles in the healing procg&$®*3** Therefore, ADSCs have
shown great potential and could be used to develop atheshelf

substitute product.

ADSCs are generally isolated from the so called stromal vascular fraction
(SVF) of adiposeissue, which is comprised of adipocytes and a diverse set
of other cells including stromal cells, vascular endothelial cells and vascular
smooth muscle cell®>*"", The adipose tissue is minced into small pieces,
and digested by type | collagenase following centrifugation to get SVF
fraction. Then, ADSCs are further separ a
on their ability to adhere on tissue culture plate?® 3% ADSCs are
commonly characterized by immunophenotype and differentiation capability
to osteoblasts, adipocytes and chondroblasts. ADSCs presentimuite s
surface markers as BNCS with the exceptions of CD49b (expressed on
ADSCs) and CD106 (lack expression on ADSES}!. It needs to be noted
that different surface markers, sometimes es@nflicting results, have been
reported by different groups over years, which might be due to the
differences in antibodies sources, detection methods or cell culturing

conditions®"”.

Although it has not been long since ADSCs wesed for wound healing
applications, a number of studies have demonstrated that ADSCs promote
wound healingvia enhanang angiogenesis, differentiating into various cell
types, and paracrine secreting effétt 32 For example, Trottier and
colleagues reportedhat ADSCs can be used to replace the fibroblasts and
combined with keratinocytes to form a epidermal/dermal substitute for
promoting healingin vivo **. Ebrahimian and colleagues reported that
ADSCs acceleratkthe healing process by differentiating into keratinocytes
and increasing the VEGF and KGF levéf. Similar results were also
reported by Lin and colleagues, who showed that ADSCs cell sheets
significantly increased the blood vessel density in a nude mice wound model
%1% Furthermore, Altman and colleagues used a ADSCs seeded silk fibroin
chitosan scaffold for murine skin injury repail’. They found that

angiogenesis and wound closure were promoted, and ADSCs/scaffold
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transferred as fibrovascular, endothelial and epithelial tissue components.
More recently, Hong and colleagues compared the potential of BMSCs and
ADSCs to heh wounds in a rabbit ear modéf® They found that

transplanted ADSCs differentiated into a fibroblast phenotype, enhanced the
recruitment of macrophage and endothelia cells, and promoted granulation

tissue formation

Besides the differentiation into other cell phenotypes as mentioned above,
paracrine effects of ADSCs in wound healing process have attracted much
attention recently. Kim and colleagues found that ADSCs promote the
proliferation of human dermal fibrobkss (HDF) not only by ceitell
contact stimulation, but also through a paracrine activation effécthey
found released factors (including PDGF, IGF and KGF) contained in the
adiposederived stem cell conditioned medium (ADSB/) can upregulate

the collagen type I, Ill and fibronectin while dowegulating MMPR1; as a
result, the proliferation and migran of HDFs was stimulated, thus
accelerated the repithelialization and wound closure. A more recent study
reported that ADSCs seeded on a silk fibrolmtosan scaffold promate
angiogenesis and wound healing’. In addition, Amos and colleagues
demonstrated that the use of ADSGsuld be used for treatindiabetic
ulcers, and they alsmdicated that thredimensional culturing of ADSCs
results in thesecretion of significantly more extracellular matrix proteins
and soluble factors compared to monolayer culttteADSCs have shown
capability to secrete variousayrth factors including IGF, HGF, TGEL

and VEGF, which all play essential roles in wound hegimgess® 34,
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(PEG Poly(ethylene glycol); PEO: Poly(ethylene oxid®NIPAAmM: Poly(N-isopropylacrylamide); PPF: Poly(propylene fumarate); OPF:
Oligo(poly(ethylene glycol) fumarate); PP®oly(propylene oxide); PLGA: Poly(-lactic-co-glycolic acid); PIA: Poly( -lactic acid); PVA:

Poly(vinyl alcohol))

Injectable Hydrogels Gelation Mechanism References
Collagen/Gelatin Thermal/Chemical crodaking 822324
Chitosan Thermal/Chemical/Schifbase reaction/Photerosslinking 325331
Hyaluronic acid Thermal/Chemical/Schifbase reaction/Phottrosslinking/ 332338
Natural Michaekhtype addition crosslinking
Polymer
Chondroitin Sulfate Photacrosslinking 339341
Agar/Agarose Thermal crossinking 342, 343
Fibrin Thermal crosdinking 344 345
Alginate lonic/Photocrosslinking 346348
Methylcellulose Thermal crosdinking 349

43



Table 1.7:Injectable hydrogelsdr tissue engineering (continged

Introduction

Injectable Hydrogels

Gelation Mechanism

References

Synthetic
Polymer

PEG/PEO
PNIPAAM
PPF/OPF

PEO-PPO-PEO/PLGA-PEG-
PLGA/PLA-PEG

PVA/PLA-PVA

Poly (aldehyde guluronate)

Thermal/Chemical/Michadlype Addition/Photecrosslinking
Thermal crossinking
Thermal crossinking

Thermal crosdinking

Chemical/Photecrosslinking

Chemical crosdinking

350353

105, 354-357

358361

362365

362 366

367
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1.7Injectable Hydrogels for Tissue Engineering

Injectable hydrogels have attracted more and more attention in the fields of
drug delivery and tissue engineering they provide a simple delivery
procedure, minimize the patientso6 discom
as well as the infection risk. The® hydrogels can be injected to any
wound size, shape or cavity with minimized invasive surgery, andithen
situ form a threedimensional (3D) water content polymer networia
physical or chemical crodmking, which mimics precisely the mechanical
and swelling/shrinking properties of the native tisstfe Physical cross
linking of the nhjectable hydrogels takelace mainly in response to the
environmental stimulus (e.g. temperature, pH, and ionic streAgthand
chemical crosdinking mechanisms include phepmlymerization, Michael

type addition reamn, Schiffbased gelation and enzymatically triggered
systems®®®. In addition, hydrogel components, living cells and growth
factors can be cmjected together effortlessly, and after gelation, hydrogels
provide a temporary matrix to support cell adhere, growth, and proliferation
349371 various natural and synthetic polymers have been developed for
injectable hydrogel systems, afdble 1.7summarized some of the major

types of these materials for tissue engineering applications.
1.7.1 Physical Crosslinking Hydrogels
1.7.1.1Thermoresponsive crodinking hydrogels

Thermoresponsive crodisking hydrogels have been widely studied as the
temperature stimuli can be easily applied without requirements of complex
equipment or other external stimulud’> Thus, many of the
thermoresponsive hydrogels for biomedical and tissue engineering
applications are designed by making use of the change between body
temperature and envirorental temperature. The phase transition with the
varying temperature of this type of materials from a solution to a gel can be
called solgel transition®’?>. Some materials change from solution phase to
gelation phase above a certain temperature which is called lower critical
solution temperature (LCST); while others form gels below certain

temperature whicls called upper critical solution temperature (UC$')
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Thisol-gel transition can be expilTapgSned by
(G, Gibbs free energy; H, enthalpy; S, entropy). In the case of polymers
exhibiting LCST, the increase of the temperature results in the rise of energy

and entropy. The watavater reactia, at this time, is more favorable than
polymerwater reaction in the system as the higher entropy (i.e. less
ordered). As a result, polymers become more hydrophobic and separated

from solution driven by a negative free energy. This phenomenon is also

called the hydrophobic effect, and the physical crtis&ing or gelation is

reversible’’3,

Many different thermoresponsive hydrogel systems Hazeen developed
from natural, synthetic or hybrid materials. In the following section, four
major groups of these hydrogels are reviewed briefly: (i) natural polymers
and derivatives; (i) Poly(N-isopropylacrylamide) (PNIPAAmM) and

derivatives; (iii) blockcopolymer hydrogels; (iv) PEG based systems.
1.7.1.1.1 Natural polymers and derivatives

A number of natural materials including polysaccharide (e.g. cellulose
derivative, chitosan, dextran and xyloglucan) and proteins (e.g. gelatin) have
beenused forthe constructon of thermoresponsive hydrogels either being

used alone an combirationwith other thermoresponsive materials.

Methylcelluloseis a cellulosederivative polysaccharide. The hydrophobic
methyl groups provide methylcellulose thermoresponsivesstinking
behavior with the gelling temperature around 60 td@@epending on the
molecular weight, substitution degree and the solv&itd™. It has been
reported that the thermoresponsive behavior and mechanical strength of
PNIPAAmM based hydrogel altered by combining with methylcellulose with

different ratio °7¢

Furthermore, a thermoresponsive hydrogel of
methylcellulose combining with laminin was used for neural tissue
engineering and has been demonstrated to improve the neural stem cell
survival and diferentiation®””3’® Chitosanwhich is made from thehitin

are also used to construct thermoresponsive matéefiald~or example,
PEGgrafted chitosan has been developed as thermoresponsive hydrogel for

drug delivery syster® 3% NIPAAm-chitosan hybrid polymer &s used to
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deliver hMSCs, and the desired chondrogenic differentiation was achieved
bothin vitro andin vivo **2. Another typeof thermoresponsive derivative
chitosanglycerophosphatealt (ChitosarGP), which las been developed

for neural tissue engineering’. Xyloglucanwas also reported exhibiting
thermoresponsive behaviors by removing?8®f the galactose residues on

it 383384 Gelatin a protein derived from collagen is another natural material
which  exibits thermoresponsive  behavior. Interestingly, the
thermoresponsive  property of gelatin is opposite to common
thermoresponsive polymer: it forms a gel below°25while becomes as
liguid above 30C, which is due to a conformation transition between triple
helices and flexible coif®> With this special property, gelatin has been
combined with othepolymers to construct thermoresponsive hydrogels for
drug delivery and tissue engineering applications, such as monomethoxy
poly(ethylene glycobpoly(o . -lactide) (MPEGDLLA) % NIPAAm **"and

silk fibroin 388,
1.7.1.1.2 PNIPAAmM and derivatives

PNIPAAmM is the most widely studied thermoresponsive polymer which
exhibits a sharp sajel transition at 32°C ¥ 3°° Below the LCST
temperature, isopropyl groups on the polymer bind with watdecules via
hydrogen bond, while the int/&nter-molecular hydrophobic interactions
between isopropyl groups and releasing of water molecules are induced by
rising temperature above the LCST. Numbers of thermoresponsive
PNIPAAmM based copolymers have been developed for drug deffreflf

393 tissue engineering’™ and surface coating”. More information about
PNIPAAmM based thermoresponsive copolymers have been reviewed
elsewhere®®. More interestingly, PNIPAAm are not only used to combine
with other synthetic polymers, but also with some biomolecules which can
improve the biodegradable property and biocompatibility of the hydrogels,

387 and hyaluronic acid®>3%®

suchas dextrarf®’, chitosart>® **" 3% gelatin
399 For example, hyaluronic acid can crdis& with carboxytterminated
PNIPAAmM, which have shown the potential for adipose regeneration and

soft tissue engineerinty> 398 3%
1.7.1.1.3 Triblock copolymer hydrogels
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Another important group of synthetic thermoresponsive polymers are
triblock copolymers including PEGPGPEO (Pluroni®), PLGA-PEG
PLGA, PEGPLLA-PEG, PCLAPEGPCLA, PEGPCL-PEG and so off*

3% These amphiphilic copolymers can safsemble into micelles at low
temperature in aqueous solutions, and aggregate to form a macroscopic gel
at high temperatur&*. The polymer composition, molecular weight and the
solution concentration all influence the gelling properties e§¢typesof
thermoresponsive polymers. Among all these copolymers, Plirenie
commercially avdable with a series of compositigmmolecular weight and
forms, which have been wildly studied for drug delivéy tissue adhesion

401 and wound coveringf? However, the mechanical strength of this type of

04

thermal gels is generally weak and shows limited stabifty’®®. Thus a

number of approaches have bestudied to improve these properties such as

adding the covalent binding urfft® 4%

404407

or functional end groups for further

chemical crosginking
1.7.1.1.4 PEG based graft copolymer

Poly(ethylene glycol) (PEG) or named as poly(ethylene oxide) (PEO) have
been used for constructing thermoresponsive copolymer for many years as
its biocompatible and hydrophilic propert{? 4°® 4°°. More recently, Lutz

and colleagues reported a new type of HiESed hermoresponsive
pol ymers with *“f4° Byfadjustingsthercantpositian eofs
hydrophilic/hydrophobic PE®Gased moomers, and molecular weight,
desired LCST of the copolymer can be fine controlled. As the outstanding
biocompatibility of PEGbased structure compare to other synthetic
polymers, theseopolymers have shown great potential for biomedical and
tissue enginering application§”.

1.7.1.2 pH-sensitive crosdinking hydrogels

Another group of physical crod¢imking hydrogels are made from pH
sensitive polymers. Either pendant acidic or basic functional groups provide
these polymers capability to accept or release protons induced by the

variation of environmental pH*>. These polymers with ionizable groups,

also known as polyelectrolytes can further form reversible hydrogel
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depending on the pH of the systelff. Examples of the ptdensitive
hydrogels used in drug delivery and tissue engineering include-PE@
5 NIPPAMAAcC *®  NIPPAMDMAEMA (2-(dimethylaminogthyl
methacrylate}*’, Pluroni® F12ZDMAEMA “*®and so forth.

1.7.2 Chemical Crosslinking Hydrogels
1.7.2.1Photo-crosslinked hydrogels

In contrast to physical crodisking mechanism chemical creieking
forms irreversible and more stable hydrogels by covalent bonds. One of the
most studied chemicatrosslinked hydrogels are triggered by pheto
polymerization between vinyl functiahgroups (i.e. C=C) on the polymers
31 419 Mediated by suitable photoinitators (e.g. -Bighethoxyz-phenyt
acetophenone), these polymers can eliogsby exposure under visible or
ultraviolet (UV) radiation bothin vitro andin vivo “*°. Advantages of the
photocrosslinking systems include rapid gelation, veelhtrolled reaction
process, ease of comhbiion with other chenicals or materials without
affecting the cros$inking behavior’** *°. Many studies have been reported
using PEGbased monomers to create photosslinked hydrogels for cell
delivery and tissue engineerifid*?. In addition, hybrid photerosslinking
hydrogel systems of PEGased polymer and bioactive materials such as
collagen, alginate, hyaluronic acid, alginate and chondroitin sulfate have
also been developetf® 4?* 4** However, there are drawbacks of these
hydrogels and concerns about their clinical applications, including the
cytotoxicity of photoinitators, safety issue of UV radiation and extract cost
for special equipmerit®

1.7.2.2Michael-type addition reaction hydrogels

Michaeltype addition reaction is another approach ifoisitu chemical
crosslinked hydrogels. For example, thiol and vinylsulfone groups on the
natural or synthetic polymers can be crlisked to form hybrid hydrogels

for tissue engineering applicatiof' %, Vinylsulfone, however has been
demonstrated to be toxic to cells because it reacts with DNA and glutathione
2T Thus, a number of hydrogel systems used bioactive polymers with high
molecular weight (e.g. hyaluronic acid) combininghwinylsulfone group
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to reduce the toxic effect, which have been applied for lotlitro andin
vivo studies®™? #2428 |n addition, thiolated hyaluronic acid was also used to
crosslink with vinyl-functional PEGbased polymers suds poly(ethylene

glycol) diacrylat PEGDA) via Michaektype addition reactiofP> 423 42,

1.7.2.3Schiff-base crosdinked hydrogels

Schiff-base reaction has been also used to develegitu crosslinked
hydrogel systems for tissue engineering applicatfdh&or example, Marra

and colleagues developed water soludiSuccinytchitosan crostinking

with oxidized hyaluronic acid for cartilage tissue engineefitfgIn this
system, a rapid gelation time (about one minute) can be achieved by
adjusting the ratio between amine group BRSuccinytchitosan and
aldehyde grop on oxidized hyaluronic acid. In addition, other type of
polysaccharides can be oxidized and utilized for Schiff-baséiated cross

432

linking, such as dextraft’, chondroitin®*?, gum arabi¢*® hyaluronic acid

434435 andcellulose™®.

1.8 Hypothesis and Objectives

The overall aim of this project was to develop iarsitu crosslinkable
hydrogel cell delivery system which could easlycapsulateand support
adiposederived stem cells (ADSCs) growtproliferation and secretion

with the potential use as a bioactive temporary hydrogel dressing for wound
healing applicationsHigure 1.2). The specific objective dh vitro studies

was to design, faicate and optimize a thermoresponsive and photo
/chemical crosgéinked hydrogel system for cell delivery. Threvivo studies
aimed to evaluate the material inflammatory response, ADSCesetatition

and therapeutic effects on wound healing (e.g. walmslire, angiogenesis)

as a bioactive dressing system. The whole project was divided into three
phases with specific objectives and hypotheses.

1.8.1 Phasel (Chapter Two)

Deactivation enhanced atom transfer radical polymerization-ADEP)
approach was firsteported by Wanget al for homopolynerization of

divinyl monomergo achieve the synthesis of dendritic homopolymers with
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multiple-vinyl functional groups without gelatioff’. The overall objective
of this phase isat synthesize and optimize REGbasedhyperbranched
copolymer with thermoresponsive anphotccrosdinkable propertiesvia
DE-ATRP approach

Hypotheses:

1 PEGhbased hyperbranched copolymers wiiigh content of vinyl
functional groups can be achieved by introducing the divinyl
monomer into polymerization without gelation via PERP
approach.

1 The thermoresponsive behavior of the copolymers can be achieved
by two PEGbased monomers with differehydrophilic properties.
Thelowercritical solutiontemperaturéLCST) of the copolymer can
be adjusted close to body temperature via varying the ratio between
these two monomers.

1 The high content of vinyl functional groups which lead to photo
crosslinking property can be adjusted by varying tpelymer
composition

1 PEGhbased polymecompositionshould not result imoxicity to cells.
Specific Objectives:

1 To design and synthesize a thermoresponsive and -photo
crosslinkable PEG based hyperbranched copetymia DEATRP
polymerization of poly(ethylene glycol) methyl ether methacrylate
(PEGMEMA), 2(2-methoxyethoxy) ethyl methacrylate (ME®@A)
and ethylene glycol dimethacrylate (EGDMA).

1 To characterize and optimize the molecular weights, chemical
structures, thermoresponsive and gelation behaviors of the
copolymer.

1 To adjust the LCST of the copolymer close to body temperature by
varying the polymer composition.

1 To evaluate the cytotosity of this copolymein vitro.

1.8.2 Phasell (Chapter Three and Four)
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Compared to the photorosslinkinghydrogelsystems, chemicagelation via
thiol-ene Michaektype aldition reaction exhibits remarkable advantages
including the ease to operateapid gelation, the absence of chemical
initiator, no specific requirement of equipment and simple gelling condition
close to physiological circumstant® The overall objective of this phase
is to modifythe multifunctional copolymer that developed in the first phase
in orderto fabricate ann-situ physical andchemical crosdéinked hydrogel
systemand optimize this hydrogel microenvironment wigxtracellular
matrix (ECM) materialsto support theADSCs growth proliferation and

secretion
Hypotheses:

1 Replacement of the methacrylate multifunctional vinyl monomer
with acrylate monomer can provide the copolynmesitu chemical
crosslinking property with thiol functional materials via Michael
type addition reaatin.

1 Hyaluronic acid as an important component&§EM can improve
the micre@nvironment in the hydrogel for cell growth and improve

cell viability.
Specific Objectives:

1 To design and synthesize a thermoresponsive and chemical cross
linkable PEGbased hyperbranched copolymer via -BERP
polymerization oPEGMEMA, MEO,MA and poly(ethylene glycol)
diacrylate (PEGDA).

1 To fabricate a chemical croisked hydrogel system for cell
delivery.

1 To evaluate and optimize the cell viability, morphology,iétst,

proliferationand secretioin the establised hydrogel system
1.8.3 Phaselll (Chapter Five)

Once the optimized hydrogel system for cell delivery is achieved, the
overall objective of the last phase sdvaluate the celietention material
inflammatory response, and the wound healing effect ofitlhstu cross

linked bioactivehydrogeldressingsystemin vivo.
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Hypotheses:

1 ADSCs can survive in the-situ formed hydrogel systein vivo.
1 Angiogenesis can be enhanced by applylmgADSCsencapsulated
in-situ crosslinked bioactive hydrogel dressing.

1 Wound contraction and closure can be improved by this dressing

system.
Specific Objectives:

1 To evaluate the ADSQ=®tentionin thein-situ crosslinked hydrogel
systemusing a ratlorsal fultthickness wound model.

1 To evaluate the wound healing effect via using this bioactive
hydrogel dressing system, including wound closure, epithelialization

and inflammatory respons@dangiogenesis.
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(1) Thermal gelation at
body temperature
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Figure 1.2: Schematic ofn-situ crosslinked hydrogel cell delivery system

for wound healing the hybrid polymer mixtureis a solution at room

temperature but forrphysicalgels once applied onto the skin to cover and

seal wound siteat body temperaturd-urthermore, chemical crosisking

with ECM biopolymers occurs in minutes to achieve a staptiEogelwith

enhanced mechanical propertidhus the implantedDSCs can survive,

proliferae in the hydrogel, and secrete growth
would affect the wound healing process.

factors and cytokines which
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* In-situ physical and chemical cross-linked hydrogel fabrication
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RUEC SNl ADSCs in vitro

Development

* Evaluate the ADSCs survive in the in-situ cross-linked hydrogel using a rat dorsal full-thickness
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* Evaluate the wound healing effect via using this bioactive hydrogel dressing system, including

In vivo wound closure, epithelialization, inflammatory response and angiogenesis

Characterization

Figure 1.3: Project overview.
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2.1Introduction

Stimuli-responsive polymers are defined as those polymers which respond
with dramatic physical or chemical alterations to small external changes in
their environment. Such stimuli include temperature, pH, ionic factors,
electric or magnetic fields, chemicar biological agents and mechanical
stress™®. Thermoresponsive polymers are considered as one of the most
widely utilized stimuliresponsive polymers, as they are easy to apply both
in vitro andin vivo >*°. Poly(N-isoprapylacrylamide) (PNIPAm) which is

a classic and widely studied thermoresponsive polymer exhibits a rapid coil
to-globule conversion in aqueous solution around@2*. However, there

are concerns over its safety for vivo applications*® 3. In the past few
years, several thermoresponsive linear and-sstaped copolymers with
PNIPAAmM, poly(ethylene glycol) (PEG), oligafeylene glycol)
methacrylate QEGMA), poly(propylene oxide) (PPO), poly(vinyl ether)s
(PVEs), poly(lactide) (PLA), poly(DAactideco-glycolide) (PLGA),
poly(caprolactone) (PCL) and-(2-methoxyethoxy) ethyl methacrylate
(MEO;MA) have been developed for tissue engineering and drug delivery
applications**'8, Among these copolymers, poly(ME®A-co-OEGMA)

was firstly reported by Lutz and colleagu&sThis linear copolymer with
lower critical solution temperature (CST) around 37°C was prepared via

atom transfer radical polymerizati¢aATRP) % 2.

Compared to linear polymers, hyperbranched or deagrolymers display
a number of unique advantages, such as low solution and melt viscosity, and

high functionality 2*%

I n Lut z0s s tduttey divind h ey
monomer of ethylene glycol dimethacrylate (EGDMA), however, only
one percent of EGDMA caused the polymer geldflom contrastin the
present work, a higher degree of EGDMA (up to 10 % molar ratio of total
feed monomers) was introduced. Instead of causing gelation, we
successfully achieved a hyperbranched copolymer of poly(ethylene glycol)
methyl ether methacrylais-2-(2-methxyethoxy) ethyl methacrylateo-
ethylene glycol dimethacrylate (PEGMEMMEO,MA-EGDMA) via a
onestepin-situ deactivationenhancedstom transferradical polymerization

(DE-ATRP) approachgcheme 2.1 As a result, the vinyl functional groups
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contributed bythe EGDMA component provide the copolymer with easy

tailoring and photeacrosslinkable properties.

Meanwhi l e, by adjusting the #@Alongd and
composition, we can sensitively alter the polymer hydrophobicity and
control the LCST of th copolymers around body temperature. Furthermore,
PEG based structure which is often considered as nontoxic; non

ﬁ3-27

immunogenic and bigcompatible compositio offers this copolymer

good potential in tissue engineering and biomedical applications.
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Deactivation Enhanced ATRP
o
Butanone, 50 °C Y
oo
" CH, [Cu(PMDTA)]CI,

Bb!
020: 0

—|—3 I
CHS CH; -
PEGMEMA MEO,MA EGDMA Hy 8 / -
Functional Hyperbranched

vinyl group structure

Scheme 2.1:Synthesis of hyperbranched polymers via iarsitu DE-ATRP copolymerization of poly(ethylene glycol) methyl ether
methacrylate (PEGMEMA)2-(2-methoxyethoxy) ethyl methacrylate (ME®@A) and ethylene glycol dimethacrylate (EGDMA). Ethy 2
bromoisobutyrate andN,N,NNj, N NpBiptadedfiyjdiethylenetriaminPMDTA) was used as the initiator and liganthe dimethacrylate

monomer of EGDMA provided the copolymer hyperbranched structure and the vinyl functionality.
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2.2 Materials and Methods
2.2.1 Materials

The monomersof poly(ethylene glycol) methyl ether methacrylate

(PEGMEMA Mn = 475), Z2-methoxyethoxy) ethyl methacrylate

(MEO;MA), and ethylene glycol dimethacrylate (EGDMA) were purchased

from SigmaAldrich. The ethyl 2bromoisobutyratg98 %, Aldrich) was

used as t he I n i tpentamathyldiethyledetridmiméNj, N NjNj, N Njl
(PMDTA, 99 %, Aldrich), copper(ll) chloride (Cugl 97 %, Aldrich), L-

ascorbic acidAA, 99 %, Aldrich), butanone (9%, HPLC grade, Aldrich)

and hexane (9%, Aldrich) were used as received.

2.2.2 Synthesis and Purification of PEGMEMAMEO ;MA -EGDMA

Copolymers

The copolymers were prepared in butanone using anegked round
bottom flask (the volume ratiof total monomers to solvemtas 1: 2).
Copper chloride (Cu@Gl0.25 molar equiv), ethyl -Bromoisobutyrate (1
molar equiv) and PMDTA (0.25 molar equiv) were added into the flask and
oxygen was removed by bubbling argon through the solutions for 25 min. L
ascorbic acidAA, 0.375 molar equiv) that was diluted deionized water

was added with a microliter syringe. The solution was stirred at 800 rpm
and thepolymerization was conducted at 51T in an oil bath for a desired
reaction time. The reaction was stopped by opening the flask and exposing
the catalyst to ai The monomer of EGDMA was removed by dropping the
solution into a large excess of hexane. The precipitated mixture was
dissolved in deionized water and purified by dialysis (spectrum dialysis
membrane, molecular weight cut off 668000 kDa) for 4 daysiidark at 4

°C. Polymer samples were obtained after fredzéng and weibed to

obtain the final yields.

2.2.3 Characterizations of PEGMEMA-MEO ,MA-EGDMA

Copolymers

The copolymers were characterized by gel permeation chromatography
(GPC), '"H NMR and Fourie Transform InfraredSpectroscopy(FTIR).
Weight average molecular weight M number average molecular weight

95



Multifunctional Polymer Synthesis

(Mp) and polydispersityindex (PDI, M\/M,) were obtained by GPC
(Polymer Laboratories) with RI detector. The columns (30 cm PLgel Mixed
C, two in series) were eluted using dimethylformamide (DMF) and
calibrated with poly(methyl methacrylate) (PMMA) standards. All
calibrations and analysis wererfsemed at 40°C and a flow rate of 1
ml/min. '"H NMR was carried out on a 300 MHz Bruker NMR with
MestReC processing software. The chemical shifts were referenced to the
lock chloroform (CDC). The characteristic chemical bonds were
determined by FTIR (Maan 660IR) to affirm the vinyl groupson the

copolymers.

2.2.4 ThermoresponsiveBehavior of PEGMEMA-MEO ;MA -EGDMA

Copolymers

LCST of the copolymer solutions (0.03 % wi/v) in deionized water were
quantified by measuring their absorbance of 550 nm at temperatures from
20 to 55°C (heating rate = 0.5C/second) with a Beckman D800
spectrophotometer. The data were collected evesgcdnds.The LCST
value was defined as themperaturegpoint when the Aso start suddenly
increasing.Moreover, dynamic light scattering (DLS) was used to analyze
size and distributions of copolymers in water solution on a submicron
particle size analyzdiBeckmanCoulter DLIN5). Polymer solutions (0.0%
w/v) were prepared in deionized water and filtered prior to measurements
using a O0.45 em disposable filter

disposable cuvette.
2.2.5 Preparation ofPhoto-crosslinked Gels and SEMImaging

A LF215L UV lamp (365 nm, 2X15 W, UVitec, light intensity 2.0 mW/#&m
was used for the preparation of photorosslinked hydrogels. The
PEGMEMA-MEO,MA-EGDMA copolymers were dissolved in 0% w/v
Irgacure 2959 water solution to prepare %@0and 40% (w/v) copolymer
solutions. Phota@rosslinked gels were formed using 200 d polymer
solutions by UV exposure of 2 h. Scanning Electron Microscopy (SEM) was
used to characterize the porous structure of freleizel gels. The samples

were mounted @ an aluminum stub using an adhesive carbon tab and
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sputter coated with gold before images were obtained using a Hitachi Field

Emission SEM machine.
2.2.6 Cytotoxicity Assessment

3T3 mouse fibroblast cell line was utilized for the polymer cytotoxicity

assesment. 15,000 cells and PEGMEMAEO,MA-EGDMA polymer

solution (in Dulbeccobdés Modified Eagl eds
seeded into each well of a-4&lls tissue culture plate (the concentration of

polymers in media were 0.5 and 1 mg/ml). After one &g days of

incubation at 37C and 5% CQ,, alamarBIu& reduction method was used

to assess cell activity. The absorbance at the lower wavelength filter (550

nm) was measured followed by the higher wavelength filter (595 nm) via a

thermo scientific Variskan Flash Plate Reader. The followieguations

were used to calculate the percentage of cell viability:

AO,w = absorbance of oxidized form of alamarBlualong at lower

wavelength;

AOuw = absorbance of oxidized form of alamarBlualong at higher

wavelength;
Calculated correlation factor:

Ro = AOLw / AOuw; (eqn 2.1)
Calculated the percentage of reduced alamafBlue

ARLw % = (ALw - Anw XR o) X100 (egn 2.2)
Calculated the percentage of aaktabolic activity

Cell activity % = (ARLw(samplesf ARLwicells along) X 100 (eqn 2.3)

2.2.7 Statistical Analysis

Comparisons between multiple groups were analyzed via onANGWVA
using GraphPa®rism 5 software. Differences between two data sets were

considered significant whem< 0.05.
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Scheme 2.2:Mechanism ofin-situ deactivationenhancedatom transfer
radical polymerization(DE-ATRP). (a) In-situ produdng Cu species from
CU' spedes by reducing agent-ascorbic acid (AA); (b) A small amount of
AA addition ensures the excessive'Gpecies in the reaction systevhich
leads toenhancd deactivation reaction, suppréss of the growth rate and

delayedgelation.
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2.3 Results andiscussion

2.3.1 Synthesis of PEGMEMAMEOQO ;MA -EGDMA Copolymers via In-
situ DE-ATRP Approach

The DEATRP approach was previously reported by our group for the
synthesis of dendritic copolyme?® . In these previous studies, halogen
(Cu+Cu")/Ligand wasusedas the catalyst to start the reaction instead of
using the haloge@u/Ligand as in the conventional ATRP method; as a
result the excessive ¢uspecies in the DRTRP system enhanced the
deactivation of the polymerization which slow down the reaction speed and
delayed the gelation. However, using tmeogerCu/CuU' mixture as the
catalyst resulted in some disadvantages: (ij €hecies are eastp be
oxidized in air which may affect the repeatability of the reaction; (ii) It is
more complex to study the mechanism how the deactivation ageht (Cu
species) control the actual reaction kinetics and influence the polymer

structure.

In this study, anin-situ DE-ATRP approach was applied by using
Cu'/Ligand and a small amount of reducing ag&At to start the reaction
(Scheme 2.2 AA reduced part of the Cispecies into Cuwhich can start

the polymerization, and in the meantime the extra amafn@u' species

that remain in the reaction lead to the slow chain growth and delayed
gelation. Hyperbranched copolymer of PEGMENAEO,MA-EGDMA

was prepared by this approach. The reaction was monitored by GPC
analysis Figure 2.1). Polymer chain grew oveéime, for example, the total
monomer conversn was 57 % after 26 h, with Mof the copolymer as 9.9
KDa (entry 1 in Table 2.1). Meanwhile, thePDI value kept at a low level

which demonstrated the controlled chain growth.

In addition, it was found that penerization speed can be sensitively
affected by varying the amount of the reducing agent Rigure 2.2). The
same level of monomer conversion (i.e. 45 %) needed 9 h of reaction time
by using 15 mol % AA, 6 h with 30 m&o AA and 1 h with 50 mol % AA

This result indicates that the slight change in the equilibrium betwekn Cu
and Clicould delicately adjust the activation/deactivation process of ATRP.

99



Multifunctional Polymer Synthesis

Interestingly, PDI value remained at the same trend by the varying AA
amount(Figure 2.3): at thebeginning stage, polymer chain grew with well
controlling; while at the later stage, the broader PDI with the polymerization
progressing was commonly consideredaasesult of the hyperbranched
chain growth®® 3! which means the reducing agent can only influence the
polymerization rate but not affect the kinetic chain growth at the molecular

level.

On the other hand, a similar approach to our method is catlichtar
generated by electron transfer (AGET) ATRP, in which the reaction is also
started with ClyLigand and reducing agenHowever, there is a significant
difference between these two approaches. The AGERP usually
requires an excessive reducing agent (e.g. 5 to 10 times excAass ob
transfer Cli to CU completely and rapidly in the reactidh*3. While only

up to 50 mol % of reducing agent was used inithsitu DE-ATRP, so that
there is always an excess of 'Cspecies in the reaction system to
Afdeactivateo the reaction.

2.3.2 Characterization of Hyperbranched PEGMEMAMEO ;MA -
EGDMA Copolymers with Vinyl Functional Groups

The structure ofhe copolymes were characteedby *H NMR analysis
(Figure 2.4). The characteristic peaks at chemical shifts of 6.1 and 5.6
ppmwereattributed to the vinyl functionajroupsin the copolymerThe
copolymer composition (m, n, r, p) can be calculated from the integral
data C, D, E, H. assigned as indicatedFigure 2.4 The following
equations €gns. 2.4 to 2.7 demonstrate the calculating process:

( b (eqn 2.4)
# 1Bbc¢ci ¢l ¢O (eqn 2.5)
$ otl @il (eqn 2.6)
% ol ol (eqn 2.7)
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Table 21: Copolymerzation of poly(ethylene glycol) methyl ether methacrylate (PEGMEMA, M475), 2(2-methoxyethoxy) ethyl
methacrylate (ME@MA) and ethylene glycol dimethacrylate (EGDMA) wrasitu DE-ATRP.

entry [L-AA]: [CuCl ;] samples RT 2 (h) monomer conversior® (%) M, ¢ (kg/mol) PDI ¢
S1-1 5 20 4.3 1.14

1 15 mol% S1-2 9 45 7.3 1.22
S1-3 26 57 9.9 1.35

2 30 mol% S2 6 43 10.0 1.25
3 50 mol% S3 5 83 17.9 3.92

2 Reaction time” Monomer conversion, estimated using peak areas for monomers and copolymers in GPC MNao#ser average
molecular weight? Polydispersityindex (M,,/M,). Polymerisation conditions: 5 in butanonetotal monomers/butanone (v/v) =21 the
initiator (1) / catalyst (C)/ ligand (L) are ethyl zbromoisobutyraté CuCL/ N, N, N NjipdutdihgthNdigiNjenetriamine the reducing
agent is Lascorbic acid (AA); the [IJPEGMEMA]/[MEO,MA]/[EGDMA] (feedmole ratio) = 115:75:10Q [I)/[C]/[L] = 1:0.25:025.
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Figure 2.1: GPC traces from RI detector for the samplesnify 2 in Table
2.1. Note: the peak became broader and movimigvard indicated that the
increagd molecular weights and polydispersities with monomer conversion

wereobserved.
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Figure 2.2: Kinetic plots of thein-situ DE-ATRP polymerization of
PEGMEMA-MEO,MA-EGDMA copolymes by using 15 mol %, 30 mol %
and 50 mol % of reducinggent of lascorbic acid (AA)Increase of the
monomer conversionalong with the reaction progresdNote: the
polymerization speed can be sensitively affected by varying the amount of
the reducing agent AA-or example, the same levelmbnomer conversion

(i.e. 45 %) needed 9 h of reaction time by using 15 mol % AA, 6 h with 30
mal % AA andonly 1 h with 50 mol %AA.
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Figure 2.3: Kinetic plots of thein-situ DE-ATRP polymerization of

PEGMEMA-MEO,MA-EGDMA copolymes by using 15 mol %, 30 mol %
and 50 mol % of reducing agentascorbic acid (AA). Increase of the

polydispersity IndexRDI, M,/M,) along withthe monomer conversion
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The double bond content and the branching degree of the copolymers

were calculated fronegn. 2.8 andeqgn. 2.9, respectively:
$T OANAAM T ORTOPBXI 1T O P pmnm (eqn2.8)
"OAT AREGEAA POl T O D pmm (eqn 2.9)

The composition, double bond content and branching degree of the
copolymers are shown ifiable 2.2 For example, the double bond and the
branching structure are at 6 and 10 mol % in polymer S5. In addition, the

chemical structure of the copolymers alsodetermined by FTIRFigure
2.5).

2.3.3 ThermoresponsiveBehavior of PEGMEMA-MEO ;MA -EGDMA

Copolymers

LCST of the copolymers were determined by -\i¥ spectrophotometer
(Figure 2.6). The copolymers¥, S5 and S5 in Table 2.2 dissolved in
deionized water were quantified by measuring their absorbance of 550 nm at
temperatures from 20 to 5&. Compared with the linear poly(OEGM#-
MEO;MA) copolymer as reported by Lutet al, our hyperbranched
copolymer showed a lower phageansition temperaturevith similar
polymer compositionFor example they showed LCSTs of 39 and°@9

with 10 and 20% of PEGMEMA respectively’®, whereas our polymer
exhibited 28 and 38C with 12 and 226 of PEGMEMA respectively. Two
reasons might be responsiblg) The 3D hyperbranched structure and
subsequently the compact space configuration of the copolymer may have
resulted in stronger polymgolymer interactions than polymerater
hydrogen bonding interaction; (2) the hydrophobic EGDMA content of the
copolymer also reduces the LCST. Moreover, the high concentration of the
copolymer water solution could reversible form hydrogel above the LCST
(Figure 2.6 Insert).

In addition, DLS indicated a significant change in particle size of the
copolymer in deionized wear when varying the temperature. At 20, the
hydrodynamic radiusRh) of polymer particles were ca. 7.5 nm, and at 37
°C, it was found to be 125 nnirifure 2.7). This is due to the aggregation

occurring at the temperatures above LCST.
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Table 22: Properties of PEGMEMAVIEO,MA -EGDMA copolymers

Samples f ® (PEGMEMA) [MEO2MA) [EGDMA)) F b([pEGMEMA]/ Meozmay [Ecpma) — double bond content®  branching degree® LCST °C ©
A 10/80/10 9/77/14 4 10 24
S5 15/75/10 12/72/16 6 10 28
S6 25/65/10 22/63/15 6 9 38

2 Monomer feed ratio® Polymer composition; etermined by"H NMR. © % Calculaed with eqs2.4 to 2.9(Unit: mol %). ¢ Determined by
UV-vis spectrophotometer.
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Figure 2.5: FTIR analysis ofreezedried polymer oPEGMEMA-MEO,;MA-EGDMA (entry 1in Table2.1). The main chemical groupgere
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Figure 2.6: Thermoresponsive properties of PEGMEMAEO,MA -
EGDMA copolymes ($4, S5 and % in Table2.2). LCST behavior of the
copolymer in 0.03% w/v deionized water determined byV-vis
spectrophotometennsert: copolymer solutiofS5 in Table 22, 40 %
w/v) becamephysical crosdinked gel when the temperature was raised
above its LCST from 26C to 37°C.
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Figure 2.7: Size distribution measured by dynamic light scattering. Polymer

solutions 65 in Table 2, 0.01% wi/v) were prepared in deionized water

and filtered prior to measurements using
incident angle was 90 Note: at 37 °C, polymer particlesaggregatd

together to form the microgel structure.
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2.3.4 mhoto-crosslinked Hydrogels and SEM Analysis

Furthermore, afteexposng the copolymer solution sam@gwith 0.1%

w/v of photoinitiator) to UV light (details in supportingformation) the
photo-crosslinking occurred to formgels. Although because the
hydrogels shrank during the dehydrate process, the pore size on SEM
images can not fully display the real situation in the hydrogels. It was
still shown thatthe polymer at higherconcentration40 % w/v) formed

the photecrosslinked gel with denser structure than at alower

concentrationZ0 % w/v) (Figure 2.8).
2.3.5Cytotoxicity Assessment

3T3 mouse fibroblast calwere utilized for the cytotoxicity assessment of
the copolymer. Cells and the polymer/DMEM solutidb (n Table 2.2,
dissolved inDMEM medium 0.5 and 1 mg/ml) were added into each well
of a 48well tissue culture platdt was noticed that the polymer soli
formed gel particles and sank on the bottom of the culture plate ¥ 37
because itshermoresponsiveehavior.The alamarBIu® reduction method
was used to assess changes in debility after one and four days. The
results showed no significardifference of cells viability between the
control (cells alonepnd polymer samples after four days, indicating the
copolymer is not affecting the cellular metabolism at such concentrations
(Figure 2.9).
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Figure 2.8: SEM images of freezdried photecrosslinked gels prepared
from 20 % (a) and 40% (b) (w/v) PEGMEMAMEO,MA-EGDMA
copolymer §5 in Table 2.2) solution Note: the photecrosslinked gel
formed using a low polymer concentration sample demonstrated more

looser structurga) than the gel formed using a high polymer concentration

(0).
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Figure 2.9: Cell metabaic activity assessment of 3T3 cells after one and
four days treatment witPtEGMEMA-MEO,MA-EGDMA polymer (S5

in Table 22) using alamarBIu® assay.Cells aloneas the contrglthe
polymer concentrations were at 0.5 and 1 mg/Mdbte: there is
significant differere of cells viability between the control (cells alone)

and polymer samples after four dgysean +SD,n = 3, p < 0.05).
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2.4 Conclusion

A thernoresponsive and photrosslinkablehyperbranchedcopolymer
PEGMEMA-MEO;MA-EGDMA has beersuccessfuy preparedvia an
in-situ DE-ATRP approach This copolymerexhibited the LCST around
body temperature which could be specifically adjusted by varying
polymer compositionThus at room temperature, this polymer is water
soluble, while forms a physical gel at body fmmature.In addition, he
high degree of vinyl functional groupallow this polymer phote
crosslinking by UV explosion in order to achieve a stable hydrogel
structure with enhanced mechanical propertlasconclusion this dual
stimuli responsive polymewhich can le eafly modified further,shows
great potentials for wide applications, including tissue engineering and
drug delivery, polymer composites, UV creagskable polymer coatings,

prototype nouldings, and micro patterning.
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Chapter Three

In-Situ Crosslinked SemiIPN Hydrogel Prepared from
ThermoresponsiveHyperbranched Copolymer with Multi -
acrylate Functionality and Hyaluronic Acid

The majority of this chapter has previously beerpublished in:

Dong, Y, Hassan, W.; Zheng, Y.; Saeed, A.O.; Cao, H.; Tali, H.; Pandit, A.
and Wang, W. 'Thermoresponsive hyperbranched copolymer with multi
acrylate functionality forn situ crosslinkable hyaluronic acid composite
semtlPN hydrogel',Jourral of Materials Science: Materials in Medicine
2012, 23 (1), 2535.
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3.1Introduction

In-situ crosslinkable hydrogels have attracted much attention in
applications for tissue engineering and drug delivery because they can be
injected directly into irregular cavities and provide a homogenous
environment for cellular and bioactive molecular distiibn *°.
Thermoresponsive polymers have been widely studied for such applications
to in-situ form physically crosdinked gels ®*°. However, the physical
thermal gelation is reversible and exhibits weak mechanical properties
which hamper its clinical uses. Therefore, phptdymerization or chemical
crosslinking methods are used to enhance gjegé mechanical properties.
Drawbacks limit the applications of the phgtolymerization systems such

as the extra equipment that is needed in a clinical setting, also the safety
concerns of UV light in clinicalisespresent issueS™*. On the other hand,

the dual gelling systes by physically and chemically cro$isking via
thiol-ene Michaetype addition reaction uter physiological conditions
have shown promising propertiés™. Cellesietalr eport ed t he

fitand

processo of ther #ikéd ga forccell ercapsniatifth | cr os s

%2 Leeet al reported the Nsopropylacrylamide (NIPAAm) based duat
situ gelling system for embolizatio®. However, these systems usually
need thecomplex multistep modification reactions to provide the polymer
desired crosfinkable functionalities; in addition, some of the chemical
compositions such as NIPAAm are considered to be too toximfeivo

applications.

We have previouslyeportedthe synthesis of PEasedhyperbranched
thermoresponsive and phetoosslinkable copolymers synthesized via one
stepdeactivationenhancedatom transferradical polymerization (DEATRP)

4 andin-situ DE-ATRP approachespectively”>. While compared to these
UV photocrosslinking systems, chemicgklation via thiolene Michael
type adition reaction exhibitsemarkable advantages such the ease to
operate rapid gelation, the absence of chemical initiator, no specific
requirement of equipment and simple gelling condition close to
physiological circumstanc®. Therefore,to enhance the activity of vinyl

groups, anew hyperbranched copolymevith high degree omulti-acrylate
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instead of methacryaltkinctionality has beerdesigned andleveloped in

this study in order to provide the polymer with the thermoresponsive and
chemicalin-situ crosslinkable properties. Thishwyperbranchedopolymer

was synthesized bgo-polymerization of poly(ethylene glycol) diacrylate
(PEGDA), poly(ethylene tycol) methyl ether methacrylate (PEGMEMA)
and2-(2-methoxyethoxy) ethyl methacrylate (ME®A) via thein-situ DE-
ATRP approach §cheme 3.1 In addition, by varying the PEBased
hydrophilic/hydrophobic composition of the copolymers, desired phase
transiton temperatures were tailored close to body temperature. As a result,
at room temperature, these copolymers are vatieible, while at body
temperaturet forms a thermal gelMore importantly a high concentration

of PEGDA with diacrylate groups wassedto achieve the hyperbranched
structure while simultaneously providinghe polymer with more active
acrylatevinyl functionality, which significantly enhanced the activity during
the thiolene Michaetype addition. Therefore, this copolymer led toian

situ gelation system via both physical thermorespongyetation and

chemicalreactionwith thiol-functional crossinker within minutes.

To optimize the hydrogel microenvironment for cell seeding and
encapsulation purposes, a semerpenetrated poiger network (semiPN)
system was developed in this study by combining an extracellular matrix
(ECM) biopolymer of hyaluronic acid (HA) within the hydrogelAn
interpenetrating polymer network (IPN) is defined as a mixture of two or
more crosdinked netwaks dispersed taa molecular level. Ifonly one
polymeris crosslinked in IPN andthe other onés left in linear form, it is
called semiPN structure?’. IPN and semiPN have been commonly
utilized to modify the hydrogel structure and properties such as-cross
linking density, swelling capacity, water content and mechanical properties
for drug delivery and cell encapsulati@ystems?**°. HA is a linear
polysaccharide with high molecular weight which has been widedy in
tissue engineering for wound healifiy®®, treatment of osteoarthriti& 34,

r>3" and drug delivery®¥%°. Here, HA

cartilaginous tissue repai
macromolecule was interpenetrated within the physically and chemically

crosslinking network without covalerinkageto formasemilPN structure
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which increased the mesh sinf gel frameworké’, enhancedhe hydrogel
swelling behavior and provided a large porous three dimensional
microenvironmentand therefore promotes the cell adhesion and viability
within the hydrogel.

Furthermore, by using the-situ DE-ATRP polymerization approach, it is
easy to adjst the gel properties including gelation rate, network density,
pore size, mechanical properties, swelling and release kinetics by varying
the acrylate content and hyperbranched structure of the copolyniech
provide this in-situ crosslinkable semilPN hydrogel systemwith a

promising potential for controlled drug release and cell delivery applications.
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Scheme 3.1:Synthesis of thermoresponsive hyperbranched PEGMEMA
MEO,MA-PEGDA copolymer via arin-situ DE-ATRP approach. The
copolymer can physically cro$isk at body temperature and can be cross
linked with thiol crosdinker of pentaerythritol tetrakis (3
mercaptopropionajgQT) via thiol-eneMichaeltype addition. Meanwhile,

by mixing with hyaluronicacid (HA) macromolecule, a sef?N hydrogel

system was formed.
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3.2 Materials and Methods
3.2.1 Materials

The monomers of poly(ethylene glycol) methyl ether methacrylate
(PEGMEMA, Mn = 475 ¢mol), 2(2-methoxyethoxy) ethyl methacrylate
(MEO;MA), and poly(ethylene glycol) diacrylate (PEGDA, Mn = 258
g/mol) were purchased from SigmAddrich. HA was purchased from
Lifecore Biomedical inc. (research grade, 68 kg/mol). The ethyl 2
bromoisobutyrate (98%, Aldrich) was used as the initiator. Bis(2
dimethylminoethyl) methylamine (99%, Aldrich), copper(ll) chloride
(CuCh, 97%, Aldrich), Lascorbic acid (AA, 99%, Aldrich), butanone
(HPLC grade, Aldrich), hexane (HPLC grade, Aldrich), diethyl ether
(HPLC grade, Aldrich), sodium tetraborate (99%, Aldrich),beaole
(Vetrabal" analytical standard, FLUKA) and Pentaerythritol tetrakis (3

mercaptopropionate) (QT, Aldrich) were used as received.

3.2.2 Synthesis of PEGMEMAMEO ;MA -PEGDA Copolymersvia In-
Situ DE-ATRP

The PEGMEMAMEO;MA-PEGDA copolymers weresynthesized by
copolymerization of PEGMEMA (Mn = 475 g/mol), MERA and
PEGDA (Mn = 258 g/mol) via am-situ DE-ATRP approach. Briefly, the
copolymers were prepared in butanone at the volume ratio of total
monomers to solvent of 1:2 using a twecked rond bottom flask. Copper
chloride (CuCk), ethyl 2bromoisobutyrate and bis(@methylaminoethyl)
methylamine were added into the flask, followed by bubblingratgrough

the solutions for 2%nin to remove the oxygen.-ascorbic acid (molar ratio

of CuCkL to AA was 2:1) dissolved in deionized water was added into the
flask with a microliter syringe. The solution was stirred at 800 rpm and the
polymerization was conducted at 8CQ in an oil bath for the required
reaction time. The experiment was stopped dpening the flask and
exposing the catalyst to air. The solution was diluted with acetone and
dropped into a large excess of hexane/diethylether (1:1 v/v) mixture and
then the precipitated mixture was dissolved in deionized water and purified

by dialysis §pectrum dialysis membrane, molecular weight cut off 6000
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8000) for 4 days in dark at % to remove the monomers and catalyst.
Polymer samples were obtained after freemeng and weighed to obtain

the final yields.
3.2.3 Characterizations of PEGMEMAMEO ;MA -PEGDA Copolymers

The resultant copolymers were characterized by gel permeation
chromatography (GPCand '*H NMR. Weight average molecular weight
(My), number average molecular weightjMnd polydispersitindex (PDlI,
Mw/Mp) were obtained by GPC (Polymer Laboratories) with Rl detector.
The columns (30 cm PLgel Mixed, two in series) were eluted using
dimethylformamide (DMF) and calibrated with poly(methyl methacrylate)
standards. All calibrations and analysis were perforaté® °C and a flow
rate of 1 mh permin.*H NMR was carried out on a 300 MHz Bruker NMR
with Delta NMR processing software. The chemical shifts were referenced
to the lock chloroform (CDG). Lower critical solution temperatures (LCST)
of the copolymer alutions (0.03 % w/v) in deionized water were quantified
by measuring their absorbance of 550 nm at temperatureslfsamns0 °C
(heating rate = 0.8C persec) with a Beckman D800 spectrophotometer.
The LCST value was defined as ttenperaturgoint when the Agg start
suddenly increasing.

3.2.4 Preparaton of NonIPN and SemtIPN Gels

The PEGMEMAMEO;MA-PEGDA copolymers were dissolved in 1 M
phosphate buffered saline (PBS) at pH 7.4 to prepare copolymer solutions
(10 and 20 wt %). QT (stoichiometrically molar ratio of thiol: vinyl group =
1:1) was mixed with the copolymer solution and 10®f the mixure was
rapidly transferred to 1 Imflat bottom vials for swelling study. For
preparing the semPN gels, final concentration of 16 md/rof HA that
dissolved in PBS was mixed within gelation solution followed by mixing
with QT and transferred mixture toals as describedbovefor swelling
and release studies. All samples were incubated € 33r 2 h to allow for

a complete gelation. Scanniidectron Microscopy (SEM) was utilized to
characterize the porous structure of fredaed norIPN and semiPN gels

(polymer concentration: 20 wt %). The samples were mounted on an
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aluminum stub using an adhesive carbon tab and sputter coated with gold

before images were obtained using a Hitachi Field Emission SEM machine.
3.2.5 Determination of HA Retention n SemiIPN Hydrogels

HA release study was performed to identify the retention of HA
macromolecules in hydrogel after gelation and confirm the -#ehhi
structure. SemiPN hydrogels were prepared with 10 wt % polymer
solution containing 10 mghand 20 mg/mof HA separately as described

in the previous section. Then 0.4 of PBS buffer was added to each gel
sample to allow HA release at 3. At each time point, 0.2 Inof the
supernatant was taken after gentle shaking and the same volume of fresh
PBS was added. The concentration of HA in the release samples was
determined with carbazole assay as descrimdewhere els&. Briefly,
standards were prepared by serial dilution of 1 rh¢dmdA i n P Bo§ . 50
samples and standards were placed in-av&6 plate, followed by adding

2 0 d of 25 mM sodium tetraborate sulfuric acid. The plate was heated

for 10 min at 100 € in an oven. Then the plate was cooled at room
temperature for 1%nin, a n d of ®.025 %carbazolen ethanol were
carefully added and thoroughly mixed. After heating ag&ih00 € for 10

min in an oven and followed by cooling at room temperature fanith the
absorbance of the samples at 550 nm were determined by a microplate

reader (Varioskan Flash Reader). Tests were performed in triplicate.
3.2.6 Swelling Studies

Non-IPN and semiPN gels were prepared as previously described. 0.5 m

of PBS buffer (pH 7.4) was added into each vial to allow gels to swell at 20
°C and 37°C after exact weight measurement. The buffer was removed and
the gels were weighed at regular time interval. Swelling ratios were

calculated as below:
Ox Al OEDES (egn 3.1)

where W represents the weight of hydrogel at a certain time point and W
represents the original weight of the hydrogels. 0.5 ml of fresh PBS was

126



SemtIPN Hydrogels

added after measuring and the samples were further incubatedGta2d

37°C. The swelling tests wemperformed in triplicate.
3.2.7 Cytotoxicity Assessment

For cellular viability studies3T3 mouse fibroblast cal(Passage 12yere

usel to study pol ymer cytotoxicity. 15,00
Eagl e ds (DMEM, iSigmna 10 % FBS, 1% P/S) were previously
seeded intoeach well of a 48vells tissue culture plateAfter 24 h of
incubation at 37C and 5% CQ,, all the cells were attached to the bottom of
culture plate and showed stable morphology under the microscope. Then
PEGMEMA-MEO;MA-PEGDA copolymerand QTsolutiors (0.5, 1, 5 and

10 mg/ml, dissolved in culture mediunwere addedinto each well of the
culture plate. Afted8 hof incubation, the alamarBlfiereduction method

was used to assess cellulaetabolic activity The absorbance #te lower
wavelength filter (550 nm) was measured followed by the higher
wavelength filter (595 nmyia a thermo scientific Varioské&nFlash Plate
Reader.The results were calculated and normalized to the positive control

(cells without treatment).

3.2.8 Cellular Viability Assessments, 2DBCell Seeding and 3ECell
Encapsulation Experiments

For 2D cell seeding study, PEGMEMMEO,MA-PEGDA copolymers
solution (10 wt % in DMEM, 10 % FBS, 1
Corning, Germany) for sterilizing. QT (naol ratio of thiol: vinyl group =

1:1, stoichiometrically) was added into copolymer solution and mixed using
a pipette f oaftheBnixture was transdenred 8oGvlt glass
chamber slide and incubated 37 °C for 2 h until it completely geéd.
Meanwhile, HA that dissolved in culture medium was mixed with
copolymer solution followed by the addition of crdsgker to prepare the
semiIPN hydrogels at the final concentration of 16 mig/Rabbit adipose
derived stem cells (ADSCs, collectedrfroNFB storage, NUIG, Passage 3)
were seeded on the surface of the gels (5,000 céll/cmwi t hculttr® 0 ¢
medium) followed by 3 h incubation at 3Z and 5% CQ; to allow the cells

to adhere, and then more medium was applied. For 3D encapsulation study,
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ADSCs cells (100,000 cellimwere mixed with gelling solutions (ndRN

or semilPN system) before gelation, followed by incubation af@Gand 5

% CQ; for 30 min to form gel and then followed by the addition of more
culture medium. The LIVE/DEADB assay (Molecular Probes) was utilized

to visualize the distribution of living and dead cells on the hydrogel surface
after 48 h for both 2D and 3D cell culture model. Fluorescence images were
taken usingan Olympus 1X81 inverted microscope examining green
fluorescence of living cellsiponthe reaction of intracellular esterase and
calceirAM, and red fluorescence utilizingthidium homodimed dye

bound to the DNA of dead cells with compromised membranes

3.3 Results and Discussion

3.3.1 Synthesis o0PEGMEMA -MEO ;MA -PEGDA Copolymersvia In-
Situ DE-ATRP

DE-ATRP approach was first reported by Wangt al for
homopolymerization of divinyl monomers, for example divinyl benzene
(DVB) or EGDMA, to successfully achieve the synthesis of dendritic
homopolymers with multiple vinyl functional groups without gelatfdn
Then this approach was further developed fioe coplymeizations of
monovinyl monomer and multivinyl monomers to prepare responsive
dendritic polymerswith well controled chain growth and molecular
structure®® ?°. In this studyfor the first time,a high degree of dcrylate
monomer of PEGDA (up to 25 molar % of monomer feed ratio)wsasito
provide the hyperbranched structure and significantly enhance the vinyl
activity compared to metharcylate groups in the previous studies, thus
leading to a rapid chemical crelasking with thiol-functional crosdinker

via thiolene Michaektype addiion reaction. Briefly, watesoluble
hyperbranched PEGMEMMEO,;MA-PEGDA copolymers were prepared
via in-situ DE-ATRP approach Jcheme 3.}, where ethyl 2
bromoisobutyrate wastilized as the initiator and Cug@PMDTA wasused

as the catalysA small amouhof ascorbic acidvas added into the reaction

as a reducing agent that convets' to Cu; in the meantime, the extra Eu
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species remained in the system which resulted in the slow chain growth and
delayed gelation. By adjusting the amount of reducigenaused, the rate

of molecular chain growth and the gelation point can be well controlled as
previously described (see Chap®r The reaction wa monitored by GPC
analysis. Polymer chain growth over time was confirmed via GHglie

3.1) and a finalconversion of up to 78 % and 66 % of watetuble
copolymers with different degree of acrylate functionalities were obtained
after 12 h and 6.5 h separatelyable 3.1). Moreover, the relatively low

PDI value for hyperbranched structures demonstrateccahéolled chain
growth. At the early stage, polymerization showed linear chain growth with
narrow GPC traces and the low PDI values, while at the later stage of the
reaction the intermolecular crebsking led to the hyperbranched structure
and the broagr PDI value.

The hyperbranched structure of the copolymer was confirméeti ByMR
(Figure 3.2. The vinyl functional groups were identified as three
characteristic chemical shifts between 5.8 and 6.4 ppm. The copolymer
composition in, n, r and pcan becalculated from the integral data of C, D,

E and H assigned as indicatedrigure 3.2 The following equations (egn

3.2- 3.5) demonstrate the calculation process:

a 0% o# CcUWYPT (egn 3.2)
E pm%c# $ Y (egn 3.3)
n( (eqn 3.4)
I o# ¢%pqpg (eqn 3.5)

The double bond content and the branching degree of the copolymers were
calculated from eqrB.6 and eqn3.7 also based on thel NMR analysis:

$T ORINAAA T ORT® nfra & i 1 pnmn (egn3.6)
"OAT ABEAEGQAIA i7Ta & i | pmm (eqn 3.7)

Table 3.2 showed the composition, double bond content and branching
degree of the copolymers. A high degreeviofyl functional groups (up to
12 mol %) was achieved in copolymers without gelation by usmsgitu

DE-ATRP approach. With this high level of vinyl groups, the copolymers
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can react readily with thiol functional creksker via thiol-ene Michael

type addition to form chemically crodsked network.

To study the chemical croéisking behavior, the copolymer (entry 6 in
Table 3.1) was dissolved in 1 M PBS at thencentrations of 10 and 2041t

at room temperature. A small amount of QT (equal molar ratio of thiol and
vinyl group based offH NMR analysis) was added into the copolymer
solution and mixed using a pipette for 30 s followed by placement in an
incubator at 37C. The chemical gelation occurred within 10 min, which
was defined as no flow upon inversion of the vial at room temperafiere

a prolonged time Kigure 3.339. It was also shown that the more QT
(thiol/vinyl = 2:1 or 3:1) was used, the faster gelation and the denser the
network identified by SEM imaging. The desired double bond coimt

be achieved by varying the percerdagf PEGDA monomer feeding ratio
via thein-situ DE-ATRP approach to tailor the copolymer gelation rate and

network density.
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Figure 3.1: GPC traces from RI detector for the samples of entbyid

Table 3.1.Note: the peak became broader and movioagvard indicated

that the ncreasd molecular weights and polydispersities with monomer

conversionvereobserved.
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Table 3.1:Copolymerizations of PEGMEMMEO,MA -PEGDA viain-situ DE-ATRP

entry monomer feed mole rati@ecmemaymeozmaypecDA] RT#(h) monomer conversio¥(%) Mn ¢(Kg mol™) PDI¢
1 10/80/10 1 20 4.5 1.17
2 10/80/10 3 48 7.1 1.27
3 10/80/10 5 61 9.5 1.38
4 10/80/10 7 69 12.5 1.52
5 10/80/10 12 78 16.4 1.93
6 15/60/25 6.5 66 17.3 2.49

2 Reaction time” Monomer conversion, estimated using peak areas for monomers and copolymers in GPC MNao#ser average
molecular weight® Polydispersityindex (PDI, Mw/M,). Polymerkation conditions: 50C in butanone; total monomers/butanone (v/v) =
1:2; the initiator (1)/ catalyst (C) ligand (L) are ethyl Zoromoisobutyraté CuCkL/ bis(2-dimethylaminoethyl) methylamine; the reducing
agent is kascorbic acid (AA); the [IJfMMonomer] = 1:100, [IJ/[C)/[L] /[AA] = 1:0.25:02%50.125

133



Table 3.2:Properties of PEGMEMAMEO,MA -PEGDA copolymers

SemtIPN Hydrogels

entry monomer feed mole raglo polymer composition double bond contefit branching degre® LCST °Cc°®
f[PEGMEMA]/[MEOZMA]/[PEGDA] F[PEGMEMA]/[MEO2MA]/[PEGDA]
5 10/80/10 9/76/15 4 11 26
6 15/60/25 14/58/28 12 16 31

2 Monomer feed ratio® Polymer composition; eermined by'H NMR. © ¢ Calculaed with eqs1-6 (Unit: mol %). © Determined by UWis

spectrophotometer.

134



SemtIPN Hydrogels

3.3.2 Thermoresponsive Behavior of Copolymers

Different ratio of hydrophilic/hydrophobic composition can result in
changes in varying the phase transition temperature of the copolymer: the
more hydrophilic the copolymer was, the high€@ST would be? **. In

this study, the LCST of the copolymers are atb@6°C and 31°C (Table

3.2), determined byJV-vis spectrophotometeFigure 3.3b). To study the
thermal gelation behavior at body temperature, the copolymers were
dissolved in 1 M PBS (30 wt %) at room temperature 2P and then
placed at 37C. Gelconcentration was defined as no flow upon inversion of
the vial within 5s (Figure 3.3b inser). It was found that the lowest thermal
gelling concentrations of the copolymers at’@7were about 10 to 20 wt %
mainly dependent on the polymer molecular weidine higher molecular

weights of the copolymers required the lower gelling concentration.
3.3.3In-Situ SemiIPN Gelation and HA Retention Assay

The HA macromolecules were mixed into timesitu gelation system to
create a se¥iPN system for improving the hydrogel swelling behavior and
porous 3D micreenvironment for cell growth, adhesion and migration. The
semiIPN hydrogels were formed within Iin at 37°C by chemical cross
linking with QT & similar to noAPN (without HA) gels. The SEM images

of freezedried gels showed that a less compact and more porous structure
was achieved in sertiPN hydrogels compared to ndBN hydrogels
(Figure 3.4). With the increase in the concentration of addidl HA
increasing, the more porous structure was achieved in the gels. It was
assumed that linear HA macromolecules acted as a porogen in tREPdEmI
hydrogel as the phase separation between HA and PEG based copolymers.
This porous seriPN structure praided the hydrogel with several
advantages such as increased swelling ratio and infiltration behavior,

enhanced loading capacities, and providing more space for cell growth.

As hydrophilic HA macromolecules were physically mixed into system
without covalat crosslinking with gelled backbone, HA release study was
performed to confirm the HA retention in the hydrogel and dé&Ni
structure after gelationThe HA release ofeniIPN hydrogels prepared
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with low (10 mg/ml) and high(20 mg/ml) concentrations oHA were
followed at 37°C for 48 h, and then the released HA was determined with
carbazole assay. It was shown that only about2lb% of HA was released
from the hydrogels after two days and meisition occurred in the first 5 h
which was most likelyfrom the HA on the surface of the gelsdure 3.5).
After 12 h the HA release hdeveled offindicating most of HA molecules
(70 - 80 %) were kept in the hydrogels after gelation to form a ¢eMi
structure.In addition, the semliPN hydrogel prepared ith higher HA

concentration showed slightly more release than lower group.
3.3.4 Swelling Characteristics oNon-IPN and SemiIPN Hydrogels

Figure 3.6 shows the swelling tests of the A#N chemical crosinked

gels and the seriPN gels at room temperature (Z&) and body
temperature (37C). It has been demonstrated that the si&Ni structure
significantly increased the swelling ratio of the hygkls. For example, the
swelling ratio of 10 % serlPN gels reached about 3.1 after 4 h, while for
the nonIPN gels at the same concentration it was only about 1.7 after 5
days at 20C. Meanwhile, the higher concentration (20 wt %) of copolymer
led to lower swelling than the lower concentration (10 wt %) as it is a denser
crosslinked network. Furthermore, the hydrogel showed a higher swelling
ratio at 20°C than at 37C as the copolymer presented more hydrophobic
behavior and chain shrinking above LCSherefore, semiPN structure
provided significantly enhanced swelling without varying polymer
characteristics or crodmking conditions, which is an essential property for
medium absorption, cytotoxic elimination, nutrition diffusion and drug

releasingn the area of controlled drug delivery and cell encapsulation.
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Figure 3.3: Physical and chemical creBeking properties of PEGMEMA
MEO,MA-PEGDA copolymer (entry 6 in Table 3.1). (a) Chemical gelation
of copolymer (10 wt %) with QT (equaholar ratio of thiol and vinyl
group). (b) LCST behaviour of the copolymer which was dissolved in
deionized water at the concentration of %03w/v), determined by UWis
spectrophotometer. Insert: Polymer solution (30 wt %) becphysical
crosslinked gel when the temperature was raised above its LCST from 20
°C to 37°C.
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Figure 3.4: SEM images for the freezdried gels samples prepared from
PEGMEMA-MEO,;MA-PEGDA copolymers (20 wt %) crofisked with
QT with different concentrations of HA fro@ mg/m (nonIPN gel) to 20
mg/ml. Note: the higher HA concentrationleads to looser hydrogel

microenvironment with more space and porous structure
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Figure 3.5: HA release study. Cumulative release of HA from sHPN
hydrogels at 37C determined by carbazole assay. The absorbance of the
samples at 550 nm was determined by a Varioskan Flash R@dden +

SD, n = 3) Note: after 12 h the HA release héeleled offindicating most of HA
molecules (70 80 %) were kept in the hydrogedfter gelation to form a seriPN
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Figure 3.6: Swelling of chemically crosknked (P) and IPN (P/HA) gels in
PBS (1 M, pH 7.4) at 28C and 37°C within first 24 h (a) and total 19 days
(b) (Meanz SD, n = 3) Note: the lower crosdinking density (10 wt %) or

at lower temperature (2&C) demonstrated a higher swelling ratio than the
higher crosdinking density (20 wt %) or at 37C. The IPN structure

significantly enhanced the swelling capability of the gels.
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3.3.5 Cytotoxicity of the Copolymer and 2D/3D Cell Culture onNon-
IPN and SemiIPN Hydrogels

The PEG based polymer is commonly considered as nontoxic and non
immunogenic material$“®. In this study, cytotoxicity of the copolymers
and QT was determined famarBIu& assay using 3T3 mouse fibroblast
cells. The results showdtat there was no significant difference between
cell alone control and testing samples<18, p < 0.05); in other words,
neither copolymer nor QT influenced the metabolic activity of 3T3 cells
after 48 h treatments at concentrations up to 10 ingFigure 3.7).
Furthermore, foin-situ crosslinking system, the addition of small amount

of HA (copolymer/HA = 6.25/1, w/w) led to a seiflN hydrogel which

had several advantages for cell adhesion and growth. Firstly;IB&imi
system provided a more poroususture and more space for cell growth,
proliferation and migration. Secondly, the enhanced swelling property
makes the exchange of culture medium inside the hydrogel easier and
reduces the concentration of metabolized toxic byproducts produced by cells
from the microenvironment. Thirdly, the HA molecule inside the hydrogel

i mproved the <cell adhesion and viabi
a n ¢ h 8. FisaBy, combination with HA molecules results in the hydrogel
system a semdegradable behavior as HA can be degraded by specific
hyaluronidase which will further improve the cell proliferation and

migration for a longteerm culture.

To determine theellular compatibility of the semPN hydrogel system,

2D seeding and 3D encapsulation assessments were performed with rabbit
ADSCs stem cells. After 48 h culture, LIVE/DEADassay wasisedto
visualize the distribution of living and dead cells in both&id 3D models.

It was indicated that cells can hardly attach on the surface oiRddn
hydrogels in 2D model. Only very few living cells survived as round
clusters Figure 3.88; however many more living cells appeared on the
semtIPN gel surface and tlgeshowed spread morphologkigure 3.8b).
Similar results also appeared in 3D culture model. Very few cells survived
inside the noAPN hydrogel system, while in the sei®N system, cell

survival was significantly improvedF{gure 3.8cd). Therefore, it \as
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demonstrated that the seiRN structure containing the HA
biomacromolecules did improve the cell adhesion and cell viability both on
the surface and inside the hydrogels. In additemtapsulatedell viability

was studied via different gelling conidms (Figure 3.9: (i) 7.5 %
Copolymer with 1 % HA; (ii) 10 % Copolymer with 1 % HA,; (iii) 10 %
Copolymer with 2 % HA. Interestingly, the higher concentration of HA
resulted in a significant decrease in percentage of alive cells after 6 days,
which might & caused by the high viscosity of higher concentration of HA
(Figure 3.10.
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Figure 3.7: Cell metabdt actvity assessment of 3T3 cells after 48 h
treatment with PEGMEMAVIEO,MA-PEGDA (entry 6 inTable 3.} and
Pentaerythritol tetrakig3-mercaptopropionate) (QT) using alamarBlue
assayNote: therewas no significant difference between copolymer and QT
treatment with control of cell alone 3, p < 0.05).
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Non-IPN == | semiiPN @ o

Figure 3.8: LIVE/DEAD® viability assay for 2D and 3D cell culture. The
hydrogels were formed from 10 % wi/v polymer solution in PBS and the QT
was added witlequal molar ratio of thiol and vinyl groufa and bADSCs
seeded on the surface of gels. (c and d) Cells were endagsint gelling
system. (a, and c) Neali®N gels without HA. (b and) SemilPN gels with

HA (16 mgml ) . The hydrogels puorescently

ab

pbuoresces upon the presence of intraceld/l

(calceinrAM) and a dy e t h a tethiduemchompdinet) el e s

bound to the DNA of dead cells with compromised membraiiége

samples were directly visualized on an Olympus 1X81 inverted microscope.

Note: cell adhesion and cell viability were significant improvacsemiiPN

hydrogels both in 2D and 3D models.
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7.5% P —-1% HA 10% P - 1% HA 10% P — 2% HA

Day 3

Day 6

| Ethidium Homodimer (Dead)

Figure 3.9: LIVE/DEAD® viability assay for 3D cultur@f ADSCswith different gelling condition after 3 and 6 daydreenfluoresces
(calceinrA M) | abel ed | i vi ng ethidumlhemodimet) labeledddeadd gelist Ehe sampes ere directly visualized on an
Olympus 1X81 inverted microscope. Scale bars in all ceggesent 100 pmNote: it seemed that the ratio of 10 % polymer with 1 % HA

showed higher cell survival ratio after 6 days, which is confirmeguaytifiedanalysis as shown.
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Figure 3.10: Quantification analysis oEIVE/DEAD® viability assay for
3D culture with different gelling condition after 3 and 6 ddstcentage of
live cells to total cell number calculated from LIVE/DERDstaining
micrographs (Mean +SD, n = 3]Note: a significant drop on percentage cell
viability was found infil0%P - 2% HAO0 group after 6 days (n 3, p < 0.05.
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3.4 Conclusion

In conclusion,a PEGbased thermoresponsiamd chemical crosnkable
hyperbranched copolymers of PEGMEMAEO,MA-PEGDA with multi
acrylate functionality were successfully achiewgma onestepin-situ DE-
ATRP approach. The phase transition temperature ofhyperbranched
polymer close to body temperature was realized through adjusting the
hydrophilic’/hydrophobic polymer compositions. At room temperature, this
copolymer was watesoluble while forming a gel rapidly at 3C. To
enhance the mechanical properties of gigsical crosdinked hydrogel, a
thiol crosslinker of QT was utilized to chemically croeek the
hyperbranched copolymevsa thiol-ene Michaetype addition reation. In
addition, with introduction of a HA biomacromolecule, a séai structure
was formed which significantly improved the swelling behavicell
adhesionn 2D culture model and cell viabilityy 3D culture modebf the
hydrogel system. With the physical and chemical clogsble behavior
and the unique seniPN hydrogel structureit can be expected that this
semilPN hydrogelsystem will havegood potential forthe applications in

controlled drug delivery antissue engineering fields.
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Chapter Four

In-Situ Crosslink ed Hybrid Hydrogel for ADSCs
EncapsulationPrepared from Thermoresponsive

Hyperbranched Copolymerand Thiolated Hyaluronic Acid

The majority of this chapter has previously been publishedn:

Dong, Y, Saeed, A.O.; Hassan, W.; Keigher, C.; Zheng, Y.; Tai, H.; Pandit,
A. andWang, W.; 'Onestep preparation of thi@ne clickable PEG based
thermoresponsive hyperbranched copolymeritfisitu crosslinking hybrid

hydrogel',Macromolecular Rapid Communicatiqr)12, 33, 124.36.

Hassan, W Dong, Y. (equally contribute)and Wan g, W. OEncapsul
and 3D culture of human adipose derived stem cells in-aiturcrosslinked

hybrid hydrogel from PEG based hyperbranchegalymer and hyaluronic
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P-SH-HA Hybrid Hydrogels

4.1 Introduction

Materials that respond to external stimuli have been a focus of research
for drug delivery and tissue engineeriig. Among these materials,
thermoresponsive polymers, that undergo thermal phase transition
phenomena, are widely exploraddrug andcell delivery vehicle*®. The
synthetic polymers with thermoresponsive property provide a unique
opportunity for the fabrication ofn-situ crosslinking systems with
injectable propertywhich can conform to irregular shapeseformities at

the site of delivery*®*® and minimise the invasiveness of the surgical

techniques™ *°.

On the other handpaturally occurring polymers such as extracellular
matrices (ECM)biopolymershave demonstrated many advantages over
common synthetic material$®'®, due to their highwater content,
improved biocompatibility and tailored enzymatic biodegradafdA.
Moreover, ECMbiopolymers may also provide biological cues and guide
or induce tissuespecific regeneratiorf?. Hyaluroric acid (HA), a non
sulphated gicosaminoglycan, ia major constituent of ECM which plays
avital role in cell prolferation and differentiatioi®*°. A recent example

of semisynthetic thermoresponsive hydrogel is injectable hyalano
dopamine/Pluroni® F127 hydrogel®’. In this system Pluronic F127
serves as thermoresponsive componenhich was chemically modified
with cysteamine tchave free thiol end groupseactng with dopamine
conjugatedHA to form the gel via Michaelype catechethiol addtion
reaction. Other hydrogel systems have also been develagech rely

on chemical modification oPEG basedhermoresponsive polymgito
allow crosslinking via Michaeltype addition reactiorf® ?’. However,

the chemical modification requiresulti-step reactios and purification
which significantly increase the cost and complexity of preparation
process.Therefore, the designf dnepot and oneste synthesis ofa
new thermoresponsive polymer with desired end functidpaio afford

in-situ crosslinkable propertys highly beneficial.

As discuessed in former sections (see Chapter 2 and 3), via an advanced

onestep in-situ deactivation enhanced atom transfer radical
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polymerisation (DEATRP) approach, we have successfully achieved
PEGbased hyperbrnched copolymer withermoresponsivebehavior

and phote or chemical cros$inkable properties. In additon, in
combination with ECM biopolymer of HA to form a set#N hydrayel
network, the hydrogel microenvironment for encapsulated cell growth
has been promoted, and cell viability has been significantly increased.
However, the small molecular creBsker (QT) lead to relative dense
crosslinked network, which still limitedhe cell survive in the hydrogel

(about 50 %survival ratioafter 6 days

To overcome this limitation, in this study, we modified HA with thiol
functional groups so that the multifunctional copolymeP&GMEMA-
MEO,;MA-PEGDA (see Chapter 3) can directlyrosslink with the
thiolated HA (HASH) via Michaeltype addition reaction under
physiological condition $cheme 4.1 This copolymer exhibied the
thermorsponsive behavior as described earlier (see Chapter 3) and can
crosslink with HA-SH to form a stablehydrogel with strengthened
mechanicalproperty. In addition, by using this modified biopolymer as
crosslinker, we hypothesised that the hydrogel microenvironment could
be further optimized for encapsulated cell survive, proliferation and

function.
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Scheme 4.1 Synthetic route and chemical structuresPREGMEMA-MEO,MA-PEGDA and HASH hydrogel (i) modification of HA
with cysteamine (EDAENHS) carbodiimide couplingli i Qnepdt and Oneste@in-situ DE-ATRP in butanoneat 50 °C; (iii) hydrogel
from in-situ crosslinking of componentsia thiol-ene Michaeltype additionreactionat pH 7.4.
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4.2 Materials and Methods
4.2.1 Materials

The monomersof poly(ethylene glycol) methyl ether methacrylate
(PEGMEMA M, = 475 g/mol), 2-(2-methoxyethoxy) ethyl methacrylate
(MEO;MA), and poly(ethylene glycol diacrylate PEGDA M, = 258
g/mol) were purchased from Sigafdrich. The ethyl 2
bromoisobayrate (EtBriB, 98 %, Aldrich) was used as the initiator.
Bis(2-dimethylaminoethyl) methylamine (9%, Aldrich), copper(ll)
chloride (CuC}, 97 %, Al dri ch), N, -N,
Pentamethyldiethylenetriamine (PMDTA, 98% Aldrich), N-(3-
DimethylaminopropyhNNgthylcarbodiimide hydrochloride (EDAC, 98
% Fluka), NHydroxysuccinimide (NHS, 926 Fluka), L-ascorbic acid
(99 %, Aldrich), butanone (99, HPLC grade, Aldrich) and hexane (95
%, Aldrich) were used as received. Sodiagaluronate, (HA, 1.5 MDa)

was obtined from Lifecore Biomedical, Inc.

4.2.2 Synthesis of Hyperbranched PEGMEMA-MEO ;MA -PEGDA

Copolymer

The Hyperbranchedopolymer of PEGMEMA-MEO,MA-PEGDA, poly
(ethylene glycol) methyl ether methacrylate-2-(2-methoxyethoxy)
ethyl methacrylateo-poly(ethylene glycol diacrylate was synthesized
via a onestepin-situ DE-ATRP. The polymedation was conducted in
butanone using a twoecked round bottom flask (the volume ratio of
total monomers to solvent adjusted at 1:2). First, PEGMEMA (7.4
0.016 mal), MEO,;MA (12.8 g, 0.068 mol),PEGDA (5.4g, 0.021 mol),
the initiator EtBriB (155 i 1.05 mmol), CuC} (0.032g, 0.2 mmol),
PMDTA (64 d, 0.26 mmol) were all added to polymeationflask in 50

ml of butanone. The mixture was stirred for complete dissolution of the
components and then followed by purging with argon for 30 min to
remove dissolved oxygen-&scorbic acidAA, 0.011 g 0.07 mmo) was
added to the polymerisation solution under argomdaton and the
mixture was then heated am oil bath at 50 °C and stirred foi6 h. The

polymerization was stopped by opening the flask and exposing the
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catalyst to air. ThePEGDA monomer was removed by dropping the
solution into a large excess of hexatiethyl ether solution (1, v/v).

The precipitated mixture was dissolved in deionised water and dialysis
(MWCO 6-8 kDa) for 4 days in dark at 2C. Polymer samples were

obtained after freezdrying and weighed to obtain the final yields.

Molecular weighs and molecular weight distributiors the copolymer
sampleswere determined using GPC (Varian) with Rl detector. The
columns (30 cm PLgel Mixe€, two in series) were eluted using
dimethylformamide (DMF) and calibrated with  poly(methyl
methacrylate) (PMM) standards. All calibrations and analysis were
performed aB0 °C and a flow rate of 1 hpermin. *H NMR was carried

out on a 300 MHz Bruker NMR with MestReC processing software. The
chemical shifts were referenced to the lock chloroform (GRCrThe
copolymer composition, the double bond content and the branching
degree of the copolymer can be calculated frefrfNMR analysis result

as previously described (see Cha@gr

4.2.3 ThermoresponsiveBehavior of Copolymers

LCST of the copolymer solutions (0.03 % w/v) in deionized water were
quantified by measuring their absorbance of 550 nm at temperatures from
20 to 55°C (heating rate = 0.8C per sec) with a Beckman D800
spectrophotometer. The data were collected eResgconds. Moreover,
oscillatory rheology tests (Advanced Rheometer AR 500gre
performed to investigate the thermal gelation behaviour of the copolymer
(30 wt%). Tests were performed using parallel plate geometrynfd0in
diameter), over a temperaturange of 20to 31 €, with a frequency of

10 Hz and a strain of 0.5% amdsults were recorded every 30 seconds.
4.2.4Synthesis ofT hiol Derivatised Hyaluronic Acid (HA-SH)

Hyaluronic acidwas modified with thiol groups by reaction of carboxylic
acid with cysteamine hydrochlorideyhich was performed as describ&d
with slight modification. First, 0.200 g of sodium hyaluronate was hydrated
in 50 ml of demineralised water to obtain a @& (w/v) polymer soltion.

The pH of the reaction mixture was adjusted to 5.5 by the addition & 0.1
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HCI. Then EDAC and NHS were added @ final concentrations of 50
mM. The pH was readjusted to 5.5 and the reaction mixture was stirred for
15 min at room temperature. Then, 0.250 g of cysteamine hydrochloride
was added and the pH was readjusted.#®h The reaction mixture was
incubated for 4 h at room temperature under stirring. The resulting
conjugate was dialysed (MWCO 12 kDa) thteees against % NaCl and
finally against demineralised water. Finally, the frozen aqueous polymer
solution was freeze drigdr two days*H NMR was carried ouor analysis

of the molecular structure of thiolated HA as described eaflie chemical
shifts were refemgced to thadeuterium oxide (BD). The amount of free SH
content of HASH (1 mg/m in assay buffer)was determinedy using
Ell mands reagent guantifying free
groups was calculated from the standard curve obtaigiesblotions with

increasing concentrations {@ mM) of I-cysteine hydrochloride.

4.2.5 Preparation of P-SH-HA Hybrid Hydrogel via Michael-type
Addition R eaction

The hydrogel was prepared vMichaeltype addition reactionbetween
the pendant vinyl groups on the hyperbrancbegblymer with free thiol
contents of modified HA at physiological condition. First, ¥#d and
PEGMEMA-MEO,MA-PEGDA (10 and 15 w¥) were prepared in
phosphate buffered saline (PBS, pH 7.4) in sepaykaes vials. The two
solutions were combined (corresponding to the ratio of free thiol to vinyl
groups ofl:1) and gently mixed for 15 s. The incubated solution 4€37
was observed for gel formatiomia solution (flow) - gel (no flow)
transition and the @ state was determined by inverting the vial when no
fludity was visually observedMoreover, the compression test were
performed to the chemical creeked hydrogel usinga dynamic
mechanicalanalyser (DMA) Hydrogel specimentsdiameter 12.5mm,
thickness 2.5 mm)prepared from 15 and 30 wt% polymer solution with
HA-SH, were loaded by a controlled force mode, with a force ramp from
0.001 to 1.0 N at a rate of 0.1prmin was applied to the samples at 37
C.

4.2.6Morphological Characterisation
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Scanning Electron Microscopy (SEM) was used to determine the
morphology of freezalried hydrogels which was performed by a
colleagueof Dr Aram O.Saeed(Postdoc researcher in our group) and

the results have been published by the finsthored papef®. The
hydroges (10 and 15 w¥) were prepared as mentioned earlier and the
sampleswere freezedried overnight. The freezdried sampleswere
mounted on an aluminium stub using an adhesive carbon tab and sputter
coated with gold before images were obtained using a Hitaetii0®

Scanning Electron Microscope machine.
4.2.7Swelling Behaviour

The swelling ratio of the hydrogel was determirasi described® with
slight modification which was performed by aolleagueof Dr Aram O.
Saeed(Postdoc researcher in our group) and the results have been
published by the firsauthored papet’. A volume of 0.6 rhof PBS 7.4
was added into the glass vials, with 12 hydrogel on the bottom
prepared by combining H&H and varied concentration BEGMEMA-
MEO;MA-PEGDA 10 and 15 wt% (orresponding to thiol to vinygroup

ratio of 1:1). In this circumstance, the hydrogel swelling occured
unaxially toward the upper direction of the vials. The gales were
incubated at 37C and constant agitation at 150 rpm. The weight of the
hydrogel plus the vials was recorded, after careful removing of the
surfacebuffer, at predetermined time interval. The weight of swollen
hydrogel (W) was determined by substracting the vial weigloinfrthe
total weight of the vial plus hydrogels. The dried weighto\if the
hydrogel was also determined in the same manner after freeze drying of
hydrogels (dry state). The swelling ratio (Q) of the hydrogel was defined
as W/W.

4.2.8 Cell Viability, Proliferation and Metabolic Activity Analysis of
ADSCsembedded Hydrogel from PEGMEMA -MEO;;MA -
PEGDA Copolymer and Commercially Available HA-SH

Free thiol groups are easily oxidized in air. Therefore to ensure the
repeatability of the studies, a commerciallyagable thiolated hyaluronic
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acid (HAS H, Hy St e mE, Gl ycosan) was purchase
synthesized HASH from BioTime Inc., Alameda, CA.

Copolymer of PEGMEMAMEO,;MA-PEGDA was dissolved in phosphate

buffered saline (PBS, pH 7.4), mixed with ADS8sspension (in serum

free medium) andthe H8§ H ( Hy St emE) gently by pipett
final concentration of the copolymer a®/b (w/v), HA-SH as 0.3% (w/v)

and ADSCs as 1 million/mGelation occurs within &in at 37°C through

Michaektype additionbetween vinyl groups on copolymer and thiol groups

on the HASH.

ADSCs extracted from rat adipose tissue. The tissue was digested by type |
collagenase at 0.025 % (w/v) for shaking &ti87°C, and the reaction was
stopped by addition of complete mediBMEM, 10% FBS, 1% P/S). The
stromal fraction was collected by centrifugation 5 min at 1,200 rpm, re
suspended and filtered on a cell strainer (70 pm mesh size, BD Sciences,
Switzerland). After 24 h of incubation at 8¢ in a humidified atmosphere

of 5% CO,, cells were washed in order to eliminate the contaminant cells
(e.g. blood cells and adipocytes). Complete culture medium was changed
every 2 to 3 days and cells were maintained ascenfluent. Adipogenic,
chondrogenic and osteogenic differentiatemsays were used to confirm the
stemness assessment was performed byaleagueof Robert Kennedy

who is a PhD student in our groumotocol see Appendicesl). For the
presenin vitro andin vivo (seeChapter 5) studies, only rADSCs of passage

2 to 4 were used.

Cell-embeddedhydrogels (40 l1each) were prepared on a hydrophobic
Teflon tape surface, incubated at €7 for 20min for complete gelation as
described, and then transferred into each wel d®2well culture plate and
add 2 nh DMEM culture medium (10% FBS, 1% P/S). Gefimbedded
hydrogels were incubated at 3Z in a humidified atmosphere of% CO,

for 3, 7, 14 and 21 days with medium change eveBydays. For each time
point, LIVE/DEAD® (Molecular Probe¥), alamarBlu& (Invitroger®) and
PicoGreefi (Molecular Probe® assays were used to determine the viability,
metabolic activity and proliferation of theencapsulated ADSCs.

LIVE/DEAD® and PicoGreehassays were performed with recommended
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procedure. For quantitatively analysis of LIVE/DEADresult, 15
micrographs with the magnification of X100 were taken randomly from 3
hydrogel samples for each time point using an Olympus 1X81 inverted
microscope. The cell viability was calculated by dingithe number of live
cells by the total cell number in the field. All cells per area were counted
using the ImagePfo Plus software (Meida Cybernetics, USA). For
alamarBIué& assay, cellembeddechydrogels were washed three times by
HBSS, followed by inabation with 10% alamarBIu& (v/v) in complete
medium for 12 h. The absorbance at the lower wavelength filter (550 nm)
was measured followed by the higher wavelength filter (595 nm) via a
thermo scientific Varioskan Flash Plate Reader. The following fa@nu

were used to calculate the percentage of cell viability:

AO,w = absorbance of oxidized form of alamarBlualong at lower

wavelength;

AOuw = absorbance of oxidized form of alamarBlualong at higher

wavelength;
Calculated correlation factor:

Ro = AOLw / AOuw; (eqn 4.1)
Calculated the percentage of reduced alamafBlue

AR w %= (ALw - Aqw XR ) X100 (eqn 4.2)
4.2.9Determination of Growth Factor Secretion

Growth factor secretion assessment was performed byllaague of
Wagar Hassan (PhD student in our group) and the results have been
published by a c@uthored papef’. Briefly, Conditioned mediavere
collected from both 2D (on tissue culture plate) and 3D culture system
(P-SH-HA hydrogel systemwith 0.5 0.5x10° cells/ml of STEMPRJ®
human adiposederived stem cells, Invitroger®) after 1, 3, 5 and Tays

and stored at80 °C. Multi-plex ELISA systemwas usedto analysefor

both the angiogenigrowth factorsvascularendothelial growth factor
(VEGF), placental growth factoPIGF), transforminggrowth factorb

(TGFb) and pro/antinflammatory cytokines Interferonoa (INF-92),

162



P-SH-HA Hybrid Hydrogels

Interleukin2 (IL-2) and Interleukin10 (L-10) (mesoscale development
system MSD TH1/TH2 7%plex, MSD Human Growth factor 1-Blex).

4.2.10Statistical Analysis

Comparisons between multiple groups were evaluated by One way ANOVA
and Tukey©6s p o sptvalua of keds yhani 095 wae cortsideded
as significant. The software used in the analysis was GraphPad Prism 5

software (GraphPad Software, US).

4.3 Results and Discussion
4.3.1Polymer Synthesis

The concept in this studwas to develop a facile routerfthe synthesis

of a thermoresponsive hyperbranched copolymer with high content of
acrylatevinyl functional groupsvia ne-pot and oneste DE-ATRP
approachto crosslink with thiolated HA by Michaektype addition
reaction. Briefly, ethyl 2-bromoisobutyrate was used to initiate the
polymerization of monefunctional monomers of ply(ethylene glycol)
methyl ether methacrylatd PEGMEMA, M, = 475 g/mol), 2-(2-
methoxyethoxy) ethyl methacrylatg MEO,MA) and bifunctional
monomerof poly(ethylene tycol) diacrylate(PEGDA, M,, = 258 g/mol,
branching agent). The copper CU') and N, N, NNj, NNjNj, N
Pentamethyldiethylenetriamine (PMDTAWwere utilised as catalyst
system, whereaa small amount (25 mol% to &uof L-Ascorbic Acid

(AA) was used to reduce intive CU' into active formof CU. By using

the deficient amount of reduce agent and Gu€ktart the reaction, extra
Cu' species remained in the system during the whole reaction process,
which reduced the polymer chain growth rate with better contredir

the reaction. This led to a highly branched polymer structure with
significantly delayed gelation poinit. As a result, &inal conversionof
water soluble hyperbranched copolymer was obtained 4 & after 6

h of polymerisation with relatively narrow molecular weight distribution.

This indicateghe controlled chain groth hasbeenachieved via efficient
DE-ATRP approach GPC was used to determine the molecular weight
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and polydispersity of theopolymers and to monitor thgolymerisation
process with reactiorinhe (Table 4.1). Furthermore, @ obtainthe high
contentof acrylatevinyl functional groups the high feeding ratio(20

mol %) of branching agent BGDA was used in this study. The
copolymercrosslinking reactionvia thiol-eneMichaeltype additionwas
significantly enhanced bysing this acrylate bifunctional monomer
instead of methacrylate monomer, compared with our previous work on
UV photocrosslinkalte coplymers®2. The hyperbranchedstructure of
PEGMEMA-MEO,MA-PEGDA was confirmed by'H NMR (See
Chapter 3. The degree of branching and percentage of vinyl content
were obtained fromrH NMR spectra using the equations as described in
supporting imformationThe value of 2 % and 10% were found fothe
degree of branching and vinyl content respecti@gble 4.1). With this
large number of acrylate vinyl functional groups, the copolymers
efficiently performedthe thiol-ene Michaeltype reactionwith thiolated

HA, which providedin-situ chemical network inmin. The LCST of
PEGMEMA-MEO,MA-PEGDA was determined via  UV-vis
Spectrophotometemwhich exhibiteda sharp change in temperatttiene
curve around 27PC (Figure 4.13), as a result the polymer solution (30
wt%) formed a reversible gel rapidly at 3%C. In addition, the
rheological result showed a dramatic increase of Loss Modulus and
Storage Modulus with temperature increasing from 23 t8Q%Figure
4.1b). Furthermoe, the effecon the LCST valuean beeasilyadjusted

by varying thepolymer compositioras describedin the previous work

the higher level of hydrophilic composition resulted in higher LCST

value®.,
4.3.2 Synthesis ofT hiol Derivatised Hyaluronan (HA-SH)

The hydroxyl and carboxylic acid groups on the polysaccharide repeating
units of HA (D-glucuronic acid and EN-acetylglucosamine respectively)

are reported to be the main target for chemical modification. The
conjugate form of HASH was synthesized by ameidoond formation
between the carboxylic acid groups and amine groups of cysteamine. As

shown in Scheme 4.1 cysteamine was conjugated to HA.5 x 10°
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g/mol, Lifecore Biomedicdl via covalent bonds formation in the
presence of carbodiimide coupling agedEEDAC and NHS). Higher
molar excess of cysteamine to HA was utilised in the reaction in order to
maximise the degree of modificationThe molecular structure of
modified HA was confirmed byH NMR, which showed characterized
chemical shiftsat 2.4 and 2.@pm Figure 4.2). In addition, hefree thiol
groupson HA-SH wasabout 0.2 pmol/mg which was determined by
standarcEl | ma n 0 &s shewnsirbigure 4.3.

4.33 Fabrication of Hybrid H ydrogels

Michaektype additionbetweenPEGMEMA-MEO,;MA -PEGDA and HA

SH to formin-situ crosslinkable gelling systenis under physiological
condition. The mechanism is described as k=dalysed reaction which
involved a step growth reaction between the acrylate groups and thiolated
anions under mild conditiorsubsequently leading to formation of
insoluble network between the polymer and modified HA components.
The vial tilting method was used to confirm the gel formation at
predetermined concentration of the PEGMENAEO,MA-PEGDA and
HA-SH. As shown inFigure 4.4, stable hydrogels formed with the
copolymer and thiolated HA at room temperature (molar ratio of thiol to
vinyl groups were 1:1 and 1:2).

In addition, the mechanical property of the chemical ctodsed
hydrogel was determinedwith a @mpressiontest using a dynamic
mechanical analyser (DMA)Thermoresponsive physical gelation can
only form an unstable and reversible gel which depends on the
environmental temperature, while the hancement in mechanical
strength was observed for gelgith the chemicalcrosslinking. For
example, t is found that the storage modulus of W% hydrogel is
about 9 kPandabout 38 kPa for 3@1t% hydrogel at 37C (Figure 4.5).
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Table 4.1: Copolymerization of PEGMEMAMEO,MA-PEGDA viain-situ DE-ATRP

monomer feed mahr ratio RT* monomer Mn® ¢ double bond  branching LCST'
¢ sample # b PDI e e
[PEGMEMA}[MEO2MAJ/[PEGDA] (h) conversion” (%) (Kg/mol) content degree (°C)
S1 3 18.0 6.1 1.16
15/65/20 2 4 294 7.3 1.22
S3 6 45.0 11.6 1.33 10 22 27

2 Reaction time” Monomer conversion, estimated using peak areas for monomers and copolymers in GPC MNao#ser average
molecular weight? Polydispersityindex (M/M,). Polymerkation conditions: 50C in butanone; totahonomers/butanone (v/v) =2 :the
initiator (1) / catalyst (C) ligand (L) are ethyl zoromoisobutyraté CuCL/ N, N, N Nj PeMi@N)etiVINjéthylenetriamine (PMDTA); the
reducing agent is 4ascorbic acid (AA); the [IJfMonomer] = 1:100, [I)/[C]/[L] /[AA] = 1:0.25:02%50.0625 © Polymer composition;
determined by'H NMR (Unit: mol %). ' Determined by UWis spectrophotometer.
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4.3.4 Morphological Characterisation and Swelling Behaviour of the

Hydrogels

Morphologicalcharacteristic of hydrogel is an important factor in term

of tissue engineering applications. The presence of porous structure is
necessary to allow for tissue growth, diffusion of nutrients and waste
products. Moreover, the percentage of porosity, poree sand
interconnectivity are vital parameters in determining the performance of
the hydrogel. Therefore, to assess the network structure of the formed
hydrogel, the freezdried samples were analysed 8ganningElectron
Microscopy (SEM). As shown irFigure 4.6, the prepared hydrogel
clearly demonstrated the presence of porous structure and the pores
bifurcated into adjacent visible poresvhich may offer advantage to
optimise the hydrogel system for different tissue engineering applications

that require dferent pore sizes and porosity.

The swelling profile of the hydrogels were obtained by soaking in PBS
7.4 at 37°C until they reached the equilibrium state. Different time
intervals were selected to monitor the change in weight of hydrated
hydrogel. Asshown in Figure 4.7, the hydrogel made witlh5 wi%
polymer resulted in slightly lower swelling ratio compared1® wt%
polymer. This observatiors due to the higher density afrosslinking
betweernpolymerwith HA-SH at15 wt% polymer which isin agreement
with the morphological analysis. However, the hydrogel formed with
both weightpercentage of the polymers were found to reach a steady
state and maintained its weight. Each data point was obtained by
averaging values from three samples untter same conditions, with

error bars shown.
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Figure 4.1: (a) LCST of thePEGMEMA-MEO,MA -PEGDA copolymer
determined by UWis spectrophotometer(b) A temperature ramp
rheological measurement folne copolymer (30 wt%)Note: the LCST

of the copolymer was around 2T; and the rheologicalmodulus were
dramatic increagk due to the aggregation of polymer particles above
LCST.
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HA-SH

HA .

6.2 5.2 4.2 3.2 2.2 1.2
PPM

Figure 4.2: '"H NMR (300Hz) spectrunof HA and thiolated HA (HASH)
in DO,. Note: the protons from2.6 (1) to 2.4 (2) ppm confirm the

conjugationof thiol groups.
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Figure 4.3: Content offree thiol groups on HA and thiolated HA (H3H),
determined by Ellmais assayNote: the content of free thiol group on the

modified HA showed significant higher than control group of normal HA.
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. _ (b) 1:1 C(e)1:2
(a) 1:0 0.7% HA 0.3%HA
5% P 5%P

0.7% HA

Figure 4.4: Chemical gelation via Michaaype addition between
PEGMEMA-MEO,;MA-PEGDA copolymer and thiolated HA (H8H) at
room temperaturélhe molar ratio between thiol groups on the-8A and

the vinyl groups on the copolymer were (a) 1:0 (without polymer), (b) 1:1,
and (c) 1:2, which were calculated basedtétNMR and Ellmads analysis.
Note: HA-SH solution without polymer stay as liquide form, while in the

other two groups, stable hydrogels were formed.
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(a) Ef -

Storage Modulus (KPa)

Polymer Conc. (wt%)

Figure 4.5 Compression tests on chemicakosslinked hydrogels
fabricated from PEGMEMA-MEO;MA-PEGDA with thiolated HA. (a)
Storage Modulus of hydrogels prepared at different polymer concentration
(n = 3, Meanz SD). (b) A hydrogel sample (diameter 12xBn, thickness

2.5 mm) was under a compression tesing DMA Note: the hydrogel
prepared from higher polymeconcentrationexhibited the strengthened
mechanical properties.
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Figure 4.6. SEM images of therosslinked hydrogel usinga) 10 wi%

and (b) 15 wt% PEGMEMA-MEO;MA-PEGDA polymer and fixed
concentation of HASH. (The assay waperformed by aolleagueof Dr
Aram O. Saeed(Postdoc researcher in our group) and the results have
been published by the firstuthored papef®). Note: slight larger pore

formed withlower polymerconcentration.

173



P-SH-HA Hybrid Hydrogels

15
2 10
i)
kS
14
o
£
g
(7]
-+15 wt% polymer
1 -o-10 wt% polymer
0 ‘
0 100 200 300 400

Time (min)

Figure 4.7 Swelling ratio of hydrogel with10 wt% and 15 wt %
PEGMEMA-MEO,MA-PEGDA copolymer andHA-SH at 37 °C. (The
assay wagperformed by acolleagueof Dr Aram O. Saeed(Postdoc

researcher in our group) and the results have been published by the first
authored papet).
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4.3.5Cell Metabolic Activity , Viability and Proliferation in 3D Culture

To increase theeproducibility of the studies, a&commercially available
thiolated hyaluronic acid (HAS H, Hy St e mE, wasGusedct@ s a n )
replace our owrsynthesizedHA-SH for in vitro cell viability studies Cell
viability, proliferation andnetabolic activityof the encapsulatedDSCs in

the RSH-HA hydrogel were assessgdvitro up to three weeks in this study.
LIVE/DEAD® (Molecular Probe® staining kit was used to label the live
cells (by CalceirAM) and dead cells (bgthidium homodimed) in the
hydrogel after 3, 7, 14 and 21 daysgure 4.8). It is shown that very few
dead cells (red) compare with live cells (green), and quantitative result
shows no significant difference of cell viability from every time point @ =

p < 0.05) Figure 4.9. However, although theiability of the cells in the
hydrogelwas 85 %, total DNA amountstopped increasing after 7 dags
determined byPicoGreefi (Molecular Probe® assay which means the
proliferation of the cells wenreestricted(Figure 4.10. It is assumed that the
nondegradable property of the hydrogel and the difficulty of cell
attachment of ADSCs on PEG and HA based material limited the cell
migration and proliferationin addition, the results from théicoGreef
assay were confirmed kje result from mmarBIué (Invitroger?’) assay,

in which the cell metabolic activity remained at the same levelkhghily
decreased at 14 days (n 935 0.05) Figure 4.11).

In summarymore than eighty percent ehcapsulatedells remained alive

in the hydrogels up to three weekibbowever the nordegradable properties

of the hydrogel limited the cell proliferation and metabolic activity at some
level, but these limitations can lbwercomeby regularly dressing emge

for further clinical use. Furthermorén vitro modification work on the
degradable and mechanical properties of the hydrogel is caomithuesm

our group in order to optimize the stem cell niche in this dressing system for

further increase the keroliferation and secretion.
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Figure 4.8: Cell viability of ADSCsencapsulateth P-SH-HA hydrogels at
3, 7, 14 and 21 days. (Representativpuorescentmages ofencapsulated
ADSCs stained with calcein AMg(eer) for live cells and ethidum
homodimerl (red) for deadcells by LIVE/DEAD® stain kit. (b) Hydrogel
prepared o eflontape (molar ratio of thiol:vinyl as 1:1)
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Figure 4.9: Cell viability of ADSCsencapsulateth P-SH-HA hydrogels at
3, 7, 14 and 21 dayRercentage of live cells to total cell number calculated
from LIVE/DEAD® staining micrograph§Vlean+ SD, n= 3). Note: there

is nosignificantdifferenceof cell viability from every time pointy< 0.05)
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Figure 4.10: Cellular proliferation assessment by PicoGréassayNote:
total DNA content in the hydrogel is significant increased from 7 days (n =

3, p < 0.05) and maintain at the same level after thalhich means the

proliferation of the cells weneestrictedafter 7 days
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Figure 4.11: Cell metabolic activity assessment bglamarBIu€ assay.
Percentage of deducedamarBlu& was calculated by thabsorbance at
550 and 595 nmiNote: total cellular metabolic activity were significantly
reduced after 14 days (n =8< 0.05).
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4 .3.6Determination of Growth Factor Secretion

As described in Chapter 1rawth factors and cytokines aessential
mediatorsthat regulate the wound healing proceks.this study, we
evaluatedhe secretion of a number of mairowth factors and cytokines
commonly involved in wound healing vitro both in 2D (as control) and
3D culture condition, which includegro-inflammatory cytokine®f IL-2
and INF9; antrinflammatory cytokines ofL-10 and angiogenic growth
factors of PIGF, VEGF and TG#H. It was found that thepro-
inflammatory cytokinesof IL-2 and INFo reduced after 7 days in 3D
hydrogel microenvironmentwhile remained at the same level for 2D
seeded cellsRigure 4.12ab). At the meantime, the release levelait-
inflammatory cytokineof IL-10 in hydrogel seemed higher than 2D
control (igure 4.1Z), which may explain the reduction ofro-
inflammatory cytokines in hydrogel system as above described. In
addition, release of the angiogenic growth factors RGF, VEGF
significantly increased in hydrogel systemwer time Eigure 4.13a-b);
TGFb was al so showed increas2bdandproducti o
3D conditions but there was no significartifference in concentration
levels at any time for 3D cultur@rigure 4.1Z). In conclusion,these
results suggest that hADSCs can secrete-gogiogenic and anti
inflammatory cytokinesand growth factorsin our RSH-HA hydrogel

system.
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Figure 4.12 Secretion profile of cytokines of hADSCs in botiSPFHA

hydrogel (3D) and tissue culture plastic (2D) over 7 days. Cells were seeded

at 0.5 x 16 cells/m in both 3D and 2D culture conditions in-4&ll plates.
Supernatant from both conditions was analysed using-piaki ELISA kit

for IL-2, IL-10 and INFo . =38, p<0.05. Theassessment was performed

by a colleague of Wagar Hassan (PhD student in our group) and the results
have been publishethy a coauthored paper®. Note inflammatory

cytokines of 1-:2 and INF2 reduced after 7 days
microenvironment, while remained at the same level for 2D seeded&ells

b); antrinflammatory cytokine of IE10 in hydrogel seemed highésvel

than 2D contro(c).
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Figure 4.13 Secretion profile of growth factors of hADSCs in botSR-

HA hydrogel (3D) and tissue culture plastic (2D) over 7 days. Cells were
seeded at 0.5 x f@ells/nl in both 3D and 2D culture conditions in-4&ll

plates. Supernatant from botlonditions was analysed using mudtex
ELISA kit for PIGF, VEGF and TGl . =@,p < 0.05. The assessment

was performed by a colleague of Wagar Hassan (PhD student in our group)

and the results have been published by -authored papef®. Note: the

angiogenic growth factors of PIGF, VEGSignificantly increased in

hydrogel system over timdab), TGFb

wa s

al

SO0 showed

production over time in both 2D and 3D conditions, but there was no

significantdifference in concentration levels at any time for 3D culaye
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4.4 Conclusion

In this study,we have demonstratéde prepaation of aninjectable,in-situ
crosslinking, hybrid hydrogel fronthe combination of thiolatelyaluronic

acid and PE@ased thermoresponsive hyperbranched polywtaracrylate

vinyl groups.Over80 % of encapsulated ADSCs cells remained alive in the
hydrogels up to three weeks vitro, and the secretion profile of ADSCs in
this RSHHA hydrogel system viamulti-plex ELISA showed that
inflammatory cytokines of 2 and INFoO s i gni f i catenidayy r educ e d
in 3D hydrogel microenvironment, and the anflammatory cytokine of
IL-10 in hydrogel seemed higher level than 2D control. Furtherntioee,
angiogenic growth factors of PIGF, VEGF significantly increased in
hydrogel system over timé corclusion,thisin-situ crosslinked RSH-HA
hydrogel system, in which ADSCs can be easily encapsulated and maintain
their viability and secretion level, hashown promise as an injectable

system for tissue engineering application.
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Assessment in Rat Wound Model

5.1Introduction

Wound dressindpased treatments are the mtiarapaitical approacksfor

both acute and chronic wounds. Specific wound dressings have been
developed over the years for different types and physiologic conditions of
the wounds® 2. Traditional dressings were mainly used to absorb the
exudates, to keep the wound bed dry and to prevent bacterial contamination,
while the modern wound dressings focus more on creating an optimum
moist environment to promote wound repai®. Appropriate amount of
wound exudate not only supplies the wound bed with nutrients, but provides
favorable conditions for certain cell recruitment and migratiGnAmong
different wound dressings, hydrogel dressings made from swellable
polymeric hydrophilic materials can maintain the moist wound environment,
provide autolytic debridement and also cool the wound sukfdwieh lead

to pain relief for patient$*°. Current commercially available hydrogel
dressings include Ngel® wound dressing, PurilShgel dressing, SAfGel®
hydrating dermal wound dressing, Curdlfehydrogel wound dressing, and
Carrasyfi gel wound dressing among othets Although significant
progress has been made in the developemntaaferm wound dressings,
promotng the healing process is still restricte$pecially when compared

to cellular skin substitutes.

Stem cells such as bone marrow derived stem cells (BM&C8)and
adiposederived stem cells (ADSCs)? have been widely tsdied for
wound healingapplications Most of these studies focus on developing skin
substitutes in which the stem cells differentiate into epidermal cell
phenotypes, regulate the level of cytokines and growth factors around the
wound site, and accelerateound healing® %23, In the past few years,
increasing evidence has emerged demonstrating the stem cell paracrine
effects which play key roles in promoting the healing process. Conditioned
medium of both BMSCs and ADSCsave been reported to enhance
angiogenesis, epithelialization, and affect recruitment or proliferation of
macrophages and endothelial progenitor cells during the healing pfcess
26 Furthermore, in comparison to BMSCs, ADSCs vield from adipose tissue

is generally 4€fold higher?’. ADSCs removed in liposuction are much
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easier toaccesdecause the surgical appch is considerably less painful.

In addition, the isolated cells can be cryopreserved maintaining all their
properties intact for up to 6 montA% which provides a good potential for
ADSCs to get integrated in an dffe-shelf product.

Ideally, the next step is to ddop a hydrogel dressing witlspecific
therapeutic functionswvhich not only act as laydrogel dressingput aslo be

able todeliver therapeuticagents such agrowth factors or stem celise.
preventing unwanted inflammatory reactions and providing an wieand
healing environment. To this end, amsitu crosslinked hydrogel (i.e. P
SH-HA) cell delivery system based on a PEG based thermoresponsive
hyperbranched copolymer of poly(ethylene glycol) methyl ether
methacrylateco-2-(2-methoxyethoxy) ethyl maacrylateco-poly(ethylene
glycol) diacrylate (PEGMEMAMEO,MA-PEGDA) was developed in our
group® (see Chapter 4)At room temperatureghe polymer solution can be
easily mixed with cefl and thiolated hyaluronic acid (H8H); while at
body temperature physical cragsked hydrogel forms rapidlyonto the
wound site A chemical gelation between polymer and 43M occurs
within a short timeto achieve a stable hydrogel with enhanced mechanical
properties. As an injectable system, this hydrogel caadsdy applied to

any wound size, shape or cavity, is less invasive than other approaches and
mi ni mi zes pat ilWdpant goddinkthg srcimgsidf gelation
occurs forming a thredimensional (3D) water content polymer netwoik
physical and chemical crofisking which can mimic tissue
microenvironment for cell growth. In addition, its relativelgw degradable

and noradherent propées provide this hydrogel dressing with the
advantage to be removed chemically intact with ease at dressing changes

without causing pain and/or further trauma.

In this study, as am-situ crosslinked bioactive hydrogel dressing;3H

HA system in combiation with rat extracted ADSCs was evaluated by
using a rat dorsal fulhickness wound model. lWwas hypothesized that
ADSCs could survive in then-situ formed hydrogel systerm vivo, and
then promote angiogenesis and wound healing by paracrine effect.
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5.2 Materials and M ethods

5.2.1 Materials and Reagents

The monomers of poly(ethylene glycol) methyl ether methacrylate
(PEGMEMA Mn = 475g/mol), 2-(2-methoxyethoxy) ethyl methacrylate
(MEO;MA), and poly(ethylene glycol) diacrylate (PEGDA Mn = 2&@nol)

were purchased from Sigmaldrich. Ethyl 2bromoisobutyrate (EtBriB,

98 %, Aldrich), bis(2dimethylaminoethyl) methylamine (9%, Aldrich),

copper (1) chloride (CuCl, 97 %, Aldrich), L-ascorbic acid (tAA, 99 %,

Aldrich), butanone (9%, HPLC grade, Aldrichand hexane (9%, Aldrich)

were used as received. Thiolated hyaluronic acid -§1A , Hy St e mE,

Glycosan) was purchased from BioTime Inc., Alameda, CA.
5.2.2 Polymer Synthesis andHydrogel Fabrication

The thermoresponsive copolymer of PEGMENMAEO,MA-PEGDA was
synthesized by the copolymerizing of PEGMEMA (Mn = 475 g/mol),
MEO;MA and PEGDA (Mn = 258 g/moNia in-situ deactivation enhanced
atom transfer radical polymerization (BEHRP) approach as previously
described®. Briefly, PEGMEMA (15molar equiv), MEGMA (65 molar
equiv), PEGDA (20molar equiv), EtBriB (1 molar equiv), CuC} (0.25
molar equiv), bis(2dimethylaminoethyl) methylamine (0.2&0lar equiv)
were all added into a twoecked round bottom flask (the volume ratio of
total monomers to butanone solvent adjusted at 1:2). The mixture was
completely dissolved, purged with argon for@th to remove oxygen, and
then LAA (0.125 molar equiv) was added to the polymerization solution
under argon condition. The reaction was performed dC5ih an oil bath

for about 6 h with monitor of gel permeation chromatography (GPC). The
copolymer products were purified and characterized by GRGIMR and

UV spectrophotometer as previously describetf. The molecular weight
(Mw) of the copolymer is 72 KDa with a Polydispersity Index of 3.97. The
content of vinyl functional group of the copolymer was approximate 12 mol
percentage calculateby 'H NMR analysis and the lower critical solution

temperature (LCST) of this copolymer was determiaedind32 °C.
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Copolymer of PEGMEMAMEO;MA-PEGDA was dissolved in phosphate
buffered saline (PBS, pH 7.4), mixed gently by pipetting to the ADSCs
sugension (in serunAfree medium) and commercially available thiolated
HA (HA-SH). Here, the final concentration of the copolymer wés &v/v),
HA-SH was 0.5% (w/v) and ADSCs was 1 millionfmGelation occurs
within 8 min at 37°C through Michaetype addiion between vinyl groups

on copolymer and thiol groups on the +5M.

5.2.3 In Vivo Model

All procedures were conducted under an animal license (no. B100/4342)
authorized by the Irish Department of Health and Children and were
approved by the Animal Care and Research Ethics Committee of the
National University of Ireland, Galway (no. 009/10(B)). Animal care

followed the Standard Operating Procedures of the Animal Facility at the

National Centre for Biomedical Engineering SciemUIG.

ADSCs were extracted from rat fat tissue and characterized as described
earlier (see Chapter 4ywenty one male Sprague Dawley rats (CIGS,
CharlesRiver, UK) with body weights ranging between g7&nd 3259

were used in this study. Three tirperiods were designed as 3, 7 and 14 (n

= 7 wounds per treatment per time point). The animals were anesthetized
with isoflurane with oxygen (%6 for induction and -2 % for maintenance).

Two full-thickness square wounds (1 cm x1 cm) were created atsdeh

of dorsal midline being at least 1 cm apart (s&ppendices.N.
Photographic images were taken for each wound. Four different treatment
groups were randomized: no treatment (NA); hydrogel alone (Lg6élling
mixture solution) (H); hydrogel + rADSC.12 million cells in 120
gelling mixture solution) (H+C); rADSCs alone (0.12 million cells in 30 p
serumfree medium) (C) Table 5.1). Hydrogels with/without cells were
formedin-situ as described above. The cells alone group was prepared by
pipetting 0.12 million rADSCs in 30 |L seruifiee medium to the wound
surface. The wounds were covered by commercially available transparent
film dressing (Tegaderm™ Film, 3M®), followed by medial gauze to
prevent disturbance of the wounds. Analgesia was granted by the used of

Buprenorphine (0.03 mg/Kg every 8 h, Vetergesic) and inflammation due to
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local contamination was prevented by the use of broad spectrum antibiotics

(Enrofloxacin: 5 mg/Kg nce a day) for the first three days.
5.2.4 Harvesting and Processing ofTissue

The animals were sacrificed by g@sphyxiation at each time points. Gauze
and film dressing were carefully removed and photographic images were
taken for each wound. All samples were identified by animal number, time
point and positions (AL: anterior left; AR: anterior right; PL: postelsdt;

PR: posterior right) to avoid analytic bias. Samples were fixed 8610
formalin for 24 h, followed by automatic paraffiprocessing(Leica
ASP300), blocked and sectioned perpendicularly to wound surface in 5 pm
consecutive sections. The samplegevstained with haematoxylin eosin
(H&E), collagen type IV and CD 68 immunohistochemical staining using
standard protocols developed in our lab to be subsequently analyzed

stereologically.
5.2.5 Analysis for In Vivo Study
5.2.5.1Woundclosure

The wound areas wereeasured using image analysis software (ImadePro
Plus, Media Cybernetics, USA) on the photographic images. The percentage
of reduction in the wound area at different time points was performed by
comparing them with the wound area at day 0.

5.2.5.2Wound contracion and epithelialization

Wound contraction (C) and epithelialization (E) was measured on the x12.5
images with H&E staining. The distance between dermal edges at both side
of the wound was measured as wound len§h). (The percentage of
epithelialization(E %) was determined by the total epithelial layer over the
wound at both side+E>) divided by the original wound lengthg) (egn.

5.1). The original wound size was 1 cm and roughly 10 % contraction was
caused by fixing and processing processes, fitrer®\p was considered as

0.9 cm for calculation here. Percentage of wound contraction (C %) was
determined by the reduction of wound length divided by the original wound
length (egn. 5.2). The identification of all the paeders can be observed in
Figure 5.1
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%p —— pTT (eqn. 5.1)

#bP —— pTnm (eqn. 5.2)

5.2.5.3Cell retention

rADSCs used foin vivo study were incubated with CellTrack®&rCM-Dil
(Invitroger®) at a concentration of 4 pmdlfor 30 min at 37 °C. The
paraffin slide samples of rADSCs alone group and Hydrogel + ADSCs were
further stained by Hoechst 33258 (Invitrofgn and fluorescent
micrographs were taken with XLO0O magnification (five fields of view per
slide, three slides per treatment) by Olympus8iXinverted microscope.
The volume fractions of rADSCs were determined by stereological analysis
using a grid mask (4040 ).

5.2.5.4Determination ofinflammation

The inflammatory cells including neutrophils, lymphocytes and
macrophages were detected by micrographs wl0<magnification taken
from H&E staining slides. In addition, ED (mouse monoclonal an@iD 68
antibody, Abcam) ws used to label macrophages by standard
immunohistochemical staining (AlexaFlfo488 Goat antMouse IgG
(H+L from Invitrogen) as secondary antibody. Nucleus was stained with
Hoechst 33258 (Sigma). A grid mask (p& x 20 um) was applied to
images with X200 magnification (three fields of view per slide, three slides
per treatment) and the numbers of grid intersections that touch or traverse
the nucleus of CD68cells were tagged. The volume fraction ) of each
treatment was expressed as the fractiontagiged intersectionsPy() in

relation to the total number of intersectioRs)(in the grid (egn. 5.3).

6 — (eqgn. 5.3)
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Table 5.1: Treatment groups design for vivo study.

No. Treatment No. of Treatment
I No Treatment 7
Il P- HA-SH Hydrogel Alone 120 L gelling mixture solutiorper woundl 7
Il P- HA-SH Hydrogel+ RatADSCs (.12 million cells in 120 LLgelling mixture solutiorper woundl 7
v RatADSCsAlone ©.12 million cells in30 (L serumfree mediunmper woundl 7

Time points: 3, 7 and 14 days

Wound Closure: Digital image analysis
Wound Contraction & Epithelialisation: H&E Stain
Cell Retention: CellTrackef™ andHoechst fluorescent, micimaging

Inflammatory ResponseH&E stain, CD68 immunohistochemical stain

[T e B e S e S

Angiogenesis:Collagen type IV immunohistochemical stain
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’E-—# _______ g-r;\
D | G | D
] e —
f o
Dermal Edges Dermal Edges

Figure 5.1: The identified parameters for measuremesft wound
contraction and epithelialization on H&E staining slidEs epidermal; D:
dermal; E1/E2regenerated epidermal; G: granulation tisfNete: wounds

are contracted along with healing process.
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5.2.5.5Angiogenesis

Neoangiogenesis of the wound was determined by collagen

A\

immunohistochemical staining (Rabbit polyclonal antibody to collagen type
IV, ab6586, Abcam plc, and AlexaFIfo488 Goat antRabbit IgG (H+L)

as secondary antibody, Invitrogen). Stereological analysis was performed as

described elsewher&". Surface densityY), length density L(,) were

measured using a cycloid grid with known total length of cycloid lihgs (
and counting the numbef mtersections|( of those lines with fluorescent

labeled blood vessels. Horizontal positioning grid was use&fand the

vertical positioning grid foLy (eqn. 5.4 and 5.9,s presents the thickness of

sections). Wound volume¥), surface areaS) and total lengthl(y) were

calculated by eqgns. 5:65.8 Wa presents the wound area determined by

H&E staining slides).

Y ¢ -
0 !
w Y

Y Y o

0 0 ")

5.2.5.6Statisticalanalysis

(egn. 5.4)

(eqn. 5.5)

(eqn. 5.6)
(egn. 5.7)

(egn. 5.8)

Comparisons between multiple groups were evaluated byw@geor Two

way ANOVA and Tukey 6 spvague eftessdhanall0y s i s

was considered as significant. The software used in the analysis was

GraphPad Prism 5 software (GraphPad Software, US).

1%
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Figure 5.2: Representate photograph®f wounds at 3, 7 and 14 days. NA: no treatment group; C: ADSCs cell alone group; H: hydrogel alone
group; H+C: hydrogel + ADSCs grouplote: obvious wound contractioaccurredin no treatment and cell alone control groups at 7 and 14

days.
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_
1004
B3 NA
S E3 Cell Alone
1] —— [E3 Hydrogel
* 0 Hydrogel + cell

Percentage of Wound Area (%)

) A ™
3 3 .
> 2
9 N o
Time Points

Figure 5.3: Percentage of wound area at 3, 7 and 14 days comparing to

original wound areameasuredby ImagePr8 Plus, (Media Cybernetics,

USA). (*) labels the significant differences between each time point and

groups(Two way ANOVAwithTuk ey 6s post , Meana3Dysi s met ho
n =7,p < 0.05. Note: wound areas of hydrogel treatment groups (with or

without cells) were significantly larger thamo treatment and cell alone

control groups at 14 days due to the skin cution.
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5.3 Results
5.3.1 Wound Closure

Wound closure was determined by measuring the surface area from
photographic imagesFigure 5.2). As a contractive skin model, wounds

with o6éno treatmentd and oOcell aloned tr
contractedduring the healing procesfigure 5.3); the statistical result of

wound area analyses showed significant reduction in wound area in the

groups without hydrogels$n contrast, treatment groups of hydrogels with or

without rADSCs resisted wound contractimnsome extent
5.3.2 Wound Contraction and Epithelialization

The wound contraction was calculated as percentage of wound length
reduction Figure 5.1) from the histological analysis. The contractive ratios

of all the treatments were higher than @0of original wound size at 14
days, and there is no statistic significant difference between each group.
However, a trend can be found that hydrogel treatment groups (with or
without rADSCs) contracted less than other groups at day 7 and day 14
(Figure 5.4). For epithelialization measurement, it was found that the
wounds were fully closed with complete-epithelialization at 14 days in
Ono treat ment o and 6cel | al oneo treat
epithelialization only occurred at the edges of the woundblenhydrogel
treatment groups (with or without cells). It appeared as if the keratinocytes
ceased growing underneath the hydrogels in the center of the wound area.
This observation could be explained by the inability of the keratinocytes to
attach and migta along the hydrogel surfacé&igure 55). However,
because of the large skin contraction, no statistical significant difference
was noted for repithelialization between all the groufBigure 56) at

each time point.
5.3.3 Cell Retention

The cell retentionratio in the wound bed was assessed by labeling the
rADSCs used in thim-vivo study with CellTracke CM-Dil (Invitrogen®).
The marker in this kit which conjugates with intracellular proteins reflects
the cell survival rate in the hydrogels. After ediche point, paraffin fixed
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slides were further stained by Hoechst 33258 and determined using a
fluorescent mi croscope. For the oOcell al
more concentrated cell suspension (with the same number of total cells as
treatment grap) and completely covered the wound with commercially
available film dressing in order to prevent the cell loss from the wound bed,
no labeled rADSCs could be found after 3 ddgscontrast, théwydrogels
provided sufficient structural support to allow their visualization after 14
days. Figure 5.7 shows representative micrographs of implanted rADSCs
(cytoplasm red and nucleus in blue) within hydrogels at three time points.
The stereological quafitation calculated from these microscopes showed
the rADSCs volume fraction remained at the same level between each time
point (Figure 5.8). In addition,no labeled rADSCs can be found in the host
tissue; in other words, the implanted caligl not infilt rate into the host

tissue from the hydrogel dressing
5.3.4 Inflammatory

Immunohistochemtisy assessment by ED (anttCD68) antibody (Abcam,

UK) was used to evaluate the macrophages recruitment at each time point
(Figure 5.9. It appearedthat the hydrogel &atment groups (with or
without cells) had higher inflammatory response to macrophages than the
6no treatment groupbé or 6cel | aloned c
statistically significant difference was noted between each greigure

5.10. H&E stairing showed that the number of neutrophils surrounding the
hydrogels was obviously increased compared with control groups at, day 3
but clearly decreased at day 7, which indicated thathgdrogeltriggered

higher acute inflammatory response than controugsat the early stage of
wound healingFigure 5.11 & 5.12. In addition, the counting results for
macrophagesrom immunohistochemistry assessmemére higher than

H&E analysis in all treatment groupl$.might because the CD68 was also
expressed on the surface of other cell type such as monocytes, histiocytes

and giant cells.

200



Assessment in Rat Wound Model

150-
E3 NA
EZ3 Cell Alone
100- E3 Hydrogel +Cell
0 Hydrogel

Percentage of Contraction (%)

Time Points

Figure 5.4: Percentage of wound contractioMNote: no significant
difference betweeneach treatment group at each tipeint (Two way
ANOVA withTukey 6s post , MeanaBbh, s+ %5p<M.63 hod
but a trend can be found that hydrogel treatment groups (with or without
rADSCs) contracted less than other groups at 7 arthyg
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Gel

Figure 5.5: In vitro 2D cell attachment assessment. Fibroblast (3T3), normal human keratinocytes (NHK) and ADSCs were seeded on the
culture plate (Cont.) and on tiserface of the>-SH-HA hydrogels(Gel) and detected by LIVE/DEABstain after 48 h. Scale bars in all cases

represent 100 umiNote: neither of these cells can attach on the hydrogel surface comparatievithlissee@don tissue culture plates.
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40-
- B3 NA
30- E3 Cell Alone
E3 Hydrogel+Cell
I Hydrogel

20+

10+

o
1

Percentage of Epithelialisation (%)

Time Points

Figure 5.6: Percentage of wound epdlialization. Note: no significant
difference betweeneach treatment group at each time poifivdq way
ANOVAwithTukeyods post , MeanadIDynssi7p<®m0§.t hod
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Figure 5.7: Representativepuorescentimages of rADSCs embedded
hydroget at 3, 7 and 14 daysimplanted cells were marked with
CellTrackef™ CM-Dil (red) counterstained with Hoechst 33258 (blue). The
yellow dotted lindabeledthe hydrogel area above wound bed.
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Figure 5.8: The stereological quantification of the volume fraction of
implanted rADSCs based on the puorescent images labelled by
CellTrackef™ CM-Dil/Hoechst 33258 Note: no significant difference
between each time poirsfudends ttest,Mean+ SD,n = 7,p < 0.05.
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No treatment Cell alone Hydrogel alone Hydrogel + cell

Day 3

Day 7

Day 14

Figure 5.9: Representativgpuorescentiimages of CD68 immunohistochemistrgtained macrophagggreen) counterstained with Hoechst

33258 (blue) for different treatment growgds3, 7 and 14 day$cale bars in all cases represenus0
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0.3
E3 NA
E3 Cell Alone
0.2- [ n - E2 Hydrogel + Cells
-+ @0 Hydrogel

Volume Fraction of Macrophages

Time Points

Figure 5.10: Quantification ofvolume fraction of macrophages at 3, 7 and

14 days based on the immunohistochemistmages (CD68Hoechst

33258. Note: no significant difference between each treatment group at

each time pointTwo way ANOVAwith Tukeybés post ,anal ysi s
Mean +SD,n =7,p < 0.05.
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No treatment Cell alone Hydrogel alone Hydrogel + cell
o .

Figure 5.11: Representative images @00 magnification) oH&E stained tissue slides at 3, 7 and 14 days. W: skin tissue at wound area; H:
hydrogel. The arrows highlight the neutroplaldls Scale bars in all cases represent 10 Nuate: the neutrophils surrounding the hydrogels
was obviouslymore thancontrol groups at day, Jut clearly decreased at day 7, which indicated thathydrogeltriggered higher acute

Day 3

77

Day 7

| |
..
|

inflammatory response than control groapshe early stage of wound healing
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Figure 5.12: Volumefraction oftotal inflammatory cels at days 3, 7 and 14.
Counted inflammatory cells included neutrophils, eosinophils, lymphocytes
and macrophagesNote: because of the increased neutrophils, total
inflammatorycells in Hydrogel with/without cells groupe significantly
higher than control groupat day 3 and day {Two way ANOVA with
Tukeyds post , Meana$Dyns=si7,9<00§.t hod
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