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Abstract

Wound healing is @omplex biological process involvingarious cell types
acrossspatid and temporal phaseBysregulationn any of thesephases, such

as in the case of diabetic wounds, burn injuriesngslantation ofmedical
devicesmay result imon-healingwounds chronic wounds, ardr fibrosis. The
acceleratedormation of granulation tissubas been studied to promated
accelerate wound healing=ibroblasts are the prevalent cell typé the
granulation tissuand have been shown to play an important role in both healing
processes and fibrosgovernedoy the nature of biochemical stimud,g.,from
immune cells such as macrophages, and the physicochemical characteristics of
the microenvironment and/oimplanted bionaterials. Biomaterial surface
chemistryis known to influencehenotype andunctions of vaious cell types
including fibroblasts. Hence, tlaverall aim of this study was to discover new
polymer chemistries thaegulag/moduktefibroblast behaviour and phenotype

thereby governing the outcome of wound healing.

To study the effect of polymer emistry on human fibroblasts, a high
throughput screening oB00 homepolymers from a meth(acrylate) and
acrylamide library was performeBolymers that supported cell attachment and
spreading, while modulating proliferation and differentiation to myoklasts
were identified Polymerssuch agoly(tetrahydro furfuryl acrylate) (pTHFuUA)
promoted cell proliferation while suppressing differentiatiaile polymers
such as polgthylene glycol phenyl ether acrylate) (pEGPE#)ppressed

proliferation and promoted fibroblast differentiation to myofibroblasts.

Selectedé hi t 6 pram themhéghttoughput screemvere synthesised

characterisedand scaled up onto coupon sized surfaces for further phenotypic



and functionalstudies Fibroblasts cultured on tke surfaces were shown to
adopt distinctantifibrotic and prefibrotic profiles, by augmenting cytokine
secretionand gene expression of ECM componeMsreover,polymers were
observed to directly influendéroblast mgration and proliferatioras assessed
in a 2D - wound healing assay; cells cultured on pTHFUA and pidiytyl
adipate) (pDVAd) were observed tdvave a higher rate of wound closure

compared to cells cultured standard TCP.

To elucidate thenechanisms fothe observed polymer inducedodulation in
behaviour and phenotype of fibroblasts, the stiffnessl the thicknes®sf
adsorbed proteins from serum supplemented culture mediunscaleelp
polymers was investigated.Quantitative analysis revealed that fibroblast
phenotypewas modulated byadsaption of selective proteing@s opposed to

stiffness ofthe polymers otthickness of adsorbed protein layer

Lastly, he clinical applicability ofdentified anti and prefibrotic chemistris
was pursued by fabricating these chemistries into mactimtes, for application

as in situ scaffolds to accelerate wound healinthe particlessupported
fibroblast attachment andhfluenced proliferation. Moreover, fibroblast i
microparticle systemswere shown to augment fibroblast and macrophage
cytokine secretiorand gene expression of collagens towards-faottic and

pro-fibrotic outcomes, therebgcceleratingvound healing.

In summary, findings from this studgmonstrate the ability of polymsurfaces
to modulate fibroblast phenotype and behaviditmeobservatios presented and
discussed in this study, provide a framewthkough which m-instructive

therapeutics tdirectoutcome of wound healing could be developed.
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Chapter 1. General Introduction



Chapter 1 - General Introduction

1.1 TissueMicroenvironment: the Extracellular Matrix

Cells in multicellular organisms reside in complaMcroenvironmentswith
diverse biophysical and biochemical propertie§hese microenvironments
consist of cellular and acellular elemenit is homeostasis between both
elementsthat defire normal tissue functioThe extracellular matrix (ECM)
forms the physicalrameworkproviding structural and biochemical support to
the cells[1]. The various costituentsof the ECM are summarized fablel.1.

In generalthe ECM is composed of collagens, fibronectitronectin elastin

glycosaminoglycanfGAGS) and proteoglycan].

Table1.1: The various constituents of the ECAtapted fron[2]. The ECM consists of fibre
forming and norfibre forming components.

Components
Fibre forming collagens Collagen I Collagen I11 Collagen V
Other fibre forming Fibrin Fibronectin Vitronectin Elastin
proteins
Non-fibre forming Collagen IV Collagen VI Collagen VII  Collagen XIV
collagens
Proteoglycans/glycosamino Hyaluronic acid Chondroitin sulfate Dermatan sulfate Decorin Dermatopontin
glycans
Matricellular proteins Osteopontin SPARC CCN2 Tenascin — C Fibulin-5

The ECMguides cellular function bynodulating cell morphologyhysological
function (by binding growth facto)sand by interacting with cell surface
receptorsto regulate gendranscription and consequently cell phenotype.
Although fundamentally the ECM is composed of the elements stated earlier,
each tissue has an ECM with unique conitps and topology. The differences

in ECM traits establish the biochemical and mechanical characteristics of each

l|Page



organ, such as their tensile and compressive strength, and eldstititythesis

we will focus on the ECM of the skand their relevance to wound healing

The ECM components of the skin can be groupedfibte-forming and non
fibre forming structuracomponentsand matrix cellular proteing]. The fibre
forming componentiorm acomplex threedimensionaktructurewhile the non
fibre forming componentgive this structura charged, dynamand osmotically

activeattribute

1.1.1Fibre forming components: collagen, fibronectin, vitronectin
The fibre forming componendf skin ECM microenvironment predominantly
consists of collagens. Other fibre forming components include fibrin, fibronectin,

vitronectin, elastin and fibrillifl], [2].

Collagensprovide tensile strength and comgsibility to the ECM.Around 28
different collagens have beetentified in skin ECM. The majority of which is
collagen | and Ill, however, IV, V, XVllare also presenin significant
concentrationBased on theséhe collagens can be further divided ifibmillar

and nonfibrillar collagen.Fibrillar collagens include collagen I, II, 1l and.V
While nonHfibrillar collagens include collagen IV, VI, VII, VIII and XIVNon
fibrillar collagensadhere cells to the basement membranes while assisting other

collagens tdorm fibrils.

Other fibrillar ECM components are fibrin, fibronectin, vitronectin and elastin.
Fibrin is afibrillar protein derived fromfibrinogen present in blood plasma.

Fibrin forms a provisional clot matrix during haemostatictissue repair.

2|Page



Fibroblasts utilize this provisional matras a scaffold for cell migration and
tissue remodelling. Additionally, studies have implied that fibroblast
remodelling (in the proliferative of phase of healing$ influencel by both

regional mechanical stressidthe vector geometryf the initial fibrin matrix
[4].

Fibronectin is a dimeric glycoprotefound in soluble formn blood plasma and
in an insoluble form in the ECMAfter tissue injuryand deposition oé fibrin
clot, soluble fibronectinassembles into insoluble fibronectimhis involves
conformational changes thar revelaé matricrypticsite RGD (ArgGly-Asp)
[5]. The RGD binding sitestimulatesmigration of fibroblasts into the wound.
Fibronectinhas various binding domairtkat allow its fibrils tointeract with
cells, other fibronectin fibrils red multiple otherproteinswithin the ECM.
Specifically,in wound healingfibronectinis involved in ECM organization and
stability. Studies have shown that fibronectin is crutwalCollagen | deposition
and deposition of othestructural proteint]. Moreover, naintenancef fibrillar
organization of collagen requireactive polymerization of fibronectin
furthering its importandd]. The prefibrotic cytokine, transforming growth
factorbl (TGFD1), is known to stimulate fibroblast proliferationlhis

stimulation is dependent gmeassembly dibronectin[1], [2].

Vitronectin has been shown to hatal in myofibroblast linked contraction of
wounds [6]. Fibroblasts adherent to vitronectin weshiown to produce
fibronectin fibrils that had redudion in exposed RGD sequenc&his

subsequently led tasignficantly lower fibroblast proliferation. Elastin is
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attributed tcelasticity of the ECMin tissuesThoughit is known for its structural
role, elastin has beeprofiled to indirectly modulat fibroblast proliferatiorand

collagen | secretiof¥].

1.1.2Non-fibre forming components: proteoglycansand GAGs

Proteglycans consists of a core protein thalinked to a glycosaminoglycan
(GAG) side chain. GAGs arknear polysaccharidefound in the ECM either
bound to a proteoglycan chaam independerty. This sectionwill discuss the
role of hyaluronan, decorin and dermatoponitimthe ECM specificallyin wound

healing.

Hyaluronan (HA)is the most common GAG in the ECdhd is involved in
maintainingiissue hydration and osmotic balandé is known tohave key roles
in both fibrotic and wound healing processHse sizeof HA moleculeseffects
thar functionin relation to fibrotic andvound healing proceg8]. The native
high molecular weight HA (>500kDA)is associated with decreased
inflammation, inceased expression of collagen Il and increasdiity of antt
fibrotic TGFb3. While fragmented HA (<400kDAJs linked with increased
inflammation, collagen | expressioandincreased proliferation of fibroblasts
[8], [9]. Furthermoreit trapspro-fibrotic TGFb1 moleculesn proximity to the
fibroblasts thereby creating positiveautocrine loomifferentiating fibroblasts
to myofibroblasts.Additionally, specific small sized HA fragments (1kDA)
stimulate fibroblast migration and promote wound closwubkile decreasing
myofibroblastdifferentiation and fibrosigL0]. Based on these findingise small

sized HA frgmentsare of interest for wound healing.
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Decorin is a proteoglycan bound tariable number o&AG chains.Decorin is

the mostabundanproteoglycarin skin ECM. It has a affinity to bind to TGF

b A(which increases whechondroitin and dermatan side chains are removed)
thereby acting as natur@diGFb linhibitor [11]. In mice knockoutmodels the
absence of decorin results in increased fibroblast adhesion to collagen or
fibronectin proliferationand migration[12], [13]. These resultighlight the
role of decorinin decreasedibrosis of healing woundsDermatopontinis
another proteoglycan thatcreases skin elasticity, tensile strengtid collagen
fibrillogenesis [14]. Furthermore,it has been shown to increase fibroblast
adhesiorto fibrin matrix and promote fibronectin fibril formatioft. hasbeen
suggested that decorin and dermatopordounter each other to balance

fibroblast migratiorin healing wounds
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1.2 Fibroblasts and Myofibroblasts

Fibroblasts are mesenchymal cells derived from the embryonic mesoderm tissue.
They arefound widely spaced in the ECdf theconnective tissuehich serves

to connect and support all other tissues including the parenchymal tissue of
organs. The mostaccepted definition of fibroblasts is based wn situ
morphology.Fibroblasts are recognized to haaespindleshaped body with

cellular processeextending fromeach tip[15], (Figure1.1).

%

Figure 1.1: Fluorescence microscopy image of fibrobla:
The cells have characteristic spindle like morphology
cellular processes at its end3lue: nuclei; green: Factin

Further, the cells are easily isolaiedculture from tissues via several passages

on plastic.Applying this definition yields a high degree of heigeneity in
expression and phenotype between tissues, and within the same tissue. Though
there are numerous napecific fibroblast markerasshown intable1.2, many

are transiently expressed or axgilely expressed ifibrotic context[16]i [18].

To date a universal fibroblast specific marker has yet to befieent
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Tablel.2: List of nonspecific fibroblast marker&dapted from [15].

Nonspecific fibroblast markers

Collagen I Intermediate filament (IF) proteins
Discoidin domain receptor 2 (DDR2) Platelet-derived Growth Factor (PDGF)
Fibroblast Growth Factor (FGF) Periostin

Transcription Factor 21 (Tcf21) Thy-1 (CD90)

Irrespective of theissuesource of fibroblasighe cells havd defined rolesi)
homeostasis of the ECM by secreting structural proteints rabsorption by
secreting matrix metalloproteinases (MMPs) and tissue inhibitors of
metalloproteinases (TIMP8) inflammationiii ) angiogenesisv) wound healing
and fibrosig19]. In these rolesfibroblastanteract withtheir microenvironment
and communicatewith other cell types via paracrine and autocisignalling

Thesearedetailed in subsequent sections.

Fibroblasts are not terminally differentiatecklls. In a healing wound,
respondingto microenvironmentatues, such as stiffness agdowth factor
TGF-Db1, they differentiate intanyofibroblasts. The myofibroblast phenotype is
characterized by) neo expessionof Usmooth muscle actifU-SMA) ii)
upregulated ECM expression; collagens and extra domai(Ed-A) fibronectin
iii ) contractile nature an) resistance to apoptodi$9]i [21]. Myofibroblasts
originate frommultiple sourcesncluding but not limited to fibrocytes, epithelial
cells, endothelial celland multipotent monocytg¢$5], [17], [21], [22]these are
highlighted in figurel.2. In healing woungd myofibroblasts are especially
important in contracting the wound site and layirgvd ECM scaffold for

healing.Additionally, theyhave increased expressioncgtokines,chemokines
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and surface receptorBoth fibroblasts and myofibroblaskave a vital role to

playwound healing ashfibrosis.

-

Fibroblasts
A
Epithelial cells o "“-\5:\“ Ii;'
- Matrix stiffness N Eae——W
/ ) Growth factor: TGF-p1 e N
: 74
Endothelial cells Myofibroblast
Fibrocytes

Figure 1.2: Cellular sourceof myofibrobastsIn response to matrix stiffness and growth fac
such as TGBL, fibroblasts and other cell types differentiate into myofibrobladi@fibroblast
are USMA positive cells that secrete higher amounts of collagens.

1.3Wound healing and fbrosis

Wound healing is a complex process involving various cell types acspsdial
and temporal matrix. It is achieved througjhighly precise, programmed and
overlapping phased:haemostasis) inflammatory phasei) proliferative phase

andiv) tissue remodelling or fibrosigFigure 1.3) [20], [23].

Briefly, in response to tissue injury clotting occurs forming a provisional fibrin
matrix during the haemostasis phase. After which, in the inflammatory phase,
platelets and immune cells secrete cytokines, chemokines and growth factors
promoting chemotaxi®f stromal cells. In the proliferative phase of wound
healing, the granulation tissue is formed. The granulation tissue consists of
immune cells, endothelial cells, fibroblasts and myofibroblasts. The fourth phase

of healing, tissue remodelling, involvegrogressive remodelling of the
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granulationtissue.The major component of granulatibssue, collagen llI, is
progressively replaced by collagen I. Proteolytic enzymes, MMPs and TIMPs,
play a major role in this transformation. These phases and theirybiolyical
functions must occur in the proper sequence, at a specific time and continue for
a specific duration at an optimal intensity for normal wound he§fidg The

four phases of wound healing are further discussed in subsequent sections.

The deposition of ECM components, such as collagen and fibronectin, is an
integral and reversible part of wound healing. Howewernal tissue repair can
progress into irreversible fibrotic response if the tissue injury is severe, repetitive,
or if the wound healing response is dysregulatgbrosis is a hallmark of
numerous pathological conditions and is subsequent to dysreghleadidg
processes after tissue injury, inflammatory conditions and the foreign body
responsd19], [25], [26]. Fibrosis in a given tissue almost always leads to the
loss of its function and is linked to wp 45% of deaths in the developed world
[1]. Prime examples include cirrhosis and inflammatory lung diseases. Fibrosis
is a condition marked by the excessive accumulation of ECM components around
an inflamed or damaged tissue. Factors contributing tovpaodsessive fibrosis
include genetic disorders, persistent infection or inflammation, poor circulation,
obesity and foreign body responses (in response to implantation of medical
devices). Regardless of the initial events, the common thread to all dibroti
diseases ignhanced fibroblast remodelling and failure of myofibroblasts (the
primary wound repair cell) to undergo timely apoptosis or dedifferentiation to

fibroblasts.
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Inflammation

Remodeling |

Hemostasis

Proliferation

Wound healing

Vasoconstriction Vasodilation

Scarring/Encapsulation |

Coagulation

Provisional matrix/wound
closure

Debric clearance

Matrix deposition and r

Cytokine/chemokine/Growth factor secretion

emodelling |

Platelets Macrophages

Fibroblasts

| T T
I Weeks 1 Months 1 Years I

Figure 1.3: Timeline of wound healing and foreign body respon&due, phases of wound healinRed, grossscale tissue phenomena; gre

cellular activity;

gold, major cell types involved.

Adapted fronj15].
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1.3.1Haemostasis

Wounding due to injury,usgical and invasive procedures involviigmaterial
basedconstructs result imasoconstriction, primary haemostasisd secondary
haemostasisThe vasoconstriction of blood vesselsves torestrict bleeding.
This is followed by pmary and secondary haemostasisich occur viatwo
concurrent and mechanisticalhtertwined pathwayf7]. Primary haemostasis
involves platelet aggregatioand the formation of a platelet plug/hich is
catalysed by exposure of collagen within tweund matrix. Alongside, the
secondaryaemostasigvolves the activation of the coagulation cascadeere
soluble fibrinogen is converted into insoluble fibrin stragvdsich formulate the
fibrin mesh.The combied formation of glateletplug and the fibrin mesh is
called the thrombus. Tisi functions tostop bleeding, release complements,
cytokines and growth factgrsvhile providing a provisional scaffold matrix of

infiltration of immune and stromalells[28], [29].

1.3.2Inflammatory phase: the innate immune response
1.3.2.1Polymorphonuclear leukocyte activation

Immediately following injury andthrombus formation polymorphonuclear
leukocytes(PMN) such as neutrophilsnigrate from the blood towards the
wound site. PMN chemotaxis towardghe injury site is derived from
chemoattractant released from activated fdtdeand endothelial cells. Further,
histamine release from mast cell degranulation has been showmstitgate
chemotaxisof PMN and monodg to implanted biomaterigB0]. The PMNs

interact with the damageeassociated molecular patterns (DAMP3ipid
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mediators and released chemokines bglegranulabn while triggering a
phagocytott response. This phagocytotic response consists of secretion of
proteolytic enzymes and reactive oxygen species (ROS) in order to enhance
pathogen removal31]. These cytotoxic components adversely react by

damaging surroundiniissue thusprolonging thanflammatory response.

PMNSs release interleuki@ (IL-8), CCL2 and CC4, which they synthesize upon
activation[31]. While the former, acts to recruit further PMP82], the latter

two act as chemoattractants and adtorafactors for monocytes, macrophages,
immature DCs and lymphocyte83]. An increase in secretion of these
chemokines suppresses PMN infiltration in favour of mononuclear cell influx.
Due b the lack of further activation signals, PMN undergo apoptosis and are

phagocytized by macrophagas].
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1.3.2.2 Macrophages: & inflammatory mediators and wound healing
regulators

Macrophages are vital immune cells involved in wound healing and tissue
regeneration. These cells control tissue regeneration through phagocytosis of
wound debris, secretion of enzymes, cytokines and growth factors; that induce
migration and proliferatiorof fibroblasts[35]. Based on their homeostatic
functions, macrophages are classified into classically actiédike) and
alternatively activatedM2-like), where the latter is further divided into

regulatory andvound healing phenotypgeshown in figurel 4 [36].

host defense tissue repair
VEGF Pa

FGF _, angiogenesis
PDGF fibrogenesis
TCGFB

pathogen  phagocytosis
kiling <= ROS
uptake proteases

Ono Te activation : basomesI/ o
. eosin s .
T gell 3 il :

wound healing

IL-12| IL-6] IL-1| TNF
macrophages

1gG immune complexes TGF-B
glueocorticoids

PAMPs

R : I IL-10 IL-10 high ‘ !! TR
‘{ apoptotic cells IL-12 low ,‘ c-type lectin

immunoregulation

Figure 1.4: Macrophage polarization.Adapted from [51].

Macrophages polas into these different subsets in response to chemical stimuli
released by dying cells, innate immune system and stromal cellsifadlanjury

or infection, and members of the adaptive immune system such as [B6§lls
[38]. With respect to the polarized macrophage subpetsnflammatoryM1-

like activationof macrophage is a result of secretion of {Fflom natural killer

cells (innate immune system); T cells (adaptive immursystem), and by TNF
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U f r o nfmohdty@es and DC§}2]. Proinflammatory macrophages exhibit

an increase in secretion of inflammatory cytokines, such & IL-8, IL-1 b ,
along with ROS Moreover,monocytes arriving at thevound site undergo a
phenotypic change and differentiate into macrophages. Their activation leads to
further release of chemo attractants for inflammatory cells such-&sNICP-1

and MIR1 bMacrophages at the woundesexhibit phagocytic ability, secrete
inflammatory cytokines, ROS and degradative enzymes; associated with
classical activated Mlike macrophage phenotyp&he ontinued presence of
pro-inflammatory macrophages causes transition of acute inflammation in

chronic inflammation.

Anti-inflammatory M2-like, woundhealing macrophages are paad in
response to H4 secreted by basophils, mast cells and granulocytes of the innate
immune system or byHP cells of the adaptive immune system. The switch to
woundhealing macrophages causes dawgulation of preinflammatory
mediators and promotes wound healing processes by contributing to production
of ECM and by activation of fibroblasts into myofibrolit21], [39]. The third
subset, regulatory macrophages arise in response tdssigima apoptotic cells,
immune complexes, glucocorticoids and1Q[40]. These macrophages aim to
dampen immune responses by secreting high levels of immunosuppressive
cytokine IL-10. Furthermore, adhered macrophages secrete proteolytic
enzymes; MMPi 2, -8, -9 and-13 [36]. These enzymes are involved in

remodelling of ECM and indirectly effect migration and differentiation of
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immune cells. Specifically, increased levels of MHRs speculated to be an

indicator of inflammation and poor wound heal[B6)].

Duringthe early phase of wound healing, macrophages adoptiaffanmmatory
M1-like phenotype which is characterized by release 8,IlL-1 b, TNF U,
8, MCR1 and CCL5.With the resolution of inflammationthe M1i-like
macrophages transition into an MRe phenotype This ischaracterized bthe
downregulation of inflammatory cytokines, and upregulation ofantk
inflammatory, pro-fibrotic mediators such as T& JL-10, PDGF, and Ik1 U

As mentioned beforepanflammatory response #m injury or infectioninvokes

the action of all three types of macrophages; wipeoanflammatoryM1-like
macrophages are abundant in the early phase, and regulatanyd healing
antrinflammatory M2-like macrophage are found in the resolution stage.
Aberrations in macroplge function atiny of thesestags may lead to excessive
activation of cellsand ECM deposition, resulting in fibrogdg]. These
aberrations range from diminishegnacophage numbers during the

inflammatory phaséo overstimulation of macrophageased cell activation.

1.3.2.3Proliferative phase: granulation tissue formation

The anti-inflammatory M2like macrophagesecrete effector cytokines such as
platelet derived growth &or (PDGF) and TG#B1 that stimulate fibroblast and
endothelial cell migration, differentiation and overall tisser@odelling to form
the granulation tissueThis tissue is composed of cellular and acellular
componentsTheacellularcomponent of thearly granulation tissue consists of

high levels of fibronectin, vitronectiandcollagens type lll, IV, V and V[41].
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In the emodelling stage of wound healing, these are replaced by collafjea |
cellular component of granulation tissgensists of activated macrophages,
fibroblasts, myofibroblasts and endothelial cells. The latheecting nee
angiogenesis.The acellular components (specifically collagens)of the
granulation tissuaresecreted by fibroblasts angyofibroblasts andhay appear

as early as & days aftemjury.

1.3.2.3.1Fibroblasts and nmyofibroblasts: towards wound healing or fibrosis
Fibroblastsand myofibroblastare theprevalentcells of the granulation tissue.
In the early stages of the granulation tiséoienation their role is todeposit
structural ECM components, such as fibronectin and collagen Hptace the
provisionalfibrin matrix formed in hemostas.In the later stages this role shifts
to reorganization,where fibroblastsand myofibroblastssecrete MMPs and
collagen lL.In addition tothese fibroblastsserve an important role beyond that
of ECM deposition. This encompasses indirect roles inrthi@mnmatory phase
and supporting neovascularization in the granulation tisEbhese roles are

detailed in the proceeding section.

Fibroblasts respondo microenvironmental stimulisuch as matrix rigidity,
soluble factorshiomaterial chemistryand topogaphy by differentiating into
myofibroblasts Chemically the secretion of TGBl1 and PDGF from
alternatively activated macrophages and FBGCs promote the activation of
resident fibroblasts and fibrocytesas well as theirdifferentiation into
myofibroblasts [53], [54].These cells secrete high amounts of collagen |,

collagen Ill and fibronectin [55], [56]t is known that the presence, absence or
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ratio of the specific fibrillar collagen types influences fibroblast behavio
(migration, proliferation and fibroblast differentiation to myofibrobla$4)i

[44]. It was observed that mice with genetic deficiency in collagen IIl had greater
myofibroblast populations. Furthermore, multiple studies have reported that
scatessfetal wound healing is associated with a higher ratio of collagen Ill to

collagen I in small and large mammal models.

Myofibroblast activation, proliferation and survival are mediated by a variety of
cytokines, such as such asi1l.tumour necrosis faor (TNF), TGFb1, PDGF and

IL-13, and physical factors, such as mechanical stress and stiffness. Myofibroblast
differentiationis a twastep process: first, in response to increasing rigidity in the
microenvironment, fibroblasts will differentiate into pxecursor cell called
proto-myofibroblast [58]. Second, in response to TFKdF secreted by the
alternatively macrophages, the protyofibroblast differentiates intanU-SMA
expressing myofibroblast. Additionally, myofibroblasts themselves secrete
latent TGFb1 [54]. Together with a binding protein, latent TGF i s bound
ECM components, which with help of myofibroblast contraction and MMPs

(MMP-2 and MMR9), are cleaved to release T®GF [ 1] , [ 48], [ 57]

Continuous activation of myofibroblasts and sustdi secretion of ECM
components lead to the formation of a fibrous capsule, which is a dense,
hypocellular, avascular collagenous netwaRd is a result of impaired wound
healing The formation of hypertrdpc scarsas result ofhealing from burn
injuries,trauma and surgical proceduresa physiological example ekcessive

myofibroblast activatioj27]. Furthermorefibrosisis the major cause of medical
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device failure which is best exemplified in the case of sensors and pacemakers
segregated by a fibrotic capsule [18], [57].

1.3.2.3.2Soluble signals: paracrine and autocrine signalling factors

effecting fibroblasts

Apart from producingstructuralECM, both fibroblasts and myofibroblasts, are
capable of influencing the microenvironment of the healing watndugh
paracrine and autocrine sigaaln turn these cellsre influenced by paracrine

signals from other cell types in the granulation tisgkigure 1.5).

Profibrotic factors acting on Profibrotic factors secreted
IL-13  TGFB  PDGF IGFII IL-1 CTGF
IL-1 IL-6 TNF-a IL-6 VEGF ANG Il

\ Fibroblasts and myofibroblasts /
Anti-fibrotic factors acting on {
) —~———

,.,,,

\_/ TGF-B

IL-6 IL-1

FGF

Autocrine factors

Figure 1.5: Paracrine and autocrine soluble factors acting on or expressed from fibrobl
Adapted from [19].

Fibroblasts participate in the inflammatory phase by secreting CC and CXC
chemokines, such ddCP-1 and MIP. These chemokines actively encourage
chemotaxis of monocytes and macrophages to the wound Mieeover

fibroblasts in the granulation tissue have close interactions with the endothelial
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cells to facilitate angiogenesiEndothelial cell migation and proliferation is
supported by fibroblast secretdxsic fibroblast growth factor (bFGF) and
hepatocyte growth factor (HGFJurthermore fibroblast mediatedrascular
endothelial growth factor (VEGF)directly promotes endothelial cell

angiogenesis

The prototypical pro-fibrotic cytokine is TGFb. Though there ardalifferent
isoforms of TGFb, the two most dominartieing TGFb1 and TGFb3 [22].
TGF-b1 being the prdibrotic isoform.The balance betwedrGF-b1 and TGF
b3 is key for successful wound healings TGFbl promotes fibroblast
proliferation differentiationandupregulates collagenand 11l expression45]
whilst TGFb 3promotes nofibrotic tissue repaif45]. Both isoforms are

secreted by fibroblasts, myofibroblasts, monocytes and macrophages.

A number of other cytokingbatco-factorwith TGFb1 have been identified as
pro-fibrotic.  The  reninangiotensiraldogerone  system  stimulates
myofibroblastsand macrophages to produaegiotensin [I(ANGII), which

upregulates TGIB1 expression[46]. Additionally, it stimulates fibroblast
proliferation and differentiation to myofibroblasasid stimulates secretion of

other prefibrotic cytokinessuch as connective tissue growth fa¢torGP.

CTGF is a matricellular proteinnvolved in angiogenesis, cell migration,
adhesionproliferation, wound repair and ECM regulati@2], [47], [48] It is
highly expressed bgndothelal cells in response to a variety sifmuli andis
secreted by fibroblast$he profibrotic cytokine TGFb1 induces fibroblasts to

secrete CTGFOnN its own CTGF is a weak pforotic cytokine, howeveas
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cofactor with TGFb1 it stimulates fibroblasts topregulate collagen | synthesis
and fibroblast differentiation to myofibroblagé/], [49]. Furthermore,this
downstream mediator of fibrosgarticipates in a positive feedback lotgy

TGFbl1 and VEGHSOproducti on

The Fibroblast Growth Factor (FGF) family consists of several related
polypeptides including acidic FGF (aFGF), keratinocyte growth factor (KGF)
and bFGF. The latter having an important role in wound healing. Despite bFGF
having multiple cellular targets, it requires heparin or heparin sulfate to bind their
surface receptofd 9], [51]. As a resulthey are found close to ECM producing
fibroblasts. It is secreted by endothelial cells, keratinocytes and fibrqldasts
worksin an autocrine and paracrine signalling looprtomoteproliferation and
migration ofthese cell typednterestinglyupregulated levels of bFGF have been
associated with accelerated healing via accelerated granulation tissue formation

[52].

PDGF is expressed lplatelets, endothelial celBnd macrophage# plays a

role in inflammation, angiogeses, wound healing and fibrosighere itinduces
fibroblasts toproliferate and differentiate into myofibroblagt6], [49]. The

latter contracting the ECML-6 is classified as a pfiaflammatory cytokine
secreted by Tells, macrophages and fibroblaststaitgets multiple cell types
including macrophages and fibroblasts; augmenting collagen synthesis and is
able to downregulate-SMA expressiorj19], [53]. Furthemore it has roles in

immune ell infiltration and angiogenesignti-fibrotic soluble factors include
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hepatocyte growth factor (HGRhich has important roles in wound healing and

angiogenesifl9l.

1.3.2.4 Tissueremodelling

The final step okuccessful wond healing igemodelling and regeneration of
wound site, such that resembles native tissub the absence of continuous
stimuli, the granulation tissue remodels to form scar tisSBueformation of scar
tissue is known as the physiological end point of mammalian wound hgAding

[54].

The shift from granulation tissue to scar formation diminishes the cellular
presence at the wound sitbus making the wound site hypocellulibroblasts
differentiate into myofibroblasts, whiatontract the woundite decreasm the
surface area of thecar tissueAdditionally, these cell types secrete MMPs and
TIMPs, thatdegrade the ECM thus remodelling As the MMPsdegrade the
ECM, the sea@tion of new ECM components is slowj@¥]. Thus, thebasket
weave likecollagen 11l composing the granulationssue,decreases and is

replaced byrganized, isotropic and higher tensile strength collagen I.

Following ECMremodellingthe TIMPsblock MMPs, thus halting further ECM
degradation. Themyofibroblasts at the wound site undergo apoptasis
dedifferentiate to fibroblasts[27], [55]. The continued presence of
myofibroblasts in the remodelled tisdeads to formation of hypertrophic scars
or into fibrotic tissue.This abnormal behaviour has been associated with
increased mechanical loading during thealing phases, thus providing a

mechanotransducivéeedback promoting the myofibroblast phenotyped
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subsequent excessive ECM expred&0h [27], [56]. Moreover, myofibroblasts

in fibrotic tissue have been shown to overexpressitide o t e &€b47 me 0O
marker. Thus instructing macrophagesot to phagocytizemyofibroblasts
resulting in increased numbers of myofibroblasts exxkssive ECM secretion

[57].

1.3.3Biomaterial mediated fibrosis: the foreign body response
Biomaterialmediated fibrosis is similar to physiological fibrosis in that it leads

to a highly fibrous and hypocellular matrix composed of collagen | aitig]})

[44]. The host reaction to biomaterial implantation is called the foreign body
response (FBR). The FBR determines the success of integration and biological
performance of implanted medical devices. Following implantation of a

biomaterial, the body attempts toah¢he wound by sequentially causing acute

Injury
Blood-material interactions
Provisional matrix formation
Acute inflammation
Chronic inflammation

Granulation tissue formation

Fibrosis/fibrous capsule
development

Figure 1.6: Sequence/continuum of ¢t reactions following implantation of medical devic
Adapted from [12]
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inflammation, granulation tissue formatiand the inevitableformation of
fibrous tissugesummarized in figure &. The FBR is influenced by biomaterial
surface properties, mechanical signals, and changes mitneenvironment.
Like pathological fibrosis, the cell types involved in FBR encompaasde
variety of cels: neutrophils, macrophages, foreign body giant celtslothelial

cells, andstromal cells.

The wound healing response is dependent on the defregury or defect
created by the implantation procedure. Based on this, wound healing is divided
into twoa) wound healing by primary union abylwound healing by secondary
union [58]. Wound healing by primary union is tiealing of clean, surgical
incisions in which wound edges have been sutured. This does not constitute
wound healing in response to implantation. Wound healing by secondary union
occurs when there is a large tissue defect and an extensive loss of cefisiand

Due to this, a larger granulation tissue is formed that may lead to larger areas of
scar formation or fibrosis. Wound healing by secondary union is associated with
biomaterial implantation[58]. It is understood thathe presence of the
biomaterial dysregulates normal wound healing. This dysregulated wound
healing leads to formation of a fibrotic capsule around implanted medical devices
limiting the devices functionality. Such as in the case of implanted sensors and

drug delivery systems, and cochlear impld@8, [25].

The end stage of biomateradediated wound healing almost always leads to
formation of a fibrotic capsule around the biomaterial, the latter serves as the

foreign body. This isolates the foreign body from the local microenvironment of
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the host body. In @ of fibrous capsules around breast implants, the
predominant cell typeare myofibroblasts (27%) followed by FBGCs,
polymorphonuclear leukocytes, lymphocytes, plasma cells and mast cells
[22].The acellular component of the fibrotic capsule initially consists of
myofibroblast secreted collagen Ill which is gradually replaced by collagen type
| [25], [41]. Collagen Ill has an important role regulating collagen fibrillogenesis
and fibril size. Its importance in early granulation tissue is further cemented by
studies that have linked excesss@ar formation with decreased collagen Il
expression. Interestingly, downregulated collagen Il expression is observed to
increase myofibroblasts. During fibrous capsule formation, like in normal wound
healing, the secreted collagen Il is gradually reptbby collagen I, which forms

the main collagen type of the fibrous capsule. Furthermore, studies have shown
that the higher ratio of collagen IIl to collagen | is indicative of prolonged

inflammation and thicker capsule formatigid].

It is understood that the presence of the biomaterial dysregulates normal wound
healing. Both fibroblasts and myofibroblasts are effector cells involved in the
secretion of ECM, including collagens, from the development of the granulation
tissue to the fanation of the fibrous capsule. In the case of biomaterediated
fibrosis their phenotype and subsequent behaviour are directly modulated by
cell-biomaterial interactions and indirectly modulated by immune cells response
to the implanted biomaterialFigure 1.7). It has been suggested that by
modulatingfibroblast behaviour through biomaterial surface characteristics, the

thickness and formation of the fibrous capsules may minohikéore so,
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fibroblastinstructive dressings and scaffolds maydsvelopé to accelerate

healing of chronic wounds.

Wounding/Biomaterial Nuetrophils Mast cells Macrophages Lymphocytes
Implantation

Coagulation and complement

PDGF, TGFp

DAMPS

Microenvironmental changes

Biomaterial surface characteristics
IL-1 CCL-2 TL-4, IL-10, IL-13 11-4, TL-5,IL-13, IL-21,
TNFa TGEp FGF, PDGF, VEGF 1L-17
ROS 1L-4 ANG 11, ET-1, TGEp INFa, IL-1B, IFNy
MMPs IL-13 TNFag, IL-1B, IL-6 TGFB, IL-10, MMP-9

NETs Protaglandins

—

TGFp, ET-1, ANG 11,
IL-1p, IL-33, CCL2

v

Myofibroblasts

Figure 1.7: Immune cells secrete cytokines and growth factors that influence myofibrob
Adapted from [22].

1.4 Engineering biomaterials to modulate wound healing andthe
foreign body response

The outcome of biomaterial implantation is dependent on the extent of the FBR,

and the cellular processes involved in inflammation and wound healing. After

implantation of a biomaterial, injury to the blood vessels causes exdtava of

blood in the vicinity of thébiomaterial,initiating a bloodmaterial interaction.

The ensuing cascade involves adsorption of proteins, lipids sugars and ions on

the biomaterial surfac8], [29], [59]. Through protein adsorpticime foreign

interface of the biomateriéd translated into a biological languageat the cells

interpret. Thus, protein adsorption guidegll attachment, morphology,

proliferation and downstreawifferentiation and protein expressidh.can be
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inferred that by modulating protein adsorption biomaterial surfaceshe
phenotype and function of cells could be modulateds modulating woud

healing

Protein adsorption can be modutht®y factors such as surface topography and
chemistry[60], [61]. The latter would be further discussed in the following
section Current strategiesre directed towards controlling the immune response,
specificallymodulating macrophage polarization tpra-inflammatory or anti
inflammatory phenotypd22], [36], [59], [62] This indirectly influences
fibroblastbehaviourand sukequent fanation ofthefibrous capsulR3], [42]i

[44]. Though macrophages play @anportant role in fibrosis, myofibroblasts
have been marked as the major play@®. It has bee speculatedhat by
modulating fibroblast behaviour througilomaterialsurface characteristicthe
wound healingphases could be accelerated by promoting formation of

granulationtissue and minimizing the FB63], [64].

To thisend there ardimited number of studies that haveestigatednodulating
stromal cell behaviouspecifically fibroblast behavioum anattemptto guide
the foreign body response towards successhdceleratedhealing. These
strategies encompass the useapbiomaterial surface characteristics, such as
surface topography and chemisimthe form of coatings or scaffol§i&7], [60],
[61], [77]i [81] andb) controlledrelease ofnhibitors for prefibrotic cytokines
(TGFb 1, PADIG H)[22], [70], growth factors promotingntifibrotic, pro-
healing phenotyme(FGF2, HGE EGF andPDGF)[64], [71] or pro-apoptotic

drugs targeting myofibroblasf2], [72], (Figure 1.8).
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Figure 1.8: Methods to modulate fibroblast and myofibroblast behaviour using biomat
properties.

Though these methods have been successfuitro their successn vivo is
varying.Numerous studies have documented controlling adherent cell behaviour
through surface chemistry of biomatesig2], [28], [78], [42], [44], [66], [73]

[77]. Thus, this strategyay be crucial in invoking a regenerative response from
fibroblasts and myofibroblastsnd could proveto be versatile in application
(surfae chemistry modifications may keasily applied toa range of medical

devicesand translatethto delivery vehicles, such as micropartigles

1.4.1Modulating cell behaviour with surface chemistry

Material surfaces can be modified by a variety of methodsh s the
application of surface chemical gradients, sasl§éembled films, surfaeective

bulk additive and surface chemical reactidi8], [79]. The most common

surface mdifications arebased on using sedfssembled monolayers (SAMS)
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[73], [80]. These monolayengrovide a versatil@latformto studythe effectof
functional groups on cell behavioy changing the terminal group on the SAM
any functional group can be investigatéthanges in the functional group
subsequently change surface properties of the $Abh as wettability and
surface charge/polarityn turn, these properties influence protein adsorption
onto the biomaterial surface.The determinants of protemediated cell
responses are a) the adsorption profile: which proteins are adsorbed and in what
quantities and b) protein bioactivity functionalty, as determing by
conformation, orientation etf73], [81]. Table 1.3 summarize the effect of
different functional groupen cell behaviourStudies havet®wn thatNHz and
COOH group rich surfacebavehigherfibroblast attachment tha@Hs group
rich surfacesAdditionally, it hasbeen documented that Neind COOH group
rich surfacegpreferentially adsorfibronectin and vitronectin from seruf@7].
Though CH rich group surfacesadsorb large quantities of proteins, the
conformation of these proteirchangesdue to hydrophobic interactiorjd2],
[67]. Interestingly,increasedibroblastproliferation washoted on surfaces with
high concentrations of amine gnas linking the density of amines with

proliferation[42], [82].
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Tablel.3: Cell behaviour on functional groups of surface chemistries studied. Adapted froi

Functional group Cell studied

Type of study

Adhesion, spreading, proliferation and

CH3 Human fibroblasts differentiation
Endothelial cells Adhesion
Mesenchymal stem cells Adhesion, proliferation, mRINA expression
Myoblasts proliferation and differentiation
Neutrophils Adhesion

OH Human fibroblasts Adhesion
Endothelial cells Adhesion
Mesenchymal stem cells Adbhesion, proliferation, mRNA expression
Osteoblasts Adhesion, mineralisation

NH2 Human fibroblasts Adhesion, spreading, proliferation, differentiation
Endothelial cells Adhesion
Mesenchymal stem cells Adhesion, proliferation, mRNA expression
Myoblasts proliferation and differentiation
Osteoblasts Adhesion, mineralisation

COOH Human fibroblasts Adbhesion, spreading, proliferation, differentiation
Mesenchymal stem cells Adbhesion, proliferation, mRNA expression
Myoblasts proliferation and differentiation
Mesenchymal stem cells Adhesion, proliferation, mRINA expression

RGD Human fibroblasts Adhesion, spreading and cytoskeletal organization

Osteoblasts

Adhesion, spreading and cytoskeletal organization

As previously mentioned, trehange in functional groggranslates to change in
surface wettability and charg€he surface charge on biomaterial surfaces play
a significant role in celateral interactioms through adsorbed proteirfStudies
have indicated @t fibronectinhas an affinityto bind to positively charged
surfaces[28], [83]. Thus, promoting cell attachment on these surfaces.
Additionally, surface charge mairectly affect cell behaviourThe negatively
charged cell membranes are known to closely adhere to positively charged
surfaces.Though cell attachment on positively charged surfaces is higher,
subsequent cellular processasch as celkpreading,and differentiation are
impaired This reinforces thatniegrin engagement witadsorbedproteins is
necessary focell survival, though surface charge may directly influence cell

attachmenf28], [84].
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Studies have noted that hydrophilic surfaces suppolier cell attachmenhan
hydrophobic surfaces his enhanced cell response on hydrophilic surfaces is
explained by the difference in proteins adsorlexin serum, blood plasma
and/or whole bloodThe key components guiding cell attachment are vitronectin
and fibronectin.Studies observed that vitronectin competitively adsorbs onto
hydrophilic surfaces than hydrophobic surfaf28), [80], [85] Though both
vitronectin and fibronectin have been shown to adsorblwttohydrophilic and
hydrophobic surfaceghe cell adhesive functionality of fibronectin has been
noted to decreas® hydrophobic surfaceghis suggests an alternditeronectin
conformation on hydrophobic surfaces that does not support cell attachment.
Furthermore, it reinforces that the ability of fibronectin to retain functionality on
hydrophilic surfacess an important contributor taormalcell responseHighly
hydrophobic surfaces have been known to preferentially adsorb higher amounts
of albumin reducing cell attachmenf42], [86]. Moreover, moderately
hydrophobic surfaces encourage fibroblasts to secrete higher collagen 1 to
collagen 111[42], [44]. Thus, implicating hydrophobic surfacas contributorso

biomaterial mediated fibsis.
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1.5High throughput approaches tobiomaterials discovery

Though SAMs have provided valuablesight into the behaviour of adherent
cells on a range of different functional groups, theylimited in terms ofthe
number of materials that can be studied in paraltel are difficult to translate
ontomedical devicef42]. Conventional methods of identifying ndveaterials
for implantable medical déses encompass repeated cycleopération,thus

limiting and encumbering the discovery procksy.

High throughput screening (HTS) has been used in the pharmaceutical setting
with success to facilitate large scadarly-stagedrug screeningLibraries of
compoundgan be assayed against biological tartetgenerate lead candidates

for further assessme

HTS has been translated to the screeningattiral and synthetibiomaterials
via platforms such as the polymer miaways [87]i1[90]. Moreover the
development of the TopoChipasenabled HTS of toggraphies as wel91].
These platforms araimedto enableapid screeningf hundreds to thousands of
materials in parallelin orderto identify materialghat exhibitunique levels of
control over cell behaviouBelected materialscanthenbe scaled up for further
biological assessmentThe HTS strategy has facilitatediscovery of bio-
instructive materials invariouscases such as the discovery of polymers that
modulate stem cell fate[92], [93], sumport adhesionand spreading of
cardianyocytesas well as polymers that resist bacterial attachj@@htin all,

the HTS method in comparison to conventional screening methodologies
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provides expedittand unbiasednalysis process, since it enables assessment of

multiple elements on a single platfof@2].

1.6 Hypothesis andproject overview

It was hypothesized thatrface chemistrygpecificallypolymers canmodulate
key functional behaviour of fibroblass. attachment proliferation and
differentiation to myofibroblastsThesecell traits have beenimplicated in
governing the outcome ofound healing and fibrosisthus, by controlling
fibroblast phenotype and behaviour using polymer surféisesoutcome of

wound healing and fibrosis could hagmented

To test this hypothesis, a high throughpateening of a hompolymer library
was performed. The library congsdiof approximately 300 hompolymers from
the acrylate, methacrylgtand acrylamide€unctional groups The screening
assisted in narrowing the best candidates for modulation of fasobéhaviour.
Homo-polymers were assessed against fibroblast attachment, morphology,

proliferation and differentiation intanyofibroblasts

To validatedata from HTSexperimentsa s e | e ¢ t polpnres weife thénh i t 6
scaled up and coated on glass sabss. This involved synthesizing homo
polymersusingthe thermal fregadical polymerization methahd subsequently
coatingthem onto glass substrates. Cell behaviour was validated thoaligh
attachment, proliferatighSMA expressionin addition their secretory profile

was studiedcytokines, growth factorend ECM components
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Lastly, thetwo best performing polymergith a) anti-fibrotic and b)pro-fibrotic
propertieswere selected to be fabricated into microparticgcroparticles
present ampportunity totranslate these chemistries into a clinically applicable
format for wound healing applicationiBhe modulatorybehaviour of fibroblasts
and macrophages on these microparticles was then assessgdcytokine

profiles andgene expression
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Chapter 2 - General materials and methods
2.1 Cellular and molecular techniques

2.1.1Immunofluorescence assay

Immunofluorescence assagchniques areused to assess qualitative and
quantitative distribution and expression levels of biomoleciriebiological
sampleg[94]. In short, thetechnique uses fluorescent labelled antibodies and
fluorescence imaging techniques for the detection and visualisation of target
biomolecules in cells and/or tissue sampl8gecific immunofluorescence

techniques used in the project are detailed in sulesggubsections.

2.1.1.1lmmunocytochemistry

The detectiofvisualisationof target biomolecules in cells or tissue samjdes
achieved by targeting antigens of inteyesich as proteinghe target antigens
can be detected directly, direchmunofluorescenceor indirectly, indirect
immunofluorescencéFigure 2.1) Both methods involve use of antigen specific
primary antibodies.The direct immunofluorescencmethodhas a fluorophore
chemically bound to thgrimary antibodyThus, the direct immunofluorescence
method is a onstepincubation with the target antige@n the other hand,
indirect immunofluorescence utilizés/o antibodies: the dabelled primary
antibody which specifically binds to target antigens, and the fluorophore labelled
secondary antibodwhich binds to the unlabelled primary antibodie indirect
(two step)immunofluorescence methguaovides flexibility offluorophore used

and vyields higher(Signatto-Noise Ratio) SNR, since multiple secondary
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antibodies may bind to a single primary antip§@b]. Theantigen target bound

fluorophore can then be visualisesing a fluorescemhicroscope.

Indirect
immunofluorescence

Direct
immunofluorescence

=

4

(=

Substrate
A Antigen ’/'/ Secondary antibody
//‘/6 Primary antibody (®  Fluorophore

Figure 2.1: Direct andindirect immunofluorescence methodBigure made in Biorender.

2.1.1.2Fluorescence microscopy

Fluorescencemicroscopyis a techniqueused tovisualisetargeted antigens
following immunocytochemistry techniqueslhe instruments that utilize
fluorescencamaging principlesinclude laser scanningonfocal microscopes,
two-photon excitatiomicroscopes and widield microscopesThe selection of
the imaging instrumenis based on the sample type and imaging requirsnen
The majority of these microscopase assembled such ththe excitation and
emission lightpassthrough the same objective, sucticroscopes are called

epifluorescencenicroscope$95].

An epifluorescencanmicroscope consists d light source,excitation filter,

dichroic, objective lensemission filter andraeyepiece and/a€CD cameraln
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brief, thelight source generateswidespectrumof light which passes through
excitation filter. The excitation filter transmits the required wavelength of light
for that fluorophore while reflecting others. The transmitted igtiten reflected
towards the sampleith thedichroic mirror and is focused on to the sample with
the objectiveThefluorophores bound to the antibody absorb éhistation light,
therebyincreasing the energy state of its electrons from the ground state to the
excited stateOn returningo their ground statehe fluorophore emits light with

a longer wavelength than the estion light: this is called themitted light.The
emitted lightis gathered byhe objectiveand is transmitted through the dichroic

to the emission filterThe emission filter transmits lighaf the appropriate

X }Emission filter

Excitation filter

Dichroic
mirror

A

Excited state

o =Nw

Fluorescence

Absorption

Energy

o =Nw

Ground state

Figure 2.2: Schematic representation of epifluorescence microscopiee Jabolonksi diagra
shows energy absorption and subsequent release of fluorescence. Figure made in Biorel
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wavelength to the eyepiece or the CCD can@raisualisation of the samples

The schematic in figure.2 summarizes this process.

2.1.2Enzyme linked immunosorbent assay (ELISA)

ELISA is ahighly sensitive and specific immunological technique for detecting
and quantifying soluble substances such as peptmteseins, and antibodies
[96]. It involvesimmobilization of the antigen to a microplate surfad@ch is
then complexed with an antibody that is linked with a reporter enyatection

is accomplished by measuring the activity of the reporter enxziariecubation
with appropriate substrate produce a measurable produhere are several
ELISA methods including direct, indirect, sandwichpture and detection

methods (Figure2.3).

Substrate

Substrate C’
<‘ Q\ ®
Substrate G

J (g ﬂ. A
A\ /)L\ Y

Direct Assay Indirect Assay Sandwich Assay

Antigen

Primary antibody \‘rf _
Capt tibod
/)L\ conjugate apture antibody
Secondary antibody Streptavidin linked
conjugate (biotinylated) with enzyme

Figure 2.3: The different ELISA methods include direct, indirect and sandwich asdégure
made in Biorender.
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The commonlyusedELISA method is the sandwidBLISA format whichwas
the approach used in this studbhis formatinvolves coating of a capture
antibody into a microplate well, on which taetigenor analytds then captured.
A second antibody, the detection antibddywing a different specifiepitopeis
then added into the wellsThus, he analyte issandwiched between two
antibodies, each detecting a different epitabethe antigen.The detection
antibody is conjugatedith a protein or ceenzyme such as biotifrollowing
incubation with the antibods, a detection reagent is add@the detection
reagent consists of streptaviehorse radish peroxidase (HRMaving high
affinity for biotin, thusbinding tothe biotin conjugated detection antibodihe
addition of a colourless substrate reagent (teteshybenzidine/peroxide)s
catalysed into a coloured product whielp from HRP. The colour change is
proportional to the amount of analyte present. Thlsrimetricchange can then

be quantifiel with a spectrophotometer

2.1.3Polymerase Chain Reaction®CR)

The polymerase chain reaction (PCR) is a biochemical techigp@ble of
amplifying a single DNA molecule into millionsf copies within a short time
frame[97]. The process is based on the abitypNA polymerase to synthesize
new strands of complementary DNA from single stranded DNA templHbes
amplification procesgivolvesthe following three steps: i) the denaturation step,
where thedoublestranded DNA is heat denaturedform singlestranded DNA

i) the annealing stepyhere short DNA fragments called primers ali@ the

single DNA strands iii)extension,here the primers are extended by DNA
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polymerase, resulting in two copies of the original DNA straindsethree steps
constitute a cycle A subt method using this principleis the reverse

transcription- quantitative PCR (R-GPCR).

5
L

//. .
dsDNA/cDNA / Denaturation &
\

TG NI
°/

Fluorescence measured

o 2
T ( RS

(Gl AT M
3IIIl[ F LLLLLLLLLLL 3

o ¥ Annealing

Extension

Exponential amplification of target DNA
with repeated cycling

Figure 2.4: lllustration of RT-qPCR stepsRT-qPCR steps include denaturation, annealing
extension. After which fluorescence is measured and the cycle repeated. Figure
biorender.

The quantitative measure of gene expression in biologicapleans mostly
performed using the RGPCR approachThis approachrequires reverse
transcriptionof extractedRNA into complementary DNA (cDNA) usinghe
enzymereverse transcriptas@he resulting cDNA is subsegntly used as
template for the gPCRhe PCR issimilar toPCR withaddition of fluorescent
label which enables quantification aimplification in real timeThe twomost
usedfluorescent systems used in lQPCR ae the DNA binding, $BER Green

dyes, andhe hydrolysis probes, TagMan proly@8]. This studyused theDNA
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binding, SYBER Greendyes These function by emitting fluoresceneden
intercalated with dsDNA during the extension step of the PCRe emitted
fluorescence is detected at the end of each cydlere eacliRT-gPCRrun is
30-40 cycks. The detected fluorescence is proportional to the amount target

dsDNA presentThe method isummarized in figur@.4.

2.2 Polymer synthesis and casting

2.2.1Free radical polymerization

Free radical polymerizatio(FRP)is a method of polymerization by which a
polymer formsby successive addition of freadical building blocks.The
reaction mechanism follovikree steps: initiatiorpropagationand termination.

These steps are shown in figa:é.

Initiation involves @neration of active free radical species through
decomposition of thermal or photochemical initiators. In response to heat the
thermal initiator is homolytically cleaved producing a pair of free radicals
(fragment having unpaired electron). Following iengration, the free radical
reacts with the functional group of the monomer (meth(acrylate) or
meth(acrylamide) group) to form a chain radical. This is called initiation. The
next step of the process is propagation. After the chain radical is generated, it
reacts with monomer units turning the whole molecule into another radical. This
begins the polymer chain. This radical chain then reacts with other monomer
units, progressing its lengtffhe propagation step continues until all monomer

units are consumetHowever, pairs of radicals have tendency to react with one
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Figure 2.5: Schematic representation of free radical polymerization steplse three ste|
include A) and B) Initiatia followed by C) propagation

another nulling their activity. Termination can occur via combinatiorr o
disproportionation. In case of the former, two growing polymer chains react with
each otherforming a single nomeactive polymer chainDisproportionation
occurs when éydrogen atomis transferredirom one radical to the other
resulting in two polymersone with a saturatednd and the other with an
unsaturated endn this study, themonomers were polymerizegither with
photochemical initiators (for polymer microarray®) thermal initiators (for

scaled up studies).
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2.2.2Spin coating

Spin coating is d@echnique used to fabricate thin films onto substrafés.
technique involveapplication of a solution (in this case a polymer solution) onto
a substrate which is then rotated at high sp&bkd.rotationof the substrate at
high speedjenerates a centripetal forttetin conjunction withsurface tension

of the solution pulls théiquid solutioninto an even cating [99], [100]. The
solvent is then evaporated to leavehind apolymer film. These steps are
outlines in figure2.6. The thickness of the film igroportional to the inverse of
the spin speed squed[101], as shown in the equation below

P
n

o)L

Polymer solution pipetted
onto coverslip

Coverslip is spun at high speed.
Majority of the solution is spun off

Airflow and/or heat evaporates the
remaining solvent

Coverslip with polymer film formed

Figure 2.6: lllustration of the spin coatingmethod Polymer solution is pipetted ontc
coverslip which is spun at high speeds. The generated centripetal dpreads the polyrr
solution across the coverslip. Figure made in biorender.
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Where, t is the thickness of the film amds the angular velocity. For instance,
if a film is spun at four times the speed then the film would be half as thick. It
should be noted that the exact thickness of the film depends on the polymer

concentration and the solvent evaporation rate.

2.3 Surface dharacterization

2.3.1Time of Flight Secondary lon Mass Spectroscopy (TeBl MS)
ToF-SIMS is achemically specific and surface sensitfea. 1 nm) analytical
methodused for surface characterizatidine techniqueisespulsed ion beams
to remove molecules from the top 2nm of the surfacenalysis in a process
called sputtering102]. This causegxpulsion ofa small proportion of charged
atomic or molecular fragmentsom the outermost surface layemshich are
accelerated into th@nalysemusing a voltage andetectednmeasuringheir time-
of-flight . The ionsare detected according to their flight times whicbedéined

by their mass taeharge ratio (m/z)Figure2.7illustrates these steps.

ToF-SIMS analyser collects
secondary ions and generates
mass spectra Arrival time

| x10* 178
Primary ion beam ~ 16 CH 13073 s
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/\\ O = 15 1

N OO 12 OH
@ o
i %o
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0s
06
04
02

Secondary ion
fragments

[on intensity (count

Glass substrate with polymer e e miz -

Figure 2.7: Data acquisition using ToFSIMS and an example spectrum that is subseque
generatedFigure made in biorender.
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ToFRSIMS spectra are abundant with chemical information as they capture all
ions that are createduring sputtering Thus, the technique is versurface
sensitive andanidentify very similar chemical species. For example,-B0MS

has been applied &iudy protein adsorption studiesing the fragmented amino
acidg103]. In thiscapacity it has been employéd generate reference spectra
for differentproteins as well as to identify characteristics molecular fragments

for each amino acid.

2.3.2X-ray Photon Spectroscopy (XPS)

XPS is a surfaceensitive (ca. 10 nmyjuantitative spectroscopic technique used
for measuring surface elementaimposition of substrate$his is achievedy
irradiating the material with Xays in an ultréhigh vacuum environment. The
absorption ofX-ray energy by atoms in theaterial result in ejection of
electrons (Figure 2.8). Where he kinetic energy (KE) of the electron depends

upon the photon energy (hv) and the binding energy.(BE)

Electron ejected

from 1s level
Incident X-ray (hv) ®
N '4
3s ; i @
] i i Ba 3d|
L 2
- —— s K
2p 3 : 7
: ; *e s |
5 - < loku
e ¥
3 i Ba 4d
i 07000 800 600 400 200 0
1s O L 2 Binding Energy (eV)

Figure 2.8: Schematic representation of XPS methdkche irradiation of material surface with
X-ray causes ejection of electrons from the valence shells which are then subsequently t
into an XPS spectrum. Figure made in biorender.
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Here~ is the spectrometer work functiofihe binding energy is dependent on
severalfactors including the element from which the electron is emitted, the
orbital from which it is ejected and tlshemical environment of the atom from
which the electron was emittetihus, the binding energy of améted electron
canmapback to the element from which it originatdthe XPS spectrum ia

plot of the electron intensity against binding enesglgerethe intensity of the
electrons is proportional to the concentration of elements they originated from
Therefore, the relative amount of elements present on a material can be
calculated using the XPS spectruior example, XPS has been used to
guantitatively measure thprotein thicknessf adsorbed proteins on biomaterial
surfaces[104]. This is accomplished by measurintpe overlayerspecific
elements (nitrogefor proteing introduced in cell culture on biomaterial surfaces

[105].

2.3.3Water contact angle
The water contact angle isgaantitative measure of the wettability of a solid

surface The techniqueelies onmeastuing the angle formed at the intersection

8 <90°

Y lv
- ?9& Vsv

Figure 2.9: lllustration of water contact angle formed on a solid surface with a sessile dr
water. Adapted fronj105.]

6 >90°
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of the liquidsolid and liquidvapaur interface, which indicates the degree of

intermolecular interactions between tlgiid and solid phasq406].

The conéct angle is determindxy placinga sessile drop of waten the surface
and measuring thengle between thiangentf the perimeteand the surface at
theliquid-solidintersection (Figure 2.9)Thecontact angle iselated to the solid

surface energy and liquid surface tensiorYby u n eg@ason:

r AT 1 7
Wherg | and’ represent the liquidapour, soligdvapour, and solidiquid
interfacial tensiongespectivelyand— is thewater contact anglé\ low contact

angle is indictive of a surface favouring wettability, while a high contact @&gle

true for a surface having unfavourable wetting properties.
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Chapter 3. Screening forbio-instructive polymersthat
modulate stromal cell behaviour: a high throughput
approach
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Chapter 31 Screening forbio-instructive polymers that
modulate stromal cell behaviour: a high throughput
approach

3.1Introduction

The number of implants and medical devices, such as joint implants, neural
electrodes pacemakers, and stenised are steadily increasing as medical
science improves and people live for lond®8]. The implantation of such
devices often triggers an immune response by the host called the fordign bo
response (FBR). The FBR initiates chronic inflammation and may lead to fibrotic
encapsulation at its end stage; both of which are important concerns in the design

of implantable medical devices.

The two dominant effector cells involved in the FBR ar&crophages, which
participate in the inflammatory stages, and fibroblasts which dominate the
proliferative andemodellingstage of wound healing. Both cell types orchestrate
the outcome of the FBR: either towards successful wound healing or fithnosis.
this processfibroblasts aredirectly responsible for producing the acellular
capsule around fibrosed materifl®]. Fibroblasts respond to secreted signals
from immune cells by migrating towards site of injury, proliferating and
upregulating synthesis of extracellular matrix (ECM) components such as
fibronectin and collagenf22]. Thereupon, fibroblasts can differentiate into
myofibroblasts in the presence of chemical cues such as Transforming Growth
Factori b1 (TGFb 1) and physi cal cues such as

specialized cell types chatadsed by upregulated expression of ECM
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components (coll agesimgotan dmuesx§iWirge sa ¢ toinn ¢
These cell types are necessary for normal wound healing after implantation;
however their persistent presence leads to excessive ECM depusitiuch in

turn leads to implant encapsulation and fibrosis.

The impact of physical properties of materials, such as surface chemistry and
topography, on cell behaviour has been widely stuiheadtro [42], [43], [74],

[82], [92], [107], [108] Various approaches have been used touiade cell
response away from fibrosis towards successful wound healing and implant
integration. These approaches rely on modulation using material sudachs,
assurface chemistry or topographydoectcell shape and thereby phenotype.
The abnormal eivation of fibroblasts on implant surfaces is a possible major
cause for the development of implant encapsulgti®9], [110] Hence, our
strategy involvd modulating tissugesident fibroblasbehaviour specifically,
attachment, proliferatignand differentiation,using polymersurfaces In the
absence of sufficient knowledge to design such chemical cues-thngighput
approactthat allowed examination of a wide chemical spaas choserHigh-
throughput screening of combinatorial polymer librahesled to the discovery

of polymers that modulated macrophage phenotypedevelop immune
instructive niches or instructed pluripotent stem cell expansion and
differentiationor suppressed formation of bacterab films [92], [93], [111],

[112]. Thesediscoveries not only impart the potential of hidinoughput
screening, but also lead to discovenpbafinstructiveproperties that otherwise

could not be theorisett.was hypothesized that the chemically diverse libcdry
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simple polymers could bscreened to identify polymensith stromal cell

instructiveques, specifically to modulate fibroblast phenotype and behaviour.

To investigate this hypothesahigh throughput screening platform, the polymer
microarray, was used to screen 300 heotymers formed from a
(meth)acrylate and (meth)acrylamide monontirary [93]. The polymer
microarrayerabledthe screeningof homopolymers for fibroblast behawio
focusingon attachment, size/spreading, proliferation and myofibroblaskena

i ('SMA) expressionPolymers were selected based on their ability to modulate
fibroblast proliferation and differentiation. Thapproachi d e nt hitbi e d
polymers that could possibly direct hdsbmaterial interactions towards a

healingandaregeneative outcome.

3.2 Materials and methods

3.2.1Polymer array fabrication

Polymer microarray were fabricated as previously desci@&gidIn brief, polymer
microarrays were printed onto epoxy coated slides (Xenopore) dip coated with poly
(2-hydroxyethyl methacrylate) (pHEMA) (4% w/v, Sigma) in ethanol (95% v/v, in
water). Monomers (Sigma, Scientific Polymers and Polysciences) in posatiosTi
solution were printed using a XYZ3200 dispensing station (Biodot) and metal pins
(946MP6B, Arrayit). The polymesation solutions were composed of monomer
(50% v/v) in dimethlyformamide with photoinitiator 2¢2methoxy2-phenyl
acetophenone (1% wi/vXhree replicate spots were printed on each slide. The
printing conditions were 9< 2000 ppm, 28, and 35% humidity. To initiate

polymergation, the arrays were irradiated with UV (365nm) for 1 min immediately
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after printing and for an additional 10 mihthe end of the print cycle. The arrays

were sterilized with UV light for 20 minutes prior to cell culture.

3.2.2Cell Culture

The human lung fibroblasts (C€171,MRC-5, ATCC) were cultured in Minimum
Essential Medium Eagles (MEM) supplemented with 10% fbtaline serum
(FBS), 1% Lglutamine, noressential amino acids, penicillin/streptomycin and
sodium pyruvate (Sigma). The cells were cultured in T75 flasks at 37°C with 5%
supplemental C&until 90% confluent before passagirfgpr profibrotic culture
contrds, fibroblasts were cultured wittecombinanhumanTGF-b1 (10 ng mt) (R

& D systems)for 96 hourson TCP.All substrates were primed with complete

medium for 1hour prior to cell seeding.

3.2.3Immunostaining of fibroblasts on polymer arrays

3.2.3.1Cell adhesion, sizeand proliferation

Cells were fixed and permeabilized with 0.15% trto(Sigma). To probe for-F

actin the cells incubated with Alexa Fluor ® 647 Phalloi@iBO dilution (Cell
Signalling Technology) for 30 minutes. The nuclei were staingith 4 Nj, 6
diamidinc2-phenylindole DAPI). Cell attachment was measured by counting
number of nuclei and cell size quantifiby measuring cytoskeletarea Cell
proliferation was quantified by counting number of nuclei at 24 hours and 96 hours

of culture.

3232Mean Fl uor esc e niSmooth Musgdemstint y of U

At 72 hours of culture, the cells were fixed and permeabilized with 0.5%-kiton

(Sigma). Nonrspecific binding proteins were blocked with 10% goat serum for 30
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minutes. The cells wemstainedfor anti U-smooth muscle actiBug/ml (clone 1A4,
Sigma) and Rhodamine RédX ® 5ug/ml (Thermofisher Scientificused as a
secondary antibody. Fluorescence intensity was quantified by measuring the
integrated density oft smooth muscle actin positive cellhis was normalized

against the total number of cells.

3.2.4Imaging and image analysis

Mounted samples were imaged using the Zeiss TIRF (Carl Zeiss) device in widefield
mode with a 20x air objective. Image analysistocolsto measure cell attachment,
size, proliferation and U-smooth muscle actin were developed using FIJI ImageJ.

Details of thes@rotocolsare presented in appendx

3.2.5Data and statistical analysis

All data acquisitioned from the HTS is expressed as mean + standard deviation, with
n=38to 12N = 2. To understand when the mean value was significant relative to
the variance observed, a test was applied comparing the mean to measured variance
[113]. A signal to noise ratio (SNR) was calculated, which is the ratio of mean value
and standard deviation of signal. A SNR3okas used as a threshold for differences

in cell adhesi oSMAexpressidni f er ati on and U
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3.3Results

3.3.1Cell seeding and assagarameters

3.3.1.1Ce€ll seedingdensity for polymer microarray

To determine the optimal seeding densitythe polymer microarrag human
fibroblastcell line (MRC-5) with arange ofcell seednhg densitieswere seeded
onto polyL-lysine coated glass slide$he seeding density ranged from,S1
18x10° cells/cnt to S4,106x10° cells/cnt. The optimal cell seeding density was
assessed by measuring theea covered bwdherentcells ell size and the
number of adherent cel{sell coun). The percentagarea covered by the cells

increased from S1 (3&0° cells/cnf) to S3 (L01x10° cells/cnf), where no

ns 400+
A 100+ I 1 B ok K ok
3 1
S 80+ T 300 T
[ -
8 E T
g 8 200~
5 3
g 40+ o T
& 100
3 204 - - -T-
< T
0 T T T T 0 ! J I !
s1 s2 s3 s4 S1 S2 S3 sS4

Figure 3.1: Optimal cellseeding on the polymer microarray$his was assessed by A)
size as measured by area fraction and B) the number of adherent cells. Repre:
images of cell seeding densities C) S1 D) S2 E) S3 and F) S4. Images representa
images. All daa shown is from two biological replicates with three technical repli
each. *p<0.05, **p<0.01,***p<0.001, ****p<0.0001.
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significant difference incoverage was observed between S3 and(Bdure
3.1A). A similar mttern was observed for the number of adherent, aeilb
exception thatS4 had significantly higher number aflherentcells than S3
(Figure 3.1B). Based on this dat&3 was chosen as the optimal cell seeding

density for the polymer microarray.

3.3.1.2Impact of TGF-b Jon U-SMA expression

To studydifferertiation of fibroblastsnto U-SMA expressing myofibroblasts
cells(MRC-5) were seedethto TCP andreated with either 1ng/ml or 10ng/ml
of pro-fibrotic cytokine TGFb1 for 96 hours The results show thdibroblasts
treated with 10ng/ml of TGB1 had significantly higher expressiaf U-SMA
than the untreated conditipfFigure 3.2A). Though fibroblasts treated with

1ng/mlof TGFb1 had higher mean expression thhe untreated conditigthis
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Figure 3.2: Mean fluorescence intensity measurements@BMA. A) The 10 ng
condition had higher intensity than 0 ng'mmThe representative images of B) 0 n
andC) 10 ng ml conditions. Images representative of 10 images. Blue: cell nuclei
F-actin and red:0-SMA. All data shown is from two biological replicates with t
technical replicates each. *p<0.05,**p<0.01,***p<0.001, ***p<0.0001.
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increase was not significantlgigher however 10ng/miof TGFb1 induced
significant increase ofUSMA expression suggesting that fibroblast to
myofibroblast differentiationthat was further confirmed ke formation of-

SMA stress fibergFigure 3.2C).

3.3.2High throughput screening of polymermicroarray

To study theeffectof surface chemistry on fibroblaattachment, morphology
and differentiationan acrylate,methacrylate,and acrylamiddibrary of 300
homao-polymers wagontact printed on pHEMAoated glass slideA.full list of
homopolymerdlibrary is presented in Appendix The study waseparated into
two phases) study of fibroblast attachment and size basédldours of culture
and i) study of fibroblast proliferation andSMA expression afte®6 hours of
cultureon the polymer microarraysFollowing fixation on each time pointhe
cells were immunostained for cell nuclei (faell attachment and for
proliferatior), F-actin (for cell sizeandU-SMA (for fibroblast tomyofibroblast
differentiation). All results werecompared tostandardtissue cultureplastc

(TCP).

3.3.2.1Polymersinfluence on fibroblast attachment and size

To investigate fibroblast attachment and size on the hoohgners the cells
were fixedat 24 hoursand stained with DAPI to study cell attachment and
Phalloidin to study cell morphology. Of the 300 hepuymer screened most
polymers showed fibroblast attachmejigure 3.3A). Though, relative to TCP
approximately 80 percent of the polymers screersgtlbwer cell attachment.

Further observationreveaéd that based on fibroblast attachmenhe home
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Figure 3.3:High throughput screening data for fibroblast attachment and sia¢ Ranl
ordered cell attachment graph. The red line represents TCP. B) Cell size rank ordel
respect to cell attachment. C) Representative images of fibroblasts on polymer spots
collected images. Blue: cell nuclei GreertaEtin. All data sbwn is from two biologici
replicates with six technical replicates each. *p<0.05, **p<0.01, ***p<0.C

****p<0.0001.

polymers could be roughly grouped into; aatiachment polymergpolymers
supporting attachment lower than T@®BJymers attachment equivalent to TCP

andpolymers enhancing attachment relativd @P.

Along with cell attachment the other importarl parameter is morphology.

Themorpholoy of the cellhintsto if the cells has formestrong focal adhésns
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with the substrateTo study cellspreading.the cell size(area)was used to
identify cells withelongated spindle like morphology or cells which had formed
roundlike structuresFibroblasts with smaller cell size are indictiveadéck of
spreading thereby hindering cellular functiona[y], [68], [114] Fibroblasts

on the polymersiad a wide variety of cell sizérigure 3.3B). The cell size did

not reflect the number of adherent cells and varied across the polymers. This
suggestethat cellsize was notorrelatedvith the number of attached cellshe
results imply that though certain polymers promote cell adhesion, these polymers
do not necessarily support cell spreading.identify polymers that supported

cell attachment and spreading, aegholdof at least 20 addrent cells(per
300um diameter polymerspot siz¢ and 60 percent cell size (relative to TCP)
was applied (Figure 34A and B. The polymers shortlisted based on this
criterion were themassessed g ai n st the O6SNR > 3 <crite
removal of dé& points with high variation. In summarthe methodology
embled selection of polymers that i) supported fibroblast attachment ii)

supported cell spreading and iii) had high S(NRv variatior).
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Figure 3.4:Polymer selection based on cell adherence and sigePolymer grouping based on fibroblast attachment and size. A cut
adherent cells and 60 percent cell size relative to TCP. All polymers within this green zone were selected for stuhnalf hehetvioul
The red spot represents TCP. B) Repntative images of cell attachment in relation to cell size. Images are representative of 12
repeats. Blue: cell nuclei Green:&ctin C) Cell attachment and D) cell size of shortlisted polymers based on cell attachment and siz

Correlation plots of E) cell size and F) cell attachment between biological replicates. All data shown is from two biological sepitioatk
technical replicates each. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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A total of 23 polymers were shortlisted basedthe fore mentioned criterion
(Table A1, AppendixX3) and(Figure 3.4C and D). Poly(ethylene glycol phenyl
ethyl acrylate) (pEGPEA), poly(tetrahydrofurfuryl acrylate) (pTHFuUA) and
poly(heptadecafluorodecyl acrylate) (pHDFDA) were classified as- pro
attachnent polymers, supporting significantly higher fibroblast attachment
relative to TCP. On the other hand, p@R)-U-Acryloyloxy-b ,-dimethyko-
butyrolactong (pPAODMBA), poly(2-ethylhexyl methacrylate)(p2EhMA) and
poly(isodecyl acrylate) (piDA) among othetepugh supported attachment but
had significantly lower cell attachment than TCP. AA R0.69 between

biological replicates suggested that the polymers influenced cell attachment.

From the 23 shortlisted polymers, 12 polymers had significantly highem mea
cellsize compared to TCP. This suggests that these polymers support cell
spreading to higher degree, which may in turn influence downstream cellular
processes such as cell proliferation and differentiation. The remaining polymers
had equivalent cell siz® that of TCP. An R= 0.95 between the biological
replicates suggests that cell size was indeed influenced by the galymoers.
Following assessment and selection based on cell attachment and morphology
the shortlisted polymers were then further stddfer fibroblast functional

phenotypic behaviour specifically cell proliferation dh8MA expression.
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3.3.2.2Modulating functional fibroblast behaviour: U-SMA expression and
cell proliferation

The functional behaviourof fibroblasts wasstudiedon polymersshown to
influence attachment and siZzehese functional studies were based on observing
cell proliferation and fibroblast differentiation intd*SMA expressing
myofibroblasts. The fibroblastpolymer interactions werecompared to
fibroblasts cultured on TC&nhd TCPwith addition of exogenoubGFbl, TCP
(+TGFd1.) This profibrotic cytokine is primarily secreted by Mike
macrophages and has been implicated in progressive development of fibrosis
[115], [116]. It is known to promote cell proliferation and stimulate

differentiation of fibroblasts into myofibroblasts.

Cell proliferation was studied by counting the number of nuclei on the polymers
at 24 hours and 96 hours of cultuflegure 3.5A and B. The ratio of cell count

at 96 hours and 24 hounsas used tealculatethe proliferative indexThe pro
fibrotic cytokine TGFb1 induced proliferation of cells. This was evident in the
fold increase of proliferative index of TOR.88 to TCP (+TGFd1 (2.53,
figure 3.8. The polymers either promoted or suppressed fibroblast proliferation
in comparison to TCHPolymers such gsoly(2-phenylethyl acrylate(pPhEA),
poly(isodecyl acrylate) (piDA), anably(tetrahydro furfuryl acrylate) (o THFuUA)
had signiicantly higher proliferative index than TCP. doserobservatiornof
these polymergevealed thatpoly(2-chlorobenzyl methacrylate(pClbMA),
poly(L-menthyl methacryla)e(pLMMA), poly(di(ethylene glycol) diacrylade
(pDEGDA), and poly(isodecyl acrylatepiDA) had proliferative index greater

thanTCP (+TGFd 1. JThis suggestethatthe forementioned polymefarther
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impelled fibroblast proliferationin comparison to the growth factor, T¢E.
Other polymers such apAODMBA, poly@-nitrobenzyl methacrylaje
(pPNiBMA) andpoly(ethylene glycolphenylether acrylate(pEGPEA) actively
suppressed proliferatip having an index 0f.60, 1.47 and 1.29, respectively
Thephenomenaverevalidatedby R? = 0.73 between first and second biological

replicate forproliferaion, (Figure 3.5D)

Alongside fibroblast proliferatign the differentiation of fibroblasts into
myofibroblasts was studied by measuring the mean fluorescence intensity of
myofibroblast marketJSMA after 96 hours of culture. The myofibroblast
phenotype is critical in normal wound healing processes, untimely presence of
which has been implicated in fibrotic outcome. Differentiation of fibroblasts and
expression of}SMA is influenced by materiadtiffness and the prfibrotic
growth factor TGFbl. The addition of exogenous TG&HR stimulated
fibroblasts onTCP (+TGFd 1 tp express significantly higher mean intensity of
U-SMA, implicating the growth factor in the differentiation procésbroblass
cultured on the polymerinduced higher mean intensity of:SMA, with
exclusion ofp(NibMA), p(THFuA) and p(iDA), which induced lower mean
intensity ofUSMA. Theincrease in intensitgnay be due to the higher stiffness

of the polymers.Moreover, fibrobasts cultured onpoly(pentabromophenyl
methacrylate (pPBPhMA) poly@-methacryloxyethyl trimellitic anhydride
(PMAETA), and poly(-[3-(dimethylamino)propyllmethacrylamidgle
(PDMPMAmM) enhancedmean intensity ofU-SMA in comparison toTCP

(+TGFd 1. )This suggested that these polymgnomoted a greater fibrotic
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outcome tharthe outcomeproduced by the effectf pro-fibrotic, TGFb1. The
observationwas validated with an R = 0.99 between the two biological

replicates (Figure 3.5E)
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Figure 3.5: The functional behaviour of fibroblasts was studied on the polymers by measuring cell proliferation and expres4isBNA A)
Cell proliferation was measured by counting the number of adherent cells at 24 hours and 96 hours of culture B) Theveraldisrealculate
based on the ratio of cell count at 96 hours and 24 hours of culture. The blue bar represents prolifetexiviecells cultured on TCP and |
bar represents cells cultured on TCP with fitarotic growth factor C) The mean fluorescence intensity- 8MA after 96 hours of culture. T
blue bar represents intensity of cells on TCP and red bar intensigllefan TCP with prdibrotic growth factor D)Correlation plot betwee

biological replicates for cell proliferati onSMA.BI)datshown & fframt ti
biological replicates with six technical pécates each. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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3.3.2.3Polymer selectionfor scaledup studies

To better understand the effects of the polyer fibroblast proliferation and
differentiation, tle fold change in proliferative index and fluorescence intensity
of USMA (with respect to TCP)as plotted,(Figure 3.6). This enabled
visualization ofthe modulatory ability of the polymerslativeto TCP control.
Based on this understanding, the polymers were classifiedfantogroups
Polymers thak) increasén cell proliferation and decreaseintensity ofU-SMA

(+ CPi SMA) ii) increasein cell proliferationand decrease in intensity of
SMA (+ CP+ SMA) iii) decreasén cell proliferationand decreasi intensity

of USMA expressioif- CPi SMA) iv) decrease in cell proliferation aimtrease

3'0'_ Tsmalcp : TsSMA T CP
J ’ '
L ]
5 ] !
@ 2.5 '
o : e
5| =
]
< 204 [ ] H
= o ] ]
n = ' ®
! E 1 1
3N ] i
£T ] ' L
o E 1 .5-. o !
o 1
c
g < o @ .
K=
&) e & !
k= T S D-:p----A-----------------‘----’- -----------
s e
L}
-, e
] [Lswalcp ! L smATcCP
0.5 t T 1
1.0 2.0 3.0
Fold change in proliferative index
(normalized to TCP)
o [+] [+
. I 5 i
Al N - N S A e d o d
N | N N 1 [
O
pDMPMAM PEGPEA pPhEA PTHFUMA
Poly(Dimethylamino)propyllmeth Poly(ethylene glycol phenyl ether Poly(2-phenylethyl acrylate) poly(tetrahydrofurfuryl methacrylate)
acrylamide) acrylate)
(] J [ o} @ 0 e .
P \.\_/\\\_,/"~W,n.\\_.;;.= HzC\\I)J\O/\(\/\CHE \)k o Ny H-
! CHg CHs o T
PDVAd P2ERMA
Poly(divinyl adipate) Poly(2-ethylhexyl methacrylate) PTHFUA piDA
Poly(tetrahydrofurfuryl acrylate) Poly(isodecyl acrylate)

Figure 3.6: Polymer grouping of homepolymersfor hit selection The polymes could be groupe
into four based on their modulatory behaviour. Two polymers with the lowest COV fro
guadrant were selected for scaled up studies.
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in intensity of )SMA expression(- CP + SMA). Using this classification,
polymersmodulatingfibroblastU-SMA expression and/or proliferatimould be
selected. Toperform additional char&erisation and functional studieswvo
polymers from eaclgroup with lowest coefficient of variation COV) were

selected to bscaled up

3.4 Discussion

The mplanation of medicaldevices induces host response whictesults in
chronic inflammation and may leadfrmation of a fibrous capsule around the
device[58]. This acellular fibrous capsulébes not mimic repaired tissue and
limits functionality of the medical deviceltimately leading towards its failure.
Stromal cells particularly fibroblasteave beendirectly implicated in the
development of tis fibrotic capsule though these cells are vital faprmal
wound repair andegeneratiorl15], [109], [110] This presents an opportunity
to directlymodulate the formation of the fibrous capdweontrollingfibroblast

phenotypeat the biomaterial interface

In this study, a high throughput screening methodologyapatied todiscover
polymersthat could influence fibroblast behavioursuch as adhesiorsize,
proliferation,and differentiatiorto myofibroblastsPrimarily surfaces should be
able to suppoffibroblast attachment and spreading integrin engagemeyfor
other downstream cellular processesh as proliferatior differentiationto
occur.Differential fibroblast attachment wabserved on the polymer substrates;
with polymers such agoly(hydroxy butylacrylatg (pHBA) and poly(hydroxy

ethyl acrylate) (pHEARcting as antattachment surfacesmdpEGPEAas pre
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attachment surfaceshe difference in adherence could be explained through the
selective protein adsorption on polymers. Numerous studies have observed that
protein adsorption is necessary for cell attachmdare low protein adsorption
induces a lack otell attachmen{92], [93], [117], [118] Specifically, the
adsorption of fibronectin and vitronectin favours fibroblast attachment. This
suggestghat fibroblast attachmeid not only influenced by protein adsorption

but al® the conformation and type of protein adsorbdtkesestudiessuggest

that the screened polymergy have differential protein adsorption as well as
selective adsorption of ECM components which tkahsequentlynfluence

fibroblastattachment

The area covered by the cetymedcell size, was used dise markeifor cell
spreadindg67], [118], [119] The measure was normalized against cell number,
this dlowed comparison between polymers with varying degrees of adherent
cells.A dramaticrangeof cell size wa®bserved across the polymers, which did
not correlate with theell attachmentsuggesng that cell attachment did not
influence cell spreadindror instancethoughpEGPEAhad significantly higher
cell attachmenthan TCP,it had equivalent celsize On the otherhand,
pAODMBA had significantly lower cell attachment than TCP, andat
significantly higher cell size than TCPeven though cell spreading is
concomitantresult of cell attachment anchas similar biomateriaburface
characteristics governing is with cellattachmety fibronectin and vitronectin
have beerdelineatedas ECM adsorbates that support cell spreadiBgth

fibronectin and vitronectin present ligands whihgage integrineceptors to
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form focal adhesions, thus supporting cell spreadiRglymer surface
characteristics such agdrophilicity and hydrophobicitinfluence adsorption of

the ECM adsorbasmas well as their conformationsesulting in poor or high cell
spreadingSpecifically, studies have shown that cell spreadisgpported more

on moderately hydrophilic and hydrophilic/anionic surfaces than on hydrophobic
and nonrionic hydrophilic surfacef67]. Thus, the differences icell attachment

and spreading on polymer surfaces roaattributed to differential adsorption

and conformatiorof ECM adsorbateslue to polymer surface characteristics
Furthermorestudies havehown thanhegatively charged cell membrane adhere
closely to positively charged surfaces, indictive of higher cell attachfagnt
Though thissurface charge influences initial cell attachment, the spreading and
downstream cellular functions require engagement of integrins to the adsorbed
protens.Thus, a positive surface charged polymer may support cell attachment
but due to lack of adsorbed proteins it woulok encourage cell spreadinthe
adherent fibroblasts should not only be able to adhere to the polymer surfaces
but should also be ahie adopt a cell morpholodike that of fibroblasts cultured

on TCR thus mimickingn vivo.

The stark differences in cell attachment and dwmated at the need for
investigating cell attachment in conjunction with cell siz& qualitative
assessment wassed todeterminea cut off for cell size below which cells
exhibited rounded morphology indictive of poor cell spread8ignilarly, acut
off of 20 cellsper 30Qum diameter spdior cell attachment wadetermined based

on qualtative assessmeriiomo-polymers within thicut-off werethen assessed
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on the SNR > 3 critesn. The SNR method removaablymerswith high
variance In summarypolymers that supportegasonableell attachment and
spreading and had low variatiomvere shortlistedThe intial attachment and
spreading of cellsare vital for viability and downstream cellular processes
Moreover cell spreadinghas beenlinked in governingdownstream cellular
processes such as proliferation and differentiation to myofibro2&jts[67],
[118]. Both are important phenotypictraits in the context of wound healing.
Thus, he selection of candidate polymers ttreupported reasonableell
attachment and proliferatiorcould possibly direct downstream cellular

processes.

The proliferatve and remodelling phases of wound healing consists of
proliferating fibroblasts neoexpression ofECM componentsand fibroblast
differentiaion into USMA positive myofibroblastsBiomaterial implantation
dysregulates these processes resulting in imgavound healing15], [22],
[25]. Following so, he effect of homgpolymers on cell proliferatiorand
expression of myofibroblast marke'SMA was assesseds stated earlier, cell
proliferationwas measured by calculating a proliferative indeatio between
cell count at 96 hours and 24 houfEe profibrotic growth factor, TGFo1, is
known to besecreted by M2ike macrophages and is crucial fesrmal wound
healing [58], [59]. Though it has also been implicated furthering fibrotic
potential of fibroblastsin this sudy, the inclusion of TGPl enabledthe
assessment of modulatory ability of the polymieargomparison to dibrotic

microenvironmentTCP (+TGFd 1. )The proliferative index of the polymers
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varied withpolymerseither promoting or supressitigproblastproliferation in
comparison to TCPSpecifically, polymersuch apPhEA pTHFUA andpiDA
enhanced proliferation compared to TCBther polymers suppressed
proliferation, WODMBA and [EGPEA It was noted thathatcertain polymers
with high proliferativepotential,such agppTHFuUA, also supported higheell
attachment compared to low attachmémw proliferative index polymersuch
aspNibMA andpAODMBA. It is well established that ligaAdtegrin binding
during cell attachment and spreading impacts pheliferation of cells.
Furthermorethe reorganization okurfaceadsorbedibronectinis an essential
requirement for cell proliferatiorj28], [120]. The latter compmmised on
hydrophobic surfaces, thereby limiting the proliferative potewtialells This
suggests tha preattachmenpolymer may have a lower proliferative index if
it hinderedreorganization of surfaeadsorbedibronectin. The converse being a
low attachmenpolymerfacilitating reorganization of surfageund fibronectin,
thusaugmentingproliferation. Moreover, studies haveotedthat theadsorbed
fibronectin may undergo materidtiven fibrillogeness, thus enhancing its
bioactivity[121], [122] Thismateriatdriven procesmayrationalizeth& s uper 0
proliferative nature of fibroblasts observed on polymersch as piDA and

pLMMA, havingproliferative index higher thahCP (+TGFd1.)

In conjunction with cell proliferationthe differentiation of fibroblasts to
myofibroblasts was studiday measuring the mean fluorescence inten@itkl)
of USMA. The excessive and persistent presencenaifibroblastshasbeen

linked with a fibrotic outcomeFibroblast differentiation to myofibroblasts is
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influencedby stiffness of thebiomaterialsurfacéECM microenvironment and
by TGFblmediatedsignalling A dose dependestudy of TGFb1 showed that
aconcentration of 10ng mifor 96 hourssignificantly increased the fluorescence
intensity of USMA of fibroblasts on cultured TCP5], [67], [68]. As with the
proliferation study, e expression oftSMA was additionally compared to a
fibrotic condition TCP (+TGFdb1.)The MFI of USMA of fibroblasts on
polymerscould be grouped into polymers that enhanCe8MA expression or
suppresset:SMA expression relative to TCIFor example pDMPMAmM and
PMAETA had higherintersity while pTHFUA and pDA had lower USMA
intensity relative to TCP These findings suggest th@giDMPMAmM and
PMAETA would support excessive differentiation and presence of
myofibroblasts where as PHFuUA and pDA would limit differentiation.
Substrate stiffness has been shownrdgulate fibroblast differentiation to
myofibroblasts, thus regulatingSMA expressiorf123]i [125]. Thereforeiit is
reasonable to hypothesishatpolymers that induced a higher intensiysMA
may havea higher substrate stiffness than other polymerd TCR thus
furthering expression dSMA. Moreover, studies hawhown that stiffnesis
more potenthanTGFb1l mediated differentiatioprocesses to myofibroblasts
thus, explaining thehigher intensity levels observedith cell cultured on
pPBFAMA, pMAETA and,pDMPMAmMm relative to the fibrotic conditionfCP
(+TGFd 1. Another explanation ishe modulation of bioactivity oddsorbed
fibronectin by materiallriven fibrillogenesis which would drive excessive
differentiation (expression d#SMA), as was the casgith modulation of cell

proliferation.
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To better understand tlowerallfunctional effects of the polymers on fibroblast
behaviourthe fold change(with respect to TCPfor cell proliferation and MFI

of USMA were plotted against each othfith TCP as the reference paitie
polymers could then be groupewto four groupsbased on their ability to
modulate proliferation antdFSMA expressioneach quadranhaving itsown
characteristiapplicability. For example, in the casesafgical mesés forhernia
repair or pelvic floor reconstructipexcessive production of ECM components
is desired to help hold the mesh in plamestsurgery Polymers that promote
cell proliferation andmyofibroblast presence may be coated onto the mesh,
which could help increase both cell number and ECM deposition. To further
study and characterise fibroblast phenotype and secsetiam polymes (with

the lowest COY representative odach phenotype quadrant were selected for

polymerisation and scaled up studies.

In summarythe high throughput screening methodol@pplied in this study
proved effective indentifying polymers with ability tanodulate key functional
propertiesof fibroblasts The &6hi t 6 p o fromntleer ssreersng | ect e d
supported cell attachment and spreadingaddition to modulating fibroblast
proliferation and differentiatioto myofibroblastsF ur t h er , polynhesss e &6 hi t

were selected for additional charactation and functional studies
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Chapter 4: Development and characterization of
polymer coated substrates
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Chapter 4 - Development and charactemsation of
polymer coated substrates

4.1 Introduction

Synthetic polyers specifically (meth)acrylage and acrylamidg are
increasingly used identistry,orthopaedicsocularand neureprostheticasinert
fillers and coatings [126]i [128]. For instance poly(methyl methacrylate)
(PMMA) is inert, nondegradablend hasa refractive index of 1.faking it the
standard implant material for intraocular lerj@29]. These polymers offer a
degree of control over chemical and mechanical propertiesadkggyn rates and
can be moulded into differestructuresmakingthem viableandattractivefor

medical applications

Polymeric biomaterialshave an abundancef functional groupsincluding
hydroxyl, amino, and carboxylic acid groudS80]. These functional groupi
conjunction with initiators or crosslinkersan be utilizedo polymerize and
crosslinkthese biomaterials, whictan thenform hydrogels, such a&elatin

meth acryloy(GelMA), orbe cast apolymer flms, such as polyurethane films

Free radical polymerisation (FRB)amethod of polymer synthesis that can be
easily applied to a large set of monomearsl require moderate synthesis
conditions in comparison to other polymeation methods[130], [131]
Dependingon thetype of initiator FRP can either be U\riven (using a
photodiemical initiator) or thermadriven (using a thermal initiator)Thermal
FRP ugsan initiator which generates a pair of free radicalgesponse to heat

These free radicals reastth thefunctional groupgolymeizing the monomer.
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The reaction produsea batch of polymer that can then be solubilized and cast
onto various surfaceand substratesmaking it a versatildFRP method In
contrast to UV driven FRP where individual surfaces requitgetcoated and
UV irradiated. For this reason, thermal FRBswhoseras the plymerisation

method.

Polymeric films can be fabricated by eitlieopcasting or spin coating polymer
solutions onto substrate®oth methodologie producethin polymer films
though spin coating provides a greater degree of control thigknessand
uniformity of the films, while ensuring a hofeee film [100], [101] More so,

the technique has beeconsistently used to fabricate acrylate and acrylamide
films to sudy cell behaviourin vitro andin vivo [122], [132], [133] Time-of-
flight secondary ion mass spectroscody~SIMS) is a surface sensitive
technique usetb characterise and analysaterial surfaceld 02]. The technique
has been used tanalyse biomaterial surfaces foniform hole-free polymer
coating bystudying the distribution afharacteristipolymer ion fragmentg88],

[134], [135]

Biomaterial surfacebBave been studiet instruct cell behaviouwria two routes

i) direct, by varying surface topography and stiffnegisich targets cellular
mechanesensing and ii) indirect, by influencing adsorptaomd conformatiof
serum proteins through surface properties sucthe@wettability, and charge.
There are variousurface charactesation techniques that have been developed
to studybiomaterialsurface characteristicsuch as measuring thtoun g 6 s

modulusfor material stiffnessthe water contact angleo measure wettability
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and X-ray photoelectron spectroscopy (XPS) to measure thicknethe bfo-
adsorbatdayef{103], [136] The physical stiffness dbiomaterialshas been
studied toinstruct cell differentiation increased fibroblast differentiation to
myofibroblasts bs been observexhstiffer hydrogels and thin filn{423], [137],

[138]. The water contact angleas been used toform of the hydrophilicity or
hydrophobicityof material surfacesvhichis known to effecprotein adsorption
ontothe surface, which subsequently influesicell behavioui78], [107]. XPS

is asurfacesensitive technique used for quantitative measurement of elemental
compodgion of substratedn the context of charactemg biomaterial surfaces,
XPShasbeen used testimatehe thickness of adsorbed proteinssonfacesy

measuring elemental nitrogen preserddatsorbegroteing105], [111]

In the previous chapter, the high throughput screening rofaeylate,
methacrylate and acrylamide library for fibroblestdulation revealed eight hit
homopolymers that supported cell attachment, and modypatditeration and
differentiation.This chapter dicusses thermal FRP aolaracterisatiomf the
hit polymers coating onto glass coverslipsand subsquent surface
charactesation This methodologyforms the base for further studying

fibroblastpolymerinteractionan subsequent chapters

4.2 Materials and methods

4.2.1Polymer synthesis
All chemicals were purchased from Sigma Aldrich, Scientific Polymers or
Polysciences and used as supplied without purificaltioorief, 29 ofmonomer,

thermal initiatorAzobisisobutyronitrile (AIBN and free radical transfer catalyst
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bis[(difluoroboryl) diphenylglyoximato]cobalt(lIYCOPhBF)were solubilized

in dry toluene afgiven concentrationgtable 4.1) The reaction mixture was
sealed and degassed for 1 hqarior to initiation aB5°C. Thereaction washen
terminatedafter 1824 hours.The resultant polymers were isolated by gently
pouring theminto an excess of-hexane resolubilized in dichloromethane and
re-precipitatedin excess fhexane. This procede was repeated thrice after
which the isolated polymemseredried under vacuum for 7 days prior to use.
The polymeriation conditions for each polymer were optimiaesing a trial

anderror methodology andarying the concentrations AIBN and COHRB

4.2.2Nuclear Magnetic Resonance (NMR) Spectroscopy

H NMR spectra were recorded at°25using a Bruker DP>»300 spectrometer
(400 MHz). Chemical shifts were recordedikh (ppm). Samples were dissolved
in deutrated chloroform (CDg)l to which chemical shifts areeferenced

(residual chloroform at 7.26 ppm).

4.2.3Gel Permeation Chromatography Analysis (&C)

GPC analysis was performed using an Agilent 1260 infinity instrum&he
measurement was performesing THF as the mobile phase with a flow rate of
1mL mint at 5°C. The GPC samples were prepared in HPLC grade THF and
filtered with 0.22um filter prior to injection. Analysis was performed usitige
Astra software to calculate number average molecular weight (M

polydispersity D) and the degree of polymsation
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4.2.4Polymer casting onto coverslips

Polymerq2%w/v in solven) were spin coated at 2000rpm fagigentime using
a spin coater k7, Cordell group on 13mm glass coverslipdhe coated
surfaces were dried in a vacuum oven at#fdays and placed in disad water

at 37C for a further 2 days, before sterdtmnwith UV light.

4.2.5ToF-SIMS

ToF SIMS measurements were carried out
(IONTOF GmbH, Muenster, Germany) equipped with a bismuth cluster primary

ion source Bis", 2 5 % as\previously describg@8]. Data analysis othe

measurementsavecarried out with théonToF softwar§|lONTOF GmbH).

4.2.6Water contact angle measurements

The water contact angle (WCA) the polymer filmsavas measured usimgCAM

200 contact angle apparatus (KVEhe WCAwas measured by pipettinglsof
ultrapurewater oneach polymer and measuring the angle that forms between the
water drop and the polymer surfagdl. measurements were repeafedr times

for each polymer.

4.2.7X-ray photoelectron spectroscopy (XPS) rad estimation of protein
thickness

The polymer films were either treated with serfree cell culture medium

(untreated) or with serwmontaining medium (FBS/MEM) fo24 hours The

samples were rinsed with ultrapure water thiacceemove unbound proteipsior

to the XPS measuremeniBhe measuments were carried out using the Kratos

AXIS ULTRA with a monochromated aluminiumCKX-ray source (1486€8/)
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as previously describf@B]. The spectreon both untreated and FBS/MEM
treated polymer filmswereacquired with the Kra®VISION Il software The
wide scan was used to identify elemeptssent on the surface of the polymer
films. CasaXPS software (Version 2.3.19) was used to analyse specai@ated
from the wide scansThe elemental compositions (in atomic percentagés)
carbon (C), oxygen (O), and nitrogen (Wgre quantiied by measuring the

elemental peak areas theacquired spectra.

The adsorbed protein thickness polymer films 6 untreated and FBS/MEM

treated polymeywas quantified byhe following equatiofi05]:

Q 0 AT-Op

Where L = electron attenuation length (3.02nm}% @ = 1, [N] = measured
nitrogen fractioron FBS/MEM treated polymer substrdte]p = atomic fraction
of nitrogen in serum (15%) and []NF nitrogen fraction on untreated polymer

films.

4.2.8 Atomic force microscopy (AFM)

The stiffness measurements using the Atomic Force Microscope (AFM) was
measured by collaborators at the School of Pharnfdey MFR3D Standalone

AFM (Oxford Instruments, Asylum Research Inc., CA) was used to obtain force
displacement curves dhe polymer samples in watéro r Youngdés modu
calculation. Following data collection, the DerjaguirMuller-Toporov

mathematical modeavas used to fit the slope of the retracting curve using least

squares regression line for calculatmi Youngés modul us
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4.3 Results

4.3.1Polymer synthesis andanalysis

A total of eight of lomo-polymers identified fronthe chapteB were synthesed
by thermalfree radical polymesation. A trial-and-error approach was used to
determinesuccessful polymesationparameters for eagiolymer, this approach
iIs summaged in figure 4.1 Polymergation was influenced by change in

parameters such a&IBN %, COPIBF ppm and reaction timesAll eight

Reaction solution .

Monomer + solvent (Toluene) Reaction conditions
+ initiator % Temperature, initiator

""i %, time

-

dis g Polymer casting |
Polymer films cast
into films

Polymer precipitation

NMR analysis Anti-solvent used to
Polymerization assessment precipiate polymer

Figure 4.1:Hit monomers were polymestd bythermal free radical polymegation anc
polymerisation assessed with NMR analysis brief, this involved a triahnd-error proces
of polymer synthesis in reaction conditions, precipitating the synthesised polymer-
solvent and assessing polymetisa with NMR analysis. The successfully synthe
polymers were then spin coated on to 13mm round glass coverslips.
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monomers wex successfullypolymersed, and theirreaction parametersare

summarsed in table 4.1

Table4.1:Reaction parameters used to polymerize hit polymers

AIBN COPhBF
MONOMER STRUCTURE
- - (wt/v%) (ppm)
Phenyl Ethyl Acrylate i 0.5 i
(PhEA) \\\)L :
(o]
o
Tetrahydrofurfuryl metacrylate 0.5 i
(THFuMA) /b |
o
(o]
Ethylene glycol phenyl ether \)k o
methacrylate I o N 0.5 850
(EGPEA)
Isodecyl acrylate QL
(iDA) [ O/V\A/\[/ 0.5 -
(o]
Tetrahydrofurfuryl acrylate \J\ - )
(THru) 0
N-[3- i
(Dlmethylamlno)propyl]metha N/\/\N/ 05 50
crylamide N
(DMPMAm) |
(o}
2-ethylhexyl methacrylate ) 0.5 )
A /\(\/\ :
Divinyl adipate P o A 0.5 250
(DVAd) ° :
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After reaction terminatiorsuccessful polymesation was crudely determinéy

assessing whether reémen mixture wasviscous and if the mixture successfully

precipitated in an ansBolvent. Reaction mixtures thahad solidifed were

considered croskinked and increasing concentrations of EBF were tested

in attempt to limit rate of reactiorsuccessful polymesation was accurately

A
a..
H [+]
)YH\ A 1z @
h i _ 5000
b:: d 0 'f
g 4500
4000
a b |
' 5000 3500
J | ' 3000
I | 0
T 2500
6.1 5.8 55
f1 (ppm)
2000
f d d e f ,
+1500
‘ ‘ | f1000
l ‘| +500
h il . |
,, ML Lo . VR A e L0
8.0 7.0 6.0 5.0 4,0 3.0 1.0 0.0
Peaks
B
Degree of
Polymername | Mn (kDa) Poly Dispersity (D) s .
polymerization
p(PhEA) 35.1 3.67 199.19
p(THFUMA) 86.2 2.26 506.43
p(EGPEA) 43 1.66 22.37
p(iDA) 35.4 322 166.72
p(THFuA) 54.0 466 345.75
p(DMPMAm) 5.4 1.68 23.98
p(2EhMA) 59.0 6.5 297.52
p(DVAd) 4.0 1.64 20.18

Intensity

Figure 4.2: Characterisation of synthesised polyme#s) The 'H NMR spectra fc
p(THFUMA) with the polymer spectra in red and the peaks for the methacrylate fur
group shown black. The absence of peaks for the functional group in the polymer
indicate sucessful polymerisation. B) Polymer characteristics such as molecular v
poly dispersity index and degree of polymerisation were measured/calculated.
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assessed by studying thd NMR spectra of the polymer and its monomer
(Figure 4.2A). The presence or absence tbe two proton peaks fothe
(meth)acrylate groufound between 5.0 and 7.0 is a clear indicat@auccessful
polymerisation and/or presence of trace mononidre 'H NMR spectra for all

synthesised polymeere presented in figure A5 of Appendix 4.

The synthesed polymers were then further charactstiby measuring thie,
calculating thepolydispersity and degree of polymeation These results are
summarsed in figure 4.2B All polymers had an IMgreater than 30kDwvith
exception of PEGPEA, p(DVad) and p(DMPMAm) Similarly, the
polydispersity for all polymers was greater than 2.5 hwviexception of

P(EGPEA), p(DVAd), and p(DMPMAM)

4.3.2Spin coating and charactersation

The synthesed mlymers were solubilized in solvent at 2% vand spin
coated ontoglass coverslipsThe polymer solution was pipetted ontioe
coverslip and spun faspecificspin time, figure 4.3A summarizes this process.
A trial-anderrorapproach was used to optimize spin duratareach polymer.
Spin times were assessed by visually inspecting covefslipomplete coating.

The spin times for each polymer awmmarsed in figure 4.3B.

The ToFSIMs surface analysis was usedassess uniformity of polymer films
coated on the coverslipBoth positive and negativien spectra were acquired
for each polymefilm. The coating was assessed by identifyurgque ion
identifiersfor each polymefilm, (table4.2). Forexample the pTHFUMA film

coating was assessed tlyserving the €H9O" ion onuncoated glassoverslips
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and on pTHFUMA coated coversligsjgure 4.3G. It was noted thate polymer

was uniformly coatedn thecoverslips, as was evident by tioa distribution.

The ToFSIMS spectra for all polymer coated coverslips is presented in figure
A4 in Appendix4.

Table4.2: Identifier ion fragments for ToiSIMS analysis

POLYMER POLYMER STRUCTURE IDENTIFIER ION

Poly(phenyl ethyl acrylate) i /@ ;
p(PhEA) \)I\O/\ il
Poly(tetrahydrofurfuryl i
methacrylate) o
p(THFUMA) o

Q
Poly(ethylene glycol phenyl ether
methacrylate) \)J\o/\/ U\© CeHO"

C.HoO*

p(EGPEA)

Poly(isodecyl acrylate) \)J\ PRy

p(iDA) CeHys”

(0]

Poly(tetrahydrofurfuryl acrylate Q\ ,\C> C.H.O*
o )

p(THFuUA)

Poly(N-[3-
(Dimethylamino)propyl]methacryla \H)L H/\/\

mide)
p(DMPMAm)

Poly(2-ethylhexyl methacrylate) YL”/ CHypt

p(2ERMA) \(\/\ S
Poly(divinyl adipate) /\OJ\/\/WD\/ C;H-.0,
31132

p(DVAd)

C3H;Ny

+—z
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'8 13
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5 8

5

3

0

B . . 20
Polymer name Solvent Spin time (seconds)

p(PhEA) Toluene 40 °

p(THFUMA) Toluene 30 E g @ 13

p(EGPEA) Toluene 30 § i

p(iDA) Toluene 20 E ‘] y 3

p(THFuA) Toluene 30 = -

p(DMPMAmM) Tetrahydrofuran 20 & 1 N 3

p(2ENMA) Toluene 30 1 4 3

p(DVAd) Toluene 30 mmc—é' E M

Figure 4.3: Polymers were spin coated onto glass coverslips and coating assessed usif§iNMI8FA) Spin coating involves three compon
a) a rotating base b) coating substrate such as coverslips and c) the polymer solution which is pipetted onto the bsatitey $he polym
solutions is spread uniformly across the substrate with the cetdtiforce that is generated by the rotating base. This results in a uniformly
polymer film as shown. B) The eight homopolymers were solubilised in volatile solvent and the optimized spin time fgneadk plhown. (
ToFSIMS spectra imagesrfthe GHyO" ion present on pTHFuUMA shows that the polymer was uniformly coated onto the glass coversli
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4.3.3Surfaceand physical charactergation of polymer films

The surface properties of tipelymer films were charactegd by studying the
water contact angle (WCA) and thffness of the polymer film@n water)was
measured using AFMFigure 4.4A and B The highest WCA was observed on
piDA with a mean value 0108 which was significantly higher thawCA of
pDVAd andTCP, bothhavingsimilar angles witta mean value d¥6° and62°,
(Figure 4.4B. ThepDMPMAmM film had the lowest WCA with a mean value of
20°. Based orsurfacehydrophilicity the polymercould be ordereds follows:
piDA < p2EhMA <pPhEA < pEGPEA < pTHFUA pTHFUMA < pDVAd <
TCP < pDMPMAM.To studythe relationship between molecular composition
of the polymer ananeasuredVCA, the elemental composition oarbon (C)
and oxygen (O) of polymers wdsterminedy analysing th@olymerstructures
Polymer O:C ratios were subsequently calculafestrongnegativecorrelation
was observed between the elemental @1 and the measured WC@igure
4.4C). Polymers with high lemental oxygen had lower WCAsuch as
pDMPMAmM, whereas polymers with low elemental oxygen had higher WCA,

such ap2EhMA.

Further charactesation involved studying material stiffness ofthe polymers
using an atomic force microscopd.he highest stiffness wasobservedon
p2EhMA having a meamodulusof 4.7GPAfollowed bypDVAd with 3.6GPa,
and TCP witl2.6GPa(Figure 4.4A. The following polymers had similar mean
modulus that ranged between 1.0GPa and 1.7GPa: pPhEA, pTHFuMA,

pTHFUA, piDA, pEGPEA and pDMPMAmMIn comparison to TCPthese
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polymess had signficantly lower stiffnesswhereasthe p2EhMA film had
significantly higher stiffnesslhese resultdemonstrated that the polymer films
had differentiatng surface properties, in particular the WCA, whitiurn may

influence the cell behaviour on these films.
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Figure 4.4: Surface characterisation of polymer coated coverslip3.The stiffness of the polyr
films was measured by studying the Youni
angle measurements for polymer surfaces. TCRsueculture plastic (polystyrene) C) Correlati
of polymer WCA measurements with O:C ratio. All data shown is from i) 16 measuremenst
stiffness and ii) two independent measurements with four technical replicates each for wate
angle measurenms. *p<0.05, **p<0.01,***p<0.001, ****p<0.0001.
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4.3.4Bio-adsorbate thickness on polymes

To investigate the influence of polymehemistry on adsorption of serum
proteins, the polymers were treated with serum @oing culture medium
(FBS/MEM) or with serumfree culture medium(untreated), as previously
describedThe polymers were then analysed using XPS, andttmic fraction
of nitrogen present on untreated and FBS/MEM treated films meastied.
measured nitigen fractiorwas indictive of the adsorbed protein laji5]. The
spectra acquiretbr untreated pTHFUMA film$iadpeaks for carbon (C1s) and
oxygen (Ols)whichwereconstituent for the polymeandhad no detected peaks
for nitrogen (N1s)(Figure 4.5A. Following treatmentvith serum containing
medium (FBS/MEM), a nitrogenpeak (N1s) was observed suggesting that
proteins had adsorbed onto the polymer surfatlepolymer surfacegreated
with FBS/MEM exhibited varying levels addsorbed proteings was shown by
the measured nitgen fractions(Figure 4.5B). It was noted thaelemental
nitrogen was detected on untreapgadMPMamfilms, which wereattributed to

thenitrogen in theertiary amire of the polymer.

The measured nitrogen fraction on the polymers vapmiedto calculate the
thickness of adsorbegroteinsfollowing FBS/MEM treatmentThe thickest
protein ovedayer on the polymers was obsenaud pPhEA and PMPMAmM,
having 3.19nm and 3.09nm respectivelyigure 4.50. Whereasthe lowest
protein ovedlayer wasmeasured on pTHFuUA and piDA with 0.8nm and 0.55nm
respectively which was 4old lower than the highest estimated protein

thickness The pTHFUMA, pEGPEA and pDVAdilms had similarprotein
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thickness with 2.2 nm, 2.18nm, and 2.95nm. In comparison to TE, all
polymer films had significantly lowerdsorbegbrotein oveflayer.These results
suggestedhat polymers such gsPhEA actively promoted protein adsorption

while surfacesuch as pTHFuand piDAimpededadsorption of serum proteins.
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Arbitrary Units
I L

Untreated

| A N1s )

C1s

400
Binding Ensrgy (V)

O1s

CPS (AU.)

FBS/MEM

I e
350

Protein thickness (nm)

Nitrogen Fraction

Polymer Untreated FBS/MEM
pPhEA n.d 9.79+0.18
pTHFUMA n.d 7.87£0.16
pTHFUA n.d 3.59+0.21
piDA n.d 2.49 + 0.37
pEGPEA n.d 7.67 £ 0.89
pDMPMAmM 2.12+0.15 11.67 £ 0.377
p2EhMA n.d 7.5+ 0.66
pDVAd n.d 9.34+0.28
TCP(PS) n.d 11.44 +0.22
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Figure 4.5: Analysis of adsorbed protein thickness on polymer filmMg.XPS spectra of pTHFUMA films following untreated and FBS/
treatment. The peaks for O1s, N1s and C1s are rdaBeThe measured elemental nitrogen detected on polymer films from the XPS
All data shown is mea# standard deviation (n = 3) C) The elemental nitrogen fraction was used to calculate the estimated adsorbt
thickness on polymer films. |IAlata shown is from two independent measurements with three technical replicates each.

**p<0.01,***p<0.001, ***p<0.0001.
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4.4 Discussion

Synthetic polymerareincreasinglyused in the medicahdustryfor a varietyof
applications such adental fillers, orthopaedicoatings,cardiovasculastents,
and wound dressing3hese polymers posseghysiochemical properties that
make them ideal forspecific applicatiors. For instance,polyurethaneis
extensively used imascular graftsstentsand other soft tissue devicdis glass
transition temperature {Yis less than roortemperature giving itraelastigty,
that closely matchethat of blood vesselgl29]. Though thesgolymersare
biocompatibletheyare known tanduce acute inflammatigrvhich may lead to

anFBR.

In the previous chaptemeth(acrylate) and acrylamideomopolymers were
identified that modulated fibroblast attachment, size, proliferation, and
differentiation.To further studythese hit polymers they were synttsesli using

thermal FRRand cast ontglasscoverslips.

There are several polymsynthesesoutesin addition totraditional FRP, such
asanionic polymesation and controlled/living polymesation. These different
syntheses routes offer the ability to conpolymer properties, such as molecular
weight, polydispersity, and chain architect{&80], [139], [140] Though these
synthesesautes offer better control over polymer propert@smventional FRP
hasdistinct advantage3.he most important beintpat FRP is versatiland can
polymerize a large library of acrylate and acrylamide monomers dbe twn

specific nature of free rachls towards theacylate and acrylamide functional
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groups[130]. This was advantageoussit limited optimizationrequired for

synthesis othe eighthit homopolymers

In contrast to the UV FRP used to polymerize monomers on the polymer
microarray, the polymers fothe scaledup studies were synthesid using
thermal FRPThe thermaFRP alloved a batch of polymer to be syntisesiin
comparison to UV FRP, wheneonomers were polymaadon substrates situ.

This reduced the batdb-batch variatiorwith UV FRPsubstratesAdditionally,

the thermal FRP polymersuld be coated ontifferent geometricasubstrates

(for example membranes or scaffolds)

All eight hit polymers were successfully synttsesi from their monomenssing
thermal FRP A trial-anderror approach was use toptimizethe synthesis
conditions for each polymeAll polymers were synthessd with AIBN 0.5 %
(w/w) and the reaction was initiated at85These conditionalloweda similar

rate of chain propagation resulting high molecular weight polymers, ass
observed from molecular weightstbEpolymers with exception op(EGPEA),
p(DVAd), and p(DMPMAmM) In reactions where the polymer crosslinked, in the
cases ofp(EGPEA), p(DVAd), and p(DMPMAm)a chaintransfer catalyst
COPhBF was added. The chaimtns f er catalyst acts to 6
kinetics byreacting with a growing polymer chain to yield terminated species
[141]. This addition not only resulted isuccessfulpolymersation lut as
expectedowered the molecular weights of the polymers, a@®ip(EGPEA),

p(DVAd), and p(DMPMAmM)
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The degree of polymesation measures the number of monomeits in a
polymer molecule. It is calculated as the ratio between the molecular weight of
the polymer and the molecular weight of the monomer, the latter forming the
repeat unit in the polymer chaji42]. All eight synthesed polymer had a
degree of polymesation aboe 10Q with exception ofp(EGPEA), p(DVAd),

and p(DMPMAmM) This was expected abe synthesed polymers had high
molecular weightwhile thechain transfer catalyst lowered the molecular weight
of p(EGPEA), p(DVAd), and p(DMPMAmYhus loweringtheir degre of
polymersation. The degree of polymesation effects the mechanical tensile
strength of polymerswhere a higher degree of polynsation results in an
increase in tensile strengfh43], [144] This may indicate that polymers with
higher degree of polymesdtion mayhave higher tesile strength as compared to

polymers with lower degree of polymsation.

The polydispersityof polymers inforns of the distributiorof polymer chains in

the polymer. For polymers that have monodisperse chains, such as proteins, the
polydispersityvalue is 1.0. For synthetic polymers, palydispersity value
ranging from1.5to 2.0is regarded as acceptablehe polydispersityfor the
synthessed polymers varied, suggesting thahey had a varying chain
distribution.This was expected &RPoffers imited control ovepolydispersity.

The addition of the chain transfer catalystvided a degree of control, which is

evident inpolydispersityvalues fopp(EGPEA), p(DVAd), and p(DMPMAmMm)

The synthesedpolymers were coated on glass coverstipspincoating a 2%

(w/v) polymersolution as previously describgdi31], [132] The poly(acrylate)
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and poly(methacrylate) coated substrates were analysed wittsM% and
assessdfor uniform, holefreecoating.This wasevaluatedyidentifyingunique
ion fragmentsspecificfor each polymedetected orthe coated sulisates The
ToF-SIMS image spectrhad strongdentifier ion fragment signals present on
the coated coverslips compared to tileoatedcoverslips.These observations
concluded thaspin coating methodologgroduced uniform polymer filmen

glasscoverslips

The mechanical properties of tkeated polymers &re studied by measuring
stiffness using @ AFM. The results obtaineghowed thagll polymershad a
similar stiffnessange, with exception of p2ZEhMA and pDVAuhich had higher
stiffness.An increase in mechanical stiffness of polymers has been associated
with an increase in molecular weight of the polyrflet5]. Interestingly, he
range of molecular weights measured the synthesed poly(acrylateg and
poly(methacrylate was not mirrored bythe range ofstiffnessmeasuredAs
aforementionedthe spin coatingechniqueoffers a degree of control over the
thickness othe produced filmgby controlling parameters suchragation speed,
time,and viscosity of the polymer soluti¢h00], [L01] The polymer films were
fabricated with simlar coating parameters which suggesthat the films had
similar thicknessthuselucidatingthe narrow range in measured stiffne$te
decreasdan viscosity of p2EhMA and pDVAdsolutionscompared to other
polymer solutionsmay form thin films, which elucidates the increase in

measured stiffness.
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Further surface charactesation involved measuring the wettabilitgf the
polymer films by measuring the water contact andlee cor di ng t o
definition, surfaces havingiater contact angles lefisan 65 are classified as
hydrophilic [146]. It was observedthat most polymer films hadhydrophobic
characteristics with the piDA film having the highesiter contact angle, 108
The comparatorTCP, had a slightly hydrophilic surfasemilar to the pDVAd
film. The DMPMAm film had the most hydrophilic surface with a water contact
angle of20°. The variation in the measurecettability can be associated with
thesurface roughnessd the atomioxygen content of the polymer filnis07],
[147]. A correlation plot betweaetheO/C ratio (atomic oxygen content) and the
water contact angle showed thiie O/C ratio of the polymes negatively
influenced the water contact angle measurements for all polymeckiding
pDMPMAmM. This suggested thatancreasein the oxygen comint of the
polymers resulted in decrease of the water contact andgéading to dess
hydrophobic surfaceA similar trend was observed witbxygen etched
polystyrene filmg107]. The decrease in the water contact angle with decrease
atomic oxygen contembr thepDMPMAmM film suggested thaurface roughness

instead of atomic oxygen content mayitsalriving factor.

Cells interact withpolymeric biomaterials by engaging with the adsorbed protein
layer. Thus, by studying protein adsorption the behaviour of cells may be
explicated XPS analyss was used testudy the thickness dhe bio-adsorbate
layer on untreated and FBS/MEM treated polymer filfhke detectionof

elemental nitrogen on the FBS/MEM treated polymerealed the presence of
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adsorbed proteins following treatmemhe intensity bthe measured elemental
nitrogen from the polymergasused to determine the thicknedstlee protein
overlayer[105]. Protein adsorption ontbiomaterial surfages is dependent on
surface propertiesuch as wettability, charge, polatignd topographyStudies
have outlined that hydphobic surfaces favour adsorption of bulk protéiom
solutions Conversely, other studies have reported higher levels of adsorbe
proteins on hydrophilic surfaces compared to hydrophobigfaces.
Interestingly,the hydrophobic,pPhEA and piDA films, had thehighestand
lowest estimatedprotein thicknessrespectively.These results suggested that
protein adsorption on these filmsy beguided by other surface characteristics

such as roughness and charge.

In summary,the hit polymers identified from chapte3 were successfully
synthesisedising thermal FRRndanalytically charactesed Furthermore, the
synthessedpolymers wereoated onto glass coverslips, anere shown todrm

uniformly coatedfilms using TOFSIMS analysis.The polymer films were
shown to have a range siiffness and wettabilitproperties Further, he XPS

analysisshowed that the surface properties couftlence protein adsorption,
which may then modulate cell behaviodn conclusion,these scaled up
polymers and coatings served as foundationstiody indepth fibroblast

behaviour on the hit polymers.
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Chapter 5. Controlling stromal cell behaviour using
bio-instructive surfaces
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Chapter 57 Controlling stromal cell behaviour using
bio-instructive surfaces

5.1 Introduction

Fibroblasts are stromal celflsund within the ECM of the connective tissues.
These cells have well defined roles in homeostasitkeoECM, inflammation,
angiogenesis, cancer progressias well as inwound healing and fibrosis.
Fibroblasts play a pivotal role in wound healing &ibdosis,where in response
to chemical factorssecreted by macrophagesd/or ECM stiffnessof the
microenvironmenthe cellsdifferentiate tol)SMA expressing myofibroblasts

andupregulatesecreion of collagend2], [15], [23].

In normal wound healingfibroblasts(and myofibroblasjsdeposit structural
ECM that replaces the provisional fibrin matrikhis is mostly composed of
basketweave likecollagen Ill, which in the later stages of wound healing is
replaced byhighly orderedcollagen . The presence amplantedbiomaterials
derail normal wound healing processcausing upregulatedfibroblast
differentiation to myofibroblastsvhich formscallagen richacellular fibrous
capsulearound the implanted biomateridhe formation of this fibrous capsule
has beetinked with persistent presence of myofibroblaBisrthermorestudies
have indicated that a higher collagen Il to collagen | ratihe@twvound site is
indicativeof prolonged inflammation and thicker fibrous capsule form§di2j
[44], [148, [149]. Though fibroblasts and myofibroblasts are necessary
effective epairand resolution of healing wounds, a disbalance incéikilar

microenvironmentan lead to overstimulation of myofibroblasts which results
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in generation of a fibrousapsule, such as the case in biomatamatliated

wounds(implanted medical devices)

The two dominant celkypesin the wound healingnicroenvironment are
macrophages and fibroblasts (including myofibroblas{4p0], [151.
Macrophages are immune cellkat in response t@hemical stimuli and
biomaterial surface properties potariinto pro-inflammatory, M1-like and/or
antrinflammatory,M2-like macrophage$ach of these subsets express distinct
surface markers argkceteclassifiableconcentrations ofytokinesand growth
factors.Notably, MZlike macrophagesecrete pranflammatory cytokines such
as TNFU, IL-1b, IL-6 and Il-12. Whereas M2ike macrophages secrete anti
inflammatory cytokinesuch as 1E10, CCL18, Il-:1RA and TGFb1. The latter
known as a preibrotic cytokine, promoting fibroblast proliferation and

differentiation into myofibroblasts.

Fibroblastehemselvesecrete both autocrine and paracrine signadliigkines
and chemokies such as bFGH,GFb1, HGF,IL-6 andMCP-1. These secreted
moleculedurther influencenacrophages, fibroblastnd endotheliatells inthe
microenvironment.For example bFGF promotes fibroblasts and endothelial
cells to prolifera¢ while MCP-1 credes a chemotaxis gradient for circulating
monocytes to the wound sitopicalapplication or release dFGF and MCP

1 from scaffolds has been shownpgmmmote wound healing in chronic wounds
[64], [152] [154]. However, these strategi@®re proven to be unsustainabtiles

to ther short halflife [64]. These findings imply that biomaterials must be

Y|Page



designed such that they can not only modul@deoblast phentype and

behaviour but alsmodulate their secretory profile.

In the previous chaptepolymers which supported fibroblast attachment and
spreading while modulating proliferation awtfferentiation were identified.
These were classified infour phenotypic groupst) promoting cell proliferation
and suppressing differentiation to myofibroblasts (+iC&#MA) ii) promoting
both cell proliferation and differentiation (+ CP + SMA) suppressing cell
proliferation both cell proliferation and differentiation CP 1 SMA) andiv)
suppressing cell proliferation and promoting differentiatto@® + SMA).This
chapter wouldvalidate the findings of the previous chapter, and furthermore
studytheinfluence of polymers ofibroblast secretomespecifically cytokines,
growth factors and ECM componentgiditionally, theimpact of the polymers
onfibroblastmediated wound closure would be studiedgistly, the mechanism

driving polymercell interactions wold be explored.

5.2 M aterials and methods

5.2.1Cell culture

The human lung fibroblasts (C€171, ATCC) and human skin fibroblasts (GRL
2522, ATCC) were cultured in Minimum Essential Medium Eagles (MEM)
supplemented with 10% fetal bovine serum (FBS), ¢utamine, noressential
amno acids, penicillin/streptomycjmand sodium pyruvate (Sigma). The cells were
cultured in T75 flasks at 37°C with 5% supplementab @@il 90% confluent before
passaging.For profibrotic culture controls, fibroblasts were cultured with

recombinant humaTGFb1 (10 ng mf) (R & D systems) for 96 hours on TCP.
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5.2.2Cytotoxicity

The cell viability of fibroblasts on the polymer films was assessed using the
Toxi Li g hestuctiveccytotoxicity bioassay kit (Lonza) at 24 hours of
culture. The assay measutks release of adenylate kinase (AK) from cells with
compromised cell membranes. The AK catalyses conversion of ADP to ATP,
which is then detected through bioluminescence. The emitted light intensity is

linearly related to the AK concentration, and caléiected using a plate reader.

5.2.3Immunostaining

5.2.3.1Cell attachment and proliferation

The cells were fixed and permeabilized with 0.15% trikqiSigma)after 24 hours
of culture To probe for cytoskeletothe cells were incubated with Alexa Fluor ®
647 Phallodin 1:50 dilution (Cell Signalling Technology) for 30 minute€ell

nuclei were stained withiNj;di@midino2-phenylindole DAPI).

Cell proliferationwas measured with the Baseclick EdU imaging kit (Baseclick).

EdU was added to cell mediuat 3UM andat 72 hours of culturewhere it was

incorporated into newly synthesd DNA during the G1/S phase of the cell cycle.

After 24 hoursthe cells were fixed and stained for EdU followmga nuf act ur er 6 s

instructions.

5.2.3.2Measuring MFI of Ui smooth muscle actifSMA)

At 96 hours of culture, the cells were fixed and permeabilized with 0.5% -titon
(Sigma). Nonrspecific binding proteins were blocked with 10% goat serum for 30
minutes. The cells were targeted for ahsimooth muscle actiBug/ml (clone 1A4,

Sigma) andan Alexa Fluo® 546 5ug/ml (Thermofisher Scientific) secondary
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antibody. Fluorescence intensity was quantified by measuring the integrated density

of U smooth muscle actin positive cells, this was normalized against the total

number of cells.

5.2.4ELISA

The concentrations of bFGF, HGF -8, andMCP-1 secreted into the medium

by fibroblasts cultured opolymer filmswas analysed after 96 hours of culture

wi t h Duoset

instructions.

5.2.5RT-PCR

ELI SA kits (R&D

Total RNA was isolated from cells using RNeasy plus kit (Qiagen) followed by

cDNA synthesis using a qPCRBIO cDNA synthesis kit (PCR Biesys}. Real

time PCR was performed on the MxPro 3005P ¢FJR system (Stratagene)

using 2x qPCRBIO SyGreen Blue mix{Rox (PCR Biosystems), according to

manufacturerods instructions.

For war d

Eurofins Scientific UK andigma, these are listed in table 5.1. Gene expression

levels were first normalised to housekeeping gene, glyceraldehgtesphate

Table5.1: Table of primers used to study fibroblast phenotype using aRER.

Genes Primer Sequence (5’-3’)
Forward ACAGTCCATGCCATCACTGCC
GAPDH
Reverse =~ GCCTGCTTCACCACCTTCTTG
Forward AGACCCTGTTCCAGCCATC
SMA
Reverse = TGCTAGGGCCGTGATCTC
Collagen | (a1) Forward GTCGCACTGGTGATGCTG
Reverse  GGTGGTGTCCACCTCGAG
Collagen Il (al) Forward AGCTGGAAAGAGTGGTGACAG
Reverse =~ CCTTGAGGACCAGGAGCAC
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dehydrogenase (GAPDH), and then the relative expression levels were

calculated with the &' method.

5.2.6Wound healingassay

In vitro wound assayswere performed using IBIDkelf-culture inserts as
previously describefl55], [156] The IBIDI self-cultureinsertswere used to
form wells on polymer fiimgpTHFuUA, pTHFUMA, pEGPEA and pDVAd)
Briefly, when confluent layer of human skin fibroblasts (B@sformed the
insert wagemovedand cellsvashed twice with PBS he woundeanonolayers
werethen cultured in complete mediurrfup to96 hours The samples were

fixed andstained with CellMask Greehug/ml (Invitroger), and imaged

5.2.7Imaging and image analysis

Mounted samples were imaged using the Zeiss TIRF (Carl Zeiss) device in widefield
mode. Image analysis routines to measure agdichment, proliferatigrMFI of U-

SMA andwound areavere developed using FIJI ImageJ. Details of these routines

are presented in appendix 2.

5.2.8Data and statistical analysis

All data acquired from polymer films isxpressed as mean + standard deviation,
with two independent biological replicates and three technical replicates each.
Statistical significance was calculated using-wagy or two-way ANOVA and the
Tukeyds post hocOO@Rveas gossidesl as beitgestatistioafly p

significant.
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5.3 Results

5.3.1Polymer films influence fibroblast attachment andmorphology

Both Human lung fibroblasts (MRE) and skin fibroblasts (B3yere cultured
on polymer films for 24 hourgrior to measuremeraf Adenylate Kinas¢AK)
levels to assess cytotoxicityBoth cell typeshad low levelsof AK in their

supernatant suggestihggh cell viability on the polymer fiimgFigure 5.1A.

In addition to cell viabilitythe cells were fluorescently labelled and imaged for
nuclei andcytoskeleton (Factin). Cell attachment was studied by counting the
number of nucleiwhich relaied to the number of adherent cell§he cell
attachment profileof MRC5 fibroblastson the polymer films positively
correlatedwith the cell attachment proél of the fibroblasts on the polymer
microarrayhaving a R= 0.75 (Figure 5.10). Moreover, the cell attachment of
MRC-5 fibroblasts cultured on polymer films positively correlated with cell
attachmenprofile of BJ fibroblasts cultured on polymer filiisaving a R =
0.89 (Figure 5B. These results suggested thhiblogical efficacy of
homopolymers identifiedn the high throughput screen was conserved in the
scale up studiedlore sq the polymer filmdad simiarinfluencesonattachment

of fibroblass originatingfrom different tissues.

The BJ fibroblasts had significantly lower cell attachment on all 8 polymer films
compared to the TCP control, with exception of pEGPEA which had an
attachment profile equivalent to TCP contrgfjgure 5.1B. The attabment

profile on the polymer films varied with pEGPEA having highest cell number
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with approximately 200 cells attached per FOV, and with pTHFUA having lowest

cell attachment with approximately 100 cells attached per FOV.

In addition to attachment theolymer films effected fibroblast morphology,
(Figure 5.1F. Fibroblast morphology was studied by segmenting cytoskeleton
using image analysis routines, and measuring morphometric parameters: aspect
ratio, average size, circularity and perime{&igure A6 in Appendix4). To
interpret cell morphology, the aspect ratio of fibroblasts was plotted against
average siz€Figure 5.1G. Fibroblast morphology highly varied on the polymer
films, as evident by the large error bars. Based on cell morphology thiglfiti®
could be roughly grouped intip cells with low aspect ratio and high average
size, charactesed by an approximate aspect ratio of 2.6 and average size of
300Qum? ii) cells with high aspect ratio and low average size, charsatieby

an approximag aspect ratio of 3.0 and average size of 2000 This suggested

that the cells either adopted a sprpatiygonatlike morphology or an elongated

spindlelike morphology,(Figure 5.1E.
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Figure 5.1:Fibroblast cytotoxicity, attachment, and morphology on scalgupolymersThe fibroblasts were cultured on spin coated polymer films for 24
before assessment for A) Cytotoxicity. The cells were shown to have high cell viabilitgigint glolymer films B) Cell attachment. The fibroblasts had differ:
levels of cell numbers across the polymer films. C) Cell morphology. Fibroblast aspect ratio was plotted against aveB)g€aimdation plots between sc
up studies and higthroughput studies, and between skin and lung fibroblasts on scaled up polymers E) Representative images of fibrobigstsed
attachment and morphologkll data shown is from two biological replicates with three technical replicates each. *p&(p€8.01,***p<0.001, ****p<0.0001.
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5.3.2Modulation of fibroblast phenotype

Fibroblasts culture on polymer films were studied for modulation of phenotypic
traits, cell proliferation andxpressia of myofibroblast marke:SMA, after 96
hours of cultureCell proliferation was studied by measuring the incorporation
of EdU into newly synthesed DNA The detected EdU positive cells wene
the G1/S phase of theell cycle and thus indicated proliferating celfsn
additional profibrotic control included fibroblasts cultured on TCP with

exogenously addedGFbl, TCP (+TGFd 1, )this simulated a prébrotic
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Figure 5.2: Fibroblast proliferation and expression di-SMA on scaleeup polymers Fibroblast:
were cultured for 96 hours before assessment for A) Cell proliferation. By studying the pel
of EdU positive cells. B) Fold induction of SMA gene expression. C) Representative in
proliferating and differentiating fibroblasts D)dZrelation plots for cell proliferation between hi
throughput studies and scaled up studies, and between lung and skin fibroblasts on <
polymer films E) Correlation plots fdd-SMA expression between high throughput studie:
scaled up studiesind between lung and skin fibroblasts on scaled up polymer Alirdata show
is from two Dbiological replicates with three technical replicates ¢
*p<0.05,**p<0.01,***p<0.001, ****p<0.0001.
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environmentfor study of fibroblast phenotypelhe results indicated the
proliferative modulatory ability of the polymers was conserved from the array to
the scaleelp phasgas wasnferredwith an R = 0.56 (Figure 5.20). Moreover,

both lung (MRG5) and skin (BJ) fibroblasts exhibited similar proliferative

profiles, having an R= 0.70.

Skin (BJ) fibroblast cultured inthe pro-fibrotic had a significantly higher
percentag®f EdU positive cells compared to TCHis was expecteds TGF
bl is known to promotdibroblastproliferation.In comparison,te percentage
of EdU positivefibroblastson polymer films ranged from highly proliferating
with pPhEA at 35%EdU positive cellsand with pDMPMAmM at 15% EdU
positive cellshaving lowest EdU posite cells (Figure 5.2A. Based on their
modulatory ability, the polymer films could be groupetb i) polymers that
enhanced proliferation iiecreased proliferation and iihad proliferation

comparable to TCP.

Alongside proliferation the fibroblasts wre studiedor differentiation intoU-

SMA expressing myofibroblastsThese cell types have been implicated in
progressing acarring and fibrotic outcomés with proliferation, thelJ>SMA
intensity measurements of the cells cultured on both polymer films and the
microarrayhad a positive correlation of’R 0.78, (Figure 5.2B). Furthermore,

both MRG5 and BJ cells had simild-:SMA intensity measurements on the
polymer films, withan R?>= 0.6Q Thesepositive correlationsnferredthat the
polymerswere successfully scaled into larger films, and thay modulated

fibroblast differentiation irrespective of tissue souMereover, the fold change

108|Page



in SMA gene expression positively cdated with MFI measurements, having

an R = 0.83,(Figure A7 in Appendix4).

Compared to TCRhe gene expression Bl fibroblasts cultured on all polymer
films, with exception of pTHFUA and piDA, was upregulat@egure 52B).
Interestingly, cells cultured on pEGPEA and pDMPMam had highest fold
induction with 4.5and 4.2fold increase, which was comparable to cells cultured
on TCP (+TGFd 1. )Whereas fibroblasts cultured on pTHFUA and piDA
downregulated SMA gene expressionwibld inductions of-2.2 and-0.8,

respectively.

5.3.3Analysis of fibroblast secretomeon polymer films

5.3.3.1Cytokine profile of fibroblasts cultured on polymer films
Fibroblastswverecultured for96 hours prior to assessmentefl secretomeThe
concentration®f pro-healing/antifibrotic cytokines (bFGF and HGF) araahti-
healing/prefibrotic (IL-6 and MCP1) were quantified using a sandwich ELISA.
Fibroblasts cultured on polymer films secreted significantly lower concentsation
of bFGF compared to TC#dTCP (+TGFdb 1 dontrols (Figure 53A). Further
the polymers could be groupedariwo:fibroblasts that expressécigher mean
concentration of bFGFsuch as pPhEA, pTHFUMA, pTHFUA and piDA and
lower mean concentratisrthese includegEGPEA, pDMPMAmMp2EhMA and
pDVAd. Interestingly,this groupng was not observedith HGF secretedoy
fibroblasts (Figure 5.3B. Thecells cultured on pTHFUMA and pTHFuiims
had significantly higher concentrations of HGkhile fibroblasts cultured on

pEGPEA, pDMPMAmM and pDVAdfilms secreted significantly lower
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concentrations of HGF compared to TCP contratserestingly, fibroblasts
cultured onTCP (+TGFd 1 hadcomparable HGF secretion to cedldtured on

PEGPEA and pDMPMAnfilms.

The pro-inflammaory cytokinelL-6 was differentially expressed by fibroblasts
culturedonthe polymers(Figure 5.3G. In comparison to cells cultured GiCP,
the fibroblasts cultured orall polymers with exception of pTHFUMA,
pDMPMAmM and pDVAdfilms had significantly laver expression ofL-6. A
similar trend was observed witiells cultured oA CP (+TGFd 1; there was a
20-fold decrease irconcentrationcompared to fibroblastsultured on TCP
controls. The monocyte chemoattractarICP-1, was significantly highly
secreted by fibroblasts cultured e polymer films; pPhEA, pTHFUMA, piDA,
pPEGPEA pDMPMAmM and p2EhMA compared to both TCP ar@P (+TGF
d 1, )(Figure 5.3D. Moreover, the pro-fibrotic cytokine, TGFbl, effected
fibroblast secretions byedreasingICP-1 expressioras was observedith a

decreasedoncentration betwedahe TCP and CP (+TGFd 1 gontrols.
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Figure 5.3: Cytokine profile of firoblasts cultured on scaledp polymers.The cytokine profile
fibroblasts cultured on polymer films for 96 hours was measured with a sandwich EA)®#&GF
B) HGF C) IL-6 and D) MCP1. All data shown is from two biological replicates with three tech
replicates each. *p<0.05,**p<0.01,***p<0.001, ****p<0.0001.
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5.3.3.2Effect of polymer coatings onexpression ofECM components

To further study fibroblast secretome, the celese assessed ferpression of
collagen 1(UL) and collagenlll (U1) at mRNA level All acquired data was
normalized taGAPDH controls, anthen pbtted as fold change to TCP controls.
The inclusion of fibroblasts cultudeon TCP with exogenously addegro-
fibrotic growth factorTGFbl (TCP (+TGFdb 1), presented a methodology to

assess gene expression relative to a fibrefialar microenvironment

Both collagen | and collagen Ill have been reportedeasential ECM
components secreted during the proliferative phase of wound healing.
Fibroblasts cultured orpro-fibrotic control condition had downregulated
collagenlll and upregulated collagd expression with fold inductions 0f0.8
and1.4, respectively (Figure 54A and B. A similar trend was observed with
cells cultured on the polymer films, with exceptiopbMPMAmM and grHFUA.

The latterupregulated collagenlll expression and downregulated collagen |

expression.

The collagen 11l to | ratio has been outlined as an important paragosteming
the outcomeof wound healing; where higher collagen 11l to | ratio has been
implicated in scarring and fibrosi§42], [44]. Thus, the collagen Il to |

expression ratio for fibroblastgas plotted(Figure 54C). As was expected the

112|Page



COLLI (1)
Fold change of induction
(Log)

B
S ] il *
g 1 —
—) -
=0 ]
BE o
— %9 1
05 ]
o 2]
w
e
~ T T T T T T T T T
SN SHIN S SN SRS AN
A R Q“‘v& o c§‘§\
¢ L Q ¢ ¢ N A
C N N Q%
<O
* %k
_ 2- I
C
L)
jo)]
8 04
o
(@]
o
2F 2-
=
C
S -4
©
8
'6 T T T T T T T T T
Y & F & &F & > \
Q.(\Q/ Q‘$ o \2((\3 Q\Q Q}\Q C?QQ/ 3 é\?"& OAY O{(&"\
NS ¥ & N
6\ Q Q Q Q0® N

Figure 5.4: Gene expression for collagensf fibroblasts cultured on scaledp polymers
Fibroblasts were cultured for 96 houpsior to studying fold induction in gene expression ¢
Coll (Ul) 1 B) Coll (U ) Il C) The Coll 01) lIl to Coll (Ul) | ratio was calculated to observe -
differential expression of collagens. All data shown is from two biological replicate$hnet
technical replicates each. *p<0.05,**p<0.01,***p<0.001, ***p<0.0001.

pro-fibrotic control condition had a positive ratio ef.8. Furthermoregells

cultured on pPhEA, pTHFUMA, p2EhMA and pEGPEA had higher ratios than
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the profibrotic control with atiosbelow-2. These results suggested ttiase
polymerscould modulate the cellular microenvironment towargsfibrotic
outcome.Moreover,the collagen ration pTHFuUA, piDA, pPDMPMAmM and
pDVAd was higher compared tothe profibrotic condition. Interestingly,
pTHFUA had ke highesratio of 1.3, which was the opposite trend as that

observed on the p#fibrotic control.

5.3.4Polymer coatingseffect wound closure

To assess the impact of polymerstbarate of wound closure, a scratch wound
was simulatedinto which infiltration of a confluent layer of fibroblastsvas
studied Wound closure was assessedimasuringhe cellfree areat 48 hours
and 96 hours of cultur@his methodology enabled accurate assessofethie
effect of polymers onproliferative and migratoryability of fibroblass with

regards tavound healing.

The data collected showed that thi¢ial woundarea was similaon all polymers
andTCP control with anapproximaterea of771.6 x 10° um?, (Figure 5.5A) At

48 hours of culturea differential rate of wound closure was observéde TCP
control had the highest rate of wound closure and the lom@&shd area with
319.736x 10° um?. This was followed by pTHFUA and pDVAdvith a wound
area 0f393.1 x 10° um? and 367.9x 10°® um?, regectively, which was
significantly lower than the wound area measure@®HFUMA and pEGPEA
surfaces A similar trend was observed at 96 hours with pTHFUA having
significantly lower wound areeompared to all other polymers and TCP control.

Thus, across tb studiedtime points,pTHFUA had the highest rate of wound
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closure followedby the TCPcontrol, thepDVAd, pEGPEA, and pTHFuUMA
films. This indicated that the fibroblasts cultured on pTHFRuA pDVAd films
had greatecapaity of wound closure compared to cells cultured on pTHFUMA

and pEGPEA films.
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Figure 5.5: Wound healing assay on polymer filmEibroblasts were cultured on polymer u
confluency and wound created. Wound closure was studied by measuring-fheecatba at 4
and 96 hours of culture. All data shown is from two biological replicates with three tec
replicates each. *p<0.8,**p<0.01,***p<0.001, ****p<0.0001.
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5.3.5The impact of polymer film stiffness and thickness of bioadsorbaten
fibroblast attachment and phenotype

To elucidatemechanism ofolymer modulation of fibroblast phenotypéhe
protein thickness angbolymer film stiffness measured in chaptet were
correlated againstibroblast attachment,proliferation, and differentiation to
myofibroblastsit was observed thdibroblastattachmenhad a strong positive
correlaton with thickness of adsorbed proteins on the polym@igure 56A).
Moreover,protein thickness on polymers hagasitive weak correlation with
cell proliferation; suggesting thptotein thickness was not the strongest variable

in modulating cell proliferation.Based on the correlations, fibroblast to
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Figure 5.6: Linear regression plots were stugll to investigate the mechanisms for polyi
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myofibroblast differentiation was not modulated by thicknessad$orbed
proteins nor stiffness of the polymer filp{&igure 5.5B and I having anR?=

0.29 and R= 0.02, respectivelyLhese observations suggested that the polymers
modulated fibroblast differentiation vdifferent mechanismpossibly through

selective adsorption @roteins from ECM.

5.4 Discussion

Polymers, both natural and synthetic, are increasingly being used in medical
applications and devicg426]i [128]. Natural polymers such as alginate and
hyaluronic acid (HA) have physiological components that support
biocompatibility and have bedémown to instruct cell behavio{t51]. However,

these offer limited control over physiochemical properties, degradation rates and
have concerns over sterilization and purificat On the other handgynthetic
polymers offer control over chemical and mechanical properties, degradation
rates and can be fabricated into different structures. Specifically, (meth)acrylate
and acrylamide polymers have been successfully used aslieerngterials in
dentistry, orthopedics, and nugpoostheticfl29], [157} [159]. Thoughtheir
useas cell instructive materials the context ofmodulatingwound healing and

fibrosis is untouched

Previously, in chapter 4 e | e c tpelymeréweredyrihessed and cast onto
coverslipsyielding stable polymer films on whicfibroblasts were cultured
Initial studies focaed orassessinganslation of biabgical efficacyonpolymers

from the high throughput screen to thealedup films. This was evaluated by

plotting correlationsbetween high throughput and scaled up data for lung
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fibroblast (MRG5): cell attachment, proliferatiorand differentiationAn R-
squared value above Oibdicated that biological efficacy of polymers was

conservedas was observed for all threidiedvariables

Recent studies have highlightetbrbblast heterogesty in expressionand
phenotype between tissugd$], [160]. Thus, b addresphenotypic modulation
of fibroblastsfrom a heterogenous tissue source;ghenotype profile ofung
fibroblasts MRC-5) was compared against the phenotype prodfeskin
fibroblasts (BJ) on the selected scaled up hit polymArstrong positive
correlation (R > 0.5) was observed fazell attachment, proliferatiorand
differentiation into myofibroblasts. Thindicatedthat the polymes modulated
both, lung (MRG5) and skin (BJ) fibroblast behaviourthrough similar
mechanisra. Thus, further phenotypi studieswere continued with skin

fibroblasts (BJ, the latter representingcaitaneousvound healing model.

Following cytotoxicity studiesthe cell adhesion (cell count) of skin fibroblasts
(BJ) was studiedn polymerfilms. It was notedthat all polymes supported
lower cell attachment compared to standard ;T@#h exception of pEGPEA
which had equivalent celhumbers Moreover, the polymers had similar
measured cell densitiewith exception of pTHFUA and piDAFibroblast
adherence is known to be modulatimiough selective adsorption of serum
proteins, specifically fibronectin. To elucidate this further, a correlation plot of
adsorbed serum proteins ditafoblast attachment on polymers was plotted. The
high positive R value (0.74) indicated that the ad$md protein thickness

influenced cellattachmentwhere thicker adsorbed protein lay@sultedin
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higher cell attachmeniThese findings coincide with other studies that have
investigated protein adsorption and cell attachmbtdreover,the adhesion
proteins vitronectin and fibronectin have been implicatedoiomoting cell
adhesion. This suggest that though higher adsorbed protein thickness
promoted fibroblast attachment the polymersthe specific mechanism may be

selectivehigheradsorption of vitonectin andibronectin from serum

In additionto cell attachment, cethorphology was studied by measuring the
aspect ratio and average size of adherent fibrobldsts. analysisof the
morphometric data revealed that the cells twamldistinctmorphologiesspread

i polygonallike and elongated spindlelike. The morphology (and cell
attachment) of cells is known to b@odulated by the hydrodlu and
hydrophobic properties of the substraté¢owever, it was observed that
fibroblast morphologyn these substrat@gas not influenced by the wettability
of the surface, suggesting thather variablessuch assurface charge and

adsorbed fibronectin nyahave been the dominating factor.

The proliferation of fiboblasts on the polymer films was sied by measuring

the percentage of cells that had incorporated Edbewly synthesed DNA. It

was observed that tHdroblast proliferatioron the polymer could be grouped
into two i) polymers that had mean percentage positive EdU cells greater than
TCP and ii) polymers that had mean percentage positive Edlegeligalent to
TCP.Interestingly, it was observed that the polymers that pronpstdidieration

(in comparisorto TCP) had hgher molecular weight @0kDa) as compared to

polymeas that supported similar proliferative ability to TAkRaving molecular
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weight (6kDa). Theseobservations areonsistent wittprevious studies where
higher molecular weight polycaprolactone (PCL) filmsre shown to promote
cell proliferation in comparison to low molecular weight PCL filfi@8]. To
further elucidatethis mechanismthe thickness of adsorbed proteins was
correlated aginst proliferation. The two variables had a weak positive
correlation with an R< 0.5 suggesting thahe thickness of the adsorbed protein
layerwas not the dominant variable influencing cell proliferat®tudies have
elucidated that cell proliferation is modulated notgdrgtein thickness byhe
amount and conformation of adsorbed fibronectin from sefims, further
studiesare required tonvestigatedifferential adsorption of fibronectin on the

polymerfilms.

The excessivedifferentiation of fibroblasts to myofibrddsts (that expresst-
SMA) is the main driver of fibrogenesi®d mayeven occur at reduced levels of
inflammation[65]. It was observed thdtbroblasts cultured on polymer films
had differentialfold induction of theSMA generelative to the TCP contrpl
where cells cultured on pEGPEA appMPMAmM had similarfold induction to
the fibrotic control,TCP (+TGFd 1. Whereascells cultured on pTHFUA and
piDA downregulated SMA gene expression relative to TICRas beerstudied
that USMA expression is regulated textracellularstress (polymer stiffness)
and by intracellular cellcontraction. The latter igontrolled by substrate
adhesiveness, elastic modgland topography to promote cell spreadiiig.
investigate the mechanism via which the polymers modiiit¢A expression,

correlation plots betwegprotein thickness, polymer stiffness goltl induction
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in SMA expressiomverecalculatedBoth protein thickness and polymer stiffness
had poor correlations with the fold induction in SMA, suggesting that neither
thickness of the adsorbed protein nor 8t#fness of polymers modulated
expressia of USMA. Interestingly, it wasobservedthat the polymers that
downregulatedSMA gene expressiofrelative to TCP)had adsorbed protein
thickness less than 1nihhis seems to suggest that selective protein adsorption
on the polymersnayinfluence formabn of focal adhesionghereby regulating
intracellular contractile elements, expression WBMA and subsequent
differentiation of cells to myofibroblasts[65]. Furthermore studies have
observed that polymer surfacesich as pPhEAare able to drive fibronectin
fibrillogenesis therebyromoting cell differentiatioji21], [122], [133] This
material driven fibrillogenesis may explainthe increased fibrblast

differentiation observed on the polymers.

Cytokines and growth factorsecreted by fibroblastsfluence the cellular
microenvironment via autocrine and paracrine signalling; thermsiyectly
influencing the outcome ofvound healing.The autocrineand paracrine
signalling growth factor, bFGF is known to promote fibroblast proliferation
migration and endothelial cell invasiofil53], [154] Moreover, scaffolds
designed to release bFGfave been studied to accelerate wound healing by
accelerating formation of the granulation tig43]. Fibroblasts (BJ) cultured

on polymer films had significantly lower expression of bFGF compared to the
TCP control. Integstingly, the polymer films that supported higher mean EdU

positive cells, these include pPhEA, pTHFUMA, pTHFUA and piDA, also had
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higher secretion of bFGF compared to other films. Thus, implicating the growth
factor as a possible catalyst via which peaiittion is modulatedThe anti
fibrotic growth factor, HGHs studied tonhibit differentiation of fibroblasts into
myofibroblasts promote proliferation and modulate expression of
collagen§l61], [162] Fibroblasts culture oTCP (+TGFd 1 had expressed
lower concentrations of HGfRan cells cultured on TCPRrevious studies have
observed similar decrease in expression of HGF when cells are stimulated with
pro-fibrotic TGFb [162]. The HGF expressed by fibroblasts on the polymer
films varied with pTHFuMA, pTHFuA and REhMA having higher
concentrations of HGF and pEGPERMPMAmM and pDVAdexpressing lower
concentrations compared to TCFhese observations suggest tinat polymers
that promoted expression of HGEould possibly guide the cellular
microenvironment towards accelerated wound healasgwas observed with
otherstudie$161]i [163]. The preinflammatory cytokine, IE6, has been studied
to upregulatethe M-CSF receptor on monocytes directing their differentiation
towardsmacrophages, and to augmébtoblastcollagen synthediS3], [164];
resulting ininflammation and subsequent scar formatMaoreover studies have
observed that a decrease @oncentration of IE6 results in decreased
inflammation leading to scarless wound hedlli6®]. Fibroblasts cultured on
pPhEA pTHFUA, piDA, pPEGPEAand REhMA secretedower concentratios

of IL-6, compared to TCH hus, these polymers mayppress inflammation and
direct the cellular microenvironment towardsarlesswound healing The
upregulation offibroblast secred pro-inflammatorychemoattractantMCP-1,

is observed toinstigate migration ofmacrophages to the wound site
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compounding inflammatiarinterestingly this upregulation is especially crucial
in diabetic woundswhere treatment with MGR was studied to enhance wound
healing152]. The cells cultured on pTHFUA and pDVAd had similar expression
levels to TCR suggesting that these polymers intati further inflammation.
Moreover, polymers such @PhEA and pEGPEA promoted secretion of MCP
1, thereby possiblyfurthering inflammation, which may prove beneficial in

treating diabetic wounds.

In addition to cytokines and growth factors, the gerpression of collagen |
(U1) and collagen Il (1) of fibroblasts cultured on the polymer films was
studied.Collagens, specifically collagen | and collagenh#ve pivotal roles in
skin wound healingThe granulation tissue is mostly composed of celtad!
which is progressivelyreplaced by high tensile strength collagen | in the
remodelling phase of wound healinthe cells cultured on the polymer films
downregulatedyene expression of collagéin (UL) relative to TCPexcluding
fibroblasts culturedn pTHFUA andoDMPMAmM. More so fibroblasts cultured
on all polymers, excluding pTHFUA, upregulatedgleee expression of collagen

| (U1) relative to TCP The profibrotic control TCP (+TGFd 1, lownregulated
collagenll| (U1) expressiorand upregulated collagen UI) gene expression
similar tofibroblast collagen expression on most polymer filfisese findings
suggested thahecollagen expression profile of cells cultured on most polymers
followed afibrotic profile. It has been stlied that collageh and 11l expression

is upregulated on moderately hydrophobitd aminerich surfaceq42]. This
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trend was observed with fibroblasts cultured on pDMPMAmM films, where both

collagen | and collagen Ilene expressiowereupregulated.

To understand thphysiological effecbf the collagersecretion profilesaratio
of collagen IlI/I was calculatedhe collagen Ill/I ratio has beersed taascertain
the outcome ofvound healing; fomstancejn the case of incisional hernia, the
collagen I1l/l ratiohas been known iacrease, whichesuledin impairedwound
healing42]. Moreover the low collagen Il expression ratio of fetal fibroblasts
have been studied conjunction with scarless wound healit¥], [35]. These
studies suggeshat modulating the collagen Ili@xpressiomatio may guide the
outcome of wound éaling. It was observed that the pfibrotic control, TCP
(+TGFd 1, had alow collagen 111/1 ratio. Fibroblasts cultured on tp@hEA,
pTHFUMA, pEGPEA and p2EhMAIms had ratiodowerthanTCP (+TGFd1 )
indicating these surfaces promotsdarring fibrotic healing. Interestingly,
fibroblasts cultured on pTHFUA filmisad a positivecollagen 1lI/I ratiowhich

was indictive ofscarless wound healing

The wound healing scratch assay was usedffioiently study the effect of
polymer surfacesn woundclosure.This methodologydemonstratethe direct
impact of polymers on fibroblasproliferation and migration, withespectto
wound healing A total of four representativpolymersfrom the eighto hi t 6
scaledup polymers were tsidied these representative polymessipported
similar cell numbers anchodulatedunctional fibroblast behaviour such esll
proliferation The rate of wound closure was assessed by studying thizeeell

area after 48 hours and 96 hours of cultlireas roted thaffibroblasts cultured
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on pTHFUA had the highest rate of wound closure, followecklig cultured on
pDVAd, pEGPEA and pTHFuUMA These findngs suggested thaTHFuA may

accelerate wound closuire vivo.

Themovement of fibroblasts into the wouatkaas single nonclusteringcells
was representativef fibroblast behaviounn vivo [166]. Proliferation and
migration are théwo mechanismsnvolvedin wound closurg155]. Based on
observedn vitro data, it can be speculated thatund closure on pTHFuAs
mediated byboth enhanced proliferation and migration of fibroblasesulting

in efficientwound closure. ThpTHFUMA film s wereobservedo promotecell
proliferationin vitro. However,cells cultured orthese surfaes had the lowest
wound closure rate suggesting ttfz polymes suppressed cell migration into
the simulated woundMoreover, the pEGPEA and pDVAd surfaces were
observed to suppress cell proliferatidiis was notable with decreasede of
wound closure on pEGPEA films. Interestingly, the pDVAd surfathigher
rate of wound closure, suggesting that cell migration may be the driving variable.
Additional studiesinvestigating proliferation and migration in these wound

modelswould neecconducted to further elucidapossible mechanisms

In summaryhit polymers synthesizedast,and charactesed in chapted were
assessed fanodulation of fibroblast behaviour towarasanttfibrotic and pre
fibrotic phenotypeThe scaledip polymer films were shown to retailmgical
efficacyobservedn thehigh throughput screening phasi@s involved studying
cell attachment, proliferation, and expressiok&FMA. Moreover it wasnoted

that the bio-instructive nature of the polymer filmgsas not limited to tissue
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specifc fibroblasts both human lung (MR&) and skin (BJ) fibroblastaere
shown to behave similarly on the polymdtarther thepolymers were observed

to augment the secretion profile of cytokines, growth factors and gene expression
of collagengowards distinct pranealing angro-fibrotic phenotypesBased on
theseresults four polymers thatepresented each of tletassifiedphenotypic
groups t CPi SMA, + CP + SMA; CPi SMA, andi CP+ SMA) were selected

for the wound healing assdywas observed thahe polymes either accelerate

rate of wound closurépTHFuUA) or suppressed the rate of wound closure
(PEGPEA. Thus, accentuatinghé anti and pro-fibrotic properties of the
polymers.In conclusion, hese observatiormsmphasizéhe influential role that

polymers may perform in guiding and accelerating wound healing.
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Chapter 6: Microparticle aggregates as scaffolds to
scaffolds to modulate woundhealing
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Chapter 6 - Microparticle aggregatesas scaffolds to
acceleratewound healing

6.1 Introduction

Wound healing i& complexbiological procesencompassing various cell types
across a spatial and temporal mdfr®{, [52]. It consists offour overlapping
sequential phases, each havdefined cell signallingand biochemical events.
Followinginjury, the haemostasis phase resulthé@formation of a scaffold for
infiltrating cells, while acting as a raseir of growth factors and cells. The
inflammatory phase is charactwdl by infiltration of immune cells, that
phagocytize cell debris, migbes and secrete ywtokines to instigate the
proliferative phaseThe proliferative phasis charactesedby proliferation and
migration of fibroblasts, myofibroblasts and endothelial cells, which compose
the granulation tissue along with the immune <elFibroblass and
myofibroblasts are the prevalent cell type in the granulation tid$ese cells
secretestructural ECM components that replace the provisional fibrin matrix
formed in the hemostasis phaskibroblasts remodel this ECM form mature
scar tissue or regenerated skin in the tissue remodelling .phhsebalance
between these processes determines the outcome of wound healing, in particular

fibrosis, scar tissue formation and regeneration of the wa@hd22], [54].

Accelerated woundhealingis an ideal outcome foboth acute and chronic
wounds.Currentstrategiedo achieve this outcome is titevelop i) bioactive
dressingssuch as hydrogel dressingsat having hyaluronic acid or chitosan

componentgo promote coagulation and wound healiiig microparticlesand
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nanoparticlesas drug delivery agentha releaseantrinflammatoryand pro-
healing drugsnd iii) microparticles ascell instructive scaffold467]i [170]. The
latter has beesuccessfullysedin in vivoregeneration of cartilage, bone, Hear

and toaccelerate skin wound heal[ag7].

Microparticles scaffolds can be fabricated with two distirappproachesby
microparticle agglomeration through sintering the formation of scaffolds
mediated by cell aggregatidr1]. Both methods produce highly porous
scaffolds permitting cell infiltrationwhile avoiding conventional procedures
such as porogen leachjdg1], [172]. Microparticlescaffolds mediatedybcell-
induced aggregationalwe a distinct advantage over agglomeration; the former
avoidsinvasive surgal procedures foimplantationby achieving injectability

and scaffold formatiom situ172].

Microparticle scaffolds for cell-induced @ggregation are commonly
functionalized orloadedwith cell instructing motifs and growth factorsFor
instancechitosarmicroparticles presentini®DGFBB, TGFb1 and VEGF were
shown toimprove cell attachment and proliferation tafiman derived adige
stem cellfl73]. In another study,poly(lacticco-glycolic acid) (PLGA)
micropaticles were functionalized withcardiac stem cell membrane and
secretomehat increased adherenaed proliferation of cardiac stem cedls the
microparticles, while emulating their paracrine and bimterfacing
activitied174], [175] Alternatively, microparticles fabricated with cell

instructive surface chemistrieeave shown potential in modulatingell
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responsfgL34]. This methodology reduces tlaglditional functimalization steps

while presenting the cells with a uniform, consistent instructing surface.

In this chapterthe acrylate and acrylamideomayolymerspreviously identified

to modulate fibroblast behaviour wergynthessed into surfactants and
subsequentlyabricated intamicroparticles. These particles were characsed

for surface chemistry, size and stiffneBsirthermorethe particlesvere then
assesseon their efficacy to modulate fibroblast and macrophage behaviour

towardsanti andpro-fibrotic phenotypes.

6.2 Materials and methods

6.2.1Microparticle fabrication

Microparticles were fabricatedby collaboratorsat the Centre of Additive
Manufacturing as previously describdd34]. In brief, the polymemicroparticles
were produced using a 1@@n hydrophilic 3D flowfocusing micofluidic droplet
generator with the continuous phase as distilled waterd the dispersed phase
containing thenonomer (1,6 hexanediol diacryla(eIMDA)) with 2% wi/v polymer
surfactant (THFuUA-coMPEGMA, and EGPEAO-MPEGMA) and 1% wlv
photoinitiator (2,2dimethoxy2-phenylacetophenonelhe emulsions wer¢hen
collected in distilled water and irradiated with UV light at 365nmThe

microparticlesverethencharactesed for size angurfacechemistry

6.2.2Cell culture and seeding
The human skin fibroblasts (CR2522, ATCC) were cultured in Minimum
Essential Medium Eagles (MEM) supplemented with 10% fetal bovine serum

(FBS), 1% Lglutamine, noressential amino acids, penicillin/streptomycin and
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sodium pyruvate (Sigma). The cells werultured in T75 flasks at 37°C with 5%
supplemental Countil 90% confluent before passagirigbroblastswere see@d
with a density of 2500 cells/mg microparticle in a norATCP Ubottom plate

(Corning)

6.2.3Monocyte culture

Buffy coats were olatined from lealthy donors (National Blood Service, Sheffield,
UK) after informed written consent and following ethics committee approval
(Research Ethics Committee, Faculty of Medicine and Health Sciences, University
of Nottingham) Monocytes isolated from buffy coatgere cultured in RPML640
supplemented with 10% fetal bovine serum (FBS), 1%lutamine and
penicillin/streptomycin (Sigma)The cells seeded on microparticlesd on MO
polarized controls were supplemented with macrophage colony stimulating factor
(M-CSF, 10 ng/ml). The M1 and M2 polarized controls were supplemented with
IFN-o ( 20 n g-C3I(50 ngiml) @M H4 (20 ng/ml) + MCSF (50 ng/ml)
respectively.The cdls were culturedat 37C with 5% CQ for a total of 6 days
Freshmedium containingytokine polarization cocktails wasipplementedt day

3 of culture The cultured cell supernatant widren collected and storedt -80°C

until analysis.

6.2.4Cytotoxicity

The cell viability of fibroblasts on the microparticles was assessed) the
ToxiLightE  n-destructive cytotoxicity bioassakit (Lonza) at 24 hours of
culture The assayneasurethe release of adenylate kinase (AK) from cells with

compromised cell membraneBhe AK catalyses conversion of ADP to ATP,
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which is then detected through bioluminescefidee emitted light intensity is

linearly related to the AK concentraticemd can bdetected using a plate reader

6.2.5Cell attachment

Cell attachment of fibroblasts was measured usirgCyQuanE NF assay
(ThermoFishergat 24 hours of culturd his method is based eneasurement of
cellular DNA content via fluorescendye binding, where he cellular DNA

content is proportional to the number of cellese DNA content of fibroblasts
cultured onmicroparticleswas measured and thdluorescencentensity was

comparedhgainst fluorescence intensity of known cell seeding densities.

6.2.6Cell proliferation

Cell proliferation was measured witthe Baseclick EAU flow cytometry kit
(Baseclich. EJU was added to cell medium3tM at 72 hours of culture, where it
was incorporated into newly synthgsil DNA during the G1/S phase of the cell
cycle.After 96 hours cells weredetachedandthe celtmicroparticlesuspension was
sieved with &60um sieveto collect cellsThe cells werestained for EdUollowing
ma n u f a cinstwctiens Bhe data was acquireth BD FACS Canto A and

analysedising Kaluza.

6.2.7ELISA

The concentratiasof bFGF, HGF, 1-6, MCP-1, andTGFb1 secreted into the

medium by fibroblastsultured ormicroparticles was analysedfeer 96 hoursof

culture with DuoseELISA kits (R&D Systems)accordingtomanuf act ur er 0 ¢

instructions. Similarly, the concentrations of-ll0, CCL18, TNFU, IL-16, and
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TGFb1 secreted into medium by macrophagefured on micropartickewere

measuredafter 6 days of culture.

6.2.8RT-PCR

Total RNA was isolated froroells using RNeasy plus kit (Qiagen) followed by
cDNA synthesisising agPCRBIO cDNA synthesis kit (PCR Bgystems)Realt
time PCR wagerformed on the MxPro 3005P gHPICR system (Stratagene,
USA) using 2x gPCRBIO SyGreerBlue mix Lo-Rox (PCR Biosystems)
according toma n u f a cirstauctiens.lBosward and reverse primers were
purchased from Eofins Scientific UK and Sigma, these are listed in t&ble
Gene expression levels were firstormdised to housekeeping gene,

glyceraldehyde3-phosphate dehydgenase (GAPDH)and then the relative

expression levels werlculated with th&®! method.

Table6.1: Primers forfibroblast ECMmarkers used ineal-time qPCR

Genes Primer Sequence (5’-3')
Forward ACAGTCCATGCCATCACTGCC
GAPDH
Reverse  GCCTGCTTCACCACCTTCTTG
Forward CCAGTCCACAGCTATTCCTG
EDA-Fn

Reverse  ACAACCACGGATGAGCTG
Collagen | (a1) Forward GTCGCACTGGTGATGCTG
Reverse GGTGGTGTCCACCTCGAG

Forward AGCTGGAAAGAGTGGTGACAG

Reverse ~ CCTTGAGGACCAGGAGCAC

Collagen Il (a1)
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6.2.9Imaging
CellMask Green (Invibgen) was used tasualizecells adherent on micropatrticles.
The samples were imaged using the Zdi&M710 confocalvith a Zeiss Obseer

microscope (Carl Zeissinder a 40x oil objective

6.2.10Microparticle surface characterisation
The microparticleharacgrisation was carried out by collaborators at the Centre

of Additive Manufacturing, and at the School of Pharmacy.

Microparticle surface chemistry waseasured using TeBIMS IV (IONTOF
GmbH, Germanygquipped with a Bf primary ion sourceData was calibrated

andanalysedising lonToF software.

The MFR3D Standalone Atomic Force Microscope (AFM) (Oxford
Instruments, Asylum Research Inc., CA) was used to obtain-fispéacement

curves ofthe polymer samples in watdr o r Youngo6s latma.dul us
Following data collection, th®erjaguinMuller-Toporov mathematical model

was used to fit the slope of the retracting curve using least squares regression line

for calculation of Youngds modul us.

6.2.11Statistical analysis
All data acquisitioned isxpressed as mean = standard deviation, \with

independent biological replicates, and three technical replicates $atistical

c

significance was calculated using eneay ANOVA and the Tukeybo

analysis, whereby §0.05 was considered as beBtgtistically significant.
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6.3 Results

6.3.1Microparticle surface characterisation

The microparticles generated by droplet microfluidics produced monodisperse
particles withparticle diameteof approximately 7Qm, (Figure 6.1C and E

The size distribution for bparticles was narrowanging between 2.2@n and
3.32um. Furthermorethepro-fibrotic particles had higheneansurface modulus
thanantkfibrotic particleswith 14.8GPa and 9.7GPa respectiyéigure 6.1B,
thoughthis incrementwvas notstatisticallysignificant. This indicated that the

microparticles had similar physical and mechanical properties.

ToRSIMS analysis was used to investigate the surface chemistrymiitheced
microparticles. The spectraverecollected both in the positive and negation
mode,to identify characteristic peaks for THFUA :0’), EGPEA (GHO"),
and HMDA, where nocharacteristigpeak could be identifiedFigure 6.1A.
Comparison ofion peaks ofTHFUA and EGPEAparticles with HMDA core
particlesshow that the ions were unique to the individpaiticles suggesting

thatthe particles were functionalized withebiologically active polymers.
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Figure 6.1: Surface characterisatin of fabricated microparticle A) ToRSIMS data showing 3 key ions associated with 3 monomers w
surfactant structures, with the ions from the structures circled in blue and red circles. B) Stiffness of microparticlesstictes had simile
surface modulus. C) Table with size of microparticles D) SEM of monodisperse microparticles
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6.3.2Cytotoxicity and cell attachment

The microparticles were washed for 48 hours in disd waterprior to UV
sterilization and cell culture. The water wash was implemented to leach and
remove ay residualtoxicants. Fibroblasts seeded onto thieroparticles were
assessedor toxicity by measuring the release AK from lysed cells.All

particleshadhigh cell viability comparablédo the live control(Figure 6.2A.

The CyQuant assay was used to assess the totaldbNiAemicroparticles after
24 hours of cultureThe antiHfibrotic particles had significantly higher cell
attachmentwith 32x10® cells compared topro-fibrotic with 22x10° cells,
(Figure 6.2B. TheHMDA coreparticles supported highereanattachment than

pro-fibrotic, though this was not statistically significalMtoreover, the nofTCP
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Figure 6.2: Fibroblast cytotoxicity and attachment on microparticled) Cytotoxicity B) Ce
attachment C) Representative images of fitasts stained with CellMask Green a) HM
core b) prafibrotic ¢) antifibrotic. All data shown is from two biological replicates with tt
technical replicates each. *p<0.05,**p<0.01,***p<0.001, ***p<0.0001.
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well hada fifth of the cells attachecbmpared to thantkfibrotic particles This
suggestedthat cels were adherenbn all three microparticke and that

attachment was guided by particle chemisione

6.3.3Fibroblast proliferation on microparticles

Fibroblast proliferation on thenicroparticles was studied after 96 hours of
culture.At 72 hours, medium was replaceith EdU containing mediunilhe
percentage of EdU positive cells was then measured, this indicated the
percantage of cells that were in the G1/S phase of their cell c&kdhift in peaks

between the stained and unstained controls confirnzedporation of EW into
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Figure 6.3: Cell proliferation of fibroblasts on microparticlesA) Fibroblasts negatively for Ed
are to the lef{(green)and positively stained for EdU on the rigntd). B) The percentage posit
EdU cells were measured from the flow scatter plots. Thehpating particles had significan
higher cells in their G1/S phasé the cell cycle. C) Additionallyell proliferation was studied |
quantifying the total number of cells at 24 hours and 96 hours of culture. THesplimg particle
had significantly higher population of cells at both 24 hours and 96 hours of cuMlidata show
is from two Dbiological replicates with three technical replicates ¢
*p<0.05,**p<0.01,***p<0.001, ****p<0.0001.
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proliferating cells, figure 6.3AThe antifibrotic microparticleshadsignificantly
higher percentage of EdU positive cetlempared to bottpro-fibrotic and
HMDA core particleswith 29%, 18% and 21% EdU positive cells respectively,
(Figure 6.8). A similar trend was observed with significanty higher
populationof adherent cellsn antifibrotic particlesat 96 hourgFigure 6.3C)
suggesting thathe antifibrotic microparticles promoted cell proliferation

compared t@ro-fibrotic andHMDA core microparticles
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6.3.4Microparticles influence fibroblast cytokine profile
Fibroblastsupernatant cultudeon microparticles was collected after 96 hours
and cytokine concentrations were measured wislaredwich ELISA assay. A
panel of5 cytokineswere assessethFGF, HGF, 11-:6, TGFb1, and MCP-1,
(Figure 6.4). Fibroblasts culired on antifibrotic microparticles secreted

significantly higher concentrationsf bFGF and HGF than thpro-fibrotic
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Figure 6.4: Cytokine profile of fibroblasts cultured on microparticlebluman skin fibroblasts we
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microparticles The prefibrotic cytokines, 1-:6 and TGFbl, concentrations
were significantly higher with fibroblasts cultured pro-fibrotic particles than
antHfibrotic particles. A similar trend was observed faviCP-1, where
fibroblasts cultured opro-fibrotic particlessecreted higher concentrations than
antHfibrotic particles.These trends suggested that fibroblasts cultorethe
functionalized particlesadopted aantifibrotic or an pro-fibrotic secretion
profile. Interestingly,cells cultured orthe HMDA core microparticlesdid not

have strictanti or pro-fibrotic secretion profiles.

6.3.5Gene expression of fibroblasts omicroparticles

The mRNA levelsof certain ECM markers of fibroblastscultured on
microparticles were studiedising real time qPCR The fold induction in gene
expression was measdreompared tahe HMDA core particles.Fibroblasts
cultured onantifibrotic particles expressed lower levels of all three ECM
markers studiedin comparison tgoro-fibrotic particles, (Figure 6.5. ED-A
fibronectin is avariant of fibronectin secreted by myofibroblastse latter
differentiating from fibroblastsThe two-fold increase in EBA fibronectin
MRNA levelsbetweerpro- andpro-fibrotic particles suggest that tpeo-fibrotic
particles hd a higher population of myofibroblasSimilarly, the pro-fibrotic
particles had approximately twold increasein collagen Il expression than
antifibrotic  microparticles Interestingly, the antifibrotic particles
downregulatedwvhile pro-fibrotic particles upregulatedollagen | expression.

relative toHMDA coreparticles suggesting an instructive nature of the particles
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Figure 6.5: Gene expression of ECM markers for fibroblasts cultured on microparticRelative
fold induction in gene expression of A) EDAN B) Collagen 11l 1) C) Collagen | (J1) usin¢

GAPDH as housekeepimgne. The fold induction was calculated using A& nethod and da
was normalized to HMDA core patrticles. All data shown is from two biological replicates wit!
technical replicates each. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

6.3.6Cytokine profile of macrophages on microparticles

Macrophagesvere cultured omicroparticles for 6 days before collecting cell
culture supernatant and studyititeir secretomeThe studiedcytokineswere
grouped intoantiinflammatory 1L-10 and CCL18, pranflammatory, TNFU
and IL-1b, and prefibrotic factor TGFb 1 (Figure 6.6). The polarized
macrophage controf®r both antiinflammatory cytokinesiL-10 and CCL18
were significantly higher in Mz2like macrophages as was expected.

Macrophages cultured ocantifibrotic microparticles had significantly higher

expression ofL-10 compared tgro-fibrotic particles. Moreover, the cells had
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higher meansecretion of CCL18 orantifibrotic particles thanpro-fibrotic
particles. This suggested that cells cultured amti-fibrotic particles adopted a
M2-like secretome profile.On the other handthe pro-fibrotic particles
influenced macrophages to secrete higher concentrations -afflarmmatory
TNF-U than theantifibrotic particles.Interestingly,macrophages cultured on
pro-fibrotic particlessecreted significantly higher concentrations of-filootic
growth factor TGFb 1 This indicateda proeinflammatory and prefibrotic

cytokine profile for macrophages culturedmo-fibrotic particles.
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Figure 6.6: Cytokine profile of macrophages cultured on microparticlddonocytes were differentiated into macrophages on the polymers for 6 days
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6.4 Discussim

Microparicle scaffolds have beersuccessfully utilized as a bottomup
engineeringapproactof complex3D constructs for use as injectabfesin vivo
regenerationof cartilaggl69], [176], [177] bond168], [178] and heart
tissuefl74], [175] However, their usas instructive sdtolds for modulating
and accelerating wound healing is limit@4]], [167]. The discovery gbolymers
that modulated fibroblast behaviour towards antifibrotic or pro-fibrotic
phenotypepresented an opportunity to stuplglymeric microparticle scaffolds
with cell instructive chemisies that couldregulatethe outcome of wound

healing processes.

In this study acrylate polymers identifieftom the high throughgt screening
andscaled up studies were translated into polymer surfactants. These surfactants
were thenfabricatedinto microparticlesusing a microfluidicsapproach The
produced microparticles hadmonodispersaize distibution with the particles

beig 7Qum in diameter, as measured ke SEM images. Further
charactesation revealedthat theparticles had definedurface chemistrywith
antifibrotic (pTHFUA) or pro-fibrotic (P EGPEA)chemistriesand with similar

mean surface modulus at 10GPa and 15GPa respeciiVely, the fabricated
microparticles were similar in all aspectwith surface chemistryas the

delineating factar

Primarily bomaterial surfaceshould be able to support cell attachmant
proliferation, which could themegulateother downstream processsuch as

cytokine and protein expressiofibroblastattachmentand proliferationon
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microparticles was measured by correlating the total DNA extracted from the
particles to a cell number, using aalibration curve Additionally, cell
proliferation was studied by assessing the percentageldfpositivecells and

the totalnumber of cells at 24 and 96 hours of culture

All microparticles supported cell attachmentertiin the antifibrotic particle
supported highest cell attachment followed BWIDA core and pro-fibrotic
microparticles.lt is known that ell attachment is regulated by adsorption of
ECM proteins, namely fibronectin, from seruRurthermore fibronectin has
been used to enhamcell attachment to microparticlesvitro [174], [179] This
suggests that the differential attachmefrfibroblastson the microparticles may
be related tovarying adsorptionlevels of fibronectin.Interestingly,in a study
conducted byJgur et al.(2020, it was noted thatnicroparticleproperties such
as zeta potential arphrticle morphologyvere notsolely responsible for high
attachment of mesenchymal stem ¢&lf®]. The study elucidated that
concentratedpatchy adsorptionof fibronectin may result in enhanced cell
attachmentind proliferaton. Thus, it can benypothesized thahe differential
attachment of fibroblasts on the microparticles is associatedraiyiing levels

of concentrated patches of fibronectin.

In addition to serving asnan-situ scaffold for attachment and proliféi@n the
microparticlesinfluenced fibroblast and macrophage secretomepanel of
cytokinescomprising bottpro-fibrotic and antifibrotic cytokines vereassessed.
Cells cultured on antifibrotic microparticles had significantly higher

concentrations of bFGRHGF and IL-10 in comparison tothe pro-fibrotic

146|P age



particles. On the other handcells cultured onpro-fibrotic particles had
significantly higher concentrations pfo-fibrotic TGFb1, IL-6, MCP-1, TNF-
Uand IL-1b. Thesesecretiorprofiles aligned withanti-fibrotic and prefibrotic
phenotypessuggesting thahe microparticles influenced cekecretions towards

theintended outcomes.

Secreted cytokines in theellular microenvironment influees cell behaviour

and phenotype, such as proliferation and ECM secretion, which ultimately
influencethe outcome ofvound healingFor instancethe autocrine effect of
fibroblast secreted bFGE#nhances proliferatio his is observed on fibroblasts
cultured onantifibrotic microparticles, where high concentrations of bFGF
coincide with higher proliferativendex Interestingly the antfibrotic growth
factor HGF is known to accelerate wound healing and preverdsigry
synergistically acting with bFGF to promapeoliferation and modulating the
effectsof pro-fibrotic cytokine TGFb1 [161]. It was observed thatliroblasts
culture onantkfibrotic microparticlessecreted higher concentrations of HGF,

which mayalludeto the antifibrotic effects of theparticle.

Fibroblasts and macrophages have been ideatds theawo major cell types
dictating the outcome of wound healinghe impact of fibroblasinediated
recruitment of macrophages through paracrine signalling was investigated by
studying concentrations of MCR and IL-6. The former acts as a
chemoattractant for monocytes while the latteregulates the NCSF receptor
on monocytes furthering their differentiation into macrophf@€s. Fibroblasts

cultured onpro-fibrotic particles expressed higher concentrations of both MCP
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1 and IL-6, which may instigate influx of macrbpges into the microparticle
scaffold systemthereby furthering inflammationMoreover, macrophages
culturedon themicroparticles expressed distindtl-like or M2-like cytokine
profiles, as wasbserved in comparison to the cytokine cocktail polarized
cortrols. Macrophages cultured aatifibrotic microparticles secretetigher
concentrations of H10, which has been observed tdedifferentiate
myofibroblasts into fibroblaststhereby providing an antibrotic effec{55].
Furthermore, macrophages cultured mno-fibrotic particles secreted higher
concentrations of prnflammatory TNFUand prefibrotic TGFb1, which may

then promote @ro-fibrotic microenvironment

Collagen is theanain ECM protein and is essential for providing mechanical
strength toregenerated tissueB healthy tissues, collagen | iket prevalent
compared to collagn Ill, although healing tissues are known to have higher
collagen Illcontentwhich is repaced with collagen | in later stages of wound
healing Moreover,an abundance afollagen Il has been noted in acutely or
chronically inflamed tissug$4]. It was observed thaibiroblasts cultured on
antHfibrotic particlesexpressed a lowesollagen 11l b | ratio thanfibroblasts
cultured orpro-fibrotic particles. The expressior bbigher collagenll to | ratio

in the early stages of wound healimas been studied to @ early indicator of
normal healing54], [148]. On the contrary, a lower collagen Il to | ratio was
observed irmature burn scar tissue. These findings suggest thahthigrotic
particles promotg a normal expression afollagen Il to I, whereas thpro-

fibrotic particles may leadtvards excessive ECM deposition and scarfTing
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upregulation of collagens on fibroblasts culturegonrfibrotic particles, can be
attributed to the increased secretion of Fidrand IL-6, which is a key enhancer
of collagen productiori66]. Moreover, the antfibrotic growth factor HGF
attenuates expression of collaggd$l], this was observed oantkfibrotic

particles where the collagen | and Bkpressionlevels were significantly

downregulated compared poo-fibrotic particles..

Along with collagen expression, the expressionafular derivedECM protein
ED-A fibronectin was studied. Thisvariant of fibronectin is expressed by
fibroblasts andnyofibrodastsduring the proliferative phase of wouhealing
andhas been observed to be abundariibirotic tissu¢181], [182] It has been
studied that EEA fibronectin regulatesinding of latent TGFb 1 thereby
furthering the fibrotic outcomeThe pro-fibrotic microparticleshad higher
expression of EEA fibronectin, which may ba result of higher mean surface
modulus othese particlegpromotingfibroblast differentiation to myofibroblasts
and subsequenED-A fibronectin expressionFurthermore,the increased
concentration ofibroblast secrete@ GFb lon pro-fibrotic particlesmay be
elucidatedby the increasedvailability of binding sites forlatent TGFb 1 o0 n

expressed EA fibronectin[183].

Fibroblast phenotype is influenced bynaterial chemistry,stiffness, and
topography. As mentioned earlier,the surface characteation of the
microparticlegevealed that the fabricated partichesl similar surface modulus
andasmoothtopographyThe differences in fibroblast attachment betwper

and pro-fibrotic particles could then be attributeéd microparticle surface
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chemistryalone The mechanism with which micropartiadbemistry infllences
cell behaviourequires further investigatipnhoughmechanistigoarallels with

flat films may be drawn

Thein-situscaffold formation with microparticles added an additional dimension
to the 2D studieffom chapter 4 and 5. Thleeatedscaffold rot only introduced

a 3D system, but also introducedrface curvaturalong with chemistryas a
variable that influencel cell behaviour.It is known thatfibroblasts can
differentiate curvature up to 2mm after which the responses are similar to flat
surfacegl84], [185] Moreover,it has been studied that surface curvature has
effects orfibroblast spreading, where smaller diameter spheres resuttatier

cell spread arel184]. Furthermore, it was observed thetirvature could
influence nuclear morphologywhich in turn may influence gerexpression
profiled186]. Based on these studies it can be construedrtfsatu fabrication

of the porous curved scaffeltke microenvironment may guide actin
reorganizatiorand nuclear morphologyesulting n varying cellular processes

such as proliferation and differentiation

To summarse, polymers thatmodulated fibroblast behaviour towardsti
fibrotic and pro-fibrotic phenotypeswere synthesed into surfactantsand
fabricated intamicroparticlesThe particles had unique surface chemistith
similar size distribution andnechanical characteristicfhese microparticles
formedin situ scaffolds in culture, and modulated fibroblast and macrophage
phenotypes andesretome towardantifibrotic or pro-fibrotic phenotyps. To

better evaluate the effect of the scaffold on the cellular microenvironment a co
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culture system between fibroblasts and macrophages on the microparticle
scaffold remains to be investigated. Rermore the particles were fabricated
with a nonbiodegradable corgvhich limits in vivo applicability, thoughit
provides a strong proadf-concept Further investigations must include
fabrication of these particles with a biodegradable.doreonclusion, arrent
resultssuggest thatiemicroparticlesystemcould potentially be utilized tiorm

in situscaffolds taaccelerate wound healingacute anathronic woundsnd to

possiblyreduceexcessivescarring inburn injuries.
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Chapter 7. General Discussion
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Chapter 7 - General discussion

Wound healings an intricatebiological processvolving several overlapping
phasesthat consist of inflammation, formation of granulation tissueg-
epithelialisationmatrix formation andemodelling15], [49], [52] These phases
involve variouscell typessuch asmmune cells, endotheliaells,and stromal
cells; eachhaving a defined role thaguides wound healing from injurio
regenerationDysregulation inwound heahg phases, such as in the case of
diabetic wound®r burn injuries)Jeads to negative outcomescluding chronic

non-healing wounds or the formation of excessive scar tissue

The formationof enhancedyranulation tissue has bestudied topromote and
accelerate wound healif], [170]. Fibroblastsand myofibroblasts are the
prevalent cell type in the granulatitissue andave been reported tofluence

the outcome of woundealing[15], [19]. These cells secrete structural ECM
components that replace the provisiofiatin and remodel tie ECM to form
regenerated omature scar tissueThe balance between these processes
determines the outcome of wound healifigrosis, scar tissue formatioor

regeneration of the wound

Accelerated wound healing is an ideal outcome for both acute and chronic
wounds. Current methods taachieve thisencompassthe development of
bioactive dressingscaffoldsand thedelivery of growth factors and other agents
via micro and nanoparticle® promote healing167]i [170]. For instance, the
current standrd to manage chronic wounds and thdebree burns is the

autograft of skin or cultured epithelial celts the use of bioengineered skin
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substitutesThough these techniques haahieveda degree of succetiseyare
observed to cause adverse reactions (rejectiofections, and allergies).
Additionally, they have a limited capacity itastigate the healing process without
stimulatingfurtherremodellingHencethe aim of this study was to discover new
polymeric biomaterials that coukligmentand accelerate wound healirichis
involved the identification of synthetic polymers thaupported fibroblast

attachment and modulatétkeir phenotypic profile.

High throughput screeningf chemicallydiverse méh(acrylate) andcrylamide
library has previously been successfullymplemented to discovesimple
polymers that couldnstruct macrophage phenotypedirect pluripotent stem
cell expansion and differentiatiofhus, it was hypothesized trhts chemically
diverse library could be used to identify polyméngst modulated fibroblast
behaviour éwardsantifibrotic andpro-fibrotic phenotypethereby augmenting
wound healing The hypothesis was assessed by studying the ability of 300
chemically diverse homopolymers to modulate fibroblast attachment, size,
proliferation and differentiation toU-SMA expressing myofitoblasts. The
screening resulted in the discoveryfibfoblastinstructivepolymeis that could
guide wound healingThe discoveryof these bianstructive polymes was
enabled by rapid assessment of a large polymer library through askigif

throughput screening approach, which otherwise may not have been theorised.

The high throughput screenimgethodologyhas several advantagese most
distinct being simultaneous assessment of a large library of surtaces

compounds.However, in this study tb methodology limitedthe range of
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phenotypic and functionassays that could be studiddhe other limitation in
experimental design ihe proximity of polymers on the microarray screening
platform; resulting in crosstalk (through chemical signallingbetween cells
cultured on the polymer3his was overcome bgesigning experimental plans
such thathit polymer selection was based studying multipletechnical and

biological replicates.

The screening producka large information rich data set that represented
phenoypic and behavioural characterisation of fibroblasts on a diwerag of
polymers. Thidataset could be analysed usmgchine learning algorithnis
extractinformation on the relationshipetween polymer physical or chemical
properties anther biological implicatiors [111]. Ultimately, theprocess would
inform on therationalise desigrand synthesi®f novel stromal instructive

polymers.

Excessiveand terminal differentiation dfbroblass to myofibroblas$ has been
markedas a defining trait of fibrotic woundBuring late remodelling phase of
wound healing, myofibroblasts undergo apoptosis and/oplaagocytisedy
macrophages. However, recent studies have shown that myofibroblast
dedifferentiaion to fibroblastsis regulatedby macrophage secreted-10, and
differences in tensile forcas themicroenvironmenf55], [187]. This has ledo
development oftherapeutics that target myofibroblast dedifferentiation, as
means tolimit and even reverse fibrosis. Alternativelg, materialbased
approach invlwing screening of polymers thatstructeddedifferentiaion of

myofibroblasts to quiescent fibroblasts magsent an opportunity to develop
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valuable therapeuticor example,anttmyofibroblast microparticlesfor the

treatment of pathological fibrosisuch agiver cirrhosis

The shift from UVfree radicapolymerised surfaces on the polymer microarray
(for high throughput screenintg) thermal free radical polymeris@adlymers(for
scaled up studig¢spresented an opportunity to minimisgchto-batch variation
while providing flexibility in coating different geometrical substrates.
Traditional thermal free radical polymerisatiappliedin this studyresulted in
quick and efficient polymerisation. However, the technique produced polymers
with varying molecular weights and polydispersitfommercial use (as
coatings)of these polymers would requitlee use controlled thermal free radical
polymerisation such agontrolled/living polymerisatiortp synthesise polymers

with similarchemicalproperties thuspromoting reproducibility

To investigatgossible molecular cues responsibletfar observed differences
in cell phenotype and behaviour on the polymtrsthicknessof theadsorbed
proteinlayerand the mechanical stiffness of the polymers stadied Causality
was assessed kstudying linear regressiorbetweenpolymer properties and
observediological variablesdttachment, proliferatigrand differentiation}o
determinecausality It was de¢rmined thatifferencesn fibroblast proliferation
and differentiation was not influenced by the thicknesthetdsorbedrotein
overlayer nor the stiffness of the polymerBaus, it was hypothesised that
selective adsorption of serum proteiaed/or materiatiriven activation of
adsorbed proteins may elucidgietential mechanisra Several studies have

reported the wuse of proteorbased approaches, such as Liquid
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Chromatographyfandem MassSpectrometry(LC-MS), to identify proteins
adsorbed oto polymer surface$l11], [188] Furthermore materialdriven
activation of adsorbed serum proteimss beerextensively studiedising an
Atomic Force Micoscope(AFM) [122], [133], [189] Future work on these
polymerscouldinvolve theidentificationof modulatorymechanismsusing LG
MS and AFM,to inform on polymerand microparticlanfluence fibroblast

behaviourand phenotype

Wound healing involes intricate interplay between multiple cell typelsich
orchestratehe healing respons&@he major cell types involved in directing
wound healingare macrophages, fibroblastand endothelial cell§l9], [46],
[63]. This study focused on modulating fibroblastenotype and behaviour, to
regulate the wtcome of wound healingThough, the results presented and
discussedhowedpotentialin modulating and accelerating wound healingidt d
not account for theellular complexity observedn vivo. A co-culture or tri-
culture systembetween fibroblasts, macrophages, and endothelial aelthe
polymersand microparticle scaffoldsay help understand the effect of the
fibroblastinstructivechemistrieson other cell typeandoverall tissue healing
The proposed study could be condulih a microfluidic systemthusmimicking
circulating monocytésnacrophagesan endotheliakell barrier and resident

fibroblastsadherenbnthe polymer surface or microparticle[190].

The scratch wound healing assay used in this studg effecient, reproducible
method of studyingell migration and proliferatiorhoth contributing tavound

closure.This study showed thatelected i polymers could not onlynodulate
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fibroblast phenotype behaviour and secretion, but also augmetite rate of
wound closure; thereby accelerating or slowing wowhasure A major
limitation of the scratch wound healing model is that it lacksctivaplexity of
the 3D wound bed environmertdvanced3D wound healing assapave been
developed to overcome tHimitation. These assays are basecedherstudying
cell migration in a collage8D construct or in human skin equivalembnsisting
of multiple layersof cells inembeddedh ahydrogel Though, hese models offer
additionallevelsof complexity they are not designédassesbiomaterialbased
modulation of wound healing. Conversely, wund healing and tissue
regeneration models developed Kglimannsberger et a(2018)andWang et
al. (2019)offer a degree of adaptabilitp study polymer modulatiom a 3D
wound healingmodel. Further studiesadapting these models tavestigate
polymer augmented 3D tissue healiaguld provide greatensight. Moreover,
afore mentioned 3D wound healing models couldibed to study the effect of
the antifibrotic and pro-fibrotic microparticle scaffoldsn a multicellular 3D

wound healing model.

The micropatrticles fabricateand usedn this studyhad a norbiodegradable
hexanediol diacrylat¢dHMDA) core.Thesewere then functionalised withither

an anti or profibrotic surfactantStudiesusing these particleserveda s 06-pr oo f
of-concepd for the use of amntior profibrotic microparticles as diically
translatable scaffolds to accelerate and modulate the outcome of wound healing.
Though, the antdiibrotic particles augmented fibroblagbthenotype and

behaviour towardsuccesful wound healing, the particlesere limiting in
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applicability due to heir nonrbiodegradable coreThus, tofurther enhance
applicability,biodegradable microparticlésving gooly(lacticacid) (PLA) core
instead onHMDA core have been develop&iL A has beestudiedio degrade
in vivovia hydrolysis to form lactic acichonomerswhich areremovedhrough
renal secretiol92]. Preliminarybiological studiesusing these biodegrabole

particleshaveshown similar modulation in fibroblast behaviour.

The clinical applicability of the identified bimstructive polymers and
fabricated microparticles has been pursued by developingnstiactive
dressings in conjunction with an irgtual partner, that are aimed at accelerating
wound healing.Furthermore,thesefibroblastinstructive chemistries can be
developed as coatindsr implantable medical device alleviate biomaterial
mediated fibrosis.The antifibrotic microparticles have shown promise in
accelerating wound healing en in vivo diabetic mousevound model; thus,
cementing use as a therapeutic in treating chronic diabetic wddenxslopment

of biodegradable anfibrotic microparticlesas injectables omas gels (by

combining with annert cellulose carrieprovides greater translatability.

In conclusion findings from this thesiglemonstrate the ability of surface
chemistries tonanipulatghysiological phenomenacceleratingvound healing
and guidig scarred/fibrotidissue/injuries This chapter has discusseelveral
futureresearctavenueghat wouldinform on mechanisms of polymerediated
modulation or would add a level of complexity to the current stuthese are

presented ifigure 7.1
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Figure 7.1: Schematic summarising the project, potential research avenues and cli
applications.Figure made in Biorender.com
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