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Abstract

In this project a glycerol methacrylate hydrogel surface was synthesised, which acted as a
biomaterial. This biomaterial was used as a surface on which fibroblast and macrophage
type cells were grown. The hydrogels were synthesised froynegbl methacrylate, a
hydrophilic monomer, crosknked with glycerol dimethacrylate using chiefly thermal
polymerisation methods. The hydrogels were shown to have similar water contents of
around 7585% mass and similar physical structures. Polystylates particles were also
synthesised using emulsion polymerisation. Latex particles were synthesised in 3 sizes: 100
nm, 250 nm and 720 nm. These particles wareducedeasily and in large quantities in the
three sizes and with good control. The partglevere incorporated into the hydrogel
structures to give three sets of hydrogels with surfaces of varying roughnesses but identical
surface chemistry. The surfaces were analysed with electron microscopy and white light
interferometry to gain an understanadg of the roughness and appearance of the surfaces.
These latex hydrogels were optimised for cell culture and shown to becytmrtoxic by the
culture of 3T3 fibroblast cells on their surfaces. Normal human dermal fibroblast cells were
also grown on the tgrogels and were shown to have survived on the surface for at least 48
hours with some evidence of proliferation. A simple staining and imaging method using
Giemsanuclear stain, PicoSirius red cellular collagen stain and upright inverted light
microscopywas demonstrated. Optimisation of the hydrogels for the culture of -THP
macrophage like cells was demonstrated and ruled out epifluorescence imaging for these
materials due to excessive autofluorescence generated by the hydrogels. It was shown that
it was possible to induce differentiation of the THPcells using PMA and for the cells to
adhere to the hydrogel surface, however an experimental attempt to investigatehat

extent the hydrogel surfaces caused an activation of the macrophages inconclusie.



Using ELISA it was shown that the detectidivery small levels ahflammatory cytokines

was apossible

Alongside these investigations, a set of water swollen -ahr&l particles was synthesised
from a protected monomer in water using emulsion puBrisation. These particles were
shown to swell with water on the removal of a protecting acetonide group. The particles
increased in size from around 1300 nm to 56 um. This water swelling is a key indication

of hydrogel function. The core shell pakis were shown to be able to adsorb protein
molecules (lysozyme, albumin and fibrinogen) onto their surfaces and the change of surface
charge, measured by zeta potential was shown. Higher adsorbed protein concentration had
a more marked effect on the elettan of charge on the particles and the particles with a
smaller shell diameter showed the largest change in zeta potential with adsorbed proteins.
Total protein content adsorbed to the particles was measured using the BCA assay.
protein adsorption shwed that these particles may have potential used in a biological
context and could be investigated further in the area of drug or biomolecule uptake and

release.
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1 Introduction

1.1 Tissue engineering

This thesis is part of an interdisciplinary project which aims to create a better understanding

of various scientific and engineering disciplines enabling the betterment of all of #ieas

from the skills and experiences gleaned from working between thdris project
encompasses aspects of polymer chemigtrycreate hydrogel materia)scell biologyto

culture cells on the polymer materiatd a number of engineering techniques analyse

and understand the results.sAsuch, it falls under the broad field of tissue engineering.
¢AaadzsS SyaaAySSNAy3I KIa 0SSy RSaEONAOGSR | a a
principles of engineering and life sciences toward the development dddimal substitutes

GKIFIG NBad2NBxX YIFAYyGrAy 2N AYLNME@Sefiditod ia dzS  F dz
from Langer and Vacanti, two of the pioneers of the field. The definition itself is broad,
reflecting the very wide ranging nature of the field. Tissue engineering encompasses
elements of a nmber of disciplines including engineering, physics, chemistry, biology and
biomaterials, as well as many others, but the emphasis of tissue engineering is to work with
0KS 02R&Qa 24y NBaz2da2NOSa G2 KStLI AG 2dzi Ay
properly and of course this will require deep understanding of the science that underpins

both cell biology and materials. This is achieved in a number of ways including the
generation of tissue types in the labxvivo, for example bone, skin and cartia@nd also

applying this knowledge to allow the-growth and regeneration of the tissues in the body

for example bone and tendon grafts. Ultimately this knowledge could be used to repair
complex organs in the body, reducing the necessity for transpl@htBefore this can

happen, a better understanding of the mechanics, biological and chemical functions and

1
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opportunities to model and examine various tissue systemsgireg from skin and bone to
cartilage and evemvhole organshelping to gain a better understanding into the activities
and pathways of stem cellexpression of genes in response to stimuli or the ways in which
body cells and tissues degrade or fail asytrage Taking skin tissue engineering as an
example, a large number of different problems can be modelled using lab produced tissue
engineered skin cell cultures. These include full thickness burns and skin graft
contraction[3],[4, 5] models of melanoma infiltratid®] or models of skin pigmentation
disorders including psoriadig] Tissue engineered skin also has produced applications in the
clinic for the past 25 yeal8] for example in burn healin@] which has also led to the
development of the commercial producsuch asApligraf9] [10], whichis used in the
treatment of burns and chronic wounds, and also in the generation and clinical replacement
of human buccal mucosa to repair damaged uretfirH

A further application of tissue engineered skin is in usimgitro cell cultures as an
alternative for cosmetics testing. This allows a variety of cosmetic compounds to be tested
on realistic humarskin givingmore accurate and representative results, without any of the

cost or ethical issues involved in using animals for tegti@gl 3]

1.2 Macrophages

The main aim of the project is to gain an undemsteng of how macrophage and
macrophagdike cells interact with polymer biomaterialdMacrophages are monocyte
derived white blood cells which are part of both the mgpecific, innate immunity and a
member of the specific defence strategy employed as paecquired immunity. Their roles

in the immune system are to engulf (phagocytose) foreign cellular material or cellular debris

0
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and break it down into harmless, or useful products and to stimulate other immune cells
(including lymphocytes and-Gells) tohelp combat infections and foreign bodies. Much of
the early understanding of macrophages and their immune activities comes from
experiments by Mackaness and colleadadkin the 1960s. They investigated immunity to
microbial infections through changes in the activity of macrophages in response torentige
They found that when macrophages came in contact with pathogens, they developed
immunity specific to the stimulus i.e. the pathogen, but not specific to antigen displayed by
it.[15 This meant that the ammicrobial activities of the macrophages were greatly
improved. They then surmised that this improved immunity was dependent upon an altered
or activated state of the macrophage working with antigen and specific antibodies adsorbed
onto the macrophage suate. It was later shown that this activation depended on the
products of specifically activatedhelper cells (f1) and Natural Killer (NK) c¢ll§]. These

cells themselves were activated through interactions with the antigen expressed on the
adzNF I OS 2F (GKS YIFIONBLKIISad ¢KS LINRRdAzOU &
networks, including interleukii2 (Il-12) and IE18. After this work, interest in macrophages
appeared to wane and not much research was conducted into their activities until the 1990s
GKSNBE al O1lySaaQ ¢2N)] o6SOFYS (y2éy +a (GKS
and his work helped open the door tesearch into the biochemistry of macrophage killing

actions, cytokine biology and tumour immunolddy]



1.2.1 Classical activation of macrophages

The classical activation pathway isvall-establishedsequence of cytokine activity which

Ol dzaSa Of I aaixolf I OGAGFGA2Y 2F YI ONBLKI 3ISaE
stimulation of T-helper type 1 immune (L) responses and encourages pnflammatory
activity in response to infections such as those causethygobacterium tuberculosm by

the human immunodeficiency virus (HINp]

Classically activated macropiag | NBE A Y RdzOSR o6& | O2YO0oAYyl GA2)
primes the macrophage for action but does not actually activate it, and one or more of;
tumour necrosis factors (TNF), an inducer of TNF including the cytokid@said IFL8,
produced by Icels or from exposure to microbe or microbial produfis] In mice this
activation is easilydentified as nitric oxide (NO) is producgif] This identification is not as
simple in humans as we do not produce NO as part of this macrophage response. Instead
the response is identified by a variety of biochemical and macrophage functional
criteria[18] including increased ability to kill intracellular pathogens and theagulation

of certain poteins, such as surface major histocompatibiliy (MHC) proteins. Following
activation, macrophages will migrate to the sites of infection, following chenmtavhere

they will encounter pathogens and engulf and degrade them as well as stimulating
inflammatory responses to the infection by releasing fmflammatory cytokines.
Inflammatory responses are critical for the removal of pathogens and foreign extracellular
material. During the response large numbers of immune system components including
macrophagesnd dendritic cells rush into the infected area. A swelling action brought on by
an increase in blood vessel permeabiltjowing the influx of immune cells to the tissue,
blood plasma and proteins, as wellthe associated increase in temperatyadl help to kill

invading pathogenfgl 8]



The action of cytokines is not the only way in which ropbage activity is modulated.
Contact dependent interactions between-c&lls and macrophages, though poorly
understood and definechave been shown to alter their activitj20]-[21] Macrophages are

also said to able to induce changes in cell adhesion, migration and tihetisa of various
proteins of a number of cells includingcé&lls and fibroblastEl5][22]:[23] In certain
immune responses, large numbers of macrophages can be seen in tissues, organised into
groups of cells called granulomgls8] Granulomas form around foreign intrusions into the
body which are then encapsulated by various immune cells including macrophages and T
cells. They form around a variety of particles which the immune system has recognised as
foreign but is unable to degrade including; bacteria (suchmgsobacterium tuberculosis
[15]), fungi or inert norbiological material such as surgical sutuf24. Macrophages in
these structures are frequently surrounded bycdlls which produce a constant supply of
activating, preinflammatory cytokines, lipid mediators and toxic radical molec[2&f.
Thesegranulomas can result iaxtensive tissue damage and are dangerous themselves as
they could contain necrotic cells at their core, as is the case with some tuberculosis
infections.Necrosis at the core is a result of the central cells being starved of nutrients by
the surroundingcell layers, causing them to die offCorrect identification b necrotic
granulomas is important as they often indicate that the cause of the granuloma is an
infectious agent.

In recent years, the concept of an alternative activation of macrophages through T
cytokines has gained credibility. This alternative atiiva presents as a distinctive
macrophage phenotype with activities consistent with anflammatory immune responses

and possibly wound repaji.8][26][27]



1.2.2 Alternatively activated macrophages

The first description in the literature of an alternative method of macrophaggvation,

presented by Stein etal in 19927]A Yy . N2 RdzOSR GKSY & WYl ONRLKI 3
withibn F d&dzyS 'y +FtadSNY I GA D Se firsOndaptd investigaylod ¢ K A 3
Ayid2 YIFIONRLKEIFISa aiAyOS alOllySaaQ ¢2N] Ay O
being undertaken in the next few years, to investigate and understand this new aspect of
macrophage activity. The proposed alternativassfound to be distinct and different to the

classically described activation and behaviour of macrophg@s-urther study by Goerdt

and colleagues confirmed thdiverse biological and immunological roles of #ieernatively

activated macrophageJAAM9 which distinguished them fromclassically activated
macrophageCAM3.[26] LYy { (iSAy Qa aidzRés GKS I OQUADI(A2Y
induction with 14 which had previoushbeen described as a macrophage activating
factor[27] [28] The activity of the macrophage wassassed by measuring the binding and
degradation of radioactively labelled mannose serum albumin. They found that the
macrophage mannose receptor (MMR) had been expresseealdnin response to H

activation and that its activity had increased 15 ff2d]. Analysis of the macrophage gene

showed that only MMR had been upgulated whereashe regulation ofysosome and TNF

had remained steadyHe describes how manse surface receptors are important for
phagocytic binding and ingestion of pathogens, enhancing their activity and increasing their
capacity to clear mannose ligands which leads to reducedinflammatory cytokine

production. MMRis also noted as not beth I YIF NJ] SNJ F2NJ LCb' YI ONZ
Later studieswouldi K2 g G KI G L C b ‘inflamiikafoyy 2eSpdrisiSphendtypd- ayid
soduetothisHn Ay RdzZOSR | O0A@GAGeE &AdzLILINBaaAy3a GKS NB

to express an alternative activan,[15] as well as releasing artiflammatory cytokines.



Whilst inflammatory responses are critical for the removal of pathogens and foreign
extracellular material from the site of an infection, they alssvé a detrimental effect on
tissues. An influx of immune cells and activity, can prove to be very damaging to tissues,
ultimately resulting in necrosis of the tiss{E8] Therefore the induction of pro
inflammatory processes must be repressed to allow complete healing of the tissues.
Experiments by Raes and collead@8t showed that markers for alternative expression of
macrophages could be found on the inflammatory zone (FIZZ1) and Ym1 part of the
macrophage gene and that they were dependent or4.ILThey also found that the
AYFELFEYYFGO2NE LCb: I ydioh tHdg/mak&sawhihkvbuld3eBleSi G 2 F
effectiveness in stimulating the markers.

AAMs are thought to able to suppress the inflammatory effects of CAMs, especially during
apoptosis where CAMs will endocytose the cellular debris produced in the prodess.
AAMs will express an artiflammatory phenotypd30]

{GSAYyQa LJ LISNJ A& th¢ Relatuie Kf $vestijandadiintoSHe lactdni oSIL A Y
4 on macrophage activiy\28]:[31] but it does present the first evidence for a definitely
identified, distinct phenotype of macrophages with airtflammatory actions. This paper
SyO02dz2NF 3SR | Ffdz2NNE 2F NBaASIENOK Ayid2 GKS |
macrophage$17]

Il-4 and IE13 are the main activators of AAMS] but their main sources are not
particularly well defined, neither are the stimuli that induce their synthesis and reld#&ge,
despite a large volume of papers which can be found in the literature, theitaes induced

by the cytokines HL3 and It4 are less well defined than the activities brought about by
cytokines recognised by the classically activated macrophages. Many papers report that

cytokines are generally produced irhé&lper type 2 immune @R) responses especially in

7



allergic cellular and humoral responses to parasitic and pathogenic infe¢liBh&AMs
which induce #2 response is predominated by4lsignallind32]

The effects of K4 and IE13 are virtually identical in their induction of AA88] which
include a weak proliferative effect and the inducement of macrophage cell
fusion[34][35][36] IL-4 and IE13 may enhance the expression of arlldecoy receptor
which would act as a signlass trap for other inflammatory cytokines thus counteracting
pro-inflammatory actons[37][35 It has been found that glycans, for example chitin, lacto
N-fructapentose Il initiate AAMs in mouse models and possibly in humans, this activation
also increases arginase activity and promoteR Tesponses and {10, IL.-13 and |4
secretion from Icells[38][39]

IL-4 and IE13 share many common features including biochemical structural features, for
SEI YLX § 620K LINE (S Ahglx fardilg. fTiey afe ais@similak Sgereticy S h
level, sharing approximately 30% of similar sequertBsThey have many sources, chief
amongst them is (2 cells and as noted previously, their activity is nearly identical. They
have also beemeported to have immunostimulatory and immunosuppressive effects upon
other immune cells including NK cells, neutrophils, mast cells and on smooth muscle cells,
endothelial cells and fibroblas{5]

Some sowes in the literature define CAMs and AAMs as M1 and M2 macrophages
respectively15]-[40][23] however this can be misleading as it implies the macrophages are
locked in theses phenotypes. It is also worth noting that there is no straight forward
correspondence of AM and AAM between subpopulations of other classes of immune
cells[15] There is evidence that macrophages are able to switch between the CAM and

AAM phenotypes quickly and fully, thus inverting their phepety This means that the



same cell could initiate an inflammatory response theark to resolve this response by
inverting to an antinflammatory phenotype due to appropriate stim{dil][42]

In an interestingly lighhearted article, the action of polarised macrophages are directly
O2YLI NBR (AARKS HHIRRIORI2ZND WYIiKS T2NOSQ FTNRY
Wara [@3pThis is an interesting analogy to make, as, in the article the inflaory actions

of classically activated macrophages are said to embody the evil spirit of theidarkf the

force, whereas the aninflammatory action and wound regenerative properties of
alternatively activated macrophages act as the good, {gjt of the force. Also in keeping

with the observed activities of macrophages and with the star wars analogy, the balance of
the force (the body in this case) is maintained by the ability of the macrophages to switch
back and forth between the two phenotypes aequired. In the articlethe authorLaskin
states that M2 macrophages exert immunosuppressive activity and inhHoéll t
proliferation whilst down regulating pronflammatory M1 macrophage cells. She also states
that M2 macrophages are capable of stilaing angiogenesis and inducing fibroblasts and
macrophages to synthesise extra cellular matrix proteins in areas of tissue wounded by
inflammation, thus bringing balance to the force. This article, not only served as a welcome
break from the heavy readinusually expected when reviewing literature in most scientific
disciplines, but also managed to succinctly describe the complex effects of macrophages in
context with the fictitious plot elements of a film and acts as a competent review of the
balancing at effected by macrophages as they go through their opposing inflammatory and
anti-inflammatory actions. This article also is one of the few articles in the literature in
general which makes reference to the wound healing abilities of which macrophages are
thought to be capable. It even provides some detail into the signalling molecules thought to

aid in the repair of wounds and tissues, with the example of the liver and the macrophage
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dealing with hepatotoxins being given. These healing effects are altreefto in terms of
WgSELIR2ya 2F 0KS WSRAQ>X (2 6KAOK FyOASyid FyR
macrophages are said to belong. The article concludes by stating that the inflammatory

responses to injuries and the antiflammatory, healingresponses are two sides of the

same coin with complex interrelations which rely upon one another.

1.2.3 Alternatively activated macrophage assisted wound healing

Alternatively activated macrophages, as they became known, were shown to be unable to
synthesise nrogen monoxide (NO) due to the induction of arginase and as such are much
less able to kill intracellular microb§$3] However ifthe substrate for both arginase and

the enzyme respnsible for NO productionL-arginine were to be added to ¥4 activated
macrophages, after activation, NO production would be restdred This reduced cytotoxic
activity suggests a different mode of action.

AAMs express highvels of M2 markers Ym1 and ArginasgAtgl) and on stimulation by

IL-4 induce the production of lower levels of inflammatory cytokif®3. AAMs produce
several components which are known to be involved in the synthesis of the exiuacel
matrix (ECM), suggesting that they hawere ofa role in the repair of tissue rather than
microbe killing like the CAMs da8][45 AAMs are not very efficient at antibody
presentation and in many cases have been known agtwallinhibit Fcell proliferation[18]

This would suggest that they have a decreased roléhé management of intracellular
pathogens and recent studies on this population of macrophages have begun to focus on
the AAMs potential not only to reduce inflammation through the release f0lland L-4
agonistg,18] but also their potential to encourage wound healing, immunosuppression and

tissue reairf18] through angiogenesis and extra cellular matrix (ECM) deposition. AAMs
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are thought o produce high levels of fibronectin and other matrix associated proiéths

and also promote fibrogenesis from fibroblastiod c@lé] Thus repairing any damaged
tissues at the site of previous inflammation. This action seems to be the polar opposite to
the action of CAMs which will inhibit fibrogenesis by releasingféntbgenesis ofibrolytic
factors[46] Through the strict induction of arginase, these cells may lead to the biosynthesis
of polyamine andgroline complexes which in turn would promote cell growth and collagen
network formation, ultimaely resulting in tissue repajd7][48] though CAMs could
contribute to the dissolution of fibrin fibres present fromobld clotting mechanisms and

they would also have a role in the dagal of dead cells in the wound, therefore a low
number of CAMs would likely be found in the site of the wound.

The alternative activation of macrophages 2 Tytokines and glucocortids essential for

the correct functioning of antinflammatory immune reactiong45] The induction of AAMs

by I-4 also causes an over expriess of prototype ECM protein fibronectin. This over
expression suggests that the macrophages do indeed have a role in tissue remodelling and
the healing of acute and chronic inflammatory reactions and diseases. AAMs are even found
in the healing phase ofcate inflammation reactions, for example in teeth after gingival
infections [49]. They have also been shown to be major players in type 1 autoimmune
responsefb0] in the chronic inflammatory diseases; rheumatoid arthrifsl, 52] and
psoriasig53]

alyaz2gryr Si ¢ a0 0SSR OKIFIG Wam |yR aH LR
O2y GAydzdzy 2F Fdzy Ol A 2 ylinifig thé vetsatilByzotinfacrapliages, khata K S
they can express different and varied functions in response to microenvrionmental
signalg54] This article describes how tumour anetdll derived cytokines acquire polarised

M2 (AAM) phenotypes which are able to act with anflammatory responses as part of the
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adaptive immunity. They are able to scavengebiis and promote angiogenesis, tissue
remodelling and tissue repdidQ0] Evidence in the literature of macrophages inducing tissue
repair and remodelling iBmited, indeed, many of the papers which make mention of the
anti-inflammatoryaction of AAMs appear to be unaware of the proposed healing efforts of
these macrophages. This could be due to a number of reasons including the obvious, that
these healing effects are beyond the scope of investigations into the effects of cytokines on
the macrophages, or possibly that they are difficult to detect. The papers that do make
mention of tissue repair or remodelling effects seem to be unaware of the exact
mechanisms at work or potential impact of these healing effects, particularly if condidere
from a tissue engineering starmbint. If these healing effects could be harnessed by
deliberate induction of their phenotypes by a suitable biomaterial for example as suggested
by Ratner and colleagues using patterned P(HEBBR)there would be the potential for a
huge amount of research into the tissue remodelling activities of macrophages in response
to wound stimuli or in ways to produce novel advandednms of wound dressings which
could directly affect curative action upon the wound, rather than merely protecting it from

FAdzZNIKSNJ RFYIF3IS YR AYyFSOlAz2y a Ylye 2F (2Rl

1.2.4 An alternative alternative activation?

The definition of alternativelactivated macrophages broadened with the proposal of type
two alternatively activated macrophad@z2], which despite activation by praflammatory
cytokines;appear to show greference towardsanti-inflammatory actiong41]

Class Il alternatively activated macrophages (CIIAAMS) are thought to release large amounts

of the cytokine 1110, which is a potent inhibitor of acute inflammatory responses to certain
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bacterial endotoxins. This type of activation resulted from classically activating sigrids (IL
IL-18) in the presence of Ig@mune complexe§l8][56]

/ LL!'aa> AAYAfINIXI&@ (2 /! aa NBI dzA NB -récépprs A Y R dzO
6 CO! w0 -ac@vatingyg® gomplexes and then by telike receptors (TLRE)S] When
activated, ClIIAMs do not induce arginase and begin to produce many of the sammegtok

as the classically activated macrophages, with the exception-b2 lnd IE10[18] Lage
amounts of IL10 are produced by ClIIAMs and act as -arftammatory agents. This action

was shown in experiments by Gerber and Mog4&&t.In these experiments, macrophage
cO' NBOSLIXi2NA 6SNB tA3IFGSR o0& L3ID O2YLX SE
inflammatory agents. It was found that the ligation inédcanttinflammatory action in the
macrophages and triggered a reduction in the amount of inflammatory cytokines, showing
that effectively ligating the receptowith IgG could prevent inappropriate levels of
inflammatory cytokine responses. This new kirfdactivity upon activation makes CIIAM
distinct from alternatively activated macrophages and classically activated macrophages.

The literature is sparse in details on the existence of CIIAMs and in their possible activities.
Many papers offer small hintef their existence but group the possible activity of the
ClIAMs in with either of the other two phenotypes of macrophage or otherwise remain
unaware of their existence. This makes assessing the validity of the existence of CIIAMs
difficult as there is ngeal firm basis of literature on which to base a judgement. The main
papers which reported the possible existence of CIIAMs did so in the early 2000s and this
seems to be another area of research which has fallen out of favour. The general lack of any
identifying references to these macrophages is possibly due to the marked similarity of their
proposed actions with those of the established classical and alternatively activated

phenotypes. This could mean that they fail to be identified as their actions appe
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contradictory to those expected for either CAMs or AAMs or that any activity that is
recorded possibly falls within the bounds of experimental error and is discounted as
legitimate activity in terms of the study. It is also worth observing that thengeaps to be
no definite consensus on whether CIIAMs are a distinct phenotype or one of the other two
phenotypes acting in a different fashion to the expected way. Further study in this area
could clear up this mysterious behaviour and also help shed sgnedn whether a new

phenotype needs to be added to the family of macrophages.

1.2.5 Macrophages and hydrogels

The first indepth study on biomaterials was by Lentz and colleafi@snd concerned the
adhesion of rat peritoneal macrophages to synthetic hydrogels. In this study the authors
assessed the ability of the macrophages to adhere to various hydrogels. A range of
hydrogels comprising a number dafifferent proportions of hydroxyethyl methacrylate
(HEMA) and ethyl methacrylate (EMA) were compared to sets of copolymers made up of
styrene (S) an@arahydroxystyrene (HS) repeat units. Both groups of copolymers contained
hydroxyl functionality but the ply(EMAco-HEMA) materials swell in aqueous media to a
much higher degree than poly(H8-S) materials, as is suggested by their capacity as a
hydrogel. These differences in swelling directly affected the adhesion of the macrophages
and in general the maophages adherd more preferentiallyto the copolyners which had
swelled the leasf52] indicating a preference of the celilsr materials with higher moduli.
Other factors were also likely at work, for example the hydrogels would likely have different
charges present at their surfaces, as the phenol hydroxyl growhls be partially

deprotonated at neutral pHLater studies by Smetana e{%#][59] showed that monocyte
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adhesion to polyHEMA hydrogels could be enhanced by incorporating functional groups
with a charge or by templating peesely sized pores into the hydrogel maf@@. They
found that macrophages preferred and spread over a wider area on tertiary amine
functionalised hydrogels compared to carboxylic acid or sulphonic acid hydrdbedss not
surprising as the tertiaryamines present would be partially protonated and therefore
positively charged at physiological pH, therefore presenting a more attractive sulfialgs.
paper, Rimmdb2] notes that Smetana did not investigate the activation of these cells,
merely their adhesion. These studies were concerned with the key issudl addbesion to

the surface of hydrogels, for when the cells are attached, they would then be free to grow
and proliferate on these surfaces. This rational is at the centre of designing viable tissue
engineering biomaterial constructs.

Having successfullydhered macrophages to hydrogel surfaces the hydrogels need to be
assessed to see whether the macrophages can proliferate on their surfaces and that the
hydrogels are not cytotoxic. If, on adhesion, the macrophages become activated and express
inflammatory responses, they can sometimes form foreign body giant cells (FBGCs) in a
sequence of events similar to that of granuloma formal&i}. The duration and magnitude

of the inflammatory response has a direct bearing on the stability, compatibility and indeed
the suitability of the biomaterig§b2]. Macrophages can react to a huge variety of synthetic
polymerd52], treating them as foreign objects. It therefore sthn to reason that
incorporating protein molecules into the structure could have a stabilising effect on the
macrophages. In their study, Kao and collea¢@@snote that macrophages are able to
recognise the protein molecules adsorbed onto the biomaterialfaze and that
macrophages can adhere to these proteins or become activated by them. They also noted

that where FBGCs form on biomaterials, the biomaterial immediately underneath will
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become degraded by them, meaning that this effect should be avoided whassible. A
number of researchers have demonstrated that this is possible to grow macrophages on
polymer surfaces without the activation of inflammatory responses, including Rimmer and
colleaguefs?], who used alkyl aminated hydrogels and found that they induced very low
levels of preinflammatory cytokines and Jeyr& Andersori63] who showed that it was
possible to prevent FBGC formation by macrophages, by grafting polyethylene glycol (PEG)
to amine modified glass. Ratnema colleagues has described how influencing the
macrophage behaviour and expression by manipulating hydrogel properties is a key way to
encourage an alternative and therefore healing activation, promoting tissue remodelling of

implants and immune systepecification[64] [60]

The literature concerning macrophages interacting with biomaterials is very varied. There is

a lot of attention paid to the assessment of macrophagkesion and proliferatioras, for

the obvious reasons that it is pointless to make a biomaterial upon which macrophages
cannot grow. There is also a lot of work done on the assessment of the cytotoxicity of
biomaterials in question, again for obvious seas. It is often noted throughout the

f A0SNI GdzNB OKLF G Y ONR LKI 3Sa Ol y 0S02YS t
biomateria[65][62][66], this can be either when the biomaterial is implanted into the body,

or when macrphage cells are introduced directly to it. The activation referred to in the
literature is almost exclusively classical activation and research is focused on developing
biomaterials which will interact with macrophages without activating their -pro
inflammal 2 NBE NBaALRYyaSas (GKdza AYyONBlIaAy3d G4KS o0A2Y
In terms of investigating macrophage interaction with polymers, specifically hydrogels, there

is also little literature evidence. There have been studies on polymers tailored to encourage
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cellular protein deposition and adhesion by macrophages reported by Godel&f] als

well as study into reetions of macrophages with polymer narend microparticles either
directly synthesised or as wear or breakdown debris to investigate cellular uptake and
inflammation[68][69], [70, 71] particularly with regards to drug delivefy2],[73],[74] or as

a means to assess macrophage differentia{ios. However there has been a great deal of
study into how to assess the various interactions of macrophages and other immune cells
with biomaterials used irtissue engineering by using a number of aspéjls as well as
studies of surface reactions between polymers and macrophpg@shut those studies
which have looked at macrophage interactions with hydrogels have lacked an overall
systematic approach into different methods of causing and modulating macrophage
responsef/g]

There is almost no mention in the literature, of inducing alternative activation of
macrophages in relation to biomaterials, and in the rare case when it is mentioned; AAMs
on biomaterials tend to be thaim of future researcfr9]. It seems that this lack of directly
induced alternative activation by biomaterialgrsists as a gap the literature. The reasons

for pursuing it include increasing the biocompatibility of biomaterials by the encouragement
of an anttinflammatory phenotype and also the encouragement of wound healing and
angiogenesis, particularly when the biomaterial in question is being used in a tissue
engineering context. This biomaterial, along with cultured tissue would likely be impglante
into the body wherein it would encourage the body to integrate this new part of the tissue,
effect tissue repair, hopefully joining existing native tissue with the engineered culture and
encouraging the growth of blood vessels into the engineered tigsyxant - described by

a2YS GAaadzS SyaiaAySSNAR |a GKS WK2f& 3INIAC
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1.2.6 Cell adhesion to surfaces

When a material encounters a living system, for example a biomatiaalis implanted,
proteins are quickly found on the surface. Protenapidly adsorb to most surfaces and
quickly form a monolay€i80] Hydrophobic materials are preferred by ce[R]] likely due

to the proteins changing conformation and unfolding on interaction with the surface, then
releasing water molecules which would increase the entropy presetite system, making

this a favourable interaction. The chemistry of the surface is therefore highly important in
controlling the degree of cell adhesion. So control of properties such as charge and water
swelling/wettability can alter the attractivenessf the surface for adhesion. Tailoring a
biomaterial surface to encourage specific protein adsorptions can have a profound effect on
the types of cells which will adhef8l] Cells adhered to these proteins signal both
internally and externally to othecells and can be induced to behave in a particular way,
such as undergoing a phenotypic switch, or forming a particular tissue[8Ze.

When cells arrive at the surface they interpret and recognise the surface as the protein
monolayer therefore for successful cell adhesion, correct protein adsorption properties
must be present. Once adhered, the cells are capable of altering their surroundings by
depositing further proteins, proliferating on the surface and recruiting othdisc&Vith the
arrival of more cells, differentiation into new cell types is possible, as is the arranging into
tissues, cells generate the extracellular matrix to aid with further adhesion and

differentiation [82]

Cells posses®ceptors which specifically recognise adhesion proteins present on surfaces.
These receptors are known as integrins. Integrins are a large family of transmembrane

proteins which bind to specific amino acid sequences on proteins especially adhesion
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proteins[83] Common adhesion proteins are fibronectin and vitronectin. These proteins
contain binding sites comprised of a three amino acid sequence arggtysaeaspartic

acid (RGD®4]. Other inted N yi&) fadilitate macrophage adhesion to various proteins
including fibrinogen and immunoglobin G (IgG), this adhesion is an important factor in
inflammatory responseq.84-86] Control of this adsorption or the deliberate presence of
desirable amino acid sequences can lead to directly tailorable surfaces which can encourage
cell adhesion, spreading or differentiati¢ps4]

One typcal role of integrin binding to adsorbed proteins is to encourage spreading out of
the cells on the surfa¢87] and can be used as a key indicator of successful adhesion.

la ¢Sttt Ia &adNFIOS OKSYAAGNRI FYy20KSNJ AYLRN
surface is through thets response to surface topography, hoat the nane and micre
scale[88] It has been shown that cells can recognise shapes and align their cytoskeletal
structures with them accoidgly[89] It is not surprising that cells respond in der
dimensions to their surroundings, as in their native environment they are usually connected
on all sides to other cells, ECM components and are highly hydrated, giving access to soluble
growth factors, hormones and other signalling molecules. Simplpeshaan be introduced

to surfaces artificially by using such techniques as lithography, a type of patterning which
uses light to fix a material into a given pattern. By tailoring the shape or adding a desired
adhesive or noradhesive protein to the shapd,is possible to create areas of space which
cells will fine more or less attractiy80, 91] In addition to irtreasing the likelihood of
adhesion, it is possible to use patterned surfaces or topographical features to induce desired
cellular behaviour such as polarisation of macrophages into a tissue regenerative
phenotype[92, 93] By introducing features such as 2D grooves in the surface, polarisation of

macrophages towards M2 type phenotypes can be achievedyueaging the macrophages
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to elongate[93, 94] or by allowing them to interact with 3d pores which ¢éawved M1
activation[95]
Whilst well documented, the exact roles of integrin binding in three dimensional ECM

environments is at yet fully understood and is a thriving area of research.
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2 Aims and objectives

This project aims to determine and define a set of investigations into the activities of
macrophage and macrophagdi&e cells. This will be achieved usingtigtic hydrogels as a
biomaterial platform.Hydrogels are a versatile material for tissue engineering purposes
they are also very customisable and the chemical methodology of synthesis and
modification is well recorded in the literature and offers thetgutial for many variations to

the surface, structure and properties. However, the chief advantage of using synthetic
biomaterials such as hydrets, over natural biomaterials is thaynthetic hydrogelshave

little to no naturalimmunological properties.

The hydrogel materials and handling methods will be developed and optimised to first
encourage fibroblast cells to adhere and recognise hydrogel surfaces then to encourage
THR1 macrophage like cells to adhere and to attempt to cause an activation respons

The next step would then be to introduce a surface modification which could modulate this
activation, potentially reducing it and investigating whether the activation could be
stimulated to change to the alternative activation, described above assagisemodelling
form of macrophage cell action.

The optimisations and modificationgll be directed at the surface of the hydrogels, as this
is the area which native macrophages wodit encounter, were the hydrogel to be

introduced into the body, foexample as a tissue construct or implant.

Testingof surfaceproperties will reveal if macrophages are influenced directly bytaxting
a surface and to whatfeect these surfaces have on the action and continuing life cycle of
the macrophageThe nextphase of the investigation will be to trial different combinations

of surface modifications to build up a library of surfaces and the corresponding affects upon
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macrophage activity and activatio®urface modifications will include changes to hydrogel
stiffness and water content or incorporating particles with different characteristics such as
hydrogellike properties

The activity and activation of macrophages will be monitored and measured by analysing
whether or not the macrophages will adhere to a sué, this can be assessed by visualising
cells on the surfaces of hydrogels, whether adhered cells respond to the surface by
modifying their morphology or activity. Changes in cellular activity can be measured by
analysing the cell signalling molecules gwoed by the cells, these include cytokines. The

signalling molecules can be analysed and quantified using assays such as ELISA.
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3 Abbreviations
2-hydroxy2-methylpropiophenoneg HMPP
Analysis of varianceANOVA

Atomic force microscopy AFM
Azobisisobutyronitrile AIBN

Benzoyl peroxideBPO

CoreShellc CS

Dichloromethane; DCM
Dimethylaminopyridine DMAP
Dimethylsulphoxide DMSO

5dz2 6 S002 Q& Y2 RAKBMEMR
Enzymeinked immunosorbant assayELISA

Ethylene diamine tetracetic acEDTA

Ethylene glycol dimethacrylat§ EGDMA)

Foetal bovine serum FBS

L-Glutamine- LG

Lipopolysadearide- LPS

Methacrylic anhydride MA

Nonserum containing media soked geNSE}l
Normal human dermal fibroblastd&NHDF
Penicillin/streptomycin per/strep
Phorbot12-myristate 13-acetate- PMA
Phosphate buffer solutionPBS
Poly(divinyl benzene) PDVB

Poly(glycerol monomethacigte) ¢ PGMMA
Polyethylene terephthalate PET
Polystyrene; PS

Polytetrafluoroethylene; PTFE

Potassiuntchloride- KCI

Fourier transform infrared spectroscogyFTIR RoswellPark Memorial Institute mediurRPM

Glycerol dimethacrylate GDMA
Glycerol methacrylate acetonideGMAC
Glycerol monomethacrylate GMMA
Hydrochloric acia¢ HCI
Hydroxyethylmethacrylate HEMA

Isoelectric point pl

Scanning electron microscopysEM
Serum containing media soaked ge®ER
Sodium dodecylsulphate SDS

Sodium hydroxideg NaOH

Tissue culture plastic TCP

White light interferometry- WLI
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4  Synthesis and charactesation of polystyrene latexes

4.1 Introduction
Emulsion polymerisation is a form of radical polymerisation which incorporates an aqueous
phase, a monomer phase, surfactants and a radical initiator. Emulsion polymerisations can
be one of two types: ciin-water or waterin-oil emulsions.
Emulsion polymerisatiowasfirst utilised as a method of producing synthetic rubbefhis
wasdue to the high demand for natural rubbensich comefrom Hevea Brasiliensisy the
Rubber TreeDemand wagarticularlyhighduring the first and second world wars. The
first patent for synthetic rubber was submitted by Friedrich Hoffman (German Patent No.
250690) in September 1909, while working at Bayer in Germany.
The process and kinetics of emulsion polymerisation was firdergtood and developed by
Frylind96] in 1944, Harkin®7] in 1947 and Smith & Ewda8],[99] in 1948. Harkins
developed the understanding of where the loci of polymerisation were to be found, while
Smith described the kinetics of styrene polymerisation, detailing how fiecals in
solution migrated into monomer droplets and micelles to form small droplets of
polystyrene. Smith, working with Ewart, then developed the mechanism in some more
detail and described it as undergoing the following genstabes, illustratedrigure 4-1
below.
1. A monomer droplet is dispersed in the bulk phase, typically, but not always,
water. Surfactant molecules addoto the surface of the dropleMicelles form
in the bulk phase
2. Initiator molecules @solve into the micelles and start polymerisation, these
micelles can now be thought of as monomer swollen polymer particles.

Polymerisation is terminated when another radical enters the micelle.
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3. When all of the monomer droplets have disappeared and apaining free
monomer is located in the particles the reaction eventually terminates. The
particles can then be considered latex particles or colloidal polymers. Additional
monomer and initiator could be added to the system if desired to continue
particlegrowth.

Micelles, monomer droplets and empty micelles can all be found at the same time dispersed
in the bulk phase and the numbers of which will vary as polymerisation continues.

The final colloidal polymers can be of very high molecular weight due toséhe small
number of propagating chains present in the micelles and polymer particles.

Latexes produced by emulsion polymerisation have a number of uses in many industries,
including: the creation of artificial rubbers, which find uses in the automotnekistry,
amongst others; in the creation of plastics, particularly polystyrene and in situations where
polymer dispersions are desired, such as the paints industry.

The sizes of latex particles can very easily be tailored by altering the costomtof
surfactant, allowing a high degree of control over the latex product. Particles can be made in

sizes ranging from a few tens of nanometres up to the micron scale. Due to this size range,
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latexes are finding many applications in the field of naebinology.

One key application of nanoparticles is in drug delivery. Their ability to encapsulate drug
molecules or have them adsorb onto their surface, make nanoscale particles an attractive
target for a large body of resear¢h00],[101],[102] The small size of the particles enables
them to peretrate deep into tissues anble transportedacross cell membranes as well as
delivering drugs or active biomolecules directly to tldesired site of action[103
Nanoparticles can have long circulation times in the hb@g and their ability to target
specific tissues or cells meahat drug levels in the whole body can be reduced but
effectiveness ipotentiallyincreased.

In the scope of this research, latex particles are of intereghenguise of being an immune
system agonist. The immune system protects the body against invasion from without,
whether this is in the form of pathogens such as bacteria and viruses or as synthetic
implants such as hip or knee replacement joints. One effitst responders to an insult to

the immune system is the macrophage. Macrophages are monocyte derived white blood
cells, which are part of both the nespecific, innate immunity and a member of the specific
defence strategy employed as part of acquiiednunity. Their roles in the immune system

are to engulf (phagocytose) foreign cellular material or cellular debris and break it down into
harmless, or useful products and to stimulate other immune cells (including lymphocytes
and TFcells) to help combaniections and foreign bodies.

Due to their roles as first responders in the body, macrophages usually encounter
nanoparticles before other immune system compone€l@8] there can therefore be
adverse interactions between the macrophages and the nanoparticles, caused by the body

inadvertently identifying them as foreign, causing localised or systemic inflammation or
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even stimulating autoimmune disorders, which coulddy (1 dzZN}Jy Ay ONXBI &S

susceptibility to further infection.

A keylocationwhere syntheticnanoparticles are generated in the body is at the site of joint
replacements. In these situations, age and wearing or bodily defects have necessitated a
joint such as the knee or hip to be replaced by a synthetic analogue. These synthetic
implants may cause aacute inflammatory response from the immune system when they
are initially implanted but a chronic inflammatory response can be caused by deftmed

when the implants wear. The wear is caused by moving components rubbing on one
another creating small particulate debris with eatiovement Many of these particles are

on the nanoscale and when they are encountered by the immungesysparticularly by
maaophages,contribute to the inflammatory response, caing localised tissue damage

and painand discomfortto the patient[105,[106 Gaining a better understanding of the
cellular reaction to nanopatrticles will lead to better methods of reducing inflammation and

improving the quality of life of thosepatients affected by ageing joint prostheses
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4.2 Experimental

4.2.1 Emulsion polymerisation of styrene

4.2.1.1 Materials
Styrene, sodium dodecyl sulphate (SDS), potassium persulphate and potassium dihydrogen
phosphate were obtained from Sigma and used without further purification, distilled and

deionised water s used throughout.

4.2.1.2 Polymerisation

Batch polymerisations were conducted in a 1.0L jacketed glass reaction vessel (Radleys, UK)
which was equipped with a mechanical stirrer, a nitrogen inlet, a reflux condenser and a
temperature probe. For typical preparah, water (600g), SDS (10g) and potassium
dihydrogen phosphate (0.3g) were charged to the vessel. The mixture was deoxygenated by
bubbling under nitrogen with agitation for one hour, whilst hot water was circulated
through the jacket of the vessel to maaih the temperature of the mixture at 70°C. After

this styrene (300g) was slowly added dropwise to the reaction, when addition was
completed potassium persulphate (1.5g) was added in water (2¢) camd the
polymerisation was stirred for 4 hours. At the endl 4 hours, the temperature of the
circulated water was increased to 80°C for 1 hour to ensure total monomer conversion. The

latex was discharged from the vessel, allowed to cool and stored at room temperature.
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4.2.1.3 Variations to method

To produce larger lateparticles the above formulatigrformulationl, was varied as shown:
Formulation2: styrene (300g), SDS (0.5g), potassium hydrogen phosphate (0.3g), water (600
cm?), potassium persulphate (0.5g) and formulat@rstyrene (300g), SDS (0.1g), potassium
hydrogen phosphate (0.3g), water (600g), potassium persulphate (0.5g). The polymerisation

was followed as described above.

4.2.1.4 Analysis of latex

Particle size and zeta potential data were obtained using the ZetaPals zeta potential analysis
instrument (Brookhaverinstruments Corporation) and the provided ZetaPals and light
scattering particle size analysis software.

The pH of the latex was obtained using a Hannah Instruments pH meter and the latex solids

content was assessed by solvent evaporatioder vacuum

4.2.2 Emudsion polymerisation of styreneco-divinylbenzene

4.2.2.1 Materials

Styrene, sodium dodecyl sulphate (SDS), potassium persulphate and potassium dihydrogen
phosphate were obtained from Sigma and used without further purification, distilled and
deionised water was sed throughout. Divinyl benzene (DVB) was obtained from sigma and
cleaned as described below. Sodium hydroxide and magnesium sulphate were obtained

from Fisher
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4.2.2.2 Polymerisation

DVB was cleaned prior to polymerisation to remale storage stabilisemnvith 5% sodium
hydroxide (NaOH) (3x100 érand washed with deionised water (3x3003%refore drying

over magnesium sulphate.

20 mol % DVB was added to the latex monomer feed.

A typical preparation was as follows:

Water (100g), SDS (1.66g) and potassiumditiigen carbonate (0.33g) were charged to the
vessel. The mixture was deoxygenated by bubbling under nitrogen with vigorous stirring for
one hour, whilst hot water was circulated through the jacket of the vessel to maintain the
temperature of the mixture a70°C. After this styrene (25g) and DVB (6.248ge slowly
added dropwise to the reaction, when addition was completed potassium persulphate
(0.25¢g) was added in water (5 énrand the polymerisation was stirred for 4 hours. At the
end of 4 hours, the teperature of the circulated water was increased to 80°C for 1 hour to
ensure total monomer conversion. The latex was discharged from the vessel, allowed to

cool and stored at room temperature.

4.2.2.3 Analysis of latex
Zeta potential and particle size analysis wegverformed to characterise the latex, as
described above using the ZetaPals instruments. pH was recorded and solids contents were

determined by solvent evaporatiaimder vacuum
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4.3 Results and Discussion

4.3.1 Emulsion polymerisations

Latex nanopatrticles wereglymerised as an emulsion in order to produce a large number of
spherical particles of a given size. Styrene was chosen as the latex particles produced in the
polymerisation are hard spheres. This hardness is relevant to investigate whether
macrophage cedl can detect the physical shape of the particles but any difference in
chemical composition between particles and hydrogels, and whether this difference leads to
any differing behaviour of the macrophages. The particles are envisaged as an easily
synthesied material which are analogous to hard wear particles in joint replacement
environments. These particles are known to cause macrophalgéed inflammation, as

noted previously

4.3.2 Emulsion polymerisation of styrene

4.3.2.1 Polymerisation

The emulsion polymerisatioof styrene produced a milky white latex suspension. This is due

to the size of the polystyrene particles produced. Laser light scattering from the particle
sizing apparatus gave the erage particle size to be 102 1.5 nm with an average
polydispersity 6 0.037. The technique of light scattering, or gualsistic light scattering
(QELYS), analyses the scattering of laser light caused by patrticles in suspension. The particles,
which are undergoing Brownian motion scatter incoming light and create consteuoti
destructive interference patterns, depending on the distance of the light travelling to the
detector, resulting in an average intensity of scattered light with superimposed fluctuations.

The decay times of the fluctuations are related to the diffasamnstants of the particles
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and therefore, the sizes of the particles. The instrument and software are then able to
interpret these fluctuations and give a measure of the patrticle size.

The pH of the latex was found to be 2.42. Following the polymerisatio significant
coagulum was found and the latex was stable at room temperature for a number of months.
The charge on the particles, given by the zeta potential\28s 1 mV at 25 °C. The average
solids content of the latex was found to be around 3B&tmulation2 was found to have
particle size of 248 + 2 nm. The zeta potential for these particles-2&st 1 mV. The
average particle size of formulati@was 712 + 7 nm and the zeta potential wa8 + 1 mV.

The average solids content of formulatichgnd 3 was 21% and 23% respectively. The three
formulations are distinct in size giving three different variables, yet the charge on the
particles is very similar meaning that any effects the charge will remain constant over all of
the sets.The zeta potatial measurements all being arour80 mV which is an indicator of

colloidal stability.The physical data is summarised in the table below

LATEX PARTICLE SIZE/N ZETA POTENTIAL SOLIDS CONTEN"
FORMULATION MV
1 102+ 2 289+ 1 30 %
2 2475%2 -29.4+1 21%
3 712.8+7 -27.6+2 23%

Table 4-1 Particle size, zeta potential and solids content of the three latex formulations

4.3.3 Emulsion polymerisation of styren€QOdivinylbenzene

4.3.3.1 Polymerisation
The initial &tex comprised of REOGDVBwas white aswere previous latexesThe initial
particle sizevas75 + 1 nm and zeta potential ef9 + 4 mV. This particle size is significantly

smaller than the smallest formulation of pure styrene nanoparticles but therebeidl small
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degree of particle cross linking due to the bifunctional nature of the DVB molecule. This will
decrease some patrticle sizes in the latex, giving a broader dispersity. The inclusion of DVB
means that a further monomer can be coupled to the socefaf each particle allowing for

the synthesis of corshell particles.

4.4 Conclusion

In this chapter three formulations of polystyrene latex particles were synthesised using
batch emulsion polymerisation. The particles weeadily synthesisedand with goodsize
control by varying initiator and buffer concentrations. The particle sizes were approx. 100
nm, 250 nm and 710 nm. The latexes were analysed by zeta potential measurements and
shown to be colloidally stablethe latexes were stable at room temperatufer many
months. Also synthesised was a smallefJZDVB latex which has dual vinyl functionality.
This latex will be investigated in later chapters for cougpto another monomer to produce

a coreshell particle with PEGDVB at the core.
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5 Synthesis and characterisation of glycerol methacrylate hydrogels
5.1 Introduction

5.1.1 Biomaterials

There is much potential for the development of biomaterials, which could influence
macrophage phenotype activity and could possibly encourage the action of favourable,
wound healing type macrophages. Research and development in this area would be classed
as tissue engineering as enhancement of wound healing and regeneration may be achieved
by considering how environments that influence macrophage differentiation could be

produced. Promising materials for study in this field are hydro¢e®.

5.1.2 Hydrogels

Hydrogels are extended three dimensional networks of polymer chains with hydrophilic and
hydrophobic moietiesthe chains are often crosslinked. The dispersion medium of the gel is
water. The hydrophobic components of the gel comeriBe bulk of the chains making the
hydrogels insoluble in water. However, the hydrophilic components, chiefly side groups on
the chains, attract and hold a large number of water molecules giving the overall hydrogel
structure a high water contenbut the gel overall remains insolublélThe gel is given a
permanent physical structure by incorporating crosslinking groups, usually a second,
bifunctional monomer.lt is therefore possible to tailorhydrogel rigidity by varying the
amount of crosslinking agent.sAwell as providing permanent structural support, the
crosslinks in the gelancause it to be highly porous. The water content of a hydrogel can, in
some cases be as high as 99% of its total weight. These structures are described as being
Wg I G SN Bug ® théirighwdter content, swollen hydrogels can be very flexible and

bear many similarities to tissues, in particular, hydrogels can be compared to the
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extracellular matrix (ECM) of tissue$l07]. Indeed the matrixes of soft tissues are
bicomponent hydrogels composed predominately of crosslinked collagen fibres, with
charged polysaccharides prding increased osmotic pressure and thus high swelling. These
similarities to natural tissues make hydrogels excellent candidates for scaffolds and
biomaterials in tissue engineering constructs. Another key aspect in which hydrogels mimic
the ECM of tissugis their extended porous, three dimensional structure which has been
shown to be beneficial to the culturing of cells on hydrogel surfaces and throughout
hydrogel networkg108] In order for a synthetic hydrogel to be a viable biomaterialifer

Vivo testing it must be norcytotoxic but if the biomaterial were ever to be viable for
implantation into the body, it must also be biocompatible. This means that itldvoot
trigger an immune response in the body, chiefly an inflammatory response from

macrophages.

5.1.3 White light interferometry

An interferometer is an optical device that divides a beam of light produced by a single
source into two or more beams, then recombs them to create an interference patterA.
typical interferometer setup has a light beam from a source, which is split into two, one
beam hits a sample and the other hits a reference mirror. The light beams are recombined
and which creates an interfenee pattern. However if the mirror is tilted, the interference
pattern will form in light and dark bands called fringe®l as the mirror is tilted, the fringes

will move across the sample which has been analy$é@ spatial arrangement of these
fringes @an give details about the three dimensional shape of the sample for example
arranged in parallel lines, fringes correspond to a flat surface whereas fringes which form
concentric circles around a point indicate that the surface is curved or sphericalteMinu

variations in the fringes allow the instrument detecting them to recognise minute variation
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in surface topography down to the tens of nanometre scabel the surface data produce
can compare favourably with electron microscopy and atomic force micrgdd®9-111]
White light interferometry (WL) finds applications in a number of fields where surface
analysis is required including polymer paints and coatja@g and the assessment of the

surfaces of bioimplantgL13]

5.2 Experimental

5.2.1 Synthesis of poly(glycerol monomethacryks
Poly(glycerol methacrylat€dPGMMAhydrogels were synthesised by two methods: thermal

and UV curing.

5.2.1.1 Thermal curing materials

Glycerol monomethacryta (GMMA) was obtained from Cognis and used without further
purification. Glycerol dimethacrylate (GDMA) was obtained from Sigma and used without
further purification. Reagent grade ethanol was obtained frBisherscientific. Potassium

persulphate was olatined from Sigma. Deionised and distilled water was used throughout.

5.2.1.1.1 Thermal polymerisation

GMMA (49), GDMA (0.2g) and water (4g) were mixed. Two soda glass plates were lined with
poly(ethylene terephthalat¢ (PET) sheets and poly(tetrafluoroethyleng (PTFE) spacer
(250um thickness) was placed between the sheets and the apparatus was held in place with
bulldog clips. Potassium persulphate (0.06g) was added to the polymerisation mixture,
mixed well, any bubbles were removed by brief sonication. The mixtasequickly injected

between the sheets into the spacer. The apparatus was heated in a 70°C oven for 24 hours.
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The resulting hydrogels were washed and stored in ethanol at room temperature in a sealed

container.

5.2.1.1.2 Analysis of hydrogels

Hydrogels were chargerised with FTIR using a Perkin Elmer FTIR instrument

5.2.1.2 UV curing materials
GMMA and GDMA were used as before with the additionUdf initiator 2-hydroxy-2-

methylpropiophenone (HMPP) which was obtained from Sigma.

5.2.1.2.1 UV Polymerisation

GMMA (4g), GDMA (0.2gha water (4g) were mixed. Two quartz glass plates were lined
with polyethylene terephthalate (PET) sheets andadytetrafluoroethylene (PTFE) spacer
(250um thickness) was placed between the sheets and the apparatus was held in place with
bulldog clips. H®P (0.6g) was added to the polymerisation mixture and mixed well, any
bubbles were removed by brief sonication. The mixture was quickly injected between the
sheets into the space. The apparatus was placed in a UV oven (Dymax Corporation) for 6
minutes, tuning over at the end of each minute. The resulting hydrogels were washed and

stored in ethanol at room temperature in a sealed container.

5.2.1.2.2 Analysis of hydrogel
Hydrogels were characterised wittodier transform infrared spectroscopy (RIusing a

Perkin Ener FTIR instrument
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5.2.2 Incorporation of latex nanoparticles to PGMMA hydrogels

5.2.2.1 Materials

GMMA and GDMA were used as before and PS latexes were incorporated during the
polymerisation steps. The latexes synthesispreviously had different particle diameters

and were used to produchydrogels with differing distributions of particles and therefore
different surface profilesThe particles had approximate diameters of 100, 250 and 715 nm
respectively and were incorporated to give 3 different hydrogel formuteti&ormulation 1

was 50% w/w latex: GMMA monomefigrmulation 2 was 25% w/w latex: GMMA and

formulation 3was 1% w/w latex: GMMA

5.2.2.2 Polymerisation

The latex hydrogels were produced using the thermal curing method described above.
GMMA (4g) and GDMA (0.2g) mweadded to the latex, amounts of which were varied
according to the desired formulation and the remaining mass was made up with water. 50%
w/w latex hydrogels comprised 4g of latex and no further wakr(nulation 1), 25% w/w

latex hydrogels comprised 2gtex, 2g water RFormulation 2 and 1% w/w latex hydrogels
comprised 0.8g latex and 3.2g watdfofmulation 3. The monomers and latexes (and
water) were mixed well and potassium persulphate (0.06g) was added and mixed. Again any
bubbles were removed byrief sonication. The polymerisation mixture was injected into the
cavity between the glass sheets made by the spacer and cured in an oven at 70° C for 24
hours then removed, washed and stored in ethanol in a sealed container at room

temperature.
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5.2.2.3 Analysis @& hydrogel

Hydrogels were characterised with Fourier transform infrared spectroscopy (FTIR) using a
Perkin Elmer FTIR instrument, and imaged using scanning electron microscopy (SEM) and a
Calibre atomic force microscopy (AFM) instrument. The hydrogels weaged with SEM on

the bulk flat surface and also as a crssgtion, which was made by snapping the hydrogel.

The cross section served to analyse whether the latex particles were incorporated

throughout the hydrogel matrix oon the surface.

5.2.2.4 White light interferometry

A measure of the roughness thfe hydrogel surfacesf dried samplesvas obtained using a
white light interferometer instrument, made by Bruker, model NPFLEX. Dried hydrogel
samples were analysed with the instrument and corresponding Vigdbsoftware. Dried
samples were used as the interferometer makes very sensitive measurements, when the
wetted hydrogel samples are exposed to the air, they begin to dry which changes their
shape andcauses the gels taurl. This causes difficulties with w@ning accurate

measurements o$urfaceprofiles

5.2.3 Contact gtotoxicity testing of hydrogels with 3T3 cells
To test whether thesurfaces of thénydrogels were toxic to cells, a robust and adherent cell

line was cultured on their surfaces.

5.2.3.1 3T3 cell culturemedia materials
wtalL mMcnn YSRAII 5dzZ 6S002Qa Y2RAFTASR 9 If SQ:
acid (EDTA) and trypsin solution were obtained from Sigma. FBSghmémine (LG) were

obtained from Sigma analiquotedfrom stock solutions.
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DMEM aml RPMlwere mixed in a ®ftilin pot, to which, 1% LG and 10% Mi$e added and

were well mixed.

5.2.3.2 Culturing 3T3 cells

3T3 murine fibroblast cells were kindly provided by Sam Bullers (Jack Birch Unit, Dept. of
biology, University of York) and cultured in needescribed above. The cells were cultured

to confluence in 100ml Nunc brand flasks, obtained fréisher Scientific. Cells were

incubated at 37°C, 10% &@ells were passaged when they reached confluence.

5.2.3.3 Passaging 3T3 cells

Cell culture media was remed and 510 ml EDTA was added. Flasks were then incubated
at 37°C for & minutes (maximum). EDTA was removed and 1 ml trypsin was added to lift
the cells from the surface of the flask. The flask was vigorously agitated to aid lifting and
cells were washedavith 5-10 ml fresh culture media. The cell solution was centrifuged at
1400 RPM for 4 minutes and the resulting cell pellet was resuspended in 9 ml fresh media,
from which 1ml was removed and added to a fresh Nunc flask and topped up with 14 ml

fresh meda. The flask was then returned to the incubator.

5.2.3.4 Culturing 3T3 cellsn hydrogels

5.2.3.4.1 Materials

Media equilibrated 50% latex hydrogel disks comprising of 100nm particles and 3T3 cell
stocks were placed in 24 well plates (CorfiiGglIBINDcell culture platespbtained from
Sigma. Solvent grade ethanol was obtained frieisherand diluted to 70% with deionised
water and was used for general disinfection, formalin 10% solution was obtained from
Sigma and used without further dilution. Hoechst staining solutiom (10000 dilution) was
kindly provided by the Southgate research group (Jack Birch Unit, Dept. of biology,
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University of York), and was diluted with PBS where necessary. PBS aneXTsiaution

(0.1%) were obtained from Sigma.

5.2.3.4.2 Cell culture

Cells were seded onto prepared hydrogels into steel seeding rings (10ml internal diameter)
at concentrations of 19 1, 10* 10° 1 cells/ml to test optimal seeding densities. The cell
solutions were allowed to soak into the hydrogels before Wodume of median the wells

was raisedto 200ul in the seeding ringdhe plates wereovered and incubated at 37°C,
10% Cofor 24 hours. At the end of the experiment thelcmedia was aspirated froitine
wells and Phosphate buffer solution (PBS) was added to washwesdiclvas mixed well and
the PBS wathen removed 10% formalin was then added to each well and the plate was
covered and left for 24 hours at room temperature. After 24 hours the formalin was
removed and70% ethanol was added the wellsto fix the cellsThe wells were sealed and

stored in a refrigerator.

5.2.3.5 Epifluorescence imaging of 3T3 cells on hydrogel surfaces

Following fixation, ethanol was removed from the wells containing thedwyels and a 0.1%
Triton-X solution in PBS was added to the wells ¢onpeabilise the cell membranes. The
wells were covered and placed on a rocker plate for 15 minutes. After 15 minutes, the
solution was removed and the wells were treated with a 1 in 10000 (v/v) solution of Hoechst
stain in PBS and placed on a rocker fonfifutes. Following this the solution was removed
and the gels were washed with PBS for 3x5 minutes on the rocker. After washing the gels
were removed from the wells and mounted on glass microscope slides, antifade solution

was added to the surfacesd acover slip was placed on top.

41



The gels were imaged using a mercury burner lamp in the blue fluorescent channel. The
ImagePro plus software was used to obtain images of cell nuclei on the surface of the

hydrogel. The cells were imaged at x20 magnificatising a noroil lens.

5.3 Results and discussion

5.3.1 Hydrogel synthesis

Hydmogels were synthesised to produeesurfaceupon whichcells ould be cultured. As

noted previously, hydrogels bear many similarities to native tissue due to characteristics
such as theihigh water content and porosity. A number of hydrogels were synthesised to
give a range of surfaces for the cells to interact with. These surfaces possessed varying
surface profilesfrom latex particles embedded in the surfacBare hydrogels with no

particles incorporated were synthesised as a contédlown schematically below

"Pol ysty

Pol ystyr Nanopar

Nanopart

Figure 5-1 Schematic of producing rough surfaced hydrogels
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Figure 5-2 FTIR spectrum of PGMMA hydrogel

5.3.2 Synthesis of poly(glycerol monomethacrylate)

The hydrogels produced by both the thermal and UV curing methods were thin, transparent
gels. They were flexiblend somewhat fragile, tearing easily when manipulated.

The IR spectra (shown iRigure 5-2 above showed peaks at approximately &Bcnr!
(broad) representing;OH stretching vibrations2960 cm' signifyinggGH stretches, 1700
representing C=0 stretche$100 representing-O stretches

The hydrogels were stored in ethanol, this was due to their eventual use as a biomaterial,
the ethanol served as a disinfectant to kill any microorganisms currently present on the
surface and stop any further infection.

The surface of the hydrogel was imaged using SEM and found to be very flat and mostly
featureless, any features of note were due to defects in the surface, and for example where
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the hydrogel had stuck to the PET eheduring curing and torn during removal or
manipulation. The mostly featureless surface is due to the curing of the hydrogel on a flat

PET covered glass surface and is to be expected. The following images are SEM micrographs

of the hydrogel surfaceHgure5-3 below).

A

Figure 5-3 SEM image of PGMMA hydogelsurfaée

5.3.3 Incorporation of latex nanoparticles to PGMMA hydrogels

The hydrogels with incorpotad PS nanoparticles were produteising thermal induced
radical polymerisation in water. The gels produced wataete and opaque. When thgels

had finished curinghey were firmer than the bare PGMMA, when dry they were very brittle
and would tear and break easily when manipulated. Followtnging the gels were
transferred to ethanol. In general the gels contamithe larger particle siziatex (550 and

715 nm, formulations 2 & 3 respectively) were tougher than the 150 nm latex gels. The
equilibrium water contentEWC)f the latex hydrogels are shown in the following table.
(Table5-1). The EWCs of the gels are all around the same value despite there being a
relatively large volume of latex particles incorporated into the gel structure. This is possibly

due to the low solids content of the latex solutiomad increasingvater contents of the
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hydrogels meaning that water swelling effects will dominate over possible reduction in

swelling caused by hydrophobic latex particles.

LATEX FORMULATIONTWI% LATEX CONTENT O % EQUILIBRIUM WATERNTENT

HYDROGEL (W/W)

50-1 75.48 £3.1
251 76.82+3.1
1-1 78.91+2.6
50-2 73.46+3.4
252 79.56 +5.1
1-2 80.25+ 3.6
50-3 77.69 = 3.0
253 75.28 £ 3.7
1-3 79.61 £ 3.0
0 77.62+3.4

Table5-1 Table of equilibrium water content oPS latex embedded hydrogels

The FTIR spectr&igure 54 below) obtained for the 50% latex composition of formulation
1 contained peaks at approximately 3320 -tnforoad) representinggOH stretching
vibrations 2900 cmt signifying cCH stretches, and =O stretches around 170 cm?,
aromatic GC stretches around 1456nd alsoan increase opeaks in the fingerprint region

representing aromatic bond stretches from the polystyrene particles present.
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FTIR spectrum of 50% PS volume hydrogel
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Figure 5-4 FTIR spectrum of 50% PS volume hydrogel

The surfaces of these hydrogels were intended to be rougher than the bare PGMMA
hydrogel and were imaged using both AFM and SHRKEe following SEM micrographs
illustrate the surface topography. Hydrogels contagall three particle sizes were imaged
and are presented at similar scales. It is possible to discern the differences in size of the

particles and their different surface densities.

The cross sectional images show that PS nanopatrticles are presenghiotdiuthe hydrogel
structure and that they are not just found on the surface of the Gajure5-11 and Figure

5-16 show the transition between the top surface and the cross sectional area and show
that the particles continugo be distributedinto the interior of the structure and that there

is much more than a surface monolayer of PS patrticles.
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5.3.4 Scanning electron microscogmages of hydrogel surfaces

Figure 5-5 SEM image of hydrogel 561

Figure 5-6 SEM image of hydrogel 11,
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Figure 5- SEM iage of hydrogel 502

Figure 5-8 SEM image of the surface of hydrogel 5Q
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Figure 5-9 SEM of hydrogel 503 surface

igure 5-10 SEM ae of hdrogel - .
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The SEM imagexboveshow that the latex particles are present and visible on the surfaces
of the hydrogels. The physical distributiaf the particles des change according to the
amount of particles present and the size of the patrticles.

The 501 hydrogel Figure 5-8), appears to have a somewhat even spread of PS
nanoparticles across the surfadéis possible that the THPcells, when they encounter the
surface of this hydrogel will not be able to discern much roughness due to the small particle
size. Cells will be around 10pum across (approximately the widthigefre 5-8). For this
reason, it was decided to fabricate larger particles.

The SEM of the surface bfdrogell1-1 (Figure 5-6), appears to show a more convoluted
surface which could be indicative of a rougher appearathes the 50% hydrogel, this is
somewhat surprising as this hydrogel contained a lower concentration of particles. It is
suspected that the lower concentration caused the particles to aggregate to a degree,
creating an uneven, rougher surface with differeggregations on top of one another. This
clustering of aggregations may be caused by the repulsion of the hydrophobic PS particles
by the continuous water phase. The PS particles may then aggregate to lessen their overall
surface area and these new largeolloidal particles cluster together at the surface of the

gel producing the observed rougher surface.

The SEMs of 50% latex content for formulatid@igure 5-7) also showed this crowded,
convoluted arrangement of particles wreas when the lower propouin of particles were
present Figure5-8 & Figure5-10), they appeared to padakore closeljtogetherand give a
smoother appearance. This is perhapsedo that as their size increased, the charge on the
particles did not significantly change (as shown by zeta potentials, previously), therefore,
the overall charge per unit of surface area will have decreased as size increased meaning the

particles couldpack together better giving a better arrangement at lower concentrations. At
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higher concentrations, the larger number of particles in a similar area causes them to stack
up on top of each other.
To investigate whether the particles were present throughibie matrix of the gel osimply

on the surface, images of cross sections of the gels were images with SEM, shown in the

following figures.
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5.3.5 Qoss section imagesf latex hydrogels

1um

Figure 5-11 SEM image of hydroel 501 cross section

ium

Figure 5-12 SEM image of hydrogel 501 cross section
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Figure 5-13 SEM image of hydrogel 11 cross section

In order to mage the cross section, the hydrogels were snapped and torn lengthways
between two pairs of forceps. The exposed surface was then examined using SEM. The
above figures showofmulation 1 hydrogelgrigure5-11 & Figure5-12 show SEM images of

the 50% latex content hydrogekigure5-13 shows 1% latex content. The decrease in latex
particle density is immediately apparent. The first image shows the boundary between the
flat surface(top left of the imageynd the internal surface exposed in cross section. In the
image, the flat surface descends into the plane of the page in the upper left hand corner of
the image while the cross sectional surface is shown parallel to the planeeopdbe.
Exposed latex particles can easily be seen on the cross section near the surface, still giving
the appearance of roughness. The largeeas of uniformmaterial are parts of the bulk
hydrogel matrix. This view is consistent in the second imagehwiies taken nearer the

centre of the cross sectional area. Particles are shown to be present throughout the
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structure of the hydrogel and not just clustered at the surfaces. The third image shows the
hydrogel with the lowest distribution of particles. Tleeare clearly fewer particles present
which is why the appearance of the hydrogel matrix appears to dominate.

The following images are of the other two formulations of latex particles which show similar

distributions of particles despite increasing pasdisize.
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The above imaged-igure 5-14 & Figure 5-15) are of the formulation 2 latex particles
present at 50% composition of the hydrogel taken from the nadaoll the cross sectional
area. The second is a closer view of the tingly show patrticles present in small clefts in the
hydrogel matrix. This is due to the random nature of the tearing of the hydrogel. The clefts
are areas where the matrix surroundiniget particles has been torn away. Again the images
show that the particles are present throughout the structure of the gel. The second image
with its increased magnification shows the large distribution of particles, with many
crowding on top of one anothefThis is consistent with the previous image of the surface of

this gel, again showing that the particles are distributed throughout the gel.

These particle characteristics are again visible in the cross section of the hydrogel containing
50% formulation 3Jatex particles(Figure 5-16 Figure 5-17below). Again the first image is
taken at the edge of the flat portion and the cross section. The flat surface extends into the
plane of the page and it is pos®hio see a great many particles clustered on the surface.
This again agrees with the flat surface images seen previously. The following images show
the clefs visible in previous images. Again large numbers of the particles can be seen

clustered in these widows into the bulk hydrogel matr¥igure5-18).
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16 SEM image of hydrgel 563, cross ectlon

Figure 5-

cross section

17 SEM imge of ydrogel 5,

Figure 5
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Figure 5-18 SEM image of hydrogel 563, cross section
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