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Abstract

Traditional cell recovery methodologies cleave -teltell junctions and thus the
recovery of anintact cell sheet for use in tissue engineering is rendered impossible.
Additionally, these traditional cell detachment techniques can be damaging to cell
surface receptors, which in turn can impair subsequent cell function. Thermoresponsive
polymer film mediated cell growth and recovery, has become a popular way to recover
undamaged cells, with cell to cell junctions and basally deposited ECM maintained.
These cell sheets can be then used for tissue engineering purposes or tissue damage
repair. Thermorespnsive polymeihas a lower critical sation temperature (LCST) in
agueous solution, whigsthenomenoinas beerxploited in temperature controlled cell
harvesting. It has been shown tiatiety of thermoresponsiv&urfaces are generally
conducive to reasmble cell growth. Okano et al. have grafted pNIPAm onto tissue
culture plastic using electron beam polymerisation to yield an-thitnalayer of
pNIPAmM. Maria E Nash has demonstrated that thermoresponsive films deposited using
spin coating method were labto yield cell culture delivery substrates. This issue has
been focused on furtheto simplify the preparation techniques for fabricating
thermoresponsive films with a view tell preservationTo this end, thermoresponsive
platforms were deposited uginthe solvent castmethod to yield thin, uniform,
reproducible films. Solvent casting is a basic, cheap and effective method for
fabricating films in the micrometre range of thickndssvas first reported as a method

to deposit a thermoresponsive filmr feell culture in 1990For comparison purposes

films were prepared using solvent castmoetand the spin coating method.

Two types of NIPAm-based thermoresponsipelymers were used in this research; the
first employed commercially sourced pNIPAmM, thecaw® a NIPAmMco-NtBAm
copolymer The advantages of using a commercially sourced polymer system paired
with the operationally simplesolvent casspin coating technique for cell sheet
regeneration ar¢hat films prepared in this manner can be produced withimal
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training and expense and the use of a commercially sourced product avoids the need for
complex polymerisation processd@$ie NIPAmco-NtBAm copolymer was selected for
similar applications, it showed better cell compatibility and had a LCST loveer th
room temperature, which makes the biomaterial much easier and flexible for routine

applications.

The deposited films were characterised using a variety of analytical techbefoes
biological assessmenStudies have shown that there is a correlabetween the
thickness of the deposited pNIPAm films and successful cell adhesion and
proliferation; therefore it was imperative that this parameter could be assessed.
Successful cell adhesion onto a biomaterial surface is dependent on a number of
physioctemical characteristics such as surface wettapitiyghness andomposition
therefore where discernibledifference in cell growth was observed between films of
different thicknesses or deposited by different means; comparative assessments of such
chamcteristics were maddnvestigations into films prepared from commercially
sourced pNIPAmM show that it is thiicknessdetermining factorfor successful cell
adhesionthinner films supported more cell adhesibluman mesenchymal stem cell

and macrophagdike transformed murine cell line RAW264grew onthinner solvent

cast films better tharthat on their thicker counterpartd-ilms prepared from the
NIPAmM based thermoresponsigelymer via spin coatingnd solvent casgtuccessfully
hosted a wide varietpf cells and celllines to confluence and cell detachment was
achieved through temperature modulatio@ptimisation of the NIPAm based
thermoresponsive films for cell adhesion, proliferation and differentiation allowed for

the refinement of crucial paramees to thermoresponsive modifications.
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Chapter 1

Chapter 1. BACKGROUND AND INTRODUCTION

1.1 Smart polymers

1.1.1 Definition of smart polymer

Basic components in living organisms such as prsteucleic acids and carbohydrates

are considered as natural occurrisgnart polymess. These polymers comprise of
connecting monomer units linked by chemical bonds. The individual monomer
reactions and interactions are triggered to have the same reaction with thousands of
monomer units to the mactevel, fromthe cellular level upward téunctioning living
organisms such ad®NA self-replication, energy storage and hydrophobic and
hydrophilic reversible transition®Volf 1985. Synthetic polymers, which are designed

to mimic these biopolymers, have been developedanriety of functional forms to

meet desirableindustrial and scientific application&alaev and Mattision defined
smart polymesaspolymers vhiché under go strong conf or mat.
smal | changes i n (GdlaevaedMatiiassoml@8&uach mavedatsu r 6
can be sensitive to a number efivironmental changesuch astemperatee, the
presence of water, pH, thegsence/intensity of light, etdhe polymerresponse can

take various formssuch as:colour alteration beconing transparent,conductive
permeable to water or changing shape (shape memory polyitiensiadze and
Schneider 20050kano 1993Zrinyi 2000. Usually, slight changes ithe environment

are sufficient to induce g¢gr elaidimportasthoan ge
note that not only are these polymers able to significantly change conformationally in
reaction to a small alteration in an ambient parameter butthigtchange is also

reversible upon reversal of the stimulant triggéamada et al. 1990

What makes smart polymers unique aimderesting for biomedical and general
scientificapplicationss their nonlinear response, i.e.sagnificart change in structure

and properties can be induced by a very small stimulus. Once that change occurs, there
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is no further change, meaning a predictableoahothing response occurs, with
complete uniformity throughout the polyméihe strength of smapg ol y mer 6 s r es
to stimuli is able to create a considerable force for driving biological processes. Such
property change can be exploited fowarious highly specialised applications in

biological g/stems.

Smart polymers can be classified by their stinsourcesand some of the more

common ones are
1) Temperature sensitive smart polymers
2) pH sensitive smart polymers

3) Polymers with dual stimuliesponsiveness
4) Light sensitive smart polymers

5) Phase sensitive smart polymestc.

There aremany advantages of smart polymers, swshtheirbiocompatible, increase
patient complianceno integrated electronicsyiodegradability,blood contactable,
modification for cell adhesion ligandsand the ability to alter release profiles of the
incorporatedagents etc (Al-Tahami and Singh 20Q0Thaterji et al. 2007Hoffman
200Q Hoffman et al. 200

There are also some shortcomings of smart polyfeerexamplethey can be hard to
handle, usuallythey aremechanically weak, difficult to load with dgs or cells,
difficult to crosslinking in vitro as a prefabricated matrix, difficult for sterilization

(Mahajan and Aggarwal 2011
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1.12 Smart polymer applications

Smart polymersare sed for a variety of Olydragelsy day é
(nappies), plasters (band aids) that lose their stickiness when takBmaft.polymers
arealso utilised in many formdor biotechnology and bioengineerings they can be
dissolved in solution, adsorbed or grafted on aqusolid interfaces or crodmked in

the form of hydrogels. Polymers as linear free chains in solution are used in
biosem@ration; covalently crosslinked, reversible gels are used in midudics;
polymerswhich arechain adsorbed or surfageafted are used as smart surfaces for
tissue engineeringkumar et al. 2007%a Smart polymers may be phgally mixed

with or chemically conjugated to biomolecules to yield polymiemolecule systems

which respond to biological, physical or chemical stimulihese polymeric
biomaterials havepotential for a widevariety of applications irbiotechnology and
bioengineeringWWhenanenzyme molecule is bound covalentlyatemart polymer, the
polymer can be used tcreatereversibly soluble biocatalysts by forming a separate
phase with stimulipH sensitive smart polymers consist of the polymers for which the
trarsition betweerthe soluble and insoluble state is created by decreasing net charge of
the polymer molecule. The net charge can be decreased by changing pH to neutralize
the charges on the macromolecule and hence to reduce the hydrophilicity of the
macromoécule These macromoleculesan be modified as drug delivery systems
(Mahajan and Aggarwal 20LIEExamples of smart polymer biomedical applicatiars

given inTable1-1.
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Tablel1-1 Summary of smart polymdriomedicalapplications

Smart polymer

o Example Reference
application

poly(acrylic acig (PAAc),

Bioseparation poly(ethylene glycol(PEG)dextran

(Teotia et al. 2001
(Chan and Mooney
2008 Kim et al.
2002

poly(N-isopropylacrylamideand its

Tissue engineering
copolymers

poly(propylene oxidephenyt
poly(ethylene glycol)

poly(azobenzenep o | -¢4{ U
Gene Therapy aminobutyl}l-glycolic acid],

poly(ethylacrylic acid)

Protein Folding (Kuboi et al. 200D

(Nagasaki et al. 2000
Pack et al. 2005

(lvanov et al. 2003
VazquezDuhalt et al.
2001 Willner et al.
1993

U-chymotrypsin in acrylamide
Biocatalyst copolymers polysaccharidehitosan
poly(N-isopropylacrylamide)

poly(lactic acid), polyesterpoly(N- (Moselhy et al. 2000

Drug delivery |sopropyIacrylamde:o—methacryhc Zhang and Wu 2002
acid)
Molecular Gates Acrvlamideco-acrvlate (Shimoboiji et al.
and Switches y y 2002
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1.2 Thermoresponsive polyners

1.2.1 Basiderminology

Thermoresponsive polymers are polymers that exhibit a drastic and discontinuous
change in their physical properties with temperaturéHoffman 1995.
Thermoresponsive polymecan be divided into two classdbe first presesta lower
critical solution temperature (LCST) while the second present upper critical
solution temperature (UCST).LCST is the critical temperature below whithe
components of a mixture are miscible for all compositions. UCST, on the contrary, is
the critical temperature above which the components of a mixture are miscible in all
proportions.Cer t ai n pol ymersdé LCST or UC8IS i n
determined by polymer composition, polymer chain length and polymer molecular
weight etc But the polymers which generate the most scientific interest and those

which will be focused on here, are those which exhibit LCST transitisalirtion

O

J |
waler insolubie

water soluble

temperature LCST

Figure 1-1 As the temperature is elevated from below the thermoresponsive polymer
LCST to above, the polymer goes from its extended relaxed coil state to a collapsed

globular state and precipitates out of its agisesolution or assumes a gelatinous form.

5
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LCST polymers are amphiphilic in nature, possessboth hydrophilic and
hydrophobic parts. The hydrophilic segments form hydrogen bonds with water
molecules therebgolubilisingthe polymer at the lower temperggsi (T<LCST) which

means the molecular chains are fully stretched out. But the hydrogen bonds become
weaker and weakegis the temperature is raised through the LCBilly breakng

down & the ambient temperature exceeds the Ld&Ading to the formatn of coiled
aggregategFigure1-1). The LCSTof a thermoresponsive polymisr governed by the

pol ymer s mol ecul ar weight and its distr
the content of hydrophilic monaars in block or graft cpolymers (Luo et al. 2008

The LCST can bexplained thermodynamically by considering ftieand 29 laws of

thermodyamics

PG =1 TS
Whereqds: Gibbs free energgH: enthalpy, T: temperature agds: entropy

It is noteworthy that LCST is an entropically driven effect while UCST is an
enthalpically driven effecfWard and Georgiou 20)1For a process to be favoutab
theGibls free ener gy t er mCogsi@er kghids suchdas bileandn e g a
water, mixing would be characterised by a large unfavourable enthalpic contribution
and thus demixing is favourable. Then consider a simple solution of salt and water,
mixing is favourable and is characterised by an increasing system disorder and thus a
large and positive entropic contribution to the Gibbs free energy. Now consider a
polymer solvent system which possesses a UCST. At low temperatures the enthalpic
contributon may dominate the entropic term but as the temperage¢he entropic
contribution increases until at the UCST

higher temperature enhances solubility.
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However, polymers which possess a LCST exhibit highly directional interactions such

as hydrogen bonding in aqueoudusion. This hydrogen bonding leads to a large
domi nant negative @H, thus mixingphase f av
separation at the LCST is mostly due to entrdg@pecifically, the main driving force is

the entropy of the water, that et the polymer is not in solution the water is less
ordered and has higher entropy. (Kldudas i s
and Mikos 2008Lutz 2008 Southall et al. 2002

poly(N-isopropylacrylamidg  (pNIPAm) is the most commonly studied
thermoresponsive polymer withLCST of approximately382°C, close to physiological
temperature (37°C)YShimizu et al. 2010 Twaites et al. 2005 It is possibé to
manipulate the LCST of M#sopropylacrylamide (NIPAmM) based thermoresponsive
systems by copolymerizingthe NIPAm monomer together with hydrophilic or
hydrophobic monomers rendering the overall hydrophilicity of the polymer higher or
lower respectivelyDoorty et al. 2003Feil et al. 1993 Hacker et al. 2008 Some
polymers with thermoresponsive properties inclugely(N,N-diethylacrylamide)
(PDEAM) with aLCST of 33°C whichs nearthat of pNIPAmM(ldziak et al. 199Pand
poly(N-(2-methoxy1,3-dioxan5-yl) methacrylamide) (PNMM) and polyR-ethoxy
1,3-dioxan5-yl) methacrylamile) (PNEM) (L11)which were determined to have
transition temperatures of 22 and 52°C, respectively. PedgiifloytN é
propylpiperazine) (PNANPP) exhibited a transition temperatiraround 37°C in
agueous solution, but the measured value was highljtiserts pH changes, e{@&oy

et al. 2013 A table detailing a list of popular thermoresponsiwdymers and their

corresponding LCSTs is given belowTiable1-2.
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Tablel-2 LCSTs of thermoresponsive homopolymers

Abbreviation Name LCST(°C)
PNIPAmM Poly(N-isopropylacrylamide) 32
PVCL Poly(N-vinylcaprolactam) 25-35
PPO Poly(proprylene oxide) 10-20
PVME Poly(vinyl methyl ether) 33.8
MC Methylcellulose 60-80
EHEC Ethyl(hydroxyethyl)cellulose 65
PDMA Poly((2dimethylamino)ethyl methacryla} 50
PEOZ Poly(2-ethyl-2-oxazoline) ~62
PIPOZ Poly(2isopropyt2-oxazoline) ~36
PEA Poly(N-ethylacrylamide) 82
PEMA Poly(N,N-ethylmethylacrylamide) 70
PNPAmM Poly(N-n-propylacrylamide) 25
PBMEAM Poly(N,N-bis(2-methoxyethyl) acrylandie) 49
PMPAmM Poly(N-(3-methoxypropyl)acrylamide) >60
PEPA Poly(ethoxypropylacrylamide) ~32

1.2.2 pNIPAmM and NIPAmM-co-NtBAm

The thermoresponsive polymers used in this work are pNIPAnN#@AmM-co-N-tert-
butylacrylamide NIPAm-co-NtBAm). pNIPAm is by far the most extensively studied
stimuli responsive polymer. Conformationally, it consists of a hydrocarbon back bone,
hydrophilic groups in the form of the adjacemiide groupand hydrophobic moieties

in the form of isopropyl groupella Volpe et al. 1998 There is only one subgroup
difference between NIPAm monomer aNetert-butylacrylamide(NtBAm) monomer,

but inclusion of theNtBAm monome results in a more hydrophobic polymer system

8
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the LCST of which is dependent on the relative molar contribution of the copolymer
monomers.For example Rochev et al. report on a family MPAmM-co-NtBAmM
copolymerswith LCSTs over the range of 10 to 327@epending on the NtBAm
content(Figurel-2) (Rochev et al. 2004

35

{,C =CF} . H,C=CH ]
H 5 C (IH : 5 | ol \
C =0 C =0 5. |

LCST (°C)

!\li H NH 204
CH l 15;
v \_” H3(‘—(‘ —(‘H3 :
H 3 C C 3 l 1
104
(‘ II % T T T T T T
’ 0 10 20 30 40 50
NIPAm NtBAm Molar fraction of NtBAm (mol%:)

Figure1-2 Chemical structure of NIPAm, NtBAm monmers and LCST of NIRémn
NtBAm copolymers as a function of NtBAm conte(fochev et al. 2004

1.23 Applicati on of thermoresponsive polymer

Interest in thermoresponsive polymers has steadily grown over the past couple of
decadesanda great deal of work has been dedicatedpplying the polymersvith a

view to biomedical applications. Theability to changecomformationally in response

to temperature has been utilised in areas sudhicse@ration drug delivery, tissue
engineering, hydrogels, films amahromatographyetc (Table 1-3). There are many
advances in the dld of thermoresponsive polymers, buimerouschallenges and
opportunitiesremain for impacting the field of smart materials is not only the
transition temperaturevhich has tobe taken into account, but also the effect of the
materials on the body,hich is critical for biomedical applicatiorfRoy et al. 2013
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Table1-3 Summary of thermoresponsive polymer applications.

Ther mor es
pol ymer a

Exampl e Reference

Bi o ap i

Ther mor es
sdrmaces

Drug del

Ti ssue en

Hydr oge

Chr omat o

pNI PAmMot ein ,

pon(ethch&mreopy(J P. Cr
oxide) ,.wimglly(dNa Hof f manGall9
cei nyl i),mi dpaozley and Matti)a
vinylisobutyr ami

pNI PANM| sopropyl-

based p ol yRed ley (T. Liao e
vinyl cappoollyi Matti asson
i sopropylcad-ryl ajOkano ed a
hydroxyethyl acr:
PL GBI oR(kE GMEAVA

PGMA)pPol ¥y (N

i sopropylbacryl al
butyl met,hacrypaeal
i sopropyl-acryl al
poly( met hyl met |

pNI PANN, PAnecr yl i

(Abul at eef e
200€hung
1990¥apopojt

( AAc) NI-P8mMN RI' { Af O TOS
cinnamoyl carbami[® [SS I YyFk
pNI PAm crossl wnwmn

met hyl enebi s (aci

pNI PAm NI_@mmry(Castellano

NI PAngpr opyl acr vyl
pol ycGNpropyl-caec r
N,-Ni met hyl acr vyl
pNI PAmNI-@&Mdi me (Ayano and

amino) ethy,l Nrdef200Kanazaw:
cdhut vyl met hacry Kanazawa )e

2007KI ouda
Mi kos) 2008
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1.3 Cell adhesion anddifferentiation

1.3.1 Cell adhesion

Cell adhesion is the binding of a cell to a surface, such as an extracellular matrix
(ECM) or another cell. Severalftéirent families ofcell adhesion molecules (CAMs)
mediate celicell and celmatrix interactions. The families of adhesion molecules
identified to date include selectins, integrins, cadherins, iamdunoglobulin (lg)
superfamily member@Gumbiner 199% Members of these adhesion receptor families
do not only play critical roles incell adhesionbut also indiffereniation, migration,
inflammatian processeand embryonic formatiorThe mechanisms regulating adhesive
interactions are compleandintegral membrane proteins are built of multiple domains.
Figure 1-3 briefly demonstrate the mechanism of eacbell-cell adhesia CAMs.
Cadherin and thdg superfamily of CAMs mediate homophilic cell adhesion. For
cadherin, calcium binding to sites (orange) between the five domains in the
extracellular segment is necessary for cell adhesion; thermnal domain (blue)
causes cadirin to dimerse and to bind cadherin dimers from the opposite membrane.
The Ig superfamily contains multiple domains (green) similar in structure to
immunoglobulins and frequently cam type Il fibronectin repeating unifpurple). In

a heterophilic iteraction, the lectin domain of selectins binds carbohydrate chains in
mucinlike CAMs on adjacent cells in the presence of'C@he lectin domain is
separated from the membrane by a series of repeated domains. The maj@troell
adhesion molecule,iatgr i n, is a heterodi mer of- U an
binding domain of fibronectin, laminirgollagen (type I, Il and IV)r other matrix
molecules(Figure 1-4) (Harvey Lodish et al. 200(Hynes 1999 Lobert et al. 2010

The detailed classificatn and major examples for CAMs are showit atle1-4.

11
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Table1-4 Cell adhesion molecules classification and examples.

Membr ane proteins: cell adhe
lg § NNCAM (Myelin proi1®i,n VZIArME
CAM CAM,ICIAM, Nectli nPERYRIRL
Cail am
. LFA (CDlla+CD18), I nt e
i ndep
Nt - (CD11c+CD18) ;1 Madr gemade
nt e
1 VLA (CD49d+CD29)l,l bGllyd
(I TZBA | T3:B
Cl assi CDH, CXDHHCDH
Desmogl €elj nEOBSGC
Des mosd DSQ , Desmoclpl @@
DSB8
Cal ci|Cadhe
Protoca P C DH
depen
Tcadherin, CDH4, C
Unconve
CDH1aDHW?2 CIDH CiDH
ungr ou
CDhDHy CIDH CIDH
Sel e E-s el e csteilne esteilne,c tH n
Lymphocyte homdhegled ecdptng r-4, n@mB¢
Ot he
Carcinoembry@mrRi €Ha €Di CHE OB

Adhesion molecules also enablells to contact and specifically interact with each

other, which is a requirement of all multicellular organisms. Specialiseeceikll

interactions allow communication between adjacent dslisoluble chemical signals

binding to cell surface or intracalar receptors andre crucial for cell development

12
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and functional activity. For instance, cell migration is a coordinated process that
involves rapid changes in the dynamics of actin filaments, together with the formation
and disassembly of cell adhesmites, it requires endocytosis and recycling of integrins
(Figure 1-4). Integrins that bind to the ECM proteins transduce external stimuli into
intracellular biochemical signals for cell migratigbobert et al. 2010Mitra et al.
2005.

Cadherin lg-superfamily CAMs Mucin-like
{(E-cadherin) {N-CAM) CAMs
\
Carbohydrate
N
o * Ca?*-binding
sites
" Lectin domain {
o Ig domains
il
: Type Il
fibronectin
e t
i repeats Selectins
(P-selectin)
Membrane
Homophilic interactions Cell

Figure 1-3 Major families of celicell adhesion molecules (CAM§iHarvey Lodish et
al. 2000.
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Actin filament

ORI (GO
fh i YD
TP iy

a4

| BASAsSBSSS w-wj:u 0 308

Recycling @
endosome

New
adhesion

Old disassembled
disassembled adhesion site
adhesion site

Figurel-4 Integrins are major cefhatrix achesion molecules, which also participate in
cell migration which requires endocytosis and the recycling of inte@rmisert et al.
2010.

In general cell cultte work, cell adhesion on to a surfacan be classified as a two

step mechanistic process: firghysicochemicainteractions combination complex

such as van der Waals forces, gravity between the cell membrane and substrate control
the initial attachmet of cells. It is an adsorption mechanism whieln lse terned asa
Opassive adhesi ond mie fadiitated by the initiallcontact aft e p
thecelland he substr at e .sthénkext stea@ndeitrequates thes dellmlard i
metabolc process. When csllareattached onto the surface, external stinmdjgered

the CAMsto bind to an appropriate substrate s to maken interface betweethe

cell membrane anthe underlying sibstratestable. This is achieved by both biological

and physicochemicalmechanismgBaier et al. 1985Kataoka K 1989 Okano et al.

1995.
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1.3.2 Cellular differentiation

Cell differentiation is a process in which a generic cell develops into a specific type of
cell in response to triggers from the body or the cell it§&a#l differentiation plays a
critical role in the function of many organisms, particularly complex organisms,
throughout their livesThe most typical cell differentiatiors a single celled zygote
developng into a multicellular adult organism that can contain hundreds of different
types of cellsln mammals, zygote and subsequent blastomeres are totipotent as they
candifferentiateinto any kind of cellsin plants, manyifferentiatedcells can become
totipotent themselves or with simple laboratory technigGedls that can differentiate

into several different cell types, but not all, are considered to be pluripdewch cells

are called embryonic stem cells in animals and meristematic cells in higher plants.
Pluripotent stem cells undergo further spesaion into multipotent cells that then
give rise to functional cellfDiez Villanueva et al. 20)2Stem cells are cells found in
most multicellular organisms. They have the ability to differentiate into other cells and
the ability to seHregenerate. Unlikéhe embyonic stem celthatcan becomany type

of cell in the body, dult stem cells are thought to be limited to differentiating into
different cell types of their tissue of origiMesenchymal stem cells are typical adult
stem cells; they are harvested andureld from normal human bone marrow. They are
able to differentiate into osteogenic, chondrogenic and adipogenic lin€eigese
1-5A). Induced pluripotent stem cells are another type of stem cell artificialiyeder
from nonpluripotent cels i typically anadult somatic cell. They are similar to natural
pluripotent stem cedlin many aspects, such as the expression of certain stem cell genes
and proteins morphology, doubling time, potency and differentiabiligge. (Figure

1-5B)
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Figure1-5 A. Mesenchymal stem cell can be culutured to generate differentiated cells.

B. Induced pluripotent stem cell pathwgionfield and Caplan 20)0

Differentiation dramatically changes a cell's size, shape, membrandiglotastabolic
activity and responsiveness to signd®ll differentiation with a few exceptionsuch
asmutation,doesnot change the céll genomethe changes are largely due to highly
controlled modifications in gene expression. Thus, differents cein have very
different physical characteristics despite having the same ger@etidifferentiation
has become a critical area géneral and critical cellular processsearch, in the
context of adult and embryonic stem cells as wellnasiced pluriptent stem cells
(Kishore et al. 201,0Totey et al. 2009
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1.3.3 Factors which influence cell adhesion red differentiation on biomaterial

surfaces

Biomaterial development has been focusindhensurface modificationf biomaterials

for decadesn order to promote a greater understanding and control of the material
characteristics for regulating biocompdiilyi The ideal biomaterial surfaces should
provide a framework and initial support foell adhesion, proliferation, differentiation
and ECM formation (Agrawal aml Ray 200) Successful cell adhesion and
differentiation onto a biomaterial is piendent on a number of factasch assurface
topography and chemistry (wettability, stiffness, roughnebemical composition
microstructure (porosity, pore size, paieape, interconnectivitgnd specifc surface
area) and mechaniceharacteEngler et al. 20060'Brien & al. 20035.

Extracellular Matrix -
Cell interactions

Cell - Cell contacts

- Biochemical factors
- Topography

- Wettability

- Stiffness

- Mechanical load

Self-renewal Differentiation Quiescence Apoptosis

oo @ o B

Figure 1-6 lllustration of the multitude of different factors affecting cells, which
together determines the cell fgkolind et al. 2012

When cells adhere to a surface, a sequence of qoep®mical reactions happen
betweenthe cells and the surfacdt has been well established that cellular and
biological entities exhibit dramatically diffeme behaviour when interacting with
hydrophilic and hydrophobic surfac@sgure 1-6) (da Silva et al. 2007 Neither ultra
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hydrophilic nor ultra-hydrophobic surfaces atideal for optimumcell adhesion and
proliferation. Many literature studieseport different cell behaviour depending on
surfacehydrophobicities, which may mediateprotein absorptionSurface wettability
modified the sort and the quantity of adsorbed cell adhesion molecules. Hydrophobic
surfaces tend to adsorb more proteins, while hydrophilic surfaces tend to resist protein
adsorption(Xu and Siedlecki 20071t was found that moderately hydrophilic surfaces
were most conducive to successful cell adhesion. Maximum adhesesuciace may

vary from cell line tocell line dueto theirindependentharacteristicfGoddard and
Hotchkiss 2007J. H. Lee et al. 1998 amada and Ikada 1993

Substrate topography and roughness or texture also influences cell adhesion
proliferation and differentiation The iterature ha reported that cells grown on
microrough surfaces, were stimulatexdvards differentiation; as shown by their gene
expression in comparison with cells growing on smooth surfdt¢asno et al. 1999

Lim et al. 200%. Purposeful patterns can be induced on surfaces through etching,
sandblasting and micromachining etc. to induce guided or structured cell drmmth
Recum and van Kooten 199%im et al. 200%. Depending on the scale dhe
irregularities of the material surface, surface roughness can be diwded
macr or ou g hn e sndimetérd),0rMigonoughness (100nin 1 0 0 € m) an
nanoroughness (less than 100nmagtewith its specific influenc@/agaska et al. 2030

The effect that sbstrate roughness and topography has on cells varies between cell
lines. For larger cells, such as osteoblasts and neurons, macroscopic descriptions of the
surface roughness could be reasongblenoso et al. 2097 Cells such as fibroblasts

and epithelial cells prefer smooth surfac@oyan et al. 1996 Bartolo et al
investigated neuronal cell behavimm surfaces with nanoscale (6.26 nm) to microscale
(200 nm) roughnesand report thathe axonal length increased and the nesibecame

highly branched on surfaces with roughness @2@8nm. Therefore, the nanosal
roughmembranes seerdto be more supportive of neurite outgrowth modulating the

development process of the neurdBartolo et al. 2008 A significant amoun of
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research has been dedicated todfiect that biomaterialtopographical roughness has
on a widevariety of cell linesthecareful selectivity osurfacefor cellscould beused

as amdvantageluringthe development of biomedical devices.

Cells arecapable of sensing and adapting to substrate mechanical strength or flexibility.
Several studies have reported that cell attachment, proliferation and differentiation are
all modulated by the substrate rigidifigngler et al. 2006Khatiwala et al. 200)7 On
the other hand, researtfasfound that cells may activelytat the stiffness othar
microenvirommert or that ofother cells(Marquez et al. 20Q7 Studies show thatells
prefer stifer surfaces as cells tentb migrate towards the stiffer sector whendsskon

a surface with varying levels of stiffneds et al. 2000Yeung et al. 2006
1.4 Biomaterials & Stem cells

Stem cells hold great promise as a tool in regenerative medicaie therapies
represent the potentially and most fruitful applications for stem cells. Upon
differentiation into a suitable phenotype, stem cells can be introduced at a damaged site
in atissue in order to facilitate its regenerat{gtiguchi et al. 2018 However,it is still
challengingto maintain, expand, and differentiadeem cells on thecale and with the
uniformity necessaryfor clinical applicatios. By researching how
physical, chemical, and mechanical properties influence cell phenotype, it is possible to
manipulate these properties to gugtemcell behaviorin overconing these obstacles

A variety of biomaterials are being developed that support cellular attachment,
proliferation and most importantly lineagep e ci y ¢ d i(Davseretal. 20Q& t i o n
Singh and Elisseeff 200

Chemical and biological modifications to biomaterials can directly influence stem cell
behavior by altering substrate properties, surface intere;tscaffold degradation rate,
microenvironment architectur€ellular responseto biomaterials may be controlled by
altering the interactiors of material with serum componentdumerous studies have

demonstrated how modified biomaterials and scaffoldasas introduce specific
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biological responses stem cell§Burdick and VunjaliNovakovic 2009 Dawson et al

2008 Lutolf and Hubbell 200p It is speculatedhiat mechanical stimuli activatene
marrowderived MSCscell surface receptors and focal adhesion sites, which in turn
triggers intracellularsigndling cascades. This leads to specific gene activation that
modulates ECM secretigltman et al. 2002Engleret al. 2006. MSC differentiation

is influenced both by their physical microenvironment e.g. by mechanical cyclic
stresses applied directly to the cells as well as by the inherent biomaterial properties
(Simmons et al. 20Q03Plasma grafting was also used to alter the surface chemistry,
surface energy and surface topology of poligttic acid) (PLLA) films, by increasing

their ability to support cell retemtn (Wan et al. 208). Monomers such as vinyl
acetate, acrylic acid and acrylamide were gahfinto PLLA films by means of photo
induced grafting. Such modifications with functional groups (carboxyl, hydroxyl and
amide groups) were shown to improve the ability of bionmterto support
chondrocyte growti(Chu et al. 200 Chastain et al. used two different materials
poly-dl-lactic-co-glycolic acid PLGA) and polycaprolactone (P¢Lto modulate the
preferential adsorption of ECM proteins from serum and demonstrated that depending
upon the adsorbed protein the matershlowed differential effect on osteogenic
differentiation of h(MSC¢Phadke et al. 20}0

As Dbiomaterial research advancedhiomaterials provide a sophisticated
microenvironment as a support and signalling media for stem deliterent
biomaterials can be blended together to achieve additional properties and benefits.
Howeverasnew materials as well as innovations in redeamntinues, there are still
many different biomateriala/hich exist that have not yet been adapted for use with
stemcell culture which could be explored in future stem cells applicati®igdke et

al. 2010 Singh and Elisseeff 2010Villerth and Sakiyamdtlbert 2008.
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1.5Biomaterials & Immune responses

Biocompatibility is concerned with the interactions that occur between biomaterials and
host tissus (Remes and Williams 1992 Immune responsés key for longterm
survival and function of biomatials, which can hava profound impacon the host
immune responseé/Nith this in mindthe concept emerged to design biomaterials that
are able to trigger desired immunological outcomes and thus support the (ieamg

et al. 201). Therefore, it is important to understand thechsmism of the host
inflammatory and wound healing response to implanted matefiaés host responses
toward biomaterialsnclude injury, blood material interactions, provisional matrix
formation, acute inflammation, chronic inflammation, granulatioruéssevelopment,
foreign body reaction, and fibrosis/fibrous capsule developnkéguie1-7) (Anderson
2001 Anderson et al. 2008 The events paticularly involved in the foreign body
reaction to biomat@ls include protein adsorption, monocyte/macrophage adhesion,
macrophage fusion to form foreign body giant cels)sequences of the foreign body
response on biomaterials, and crtk between macrophages/foreign body giant cells

and inflammatory/wound healing ce(ldnderson et al. 2008
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Injury or Implantation

Inflammatory cell infiltration

Exudate/Tissue Biomaterial
Acute inflammation 4. TL-13
Mast cell ’ > Monocyte adhesion
PMNs Macrophage differentiation
Chronic inflammation Macrophage mannose
Monocytes Th2: IL-4, IL-13 receptor up regu'lation
il Lymphocytes > Macrophage fusion
Granulation tissue
Fibroblast proliferation
and migration
\ 4
Capillary fa it . .
 J apiidry formation Foreign body giant cell
Fibrous capsule formation formation
Figurel-7Sequence of events involved in inpal

leading to foreign body giant cell formation. This shows the importance of Th2

l ymphocytes in the transient chrohihidc i n¢
and IL-13, which can induce monocyte/macrophage fusion to form foreign body giant
cells (PMN, polymorphonuclear leukocytédnderson 200

Proteins from blood and interstitial fluids adsafto the biomaterial surfaceery
quick after the first contact. Théayer of adhered protein detamas the complex
interactions of coagulation, complement and platelets that occur on biom=aidgaaks
andthey provideadhesion receptors for monocyte, lympho@yte polymorphonuclear
leukocyte (PMN) recognition. Apa from that, there are other recepligand
interadions activating immunocompetent cells called alarmimghich are the
endogenous equivalent of pathogessociated molecular patterns (PAMPs) and
include heat shock proteins, HMGB1 (high mobility group box 1), ATP and uric acid.
They act aspotential actiators of leukocytes following biomaterial implantation
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(Bianchi 2007 Franz et al. 2011 Inflammatory cells(predominantely PMN) migrate
from the blood toward the implant site immedeiatglgst protein deposition.
Circulating PMNSs are rapidly recruited to infection sites by hastl pathogeswerived
mediators, acting as a first line of defenagainst invadingpathogengFranz et al.
2017). PMN normally dissappear from the adhesion site within two @agderson et

al. 200§. Chronic inflammatiorfollows as the biomaterial persistvith macrophages
representing the driving force in perpetuatingmune responsefHamilton 2003.
Macrophages acas both inflammatory mediators and wound heal regulators in the
foreign body reaction. Macrophagatached to the biomaterial can fodieg invasion

of additional inflammatory cells by secreting chemokines like3,IIMCR1, MIP-1 b

for further dissemination of chemoattractafdtsnes et al. 200/they aso phagocytosis
wound debris, release enzymes important for tissue resegam, cytokines and
growth factors inducing migration of fibroblast@Broughton et al. 20Q&-ranz et al.
2011). Macrophages play key role in forming foreign body giant cells (FBGCs) on
biomaterial surfaces as well as modulating cellular everiisomaterialgesultin their
rejection or degradatio(Figure 1-8). Therefore, it is necessaty modulate immune
responses to biomaterils by surface modificaiton, incorporation of bioactive molecules

and designing 6i mmunomodul atingdé biomate

23



Chapter 1

coagulation

A

injured tissue

complement

PMN and monocyte
priming

coagulation
factors

Xl Xlla

R N

S

INEIR ISV AT

A A A A A
R T e L S a R LR e e e e

release of alarmins:
HSP/ HMGB1/
ATP/ uric acid

recognition by PRR

priming and
activation of:

- PMN
- macrophages

PDGF | activation
phenotype TGF-B

switch

I

leakage of proteolytic
enzymes

generation of alarmins:
fibrinogen/ cleaved ECM
components (collagen,
HA, fibronectin, laminin)

adsorption

J=t Jeiiet

fibroblasts

t 5% 3ot 3%

excessive fibrosis —

Tcell mastcell

IL-10
IL-1ra

biomaterial encapsulation

I

CM -
remodelling

MMP-9
TIMP-1
TIMP-2

blood/ ECM protein adsorption

u integrin
il TR
"

".’ c-type lectin

PRR

@ protein layer

blood proteins
(fibrinogen/ vitronectin/
complement/ fibronectin)

s R
R RRHI R SRS
s

PMN recruitment recruitment of monocytes

and macrophages

MIP-18

ROS

proteases -
tissue

damage
ECM
degradation

m

tolerance
induction

Q—Q

o
Treg Tcel @

pression

regulatory DC

SEENR RS et

1

R
S

RN
N

SR

24



Chapter 1

Figure1-8 Immune respose toward biomaterials. A) Adsorption of blood proteins and
activation of the coagulation cascade, complement and platelets result in the priming
and activation of PMNs, monocytes and resident macrophageslaBjins released

from damaged tissue additmlly prime the immune cells for enhanced function via
PRR (pattern recognition receptoreshgagement. C) The acute inflammatory response
is dominated by the action of PMNs. PMNs secrete proteolytic enzymes and ROS
(reactive oxygen speciesjorroding the iomaterial surface. H8 released from PMNs
enhances PMN influx and priming. In the transition from acute to chronic
inflammation, PMNs stop secreting-B.in favaur of cytokines promoting immigration

and activation of monocytes and macrophages. D) Maaggshare the driving force of
chronic inflammation. Constant release of inflammatory mediators like TNF@, IL
and MCRL1 results in permanent activation of macrophages. Fuasducing stimuli

like IL-4 and IL-13 promote the fusion of macrophages to FB@hich form a highly
degradative environment on the biomaterial surface. Furthermore, FBGC promote
ECM remodeling and fibroblast activation resulting in excessive fibrosis and
biomaterial encapsulation. E) Macrophatgived cytokines and PRR engagement
adivate DCs(dendritic cells)on the biomaterial surface. Depending on the nature of
the stimulus, DCs mature to either immunogenic or tolerogenic subtypes, amplifying or

suppressing the inflammatory respofBenz et al. 2011
1.6 Biomaterial & Tissue engineering

Tissue engineering & biomedical technology and methodology to assist and accelerate
the regeneration and repairing of defective and damaged tissues based on the natural
healing potentials of patients themselveSor this therapeutic strategy, it is
indispensable to provideells with a local environment that enhances and regulates
their proliferation and differentiation for cddased tissue regeneration. Biomaterial
technology plays an important role in the creation of this cell environ{iattata

2009. Biomaterials can prade physical supports for engineered tissues and powerful
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topographical and chemical cues to guide cells. Introducing nanoscale cues such as
nanotopography or nanoparticles as therapeutic agents provide an exciting approach to
modulate cell behaviour.Cel scaffold and biosignalling molecule delivery
technologies with biomaterials have begilized to create cell environments suitable

for tissue regeneratiofC. K. Kuo et al. 2006 Saltzman and Olbricht 2002 abata

2008 2009 There are many biomaterialssed in tissue engineering in attempts to
regenerate different tissues and organs in the body. A number of key considerations are
important for designing and determining the suitability of a biomatsgaffold in

tissue engineering regardless of thesues type: 1) biocompatibility, 2)
biodegradability, 3) mechanical properties, 4) architecture, 5) manufacturing

technologyand 6) choice of biomaterial for manufacturi@Brien 201).

Typically, three individual groups of biomateriatseramics, synthetic polymers and
natural polymers, are usddr tissue engineeringceramics are widely used in dental
and orthopaedic surgery for their high mechanical stiffness, low elasticity and hard
brittle surface. For instance, hydroxyapatite andadftcium phosphate are wigeused

for bone regeneration plcations (Hench 1998 Saavedra et al. 200WWang 2003.
Synthetic polymers have shown great success in tissue engineering as they can be
fabricated with tailored architecture, and their degradation characteristics controlled by
varying the polymer itself or the composition of the individual poly(@Brien 2011
Rowlands et al. 2007 The shortcomings for them are the risk of rejection and
cytotoxicity durhg degradatior(Liu et al. 200§. Mog common synthetic polymers
used in tissue engineering include polystyrene, PLLA, polyglycolic acid (PGA) and
PLGA. Natural polymers are excellent in promoting cell adhesion and proliferation as
they are biological activeUnfortunately hey generally possss poor inherent
mechanical properties, which make natural polymers imposs$drldoadbearing
orthopedic applications. Collagen, various proteoglycans and chéosasitenused in

the production of scaffolds for tissue enginee(@®Brien 201).
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Biomaterials are available with a variety offfdient chemical, mechanical and
biological properties. Tissue engineering along with integration of mechanical and
chemical engineering can be ideal for body injury healing through promoted
angiogenesis or the infiltration and recruitment of key celteatnjured sit¢Patel and
Fisher 2008 Tabata 200p

1.7 Objectives

This studyhas been focused on further simplify the preparation techniques for
fabricating thermoresponsive films with a view to cell preservatibmo different
polymer deposition techniques which atechnologically facile, accessible and
economial were usedo deposit bare thermoresporssifiims on which cells can be
cultured and subsequently harvestéithe deta of the thermoresponsive film
composition, method of fabricatiomnd cell types used are listed Table 1-5. The

generaldivisions of his body of researclvere shown irFigure1-9.

Table1-5 Summary of thermoresponsive films as well as cell types used stuithe

Film Type Fabrication method  Thickness Cell type used
_ _ 100 nm 3T3,RAW264.7
Spin coating
1 pm RAW264.7
pPNIPAM 1 um hMSC, HCK', RAW264.7
Solvent casting 2 um hMSC, RAW264.7
4 pm hMSC, RAW264.7
_ _ 100 nm  WS-1', WI-38, RAW264.7
Spin coating
1 pm RAW264.7
NIPAM-co 1 iPS cell, RAW264.7 HCK
NtBAM _ Hm 7 cell, b
Solventcasting 2 um RAW264.7 HCK
4 pm RAW264.7

*RAW264.7: macrophagdike transformed murine cell line RAW264.7; hMSRuman mesenchymal
stem cell; HCK: human corneal keratocytes; XM ®rimary human skin fibroblasts; W38 human lung

fibroblasts; iPS cell: induced pluripotent stem cell.
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Figurel-9 General sutsections and cell types used in this body of research.

The use of commercially sourced pNIPAm allows for the avaidani timeconsuming

and expertise driven polymerisation processes. The synthesised MIBNBAM
significantly increased the NIPAm based thermoresponsive polymer biocompatibility
for cell recovery Depositing the films via the spin coating and solverttiog
technique is routine, cheap and accessible to most laboratory personnel without the
need for prior knowledge of chemical and engineering processes. The development of
thermoresponsive platforms throu@bth spin coatingand solvent castingechnique

would therefore allow a tissue engineering lab to produce theirtb@moresponsive

dishes.
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Theobjectives of this project were to:
1 Stem cells

Simplify human mesenchymal stem cell detachment by -emaymatic

thermoresponsive technique.

Grow human meseinymal stem cell and preserve its immunophenotgpe

thermoresponsive films.

Preserve and differentiate induced pluripotent stem cells with modification of

thermoresponsive films.
T Immunologicalassessment

Define the macrophage cell activation level andepéor profile based on

different compositions and thicknesses of polymer films.

Setup a practical acceptable and simple thermoresponsive substrate for

macrophage routine lab work.
1 Tissue engineering

Optimise thermoresponsive substrates for different hupnamary cell lines for

norrinvasive cell harvesting techniques.

Produce ECMich cellassembled constructs from thermoresponsive films.
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Chapter 2. Materials and methods

The materials and methods usedring thisresearchproject may vary in sections
therefore tis chapter introducssthe generalmaterals and methods used throughdut

more succincspecificmethodology will be summarised @ach chapter
2.1 Materials

Poly (N-isopropyacrylamide) (Mw 19,00680,00Q LCST 32°CQ was purchased from
SigmaAldrich and wasused asreceived NIPAmM-co-NtBAm was synthesised as
previously described, the LCST of NIPAoo-NtBAm was measuredn previous
studiesusing microcalorimeyr and was asssed to bd 6°C(Kavanagh et al. 2003/.

E. Nash et al. 2013tRochev et al. 2001 The copolymer (65% NIPAmM and 35%
NtBAm) was synthesised y free radi cal p o-Azphbms@r i s at
methylpropionitrile) (0.5mol%) as an initiator in benzene (10% w/w) under argon.
After polymerisation at 60°C for 24h, the mixture was precipitated from acetone to
hexane three times, the product wasdlia¢ room temperature in vacuuiRochev et

al. 2004.

Albumin from bovine serum (BSA), Ammonium persulphasshydrous ethanol
(EtOH, 200 proof, 99.5%)collagen, Dimethyl sulfoxide (DMSO), GlycineHCI,
H,SQ,, NaOH, Lipopolysaccharides (LPS), NaCl, Paraformaldehyde (PFA),-poly
lysine, Sodium dodecyl sulfateSDS, Sodium azide (Nad), Tris-Base, Tween20,
Triton-X 100, were purchased from Sigrafddrich and usd as received

Swiss Albino 3T3 cells were provided by the National Centre for Biomedical
Engineering Science (NCBES), NUI Galway. Human mesenchymal stem(aeds
donor) Induced Pluripotent Stem (iPS) cellsndd RAW264.7 mouse leukaemia
monocyte macroplge cell line were kindly provided by the Regenerative Medicine
Institute (REMEDI), NUI Galway. W& primary human skin fibroblastsell, WI-38
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human ung fibroblastand human corné&eraocytes cell were kindly provided by the

Network of Excellence for Factional Biomaterials (NFB), NUI Galway.

Dul beccods modified Eagles medium ( DMEM)
penicillin streptomycin, foetal bovine serum (FBS), phosphate buffered saline solution
(PBS), Trypan blue stain, trypsEDTA were puchased from Sigmaldrich and used

as received. PicoGreBrdsDNA assay, CellTrace CFSE cell proliferation Kit from
Invitrogen, alamarBIu@ assay from Biosource, Mouse-ILbeta ELISA Read$ET-
Go®from eBioscience, PierceE BGEBAcieiificot ei n
Amersham ECL Prime Western Blotting Detection Reagent from GE Healthcare Life
Sciences, ThermanoxE plastic 25mm discs,

other platic consumables from Sarstedt.
2.2 Methods

2.2.1 Film preparation
1) Solution Prepaation

1. The appampuntteof c o mmerr ¢ N bacRMpBNAINP Awna s
we iegdhAbdw ent ur erbaRraoncfev114

2. Theolpy washent i nto a 15%nmle tayhsmogpurrdt atdefe
Et OwHas added,dteg etnlde ntgulmen t hei mebhodr of
desired concerndtnrga tpioo nyffmme@H @ 27% op NIMPA M s ¢
wapr eplay ezal0mg/ ml andpdeéppWh®Aml yvas

Thet OHakoused in a capped botwhws evd ttho &
extthet almohbé bovwa | guiacidl y tdi spensed
viwd then i mmedmianiedhiyped wrse dt d omoi st ur
reason for such a ndowree tsouca&mnanuseals
pNI PAm; pMhiPAmol abl eoli nanedt hwaat er separ

soluble in a mixture of be&atomsoTliencpyhe
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3. The cap was closed and then sealed wit

4. Finally the at urboet awaosi gfhdOrOpodne @ ® U rteh d hat
pol ymenmpliest ecloy di ssolved in the sol vent

2) Film fabrication

A number of different coating techniques are used to deposit polymer coatings such as
spin coating, solvent casting, dip coating, spray coating and physical adsorption and
each technique offers its ovadvantages and disadvantages. A brief overview of spin
coating and the solvent casting technique used in this body of research is given below.
Two types of underlying substratevere used: tissue culture plastic (TC@pbmm)and

ThermanoX disc(25mm)
Spin coating

The typical process of spin coating involves depositing a small amount of a fluid
polymer solution onto the centre of a substrate, and followed by acceleration to a high
speed spinning the substrate. Static dispense and dynamic dispenseveoetieéhbds

of deposition commonly used. Centripetal acceleration will cause the solution to spread
out over the substrate, and finally off of the edge of the substrate leaving a thin film of
polymer on the surfaceFigure 2-1). Finally, the film thickness as well as other
properties will depend on the nature of the solution and parameters of spin coating
process (viscosity, drying rate, polymer concentration, surface tension, spin time and
spin speed, etc.). Manydimrs contribute to how the properties of coated films are
defined, such as final rotational speed, acceleration, and fume exGaaddi et al.

2006 Lawrence and Zhou 1991
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P

Solution deposited onto a slowly Rapid accleleration to designed speed, Evaporation dominates the final stage as the

spinning substrate. the exess solution expelled polymer film thins to final state

Figure2-1 Schematic illustrating the basic stages of the dynamic spin coating method.

Repeatability is one of the most important fastor spin coatingCharpin et al. 2007

Drastic variations in the coated film could result from subtle variations in the
parameters that define the spin gess(Zhao and Marshall 2008Generally speaking,
higher spinning speed fabricate thinner final films. Minor variations of £50cymmg

the high spin speed process could cause a thickness change of up to 10%. Film
thickness is not only largely dependent on the force applied to shear the fluid polymer
solution towards the edge of the substrate, but is also sensitive to the digingnich

affects the viscosity of the solutigiraysse and Homsy 1994

The thickness of the spin cedtfiimswas based on previous wordd. E. Nash et al.
20118.

1. The Laurell HeOHBBNBPbQOI EBE ®Wpiwmpcoater w

2. 150 ewfl ymeord uti on was di spensed onto a
sl owl y0Opmm 96 e .

3. The progmpaemaedgyi akcel er at edpitndna®0ge@r

f o3rs e c . As the rapid rotation proceeds
and a thin film of the polymer remains
4. For adsi t i demps , concentration of 2% pol

ot hherwi.se stated
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Solvent casting

Solvent casting was first reported as a method to deposit a thermoresponsive film for
cell culture in 1990. 0.5% w/v pNIPAm solution was initially prepared by dissolving
the polymer in water, then the solution was cast onto a hydrogiidie so as to
manufact ur e 1 gTakezama ePaA aDYdAftet tihat, anhydrous ethanol

was used to dissolve pNIPAm for the solvent casting, thus making the drying process

much quicke due to solvent volatilityRochev et al. 2004

Solvent casting is a basic, cheap and effective method for fabricating films in the
micrometre range of thiclass. Briefly, a solution of the polymer is prepared in a
volatile solvent, which is then deposited and spread evenly and carefully over the
substrate. However, not all types of solution can be used due to the limitations
associated with the drying proceBairing the drying process, the surface dries initially,

and then proceeds towards the inside of soluti@sborne 200\ It should be noted

that during the drying procectkiif there is an inadequate number of polymer molecules

for casting, (for instance the polymer concentration is too low or the volume of the
solution is too small), the forces experienced by the polymer molecules, may cause the
surface to crack whichwit ause the film to ret«taiackwehdat
surface. Such an effect will make the surface rougher, and as a result nonhomogeneous
films fabricated B. Zhou 200) The thickness of theossent cast film can be estimated

from total mass of polymer spread ovbe defined area othe Petri dish assuming

dry polymer density 1g cth(M. E. Nash et al20133. The thickness of the solvent

casting filmin this researclkan be calculated by:
H= (C*V*y)/S ZzZ V= (H*S)/ (C*})

Where H is thehickness of the final film; GindV are concentratiomnd volume of
pol ymer sol ut i o molymer dessty,eS is the surface arep of ithe

substrate upon which the film was coated.
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The correctamount of pNIPAm solution was aliquoted onto the substrate and spread
evenly and quickly to fabricat®dms of a predefined thickness. The thickness of the
films was etermined by the volume of solution dispensed and the concentration of the
polymer solutionLargersolution volume will require longer drying time, therefore the

solution deposited onto the substraizs kept between 50 to 200 .
3) Drying process

Solvent casting and spin coating are both wet coating technologies; therefore a drying
regime was developed.

After deposition of the film, either spin coating or solvent casting, the coated substrate
was transferred to a desiccatoreavight which was saturated with an ethanol
environment. This is to make sutetthe films dry slowly thus retaining a smooth film
topography

Then the substrate was transferred to a 46900mBarvacuum incubator for at least 4

hours. This is to removany residual solvent.
4) UV sterilization

All films were sterilized under mild UV condition before cell seeding, the films were
exposed to the UV in a laminar flow hood for 2h. Films were freshly sterilized before

experimentationany unused onegereseab d i n di shes wneedad Par af
2.2.2Physicalcharacterisation
1) Fourier Transform Infrared (FTIR) Spectroscopy

FTIR analysis was carried out on a Shimadzu F&BR0 Fourier transform infrared
spectrophotometer equipped with a golden gate di@dmdTR accessory. Polymer
samples were prepared on TCP subsdr&dor to sample analysis a background TCP

scan was taken to account for any environmental interference.
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FTIR is a technique which is used to obtain an infrared spectrum of absorption,
emisson, photoconductivity or Raman scattering of a solid, liquid or gas. An FTIR
spectrometer simultaneously collects spectral data in a wide spectral range. This
confers a significant advantage over a dispersive spectrometer which measures
intensity over a arrow range of wavelengths at a time. FTIR techniqgue has made
dispersive infrared spectrometers all but obsolete (except sometimes in the near

infrared) andt hasopened up new applicatiofar infrared spectroscopy.

FTIR signals carbe used todistingui between different molecular compositions due

to the inherent characteristic vibration and stretching frequencies of different bonds.
Certain frequencies are absorbed by the sample and others are not when a broadband
spectrum beam of light passes throagsamplgCodling 1997. The light that reaches

the detector is then analyzed and thecHje frequencies that were absorbed are
identi fied. It is then possible to comp
identify the various chemical functional groups of the sample matéaldkovich and

Pidgeon 1991

2) Film thickness assessment by Atomic Force Microscopy

The AtomicForce Microscope (AFM{Model accessories usedimension 3100 AFM
(Digital Instruments, Santa Barbara, CA, US#}h Veeco 110 Ohmcm phosphorus

(n) doped Si tipsis a powerful tool used to meastuhe properties of a sample surface.
Such properties iede roughness, height and depth. It yields topographic images and
allows structure and detail to be seen with high resolutietD(lin) without the need

for rigorous sample preparation.

Film thickness measurements were performed using the simple saatcmethod.
Dried polymer filmsprepared as described abowere scratched witsharp bladgo
reveal theunderlying substratéAFM analysis was used to assess to z height difference
between the underlayer and the polymer surface. AFM images were olitaiapging
mode in air and a matrix of 512 x 512 data points along-th@lane were analyzed in
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a single scan. Four 100 em x 100 em sca

each ablated area to ensure statistical accuracy.
3) Film roughness assessemt by Atomic Force Microscopy

AFM was also used to assess the roughness of the depdsifedmp coatings using
10em exm 1sOc ans. The roughness orheansguage f i | T
(rms) roughness values, where rms denotes the standard desfatienzvalues along

the reference line.
4) Hitachi Scanning Electron Microscope

The Hitachi $4700 Scanning Electron Microscope (SEMjs used to analyze the cell
sheets which detached from thermoresponsive films. The &EMn extremely
powerfultool for surface analysis, allowing high degififield and high magnification
imaging. The scanning electron microscope SEM allows for the examination and
analysis of microstructural characteristics of solid objects. Topographical features,
morphology, compasonal differences, and the presence and location of defects can be

examined in a wide range of sample types.

For the SEM analysis conducted in this research, the cells sheets uodréosSEM

stbs with doublesided carbon tap, theamples werghen gold coated using an
Emi t echE K550X g dHe doaterpvastetugpedtt aopieteelactric
controlled film thickness monitoring option set to 10nm before analysis using a Hitachi
S4700 SEM. The SEM was operated in low magnification mode foysisalith an

accelerating volatge of 15kV.
5) Contact angle measurement

Drop shape analysis is a convenient way to measure contact angles and thereby
determine surface energy. The principal assumptions are:

A The drop i s symmet axis:chis abaoslittis irelevanefromr a |

which direction the drop is viewed.
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A The drop is not i n mot i onisplaying & folein s ens
determining its shape: this means that interfacial tension and gravity are the only forces

shaping the drop.

A homebuilt goniometer was used to take advancing contact angle measurements in
the Materials Science laboratory, in the School of Chemistry in University College
Dublin (Figure 2-2). The relativehydrophilicity/hydrophobicity of the polymer films

was measured by advancing contact angl e
LCST.

A
Heated Chamber
For sample

~ Camera

Syringe Pump -

Figure2-2 Homebuilt goniometer contact angle system uedadvancingcontact
angle measurements in the Materials Science laboratory, in the School of Chemistry in
University College Dublin.
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2.2.3General cell culture technique
1) Cell recovery from cryo-preserved state

Normally, cells are stored in liquid nitrogen fontpterm cryepreservation. To thaw,

the vials were removed from the liquid nitrog@md heatedn a 37C water bath until
almost thawed, after which they were transferred to a T75 tissue culture flask.
Immediately, a total of 10ml of media pneated to 37C was added drop by drop, and
the flask was placed into an incubator (37 °C, 5% gOThe following day, the
medumwas changed in order to remove remnants of toxic DMSO.

2) Cell cryo-preservation

It is essential to freeze cells in liquid nitrogen in orte maintainthem for future

research.

1. Oncteher eemeugh celbulbg dbdeygcheidsaldy onr y
scragpndagtuhmeaowrs pt obya @erdtlireitf ugati on

2. Thepel | ets usgse nad e @ eizm ng n2e0d% uDMSA 0% FBS

3. The scenelriepumnt o cr yogepnidc av iBIAsC afnrde e z
overnight.

4. Subseguwemidsrye transferred to maigmuti en anr
t e mp e F1laOt6UArCe

3) Subculture of adherent cell line

The base medium for general adherent tell nes i s Dubeccods Mi
Medium with high glucose. To make complete growth medium, 10% FBS and 1%
penicillin streptomycin antibiotics have to be added to the base medhantoutine

cell culture procedure of the cells used in thosly of regarch:

1. To split the cell s, t heamehdei ufm aisnk twhaes

with HBSS to remove any residue.
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2. A1% trypsintbehuthal dteldewafsl ask after t he
The fl askowa87 AO® ianc utbtededhragien taiwh ie d h

was verified microscopically
3. 5 ml fresh culture medium was then add

4. Theel |l s umsapse ncsa lolnect ed and spunafibean a2

which the celll pell et prasaitanltat ed by
5. Fresh medium was used to resuspend the

6. For subculturing, appropriate tadi geawt <
cul turend ltalsékscul t ur es awar &% COubat ed

7. For experihmentcanc omthetktls orwasf count ed
haemocytoam@peropamnidat e weusnebeatk Nofr mad Il lys
wi || be shéocultheyed eawchédc 9bB&t icosmf ¢ o e

unl ess ot herwerae eh umeindiifoineedd attan®BA her e
4) Cell seeding on thermoresponsive films

It is imperative that the ambient temperature is maintained above theti ©51he
polymer films. The sterilized films were first placed on a thermoplate set to 40°C and
allowed to equilibrate for 15 min. The cells mdarvested and countext described
aboveand then diluted to a suitable concentration. The diluted solution was then kept in
a water bath set to 37°C. After the solution was fully warmed, the desired number of
cells was then seeded onto the films iplicate as well asnto controls. The seeding
density was 40,000cell/crrfor all cell lineswith the exception of stem cells which
were seeded at a density 23,000cell/cth. The film samples were transferredan

incubator immediately after seeding.
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5) Quantitative assessment of cell growth
AlamarBlue® Assay

AlamarBlué’ is a reagent whictvasused to test the cell proliferation and cytotoxicity.
Resazurin is thactive agent imAlamarBlué€ andis nontoxicto cells(Goegan et al.
1995. Viable cellsactivelytake up resazurjrwhich in itsoxidizedform, showsalmost

no fluorescence (blue colourhut after permeatingnto living cells metabolic
assimilation reducesresazurin to resafin which emits strong fluorescence (pink
colour) This metabolic reduction is facilitatethrough oxidoreductases and the
mitochondrial electron transport chaifNakayama 1997 The cell viability can
thereforebe measured directlwith a calorimetric readerThe relative level of the
fluorescent signal (minus a blank signal collected from 10 % AlamatRiye only)
equates to the etabolic activity of the cells seeded on the samples and can be
compared to the signal collected from contrdlse AlamarBIué& test wasemployed in

the experimens over the more traditionally used MTT assay due to its comparatively
higher sensitivity antbwer toxicity (Hamid et al. 2004 Briefly, the procedure used to

make the AlamarBld&assay is outlined below.

1. Cell s were seeded on thermoresponsi ve

and incubateddfperitbd désti me.

2. Candi date cells were washed with HBSS

ot her colour inetdhevhplcdt € ofud @dmcmerdira bt

Alo%lamarEbUenrieomaHBS\Bam added into
i ncubated at 37AC for 1 to 4 hours i

3. 1000 hei ;oubat ed 1s00%luamadimBlaunce wer e add

a - wepl ametr.iplicate

4. Wal |l ac Victor FIl warse scemttifelPd art @s cReemadee r

fuorescence e x ¢ i thabtOi,nonmr evaav efl leunogrt ehs caefn ¢
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595nmThe r es wmintaddywakerheavrdth egpre.ner at ed
Quant-iT™ PicoGreer dsDNA Assay

When using thermoresponsive dishes, it is imperative that physiological isothermal
conditions are mai #thaiwn edt ewprot itlo tpree véfnt
detachment. Therefore, all samples were removed from the incubator directly to a pre
heated (40°C) thermoplate.

1. Candidate cells were washed wtiheér HB®SISo
in the platetwhriocnh nteoduludm contrApuée t
def ianmeodu n t of di stilled wat(etrhewawo |audniee

which depended on the size of. the wel/l

2. The celtlhse mipeerievel vy fr ozehhiamdwashaovadr |
freezing the celiB® AGr aBO msmubseagsemtt
mi nut es at room temperature. Thi s was:c

comptkeketaevoge oé¢l | membr anes.
Durgit he freprzecatmhble tthalwl owi ng assay so

A IXTE byfifoenM-HTH i, s 1 mM EDTAQTE Hb u7f.f5e)r di |

distilled water

A 2mg/ ml DNeA8 Bsetdoicskt;i | lekldondg A mer DNA18&t anda
kit)
50mg/ mist DN Al; &i8Ht i | lel2mhg Wwaalt eDNA dt5oc k.

ThBi croe@ nwaldiel uted 200 ti mes @i uonmnlk mt
foil. ( The nhRaiicnatGrieneend wans a daok dtbohesdp
t he tesamnt ipll af eestas b@F sor dredddd e bted ng

photosensitive)

4. A  standard curve was prepared in a 96
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each DNA coasenpltaciactedowiemstuhe
(T a b2l1le .

Table2-1 Standard curve for concentrations PicoGfe&ssays

DNA stSolé¢/| DNA s t2eg/kn

DNA concentr O 10 25/5010[{50110040

$. 1t M |cmMTtmMpPn]u |pmUTpTT

" O £@EA O PTIYT OT T |WU WTl VT T

5. After fhetltawal®Qeceodllysate was t

experimdrt aMatw 9 ve-pbd at

wel |l s tex penmganireartiatly .

6. 100¢eof diluted PicoGreen

glt at € st

ransf e

e, d Weetyarf darmd cu

wasvetblh ean eadde

7. The plate was all owetlo2t5o0 msintutetsrammo m ht

t hehuorescence was measur ed

usi

ng the

at an excitatdi8®dm wadehaengmhs &B3®m. wav el

6) Temperature induced cell detachment and imaging

Temperature induced cell detachment

As the cells became confluent tre samples anthe controls, they were removed from

the incubator and transferred to a thermoplate set to 4°C. The culture media was

removed using disposable transfer pipettes and then 2ml of cooled medium was added

to initiate cell detachment.

Phase contrast and fluorescence Microscopy

Microscopy images of all cell types grown on each kind of polymer films and controls

were captured usinghe Olympus IX71 inverted microscope, equipped with a
Hamamatsu ORCAR digital cameraX-Cite Series 120 UV light box and controller.
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| mages were <captured and anal-flusresdenceisi ng

images and Volocify/6.2 for fluorescence images.
Time lapse microscopy

AnOlympus IX8tZDC ti me | apse mi cr ofsvar®was useditot h A
image RAW264.7 cell detachment and migration upon initiation of cold treatment. The
software was programmed to take images at regular intervals (20s) which were later
compiled to make a timlpse video of cell behaviour which clearlyapped the
spatiotemporal changes which occurred with time.

Confocal microscopy

An Olympus 1X81 motorised inverted microscope fitted with a piezo controHed z
stage, higkresolution EMCCD camera (Andor iXonEM+), Yokogawa GXU
Spinning Disk Unit and conther was used to take fluorescence images at 405nm,
488nm and 561nm. The iPS cell immunochemistry staining was captured and analysed

using Andor | QE software.
7) Flow cytometry

Flow cytometry is a laser based, biophysical technology employed in cell mpucil

sorting and biomarker detection, etc.

1. For flow cytometry analysis, cell s we
films as described, foll owed by gentl
cell s. Cell s were det atcihermaslfnritzmaytpc ont r

SCraper.

2. The cells were placed centrifuged and

Buf farfioal celllx Si®Inlce/nmir.at i on

3. BD FACSCantoE Flow Cytometer cwhbs uwed

gated actbedrnghyeical characteristic
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Forwar d ScRltavwejro FsScCf)t.war e was used to
8) CFDA-SE cell proliferation assay

Before opening thearboxyfluorescein diacetate succinimidyl esteFDA-SE), the
product was allowed to warrto room temperature. M CFDA-SE stock solution
was prepared immediately prior to use by dissolving the content withqhiglity
DMSO. The stock solution was then diluted in PBSthe working concentration

(5uM). It is importantto note that angolutionof this reagent should hesed promptly.

1. When the <cell s had reached the a&aassire

removed-wandcdepgr BSt bpernotbaei rmiansg added.

2. Aftemi Ad0incubati on, t hree pll madckidn gwi & dil uft
war med med iheauml tavedees i ncubat3edni morat f Wr7t
During thi-SEt umeeic EF®Ae hydrol ysi s.

3. Acontrahawmpywefdl ow cytometry i mmedi at el

the starting density.

4. The sampl esofandhretWwerieeessbated fornnanot

or der aceslelssproliferation.
9) Enzymelinked immunosorbent assay ELISA)

Mouse IL-1 beta ELISA was used to assess the RAW264.7 inflammatory activation
level of cells gown on sample substrates and contrétgerleukinl beta (I1-1 b )
produced by activated macrophages as a proprotein, plays an important role in the
bodyo6s i nfl ammatory response, whi |l e it
differentiation and apoptasi(Maruyama et al. 2005 The experimental procedure

followed wasthe standard protocol provided by eBiosciéhce

1. Corning CosLtlaSTA PA 188 e wasel cwaltled ofwi th
antibody in Coatwiasg sRwfl feer .a nTdh é4rcludtad e
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2.

10.

11.

12.

13.

The wells were aspiratedl Awdl waWhehl B
Al l owing time for soaking (~ 1 minute
effectiveness of the washeps. p@dperptat e

any residual buffer.

The wells werel bvelXk Adsawyt BDi RQe6nt, and

at room t eblhpoeurrat ure for
Aspirate/ wash was5waepheeast.ed for a tot al

1X Assay Diluenst waddsbdeld tof dsd anear d
to the appr opfrdlad ecsiemaitidilohhd& R2op st an
per f otromemdake t he s¢tlanwdealrld ocfursvemp [1e0sO w
appropriate wells. The pl ate was2hseal e
(or ovedBnifpht matxi mal sensitivity).

Aspiratgtivasbweated Swashhes.ot al of

100/ wel | o f det ect LXo nAsasnatyi bDidlyu ednitl uw as
pl ate was sealed and inMubated at roon

Aspiwashg tweersee peat ed BSwashhest.ot al of

100t wel |l -RR AWordenadi 9h | peladRsE shagepPi | U

was added. The plate was seal @6hi and i n

Theparatestaed wasahsr @ e astleadp t hith ewaveH | <
wese®ad n VWausfhf er troiom2 pri or to aspirati ol

Thi sepadtorr a 7tvashéesof

100/ wel | of Substrate Sol uti on was ad

incubated at rbdBEBmntemperature for

56 of Stop HSd) uwasnafddddHt o each well
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14. The pl at e awlaat e emaehantbgarn dat5 7405nOm. AMe v a

were subtractedamdomntahygedof 450nm
10) Protein isolation & quantification from cell

Cells were harvesteas previousy describedn Section 2.2.3The detached cells were
collected and spun down at 400g for 5min. The supernatant was aspirated to retain the
pellet. Protein lysis buffer was used to resuspend the cells anthéyewerdeft on ice

for 30min. Sanples were centrifuged for 20min at 900g at 4°C and the supernatant

containing the protein was aspirated.

The potein concentration was determined usikg er ceE BCA Proteir
according t o ma n u f Ehe tassayeis @ sdetergadmipaible c t i o n
formulation based on bicinchoninic acid (BCA) for the colorimetric detection and
guantitation of total proteinBriefly, protein standards ranging from2tng/ml were

used to prepare a standard curve. Protein samples were diluted tleddd,0 and
measured in duplicate. 5ul of each sample & standard were added to ¢tOhye

working solution in a flat botim 96well-plate. Lysis buffer wasised as a blank

control. The samples and standards were incubated for 30min at 37°@hend
absorbeng was then readat 550nm. The samplesere then stored at80°C until

further use.
11) Western blotting

Western blotting identifies kich specific antibodies proteins have been isolated from
cells. The proteins are separated from one another according tositteiby gel

electrophoresis.

1. For each sampl e, 200g of panhée &t ed wlasr
min at 95AC. Samples, including a mol
onto a SDS/ pol yanc flyHba@vd ¢ t g e | and r

2. Next tshfeert rsaarep was set up. Sponges a
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10.

11.

soakdd ainsfer Theaaf PEDF membrane was soa
3min prior to use (alnfBiudt fhemeatnidd slevenednn 2

to equilibrate the membrane.

The psamepies on the gel were subseque
membr athe i ot @M . B50n i ce.

The membrane was separated from3)the gge
TBSTb5mior at a ti me.

Nospeci fic protein edt eoryact hoob atwenrge
membr ane in bl ocokd bwf fat omohtkaiimi MTBST

hour at room temperature while being r

Anti bodies were t wertaiteend parnodb erde niborra nte
interest byh i tbbabatnitarbodi &s diluted
membr ane <containing the protein sampl

antibodies in blo4®&ing buffer overnigh
The foll owing day th3d memiIB®me fawa sa wa s

Next thrramemwas iIincubated with the apj

bl ocki nglhb wftf eroofrort e mper atur e.

Proteins were detected via enhanced
binding can be visualized usingmeéese FI
typi crailniny 1 amidn .10

Foll owing detection, t he nde Mpr amar yc aé
secondar vy viatahiancadiad shreenmborfane wi t h 20m
Western Blot Stmippihg Buffer for 30

The wuse obfufrfest cernianbgg es each membr ane

without affecting t he me mbr ane bound
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subsequently washed thr e tiinmebsl owikti mg

andprebed using a different antibody.
12.Equal ofoapi mtgei n s amp hdeest ewcabsh ovnd roi ff i e d
12) Immunocytochemistry

Immunocytochemistry (ICC) is a common laboratory technique that uses antibodies
that target specific peptides or protein antigens in the cell via specific epitopes. The
bound antibodies can then be detectechgidluorescence detections. ICC allows
researchers to evaluate whether or not cells in a particular sample express the antigen in

guestion.

1. Cell s were rinsed briefly i-B3mmB8i tamd4 ¢
paraformal dehydeedThe @mebl fadwe d&® ma It leanw

2. The cell s were thenmiinneadh3 ti mes i n

3. A suffimouaehnt of O-X2Masfaddetdi bn each sc¢

to incbamiaea BAod then it was removed
4. The cekthsenwe B ifmir.5

5. 5%goat serum was u-spdctbicnpr ot ghi mahten n

room temperatur e.

6. Thea ipgnary anti body was applied after a
with the primary anti bodyCwere then in

7. The following day the cel msnwateawas
decrease baickgtbenadgdest ai were rimisred i

bet wehbesnecond and third PBS rinses.

8. The dclhuamenj ugated secotnmeddgedaadl bdef o
-2l f | ncautb artooonm t eérhger ot ur e i n
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9. The cethenweed in PBS/ high salt PBS as

10. The cell s wer e t hen coveruendd ewi tchonPB

mi cr o.scopy
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Chapter 3. Stem cell adhesion, proliferation and diffeentiation on

thermoresponsive films

Sections of this chapterere written based on thpeiblishedcommunication

M.E. Nash & X. Fan,W. Carroll,A. Gorelov,F. Barry,G. ShawandY. Rochev
(2013), 'Thermoresponsive substrates used for the expafdioman mesenchymal

stem cells and the preservation of immunophenot@tem Cell Re\® (2), 14857.
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3.1 Introduction

As previouslyoutlined the generation of cells for the repair of damaged tissues using
stem cell therapy holds much pra@midue to the ptipotent potentiabf stem cellslt is
preferableto eliminate the use of any animal derived produsiish as trypsin which is
routinely used in cell culture, for clinical and therapeutic purpoBestmoresponsive
platformsoffer an alternative routef stem cell regeneration by hosting and releasing
stem cells withouthe use of animal derived productghis is becoming increasingly
desirable as the regulatory biomedical landscape suggests a collective movement away
from the use of animal derived pratts and the evolution of new techniques that
avoids their use.

The underlying potentialof MSCs in stem cell therapy is their innate ability
differentiate In order to ultimately realise this potential it is essent@lbe able to
culture MSCsfor large scale applications in an undifferentiated state in a reproducible
and reliable fashion so that they can be differentiated when deBivexsk are aumber

of factors capable of influencing or inducing stem cell differentiation including; cell
material interactions, materiedurface properties such as chemical composition and
energy and cell growth facto(€urran et al. 2006Re'em et al. 20)2 There has been
extensive research on the use of biomaterials with a view to preserving and
differentiating not only MSCs, but also embryonic stem cells and hematopoietic stem
cells researcherfiave examinediomaterals in the form of 2D and 3D scaffolds,
microparticles, hydrogels and coatings @catt-Leal et al. 2011Dawson et al. 2008
Singh and Elisseeff 2010Modifications to the cell substrate used to guide hMSC
differentiation in vitro indicate thatNH, and -SH modified surfaces promote
osteogenesis andOH and -COOH modified surfaces promote and maintain
chondrogenesi¢Curran et al. 2006 Thermoresponsive polymers were also used for
hMSC proliferation and niti-differentiation potentials, for example pNIPAgnafted
polydimethylsiloxane (PDMS) and NIPAfmased polyelectolyte multilayer films,
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hMSC cells reserved their potential for differentiation and showed better viability on
NIPAm based polymer films than dine plate surfasscoated with gelatin€T. Q. Liao

et al. 2010b Shi et al. 201p It has beershown usingrat bone marrow MSCs and
human adipose tissue MS@mtwhenthesecells are detached from thermoresponsive
polymer coatings th&CM proteins are preserved which has been shown to facilitate

the maintenance oiriportant cell membrane proteifis Yang et al. 2012

However, the film fabrication procedures are complicated and how the cells behave
post detachment hasot been reported. Irprevious studies commercially sourced
polymer was used to produce pNIPAm solutidos fabrication ofultra-thin pNIPAmM

based films for cell and cell sheet regeneration via the spin coating métmasnber

of different cell lines includinghMSCs were successfully grown under standard
physiologtal conditions and were subsequently gently detached upon temperature
reduction(M. E. Nash et al. 201)aNo relationship between the thickness of the film
produced and successful cell attachment and proliferation within the thigdcaes
employed (> 30 nm to < 2000 nmmas observed n Nash e.tHovweler, 0s s
studies have shown that cells attach and therefore proliferate poorly on thick or bulk
pNIPAmM coatings and many studies report a thickness limitation above which there is a
dramatic reduction in the number of cells attagtio the polymer surfaqg&umar et al.
2007h Matsuda et al. 2007M.E. Nash et al. 2012Rayatpisheh et al. 201H.
Takahashi et al. 20)0In studies where pNIPAm was covalently grafted for this
pumpose, this thickness limitation is in the order of tens of nanometers with the
exception of coatings formed via plasma polymerizati@anavan et al. 200Kikuchi

A. 2005 Kumar et al. 2007pKumashiro et al. 20)0Hence, while some studies show

no relatonship between the thickness of pNIPAm based films and optimum cell
growth, it is still a parameter that should be carefully investigated and controlled when
designing substrasefor regenerative cell harvesting. Finalljet grafting techniques

used to poduce thermoresponsive coatings are technologicdilfjicult and
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economically expensive and many studies seek to investigateohapse® and cheaper

alternatives

The aim of the present study was to develop a simple method to produce pNIPAmM
coatings witha view to cell regeneration, particularly ndiiferentiated stem cell
regeneration.lt seels to offer a significant simplification on methods employed
elsewhere by investigating the possible thickness limitation of films produced using the
simple solventcasting methodPrevious investigations using cell adhesjnomoters

as an over layer on top of thick solvent cast pNIPAm films to improve cell adhesion as
well as the aforementioned spin coating apprddbbran et al. 2006M. E. Nash et al.
20113. Solvent casting is a very simple, routine and inexpensive technique used to
produce polymer films mainly in the micrometer range. Moreover, solvent casting is a
common method used in cell culture protocols for example when degoskell
adhesion promoting layers such as fibronectin or -pdygine and therefore is a
method familiar to most cell culture operators making it a widely accessible approach
for film production compared to methods used elsewh&adwin et al. 1996
Foldberg et al. 2001 To further simplify the methodcommercially sourced pNIPAmM

was used thus avoiding the expense, equipment and expertise needed for
polymerization or grafting procedures which makes the method accessible to all
laboratories where nemvasive cell or cell sheet detachment is desirableilé\ising
nongrafting techniques to produce films may lack the elegancy of the grafting
techniques due to polymer dissolution upon temperature reduction, dtageshown

that pNIPAmM is not cytotoxic to cel{#alonne et al. 20Q5Takezawa et al. 1990
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3.2 Methodology

3.2.1 Materials

hMSCs were kindly provided by the Regenerative Medicine InstitUEMEDI) group

in the National Centre for Biomedical Engineering Science (NCBES), NUI Galway.
For human mesenchymal stem cell culture, Minimum Essential Medium (1X),
GlutaMAXE | were purchased from B-basisci en
(FGF2) from PeproTech and neneat inactivated foetal bovine serum from Hyclone

was used to supplement the growth meBiexamethasone, Insulin, Indomethacin, 3
Isobutyl1-Methyl-Xanthine (MIX) were purchased from Sigma Aldri€thycoerythrin

(PE) labeled CD19, CD34CD45, CO¥3, CDBO and CD105 (CD: cluster of
differentiation)cell surface markerarere from Biosciences and used as receidid.

other plastic consumables were from Sarstedt.
3.22 hMSC stem cell expansion, preservation and differentiation procedure

1pm, 2pm and 4pum solvent cast pNIPAm films were prepared on 35mm TCP for cell
seeding.The prepared films were characterized before cell seeBIRR was used to
analyze the deposited films. The film thickness and roughness measurements were
performed by AFM Advancing contact angle measurements were performed using the
advancing drop method on a hoim&ilt goniometer as described.

1) Cell culture and imaging techniques

hMSCs were maintaadin Minimum Essential Medium, supplemented with 10%-non
heat inactivatd foetal bovine serum, 1% penicillin streptomycin and 1ng/ml of-EGF
For experimentation, hMSC cells were seeded in triplicatesolven castpNIPAmM

film ata density 0f20,000cells/crhfor 5 days with95% air and 5 % C@at 37 °C. In

all cases the sagmes were placed on a thermoplate to maintain a working temperature
above the p oCelypmidaration and €bdetachment was microscopically

observed using an Olympus BX51 with Image-Phos analysis system phase contrast
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microscope.AlamarBlue® assay was used to test the cell metabatitvity; total

dsDNA content was also quantified usi@gantiT™ PicoGreefi dsDNA Assay
2) Temperature detachedhMSCs surface antigen characteristics

For flow cytometry analysis, cells were detached fromtii@@moresponsive films as
describedn 2.2.3followed by gentle and repetitive pipetting to yield single cells. Cells

were detached from TCP controls via conventional trypsinization. The cells were
stained withCD19, CD34, CD45, CD73, CD9@D105 all PElabelled as per the
manufacturerods instructions wuwsingdBDWAGCSe an
Canto from Biosciengecell analysis was standardized for side/forward scatter and
fluorescence. e resultsver e anal yzed by Additiomaly, alfoftiseo f t wa
cells that were detached from the thermoresporsiviaces were reseeded on TCP and
incubated for a furthe days after which the same marker expressions were chiecked

define the postietachmengffects. All FACS experiments were performéatriplicate.
3) Post thermadetached differentiation assessment

To testthe hMSC differentiation potentiabn thermoresponsive films, cells were
repetitivdy seededand detached on and frothermoresponsive films 3 times. Cells
were detached from therfis by reducing the temperature and gently seeded onto the
next film. Then specific differentiation mediwere used to trigger the hMSCs

differentiation for adipogenesis, chondrogenesis and osteogenesis.

hMSC alipogenic differentiatiorwas measurd by Oil Red O staining, chondrogenic
differentiation wasassessed by measuriaglphated glycosaminoglycas-GAG) and
normalizing betwen pellets by measuring the DN#ontent(ssGAG per ug DNA)
osteogenic differentiation was stained by Alizarin Red and meadwe8tanbio
Calcium(CPC) LiquiColar® TestKit.
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3.3Results

FTIR analysis confirmed film depositiomAs seen inFigure 3-1, FTIR spectra
displayed peaks at 1500 ¢m3300 crit, 3000 cn, 1450 crit, 1180 cmit, 1640cm*
correspondig to NH bending peak a N-H stretching vibration, a € stretching
vibration, a GH asymmetric stretching vibration, akCsymmetric stretching peak and

a C=0 stretching peak respectively which correspond to the fingerprint peaks of
PNIPAmM.The 2um thickf i | m6s spectrums were the same

shown for clarity.
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Figure3-1 FTIR spectrum of pNIPAmM powder and solvent cast films. The assignment
of peaks confirms successful pNIPAmM film dspion. (pNIPAm powder: grey; 1um
thick solvent cast pNIPAm film: purple; 4um thick solvent cast pNIPAm film: dark

green)
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The relativethickness &roughness of the films was assessed via AFM analysis; the
results of which can be seenTiable3-1 & Table3-2 and all of the films were assessed

to be relatively smooth.

Table3-1 Predicted solvent cast film thickness versus thess measured by AFM

analysis.
Predicted FilrMeasured Fil m
1 1. 00.07
2 2. 80.03
4 4. 8. 04

Table3-2 Solvent cast film RMS roughness as measured by AFM analysis. The
roughness of the films was reported as4metnsquare (RMS) roughness values,

where RMS denotes the standard deviation of thraldes along the reference line.

Film Thickr RMS Roughne

1 16 .ND1 90
2 24 .\311 88
4 28.N5 55

The relative hydrophilicity/hydrophobicity of the polymer films was measured by
advancing contact angle above the pol yme
behaviar was clearly evident as the water droplet interacts with the film surface. This
type of behaviar is described in detail by Gilcreest et al.. The stick angle is generally
reported as close to the real contact angle of the films in cases where stick/slip
behaviar is observed, which in this case was an average of 68 + 2 degreeprfor 1

films, 72 + 1 degrees for 2 um and 57 + 1 degrees for 4 um films from 500 s to 1800 s

(allowing for the initial calibration of the advancing dr¢@jlcreest et al. 2004
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3.3.1hMSCs attachment and detachment by temperature control

hMSCs were saded on the cast pNIPAm films and observed microscopically for cell
proliferation after 120 hours incubationMSCs proliferation on 1 pum films was
slightly less tharon conventional TCP controlsndthe numbers of cells adhering and
proliferating reducedas the thickness of the cast films increased with a modest
reduction in cell numbers observed omr@ films and a marked reduction in cell
numbers on thicker 4 um films. This was confirmsdmetabolic activity alamarBI{e
assay results with the activity aklls on the 4 um films only 20% compared to
controls, thePicoGreen dsDNA quantification asseisplayng a similar trendwith

only 20% of dsDNA compared to TCP contro(figure 3-2). Metabolic activity
alamarBIué& assayresultssuggesthat not only did fewer cells adhere on the thicker
substrates, but additionally their metaboliciatt was reduced in comparisomhese
results indicate that while 1 pum thick films were capable of hosting hMSCs to
confluence the proliferationsislower than on the TCP contrdle. 746 dsDNA
compared with TCP controls. The reason why the films become increasingly cell
repulsive with increasing film thickness is unclear though it is probably associated with
the increased mobility of the polymenains with increasing film thickness leading to
increased hydration which is n@onducive to protein adsorption which mediates cell
attachment, this increased hydrophilicity for the thicker 4 pm thick films was
analytically reflected in the advancing cacit angle measurements.

hMSCswere completelydetached under cold treatment and cell to cell contaete

maintained and full cell sheets were recovered witgs than 30 minutg§igure3-3).
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Figure3-2 A. AlamarBIué assay test results comparing hMSC metabolic activity on
TCP controls and solvent cast films of differing thicknesses. B. PicoGreen total dsDNA
assay results comparing hMSC dsDNA quantitiesT@®P controls and solvent cast
films of differing thickness. Assays were performed on the samples after 120h
incubation with an initial seeding cell density of 20,000 cell§/dgnror bars refer to
standard deviation where 3 separate samples of each tyubsifate were used and

assays were performed in triplicate.
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Figure 3-3 hMSC cell sheet detaching from a 1um cast pNIPAm film. Cell to cell
junctions are maintained as the cell sheet lifts off. Cells begething after 5 minutes
with complete detachment achieved after 30 minutes. This montage follows the
progression of cell detachment upon exposure to cold treatment;n¥y), §B) 6 min,

(C) 7 min, (D) 9 min (E) 11 min, (F) 13min, (G) 15min, (H) 18 min. Scde bar:
500um.
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3.3.2hMSCs surface antigen characteristics after temperature detachment

As defined by thdnternational Society for Cellular Therap\5CT); MSC cells must

be plastieadherent in standard cell culture conditions using tissue cullas&s.
Secondly, >95 % of the MSC cell surface must express CD105, CD73 and CD90, as
measured by flow cytometry. Additionally, these cells must lack the expresgdh (<
positive) of CD45, CB 4 CD14 or CD11b, CD79U or CDI1
the cells must be able to differentiate into osteoblasts, adipocytes and chondroblasts
under standard in vitro differentiating conditiofi3ominici et al. 2006 With this in
mind, the Opositive markersdé CD708CD19CD90
CD34, and CD45for hMSCs were testedsing FACS, as the presence or lack of
expression respectively would indicate that the polymer films did not induce hMSC
differentiation. Furthermore, half of the detached cells were reseeded and incubated on
TCP for 3 days after which anker expression wasgainchecked to define the pest
detachment affecttMSCwere detached from controls via conventional trypsinization,

by temperature control from thermoresponsive films and agatnypginizationafter
reseeding and incubation forda&ysprior to esting for the membrane markehs terms

of the Opositived mMa&wasedS which iedicaes thatexe s i 0 |
hMSC differentiation had occurred in the cases of cells grown and detached from
pNIPAmM or the controls and moreovep post detachment affects occurred after
reseeding and incubatiom a | | cases the exprmenbranen of
surface markers was ¥2positive, Table3-3. As these markers are rarely expressed o

MSC cells these results indicate that no hMSC differentiation had occurred in the cases
of cells grown and detached from pNIPAmM or the controls, furthermore no post
detachment affects occurred after reseeding and incubation.
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Table3-3 hMSCs cell surface antigen expression as assessed by FACS

Surface TCP Post Film Detachment
1pumFilm 2 ym Film

Marker (Trypsinization) 1 pum 2 um
CD19 ¢) 0.7+0.2% 0.340.1%  0.7+0.2% 1.0+£0.2% 1.1+0.5%
CD34 () 1.0+£0.4% 1240.5%  0.9+0.3% 1.6+£0.2% 1.4+0.4%
CD45 () 0.940.3% 1.5+0.3%  0.9+0.4% 1.0+£0.4% 1.3+0.3%
CD73 (+) 96.3+0.5% 94.9+0.8% 96.0+1.0%  95.5+0.2% 95.2+0.4%
CD90 (+) 95.0+0.9% 95.5+1.1% 95.9+0.5%  95.5+0.5% 94.8+0.3%
CD105 (+) 99.3+0.3% 96.3+0.7% 94.8+1.4%  98.2#).9% 99.4+0.3%

+ Positive expression

- Negative expression or extremely low expression

To assess if this method of expansion and propagation is suitable for maintaining
hMSCs in an undifferentiated state over serial passages, cells were seeded and detache
as previously described fronuth & 2um thermoresponsive surfaces and TCP controls,

but this time the cells were reseeded and detached through 3 passages. After the final
passage the validatory pluripotency markers, as described by the ISCT, were assessed
by FACSCanto as previously described. It was observed that aelNgngand detached

on and from fum thick solvent cast films were able to successfully attach and
proliferate on subsequent cycles again using 1 pm thick films. The multifold expansion
of h(MSCs on the 10Om thick films yielded c
mar ker s6 andcadlalcekdke dé nehgeats o eCelmgrovkneands 6 t
detached from 2um thick pNIPAm films were not able to maintain C73 or CD90 as the
O6positive mdrsloertshe o&énegati ve omthekcelr sé s
surface (Table 3-4). Therefore only the cellsadhered on 1um thick solvent cast
pNIPAmM film maintained their multipotentiality in accordance witie prescribed

ISCT guidelines.
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Table3-4 hMSCs cell surface antigen expression as assessed by FACS of cells

passaged and detached 3 times for solvent cast pNIPAm surfaces.

Control Imicro CA pNIPAm  2micro CApNIPAmM
CD73(+) 96.0%+1.5% 95.5%+1.2% 63.4%+1.8%(-)
CD90(+) 95.6%+0.9% 95.2%+1.1% 50.5%+2.3%(-)
CD105(+) 98.0%+1.2% 98.8%+1.0% 95.4%+0.5%
CD45(-) 0.9%:+0.1% 0.7%+0.2% 20.8%:2.0%(+)
CD34(-) 1.1%+0.4% 1.5%+0.4% 5.5%+3.4%(+)
CD19¢(-) 0.8%+0.1% 1.0%+0.2% 12.7%+2.79%+)

+ Positive expression

- Negative expression or extremely low expression

3.3.3Differentiation of h(MSCs post detachment from thermoresponsive films

To define hMSCs it is necessary to be ablditterentiate into osteoblasts, adicytes

and chondroblasts under standard in vitro differentiating conditibnerefore, after

the hMSCswerereseeded and detached through 3 passages, the cells were harvested
and treated byne ofthree differentiation mediums to assess the cell differéon

potential.
1) hMSCs osteogenic differentiation after temperature detachment

The harvested hMSCs were seedéth a density o2x10cellsen? into 24well-plate

as follows 8 wells were seeded with cells detached from thermoresponsive surfaces via
temperature control, (4 of these to be used as control wells for temperature detached
cells, 4 for testing for induced differentiation in temperature detached cells), and
another 8 wells were seeded with cells trypsinised, conventionally from TCP, (4 of
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these were used as control wells for conventionally detached cells, 4 for testing for
induced differentiation in conventionally detached cells). Cells were seeded at a density
of 4x10fcells/well and incubated as normafter 48 hours cells should have adhkte

the plastic of the plate and appear confluent, the medium was changed using 1 mil
complete hMSC mediunm the control wells and 1 mbf osteogenic mediunm thetest

wells. Medium was changed twice a wekk 10 to 17 days, depending on the
condition d the monolayer. Cells needed to be harvested beforerteded tgpeel.

1 well from each group was stained by Alizarin red. The remaining 3 wélEach

were used for calcium quantitation.

As can be seen ifrigure 3-4, in both the film and trypsin detachetest groupsa
significant amount of Alizarin red stain can be observed which is indicative of calcium
deposits associated with osteogenic differentiatiorcontrast, in both control groups
there was barelginy staining observed hese results indicate that thi1SC cells were

able to differentiaténto osteoblasts aft& repetitivethermaimediated celattachment
detachment cycles usinhermoresponsive filmsCalcium quantification confirmed
hMSCs osteognic differentiationwith both test groups exhibiting7 times more
calcium than the control groups. The cellsletached from thermoresponsive films
produed slightly more calcium in botthe control andthe test groups compaieto

thar trypsin detached caoterpartgFigure3-5).
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Figure3-4 hMSCsstained with Alizarin red used as an indicator of calcium deposition
after 3 cycles of temperature mediatedd geowth anddetachment.A. Control group
post cyclic detachment from thermoresponsive substit&3steogenic differentiation
post cyclic detachment from thermoresponsive substr&iesControl group post
conventional detachmenb. Osteogenic diffenetiation post conventional detachment
Scale bar: 500un
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Figure 3-5 Statistics results of calcium depositidrom osteogenic differentiated
hMSCs after 3tycles ofrepetitive temperature detachme@ontrot control hMSCs
detached from thermoresponsive film; Control_T: control hMSCs detached by trypsin;
Osteo: osteogenic differentiated hMSCs detached from thermoresponsive film;
Osteo_T: osteogenic differentiated hMSCs detached by trypsif)
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2) hM SCs adipogenic differentiation after temperature detachment

The harvested hMSCs were seeded at a density of@&lldcnt into a 24well-plate.

8 wells were seeded with cells detached from thermoresponsive surfaces via
temperature control, (4 of these lte used as control wells for temperature detached
cells,and 4 for testing for induced differentiation in temperature detached cells), and
another 8 wells were seeded with cdhgpsinized conventionally from TCP, (4 of
these were used as control wells tmnventionally detached celland others4 for
testing for induced differentiation in conventionally detached ceffier the cells
adhered to the plastic of the plate and apgaonfluent, Iml/well of the adipo
induction medium was added to thetteglls and left for 3 days, control wells receive
normal growth medium. After 3 daytie medium inthe test wells was changed and
Iml/well of maintenance medium was added anft lender normal incubation
conditionsfor 1 day The induction and maintenancycle was repeated 3 times before

staining the cells with Oil Red O.

The lipid stainingwas not observedn eithercontrol groups whereagdear Oil Red O
lipid staining was observed within bothtest groups indicating adipogenic
differentiation(Figure 3-6). Afterimagingthe Oil Red O was extracted by pipetting 99%
Isopropanol over the surface of the well several tinfdge extractions were then
measured on a plate reader at 5208mgnificantly hgher reading were found in the

test groups,most notably in the case of cells repetitively regenerated from
thermoresponsive surfacdsgo significantdifferencewas detectethetween the control
groups Figure 3-7). The statisticlaresults also confirmethatthe hMSCs adipogenic
differentiation potentialwas maintainedafter consequentiakthermoresponsive film

cultivations.
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Figure 3-6 hMSCs adipogenic differentiatiorftar 3 cycles of repetitive temperature
detachment.(A. control of thermoresponsive film detached gelB. adipogenic
differentiation after thermoresponsive film detacheells C. control of trypsin
detached ced| D. adipogenic differentiation after pgin detacheaells. Scale bar:
200um)
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Figure 3-7 Statisti@l results ofthe extracted Oil Red O stained lipid from adipogenic
differentiated hMSCs after 8ycles of repetitive temperature detachmeftrl F:
control hMSCs detached from thermoresponsive film; Ctrl_T: control hMSCs detached
by trypsin; Adipo_F: adipogenic differentiated hMSCs detached from
thermaesponsive film; Adipo_T: adigenic differentiated hMSCs detached by

trypsin (n=3

70



Chapter 3

3) hMSCs chondrogenic differentiation after temperature detachment

The harvested hMSCs were seedéith a density oflx10 cellswell into U-bottom 96
well-plate using hMSC growth medium. After 48h, hMSC spheroids spontaneously
formed. 8 wells were seeded wittells detached from thermoresponsive surfaces via
temperature control, (4 of these to be used as control wells for temperature detached
cells,and 4 for testing for induced differentiation in temperature detached cells), and
another 8 wells were seeded hvitells trypsinized conventionally from TCP, (4 of
these were be used as control wells for conventionally detachedacel for testing

for induced differentiation in conventionally detached cell$)e control groups were
treated with incomplete chormhenic medium (ICM) and the test groups were treated
with complete chondrogenic medium (CCM). The medium was changed every other
dayfor 21 days The spheroisl werethen harvested fo-GAG measuremendéndthe

resultswerenormalized between spheroid DNAntent and expresdlevels of sGAG.

The results indicate that themas no sSGAG expressed in eith&MSC control groups.

The thermallydetached chondrogenic differentiated hMSCs had m@AG per ug

DNA than that of the trypsin detached hMSCs. Theissieal results showed that
hMSCswhich were repttively cultured and detached on and from thermoresponsive
surfaces were capable of induced differentiation into chondroblasts, even more so than

their trypsinized counterpar(sigure3-8).

71



Chapter 3

0.03

0.025

0.02

0.015

0.01

Ratio of sGAG/DNA

0.005

Control Control_T Chondro Chondro_ T

-0.005

Figure 3-8 Statistical analysisf h(MSCs chondrogensis differentaitiafter 3cycles of
repetitive temperature detachmerfhe level of chondrogenesis is assessed by
measuring $5AG and normalizing between pellets by measuring the DNA content
and expresd levels of SGAG per ug DNA.Control: control hMSCs detached from
thermoresponsive filg) Control_T: control hMSCs detached by trypsin; Chondro:
chondrogenic differentiated hMS detached from thermoresponsive §&lm
Chondro_T: chondrogenic differentiated hMSCs detached by try(psif)
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3.4 Conclusion

The most commonly usezell medium supplemerEBSisolated from cow fetal blood,

is highly variable consisting of iltdefined bio-components leading to battt+batch
inconsistencies, similato the disassociation enzyme trypsibue to being isolated
from animal sources its inclusion therefore introducestamination risks such as
inadvertent exposure to adventitious pathesgemhich from a clinical application
viewpoint is a risk that should be minimized or eradicated. Therefore, hMSCs were
also seeded on 1um pNIPAm films without supplementary serum. Cells attadhed
surfaces successfully but the proliferation was sdyempeded in the absenc#
serumcompared tgoroliferationin the presence of serum, and the cells were easily
detached upon temperature reductioraimatter of dew minutes. It is necessary to
expandthe usage of thermoresponsive systems for mukippassage expansion in
reproducible cell culture conditions with a view to establishing a method which would
eliminate the use of any animal derived products (serum, try@ut)a demically
defined mediumcapable ofsupporing hMSC adhesion and prolif@ion has yet to

satisfactorily developed and used in routine cell culture

Another important concern isthat the unimmoblized polymer dissolves upon
temperature reduction and is released into the cell cultureumedhe toxicity of
pNIPAmM has been inviégated in micavith no detectable toxicity after 28 days usang
relatively high concentration of 2000mg/kglsono pNIPAm cytoxicity was detected
under cell culture conditiorstudied byMalonne et al. an@akezawa et a[Malonne et

al. 2005 Takezawa et al. 1990While in this study the dissolved polymer did not seem

to have any deleterious effect dme cells collected, it is best to remove as much
polymer as possible via media exchange or/and centrifugation before reseeding or

further experimentation.

Solvent cast films prepared from commercially sourced pNIPAm offer a convenient,
simple and cheap tarnative to produng thermoresponsive surfaces with a view to
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cell and cell sheet regeneratiorhis study found that the optimal thickness of such a
film is 1um. As the thickness of theolventcast films increased the surfaces became
less bioadhesive na the numbers of cellswhich attached and consequently
proliferated declinedhMSC cell sheet detachmemtas achieved through simple
temperature control. h(MSC immunophenotypic surface profile FACS analysis indicated
that thermoresponsive surfaces do moluce hMSC differentiation and therefore this
protocol offers a gentle and nalestructive approach for cell detachment therapies
where the collection of undifferentiated MSCs is desiraMest importantly, after
repetitive attachment and detachment friimarmoresponsive films, the hMSCs were
able to differentiate into osteoblasts, adipocytes and chondroblasts, all differentiation
formations are better than that from trypsin detached hM&®silly, this simple
method of surface preparation allows for geeparation of substrates of differing

geometries and sizedfering agreater flexibility in experimental design.
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Chapter 4. Macrophagesbehaviour ondifferent NIPAm based

thermoresponsivesubstrates

Sections of this chapter have been published:

X. Fan,M. Nosov,W. Carroll,A. Gorelov,C. ElviraandY. Rochev(2013),
'Macrophages behaviour on different NIPAm based thermoresponsive subskrates’,
Biomed Mater Res.A

Some parts were modified fresiswriting.
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4.1 Introdu ction

Thermoresponsive materials and sgds are powerful tools for creating tisdike
constructs that imitate native tissue geometry and mimic its spatial cellular organization
(da Silva et al. 2007 A lot of attention is focussed on the rational design of
biomaterials for cell culture and for further utilization in tissue reconstructions
(Hatakeyama H. 200Q6Interest in thermoresponsive polymers has steadily grown over
the decades, and a great deal of work has been dedicated to deyekpperature
sensitive macromolecules that can be crafted into new smart ma{&@jset al.
2013). A recently emerging area is the development of thermoresponsive polymers to
cultivate and harvest cellwithout cross contamination from animal sourcéor
instanceprevious studiessingsolvent cast films prepared from commercially sourced
pNIPAmM with an optimal film thickness of 1 um offer a convenient, simple and cheap
alternative for producing thermoresponsive surfaces with a view to cell and cell sheet
regenerationnMSCsproliferation was similar in all cases and the pluripotent nature of
the hMSCs was preserveédrough multifold passaging on the filrM. E. Nash et al.
20133. Another example is the use of thermoresponsive nanocomposite gels to
prdiferate and harvedtiMSCs which should be effectively cultured in vitro for tissue
engineering and regenerative medici(i€otobuki et al. 2018 There are soe
thermoresponsive products for cell culture available on the commercial market. An
example is Nunc UpCell Surface, which supports-ennymatic harvesting of adherent
cells for preservation of cell viability and surfapeoteins; however, the optimal

thermoresponsive coating is still under development.

Some research has been conducted ontlwelimoresponsive material interactions,
where cells exhibited different adhesion and proliferation behaviour depending on the
kind of thermoresponsive polymers doetheir individual cell adhesion behavioik.
Takahashi et al. 20)20ne importantand yet outstandinguestion to be answerésl

dot her mor esponsive materi al s Ilcdrdermogaaswerhe a
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this question k& parameters related to thermegsponsive films should undergo
comparative analysis. It is not only chemical composition which can affect cell
behaviour, but also film thicknesgth poor cell adhesion on thicker filnfsloran et al.
20073. Complete deciphering of the cetiaterial communication code is stlllong

way off (Kobayashi J. 201(M. E. Nash et al. 2011Wentre et al. 201,2Yamada et al.
1990. With this in mind, his studyis to compare cell behaviour on thermoresponsive
films deposited usingwo film deposition methods (spin coating and solvent casting)
Furthermore, two types of thermoresponsive polymers were comparatively assessed in
terms of influence on cell behavioypNIPAm anda more hydrophobicopolymer
analogue NIPArto-NtBAm. The NIPAmM-co-NtBAm copolymer was selected because

it showed better cell compatibility antl has a lower critical solution temperature
(LCST), lower than room temperature, which makeis thomaterial much easier for

routinelab usagé€Rochev et al. 2004

For biological evaluation, theamrophagdike transformed murine cell line RAW264.7

was seleed as it isa widely used standard model for modern immune activation
analysis. Macrophages orchestrate the immune response to an implanted biomaterial
and play a key role in determining the biocompatible outcofdeslerson and
McNally 2011 Gordon and Taylor 20Q0%.amers et al. 2012Sharma et al. 20)}0It is

also well known that RAW264.7 cells are difficult to remove from certain growth
substrates, so thermoresponsive materials are a useful utility. Macrophage adhesion to
plasma processed surfaces istidct from that exhibited by fibroblasts as they tend to
establish stronger cedlurface contact§Godek et al. 2006 Incubating cells with too

high a trypsinconcentration for too long a time periotay damage cell membranes

and kill the cells. Alternatives have been utilized such as scraping. However, scraping
can dramatically reduce the total viabilb§ any cell type and it is not certain if the
dead cellsmight also release intracellular contents that might affect the viable cells
(Batista et al. 2010
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Based on these considerations, the main goals for thiy sted 1) to define the
macrophage cell activation level and receptor profile based on different compositions
and thicknesses of polymer filnasd 2) to setup a practicdy acceptable and simple
thermoresponsive substrate for routine lab work. RAW264.18 esdre seeded onto

both pNIPAmM and NIPArto-NtBAm thin films ranging from 100nm to 4 um in
thickness, which were fabricatesither by spin coating and solvent casting. The in

vitro response of RAW264.7 cells to these ultrathin and thin films with redards
adhesion, morphology changes, cytokine secretion and cell surface molecule expression

were studied.
4.2 Methodology

4.2.1 Materials

The macrophagéike transformed murine cell line RAW264was kindly provided by

the Regenerative Medicine Institute (REMEDI)n N U | Gal way. Cel I~
Cell Proliferation Kit was purchased from invitrog¥n Mouse Ikb  EL | SA Re ad
SET-Go assay was purchased from eBiosci€noknti-mouse CD80, Antmouse
MHCI 1, Armenian Hamster 1gG | soegempd® Ctr |l
Lipopolysaccharid¢LPS) was purchased from Sigmddrich.

4.2.2 Film fabrication and film characterization

The fllowing films were fabricated for this study: solvent cast pNIPAmM (1pm, 2um,
4um); spin coated pNIPAmM (100nm, 1um); solvent cast NiPZo-NtBAmM (1um,
2um, 4um); spin coated NIPAo-NtBAm (100nm, 1um).

FTIR was used tascertait he f i | ms & c¢ h eusnga &Himadzw FiTgRo s 1 t |
8300 spectrometer iabsorbancenode.AFM was used to measure film roughness and
thickness. AFM images we obtained in tapping mode in air using a Dimension 3100

AFM (Digital Instruments, Santa Barbara, CA, USA) and Veeed0 10Ohmcm
phosphorus (n) doped Si tips. A matrix of 512x512 data points along-yhglane

78



Chapter 4

were analyzed in a single scan. The roughressessment of the deposited films was
taken by 10umx10um scanning. The roughness of the filaseported as roemnean

square (rms) roughness values, where rms denotes the standard deviation -of the Z
values along the reference line. For thickness measamt, a sharp blade was used to
scratch the surface of the fully dried polymer film fabricated as described, dtmve

the underlying substrate. 200umx100um scanning images were recorded at a scan rate
of 1 Hz in the area around the scratch. Contacteamglasurements were made in order

to access the hydrophobicity of the films. Advancing contact angle measurements were

taken on a hombuilt goniometer as previously descriki@llcreest et al. 2004
4.2 3 Cell attachment and detachment

RAW264.7 cells were maintained in DMEMupplemented with 10%BS and 1%
penicillin-streptomycin antibiotics. Cells from passage 10 to passage 25 were used for

experiments and assays where appropriate.

Briefly, RAW264.7 cells were seeded in triplicate at a density of 40,000 céliterihe
pNIPAmM and NIPAmco-NtBAm films. Blank TCP was used as negative control, while
LPS (200ng/ml) was used as positive control. Cells were incubated foin48h
humidified atmosphere of 95% air and 5% 4D 37 °C hus maintaning a working
temperature above tholymes LCST. Care was taken to make sure that shenple
temperature was maintained above the LCST during any operation to prevent
premature cell detachment.

Cell adhesion on the thermoresponsive films was microscopically observed using an
Olympus BX51 jpase contrast microscope with Image-Ptas software. Total DNA
content of the cells attached on each kind of film and controls was quantified using the
QuaniT PicoGreen dsDNA assay kit. Cell detachment was observed asinigne
Lapse Olympus IX81 motwed inverted microscope witla temperature/C®
humidified incubation chamber for live cell experiments (Anatomy Department in NUI
Galway). For initial cell detachment, the original warm medium was removed followed
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by the addition of cold nmidum (20°C for plIPAm films, #C for NIPAmMco-NtBAm
films) andthe temperature was maintained at thesel<E®T temperature for the
duration of observatian The samples were then placed under the time lapse

microscope immediately for imaging with 20 sec per photo.
4.2.4 Cell proliferation and flow cytometry analysis

For cell proliferation assessment, Carboxyfluorescein succinimidyl ester (CFSE)
staining was performed 24h after cell seeding. This ensures that the cells on all
substrates had enough time to adhere andf@rate. The seeding density for CFSE
staining was reduced to 20,008lis/cn?’ in order to prevent cell over growth. The cells
were incubated for a further 48h after stainiktpw cytometry was performed using

BD FACSCanto to test the cell proliferationells were gated according to their
physical characteristics by Side Scatter (SSC) versus Forward Scatter Fes@yw
cytometry analysis, cells were detached from the thermoresponsive films as described,
followed by gentle and repetitive pipetting tael singular cells. Cells were detached
from TCP controls via conventional trypinization and strgpAt least 10,000 events
were detected for each experimehe geometric mean values of FITC signal strength

summation wrethen calculated for each sarapl
4251 nterl eukin 1b assessment

I nterl eukbh @bl €ddde ihaBLISA assag. sTkeecdll cultyre
medium was harvested for testing after 48 hours of incubation and the standafd IL
was diluted 2 fold witha starting point of 1,000pg/ml. The expmental procedure

followed wasthe standard protocol provided by eBiosciéhce
4.2.6 Immunofluorescence staining

Cell surface proteins were also stained and examined by flow cytometry. The cells
were stained with CD80 (APC labelled) and MHC 1l (FITC l&m® antibodies from

Bi oscience as per t he manufacturerds i
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cytometry using BD FACSCantocell analysis was standardized for side/forward
scatter and fluorescenckt least 10,000 events were detected for eachrenpat; he
results were analyzed by FlowjoE soft wa
triplicate.

4 .3 Results and discussion

4.3.1Physical characterisation

FTIR confirmed the deposition of the thermoresponsive filfifee FTIR spectrum
results are shown ifigure 4-1, Figure 4-2 and Figure 4-3. Typical fingerprints of
pNIPAm and NIPAmco-NtBAm were detectedFrom the FTIR spectra, a-B
bending peak can be observed at around 115%) artH symmetric stretching peak at
around 180 cni*, and a GH asymmetric stretching vibration at about 1450"c# N-

H bending peak can be observed at approximately 1500 &rE=0 stretching peak is
observed at approximatelysd0 cmi’. The characteristic €l stretching vibrates at
around 3000 ci A N-H stretching vibration can be observed at approximately 3300
cm™. The FTIR spectra ahe pNIPAm film is very similarto that ofthe NIPAm-co-
NtBAm film, as there is onlyr® sub group difference betwettre NIPAm monomer
and NtBAm monomeifThe 1um thick spin coated and solvent cast film spectruse
similar toeach othertherefore, onlghel Om s ol vent cast ftol mds
ensure clarityThe2 Om t hi ck f & Waredtbe same eas tigmd rand
powdeed samplegpure pNIPAm powder/crystals of NIPAgo-NtBAm), only the

4um is shown for clarity
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Figure 4-1 FTIR spectrum of pNIPAm powdend films. The assignment of peaks
confirms successful pNIPAm film deposition. (pPNIPAm powder: dark green; 100nm
spin coated pNIPAm film: green; 1um thick solvent cast pNIPAm film: grey; 4um
thick solvent cast pNIPAm film: purple)
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Figure4-2 FTIR spectrum of NIPArto-NtBAm powder and films. The assignment of
peaks confirms successful NIPAme-NtBAm film deposition. (NIPAmco-NtBAmM
crystals green; 100nm spin coated NIPAto-NtBAm film: blue; 1um thick solent
cast NIPAmco-NtBAm film: grey; 4um thick solvent castiiPAm-co-NtBAm film:

brown)
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Figure 4-3 FTIR spectrum of pNIPAm and NIPAwo-NtBAm powders. pNIPAm:
green; NIPAmco-NtBAm: blue.

The thicknesses dll the fabricated films were obtained using AFM by measuring the

z height distance between the TCP substrate which was exposed by a surgical blade and
the polymer layer whichemainedon the substrate. The results showed good agreement
with the expectetheoretical thickness value§gble4-1). The film roughness was also

obtained using the AFM, and the results are showrabie4-2.
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Table4-1 Theoretically predicted film thickness versus thickness measured by AFM

analysis.
Film Type Expected Thickness Measured Film thickness
, , 100 nm 101.1 nm+0.5
Spin coating
1pum 1.05 um+0.13
PNIPAM 1pum 1.00 um=007
Solvent casting 2 um 2.04 pm#0.03
4 um 4.02 ym=0.04
, , 100 nm 109.1 nm=0.9
Spin coating
1pum 1.10 um+0.18
NIPAM-co- 1 103 UmL0.05
NtBAM _ Hm 200 UMD,
Solvent casting 2 um 2.05 uym=0.04
4 pum 4.03 um=0.03

Table4-2 Film RMS roughness as measured by AFM analysis, where RMS refers to

the standard deviation of thevalues along the reference line.

Film Type Film Thickness RMS Roughness (nm)
, , 100 nm 13.5+0.4
Spin coating
1um 12.8+0.7
pNIPAM 1pum 16.04#0.9
Solvent casting 2 um 24.0+4.9
4 uym 28.8+1.5
, , 100 nm 12.1+0.8
Spin coating
1um 16.4+1.1
NIPAmM-co- 1 13.4425
NtBAM _ Hm AL
Solvent casting 2 um 15.0£1.7
4 um 18.2+1.4
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The relative hydrophilicity/hydrophobicity of the polymer films was measured by
advanong cont act angl e above the Canthceangleor e s f
results indicated thathe 1pm solvent cast pNIPAm films were slightly more
hydrophobic than their spin coated analogues (60° to 50°, respectively). NMI®AM
NtBAm films were signifcantly more hydrophobic than pNIPAm films (~807able

4-3).

In the previous stuy of cell adhesion and proliferation we found that copolymerization
of NIPAm with more hydrophobic monomer NtBAm produces polymensch are
able to support cell adhesion and proliferation better thaNIPAm homopolymer
(Rochev et al. 20QIRochev et al. 2004The same tendency is observed in the present

work, as it will be shown later.

Table4-3 Advancing contact angle results obtained by advancing drop method on a

homebuilt contact agle measuremergystem

Sample Type Stick angle(°)
Control(TCP) 64.7+0.5
_ _ 100nm 51.2+1.0
Spin coating
lpm 55.3+1.6
PNIPAmM 1pm 67.6+2.0
Solvent
_ 2um 71.6+1.1
casting
4um 57.3t1.4
_ _ 100nm 80.2+0.9
Spin coating
1pm 80.4+0.6
NIPAmM-co-NtBAmM lpum 81.3+0.8
Solvent
_ 2um 82.4+1.8
casting
4um 84.6+1.2
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4.3.2Cell adhesion on thermoresponsive films

RAW?264.7 cells were seeded on the prepared pNIPAmM and NHEANIBAM films

and observed microscopically for cell adhesion after @f8incubation. Celladhesion

was also checked both with and without serunth@lCP contro$. Under normal cell
culture conditionsit takes approximatelg hoursof incubationfor RAW264.7 cells to
adhere to aubstrate, but the adhesion process is also affected by theftgpbstrate.

The cells attached on all NIPAoo-NtBAm copolymer films fabricated by both spin
coating and solvent casting in 6 hours. However, only solvent cast pNIPAm films are
able to support the cell attachment. The attached cells elongated andl Gprédee
substrate surface similar to TCP control. On the spin coated pNIPAm films, there were
few RAW264.7 cells attached onto the film surface with the majority still floating in
the medium, and the adhered cells also to8kh®urs more than usual tdath Figure

4-4). As the thickness of the solvent cast pNIPAmM filincreasedfewer cells were
found on the thermoresponsivdilm, while the adhesion timealso increasedThe
PicoGreen results quantitatively confed the microscopy results. As the solvent cast
pNIPAmM film thickness increased, less DNA content wegected, which confirmed
that fewercells adhered on the thicker solvent cast pNIPAm filigure 4-5). The
RAW264.7 cells Bowed the same tendency as hMSCs on solvent cast pNIPAm films

which was described in Chapter 3.
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Figure4-4 RAW264.7 cell adhesion othe different types of thermoresponsive films.
Cells attached succesdfubn the solvent cagbNIPAm films as well as on botthe
spin coated and solvent cast NIPA®NtBAmM films, where the cell morphology is
the same as the positive control. Cells seeded without serum shiowedlthysigr
the majority of cells seeded dhe spin coated pNIPAm film wereounded up and
clamped together(A. Bare TCP without serum; B. RAW264.7 in fghlowth medium
on TCP; C. RAW264.7 seeded @100nm thick spin coated pNIPAm film; D.
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RAW264.7 adhesion ora 1lum thick spin coated pNIPAm fiimE. RAW264.7
adhesion ora 1um thick solvent cast pNIPAm film; F. RAW264.7 adhesiora@um

thick solvent cast pNIPAm film; G. RAW264.7 adhesiona#um thick solvent cast
pNIPAmM film; H. RAW264.7 adhesion oa 100nm thick spin coated NIPAWD-

NtBAm film; I. RAW264.7 proliferation ora 1um thick spin coated NIPAroo-

NtBAm film; J. RAW264.7 adhesion oa 1um thick solvent casted NIPAwD-

NtBAm film; K. RAW264.7 adhesion o 1um thick solvent casted NIPAwD-

NtBAm film; L. RAW264.7 adhesion ora 1pm thick solvent casted NIPAroo-

NtBAm film. Scale bar: 200um)
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Figure 4-5 The total DNA content of RAW264.7 cells attached on each kind of film

and control was quantified using the Qu@nPicoGreen dsDNA assayfter 48h
incubation. A. PicoGreen results confirmed what was observed microscopically with
only 20% DNA content |l eft on the spin c
standardé TCP controls assumed to be 100
on the solvent casted pNIPAm films decreased as the film thickness increased with a
deduction rate of around 10%. B. DNA content on both the spin coated and solvent
casted NIPArrco-NtBAm copolymer was similar to that on the TCP controls. *:

significantly lower DNA content.
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4.3.3RAW264.7 detachment by temperature control

RAW?264.7 cells were seeded on the prepared pNIPAmM and NHEANIBAM films

and they were observed microscopically for cell detachment by simply reducing the
temperature bel d@ST.tRAW2647 odellg nstarted ddetaching
immediately after the temperature dropped below the LCST. The cell morphology of
the adhered cells changed dramatically within 5 min of the environmental temperature
being dropped. The average attached cell lengtinghirom over 80 pum to less than
30um in 10min after the temperature dropped, but the rounded uperalisned stuck

to the underlayer TCP substraed thg migratedin orderto reattach underoom

temperaturgFigure 4-6). Generally, completely cell detachment was achieved with in

30 mins of cold treatment.

Figure 4-6 Macrophage cell detachment from a 1 pm solvent cast pNIPAmMadm

viewedunder aime lapse microscope. Cell morphology started to change within 1min
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after temperatureeduction The average attached cell length shrank from over 80 pm
to less than 30urdue to the dessolving of thermoresponsive fiiells tended to stick

and mgrate to reattach to the underlayer TCP substrate afterwaitts quick
morphological movement, the cell length increased as the cell reattached to the TCP
substrate(Magnification: 400X)

4.3.4Cell proliferation on thermoresponsive films

Table4-4 RAW?264.7 proliferation on different thermoresponsive films. The signal

strength was cA:tGaomnMeahvauss. x ( FI TC
Average G, Doubling time
Substrate Signal strgength (h)g
Control Go 45771+113 0
48h 6386+143 2.84+0.04 16.9+£0.3
Spin coating 100nm  12674+845 1.85+0.45 25.9+6.4
(48h)
oNIPAM Spin coating 1um 10150+210 2.17+0.03 22.140.3
(48h)
Solvent casting 1urr 52394199 3.12+0.06 15.440.2
(48h)
Spin coating 100nm  6944+134 2.72+0.(B 17.6+0.2
(48h)
NIPAmM-co- Spin coating 1um 62241248 2.87+0.06 16.6+0.4
NtBAmM (48h)
Solvent casting 1un 5221+173 3.13+0.05 15.3£0.3
(48h)

Go: control cells which were analyzed immediately to define the starting density

G,: the samples and control proliferation times ad@&hours incubation

CFSE stain enters the cytoptasf cells and is converted tofluorescent ester by
removal of its acetate groups by intracellular esterases. CFSE is then retained within
cells and covalently couples via its succinimidyl group, toatcgHular molecules
(Parish 1999 The covalently coupled fluorescent CFSE will stay inside cells for

extremely long periods and cannot be transferred to adjacent cells. With the
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proliferation of individualcells, the fluorescent molecules will be divided evenly to
eachsubsequengeneration, and the signal will become weaker and weaker as the cells
passage down. Cells were treated with CFSE 24h after cell seeding and incubated for a
further 48h before flowcytometry assessmernithe gatistics inTable 4-4 shows that
cellson thespin coated pNIPAniilms proliferate less thathe control cells. Cells on

the solvent cast polymers proliferatesimilar to the control inboth cases, but the
proliferation onthe spin coated pNIPAmvas dramatically reduced compared to spin
coated NIPAmco-NtBAm films and the controk. Cell proliferation on spin coated
NIPAmM-co-NtBAm is comparable to the contsolCells on the NIPArto-NtBAmM

films and solvent cast pNIPAm films have uniform and similar peak readings as the
controk, while cells seeded on the spin coated pNIPAm ilmave higher values
showing that cell proliferation was prohibited by the under layer subskigier¢4-7).

0 102 103 104 105 0 102 1(13 1()4 1(]5
Time O CFSE stained control RAW264.7 Time 0 CFSE stained control RAW264.7
8% of control cell m——— 48h of control cell
=== = 48h of 100nm spin coated pNIPAm film === = 48h of 100nm spin coated copolymer film
............ 48h of 1Mm spin coated pNIPAm film wsssnssnnes 48h of 1Mm spin coated copolymer film
----- 18h of 1Mm solvent cast pNIPAm film + = « = 48h of 1Mm solvent cast copolymer film

Figure 4-7 Proliferation rate of RAW264.7 cells on different substrate films as
measured by CFSE staining. Cells adheretiespin coated pNIPArfilms had higher
fluorescence value, which meatisat thepNIPAm film fabricated by spin coating
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prohibited RAW264.7 cell proliferation. However, cell proliferation on libesolvent
cast pNIPAm and NIPArco-NtBAm films were similar or betterthan that of the
control. (A.RAW264.7 CFSE staining measured on pNIPAm films; B. RAW264.7
CFSE staining measured on NIPAma-NtBAm films)

4.3.5Cellular immunological response to thermoresponsive films

Interleukinl beta,is produced by activated macrophages as a propraeahjtplays

an important role inthd ody 6s i nf | ammastaso ipvolvedeis peth n s e ;
proliferation, differentiation and apoptogislaruyama et al. 2005 RAW264.7 cells

were seeded and kept for 48h-1lb E L | S ASETHGe ashywas used to assess
the cytokine release. LPS (200ng/ml) was used to treat RAW264& pasitive
control. Figure4-8 shows thdlL-1 b ¢ y t o k iprodeiced by RANREA& cells on
each kind of sample. The RAW264.7 cellsliLirelease on spin coated pNIPAm films

was significantly higher than that on any other type of films and negative cptiteol
thicker the spin coated pNIPAm filmsthe more cytokines were detectddhe cells
adheraceon the 100nm spin coated pNIPAm was stable with very high standard
deviation. Cells onthe NIPAm-co-NtBAm films and solvent cast pNIPAm films
showed low leved of IL-1 b , but the over thép NIPAytypedfi n e
films was higher than that on the copolymer films. Theasno siguificant difference

betweertherelease fronspin coated and solvent cast NIPA®NtBAm films.
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Figure 4-8 IL-1 b  p r o danuresponse rioseeding and incubation odifferent
thermoresponsive filmsRAW 264.7 cells («1C°cells/ml) were seedednto the
indicated films for 48. Blank tissue culture plastitishes werdaken aghe negative
controk. LPS (200ng/ml) was the positive control. Cells seeded on als tfp&lims
maintained silent status, cellsaathed on pNIPAm films secretechigher level of IL-
1 b t h a rthedogolgner fitms. *: positive reaction.

By examining the cell surface molecules CD80 and MHC class Il, wale@mmine

how the cells incubated in the presence of thermoresponsive films, trypsinized or
scraped can afteé macrophage surface molecules. In general cell culture experiments,
RAW cells are always detached with the help of a scraper due tdiffloailty of
detachment using trypsiBDTA. CD8O0 is a protein found on activated monocytes that

provides a cestimulaory signal, which is necessary for T cell activation and survival
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(Peach et al. 1995The MHC Il molecule is found on antiggmesenting cells and is

also required for T cell activation.

It was necessary to analyse RAW?264.7 cell surface protein expression under the same
conditions for the differenmodes of detachment and the different polymer surfaces
and controls to assess if the underlayer surfaces and detachment methods used induced
negative effects on the detached celife assessed CD80 and MHC Il expression of
cells detached from thermoresaore films, cells detached by trypsin and scraper using
immunofluorescence and flow cytometry. To this end, A®Gjugated CD80 and
FITC-conjugated MHC Il monoclonal antibody were used to stain the cells. CD80
expressions orthe cells detached by scrapimyesentwide, multiple peaks, which
indicate that this type of detachment could damage the cells. Cells detachetidrom
NIPAmM-co-NtBAm films expressed lower levels of CD80 compared to those detached
from pNIPAm films. Spin coated films expressed more CDh&lecules than solvent

cast films. Only 60% of attached cells were removed by trypsin after miR®f
treatment, and the expression of CD80 on trypsinized celtat detectableHigure

4-9). The level of MHCII expression stays low in the presence of all types of polymers
compare to control LPS stimulation. The dncubation of RAW264.7 cells with all
polymer films does not affect MHC expressidigure4-10). Overdl, the activation of
attached RAW264.7 cells on pNIPAm films was higher than the¢kd detached from

the TCP contra The activation of cell surface MHC Il molecule expression artl i
release on NIPArto-NtBAm films was relatively low. From the results, it was found

that IL-1 b rel ease was negatively correl at e
decrease in proliferatioand a higher level of HL serve as the evidence tbie final
differentiation of RAW to macrophage, which medmst pNIPAmM leads to RAW264.7

cell differentiation.
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Figure4-9 Surface expression of CD80 &AW264.7 cells. CD80 surface levels were
assessed by direct immunofluorescence and FACS andisesisly after the cellsvere
detached by trypsimation, sciapng or temperature in the case of cells detached from
thermoresponsive filmLower leves of CD80 were found on the cell surfasavhich
were detachedfrom the copolymer filns, expression was not detectable on ted

surface of cells which weraletached by trypsimation
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Figure4-10 Surface expreson of MHC Il on RAW264.7 cells. MHC II surface levels
were assessed by direct immunofluorescence and FACS analgsisliately after the

cells were detached by trypsinization, scraping or temperature in the case of cells
detachedrom thermoresponsiveims. The expression wamaintained at lowevel in

all casesexcept the LPS controland it was observed to ka#etachment method

dependent
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Spin coating and solvent cdsin fabrication techniques allowefdr the preparation of
smooth, thin and ultrathinthermoresponsive film coatings adhe TCP substrates.
Immunological responses to films were then conducted on the RAW264.7 cells which
were seeded on the pNIPAmM and NIPAmNtBAmM films. This study also initiates the
development of noimvasive monocyte/n@ophage cell detachment techniques and
could have further tissue engineering applications. It also imprdive current
strategies to limit macrophage adhesion, fusion and fibrous capsule formation in the
foreign body response which have focused on madglanaterial surface properties

(S. Chen et al. 20}0

RAW264.7 cell adhesion and elongation was cleablgervedn solvent cast pNIPAmM
(1, 2, 4um) and NIPARrto-NtBAm films (spin coating 100nm, 1um; solvent cast 1, 2,
4um), independent of the film hydropholty difference. However, the spin coated
pNIPAmM films (100nm, 1um) failed to support RAW264.7 cell adhesion which
indicates that the fabrication method affattacrophage adhesion. Our previous study
has shown that other cell lines could attdaohthe spn coated films of pNIPAmM
confirming that attachment is cell line depend@vit E. Nash et al. 201}bSolvent
cast films were able to support RAW264.7 cell adivesind proliferation better than
spin coated films, especially on thinner pNIPAm films. Th# peoliferation curve
measuredy flow cytometry,showeda positive correlatiometweencell adhesion and
proliferation on each kind of thermoresponsive filmAVR264.7 cells exhibited not
only better cell adhesion, but also better cell proliferation and le¢sdL pr oduct i o
NIPAmM-co-NtBAm copolymer filmscompared to that on pNIPAm film3his showed
that the chemical composition of the films can impact moredeyacrophage activation

behaviour.

The results from the functional response assays of RAW264.7 cells in tetimesr df -
1b secretion and cell surface molsaeul e

respond to thermoresponsive substratesl b i ensitige indicator of immune
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stimulation that can help monitor the levels of cellular activation induced by different
biomaterials(Ding et al. 200y. CD80 and MHC class kxpression detectiooan be

used to monitor the progress of an inflammatory response to an implanted material
(Pdillo et al. 1994. HigherI-21 b r el ease was found on pNIF
TCP and othersampletypes. Cellular surface protein expressions can be modified by
changing thermoresponsive film composition and fabrication method, which will make
sure there is no furthemultiple-step activation to the thermoresponsive substrate.
Detachment fromthe thermoresponsive polymer films also preserved the cellular
surface molecules comparable to trypsin treatment. This gives the thermoresponsive
polymer, especially NIPArRco-NtBAm, a most promising advantage for macrophage

culture and implant coating.
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4.4 Conclusion

In this study the consistent evaluation of polymer films with variable compositions and
fabrication methods confirmed that NIPAm based polymers and copolymers provide a
promising nordestructivealternative for RAW264.7 cell detachment. Film induced
monocyte/macrophage activation can be controlled by modifying the fabrication
method or polymercomposition. It is widely known that cell functions such as
adhesion, strengtlspreading, intracellular signalling and differentiation potential are
affected by the cellular response to the substi@alngara and Leong 200¥ogel

and Sheetz 2006/im and Leong 2006 Improving the understanding of macrophage
cell response to thermoresponsive films will providew opportunitiesfor tissue

cultivation as well as for biocompatible coatings.

The chemical composition, fabrication method and thickness of thermoresponsive films
have a major impact on monocytes/macrophages activation beha@elliresponse to

the films fabricated by $p coating and solvent casting showed a distinctive pattern
with less activated on solvent cast filmshW& the cell adheedto pNIPAm, especially

the spin coated one, exhibitedtivationeffects.Variations inthe preparation method
andthe chemical comosition ofthe thermoresponsive film can significantly affect cell
behaviour on thermoresponsive substrates. NIPAm based copolymey affemtle
alternative for cell detachment. Successful cell attachment and detachment was
achieved by simply controllmthe environmental temperature, offering an alternative
should trypsin not beapable This study demonstrates that by modifying biomaterial
thermoresponsive films, an easily produced thin film can be used for daHypvesive
macrophage culture as weal further thermoresponsive biomaterial applications.
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Chapter 5. Cell sheet regeneration from thermoresponsive films

Sections of this chapter were written based on manuscigphitted toAdvanced
Materials

A. SatyamP.Kumar, X. Fan,Y. Rochev,L. Joshj H.P.SelgasD. Lyden,B. Thomas,
B. RodriguezM. RaghunathA. Panditand D.Zeugolis (2013) ‘Macromolecular
polydispersity modulates extracellular matrix synthesis and deposition ir ¥itro

paradigm shift in regenerative medicine'.
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5.1 Introdu ction

Advancements in molecular and cell biology have led to the development-bhsell
therapies to treat injured or degenerated tis¢Adier and Maddox 20Q7Chidgey et

al. 2008 Dove 2002 Lindvall et al. 2004 The rationale of this concept is that
functiond regeneration can be achieved best using the innate capacity of cells to create
their own tissuespecific matrix avoiding the shortfalls of artificial devic&srect cell
injections offer litte control overthe local retention and distribution of thejécted

cells which lead to a scatteredtherapeutic efficiency,although tis mode of
administration has demonstrated very promising clinical outcofiegsuda etal.

2007 Speck et al. 1984TateishiYuyama et al. 2002Thomas 1978van Ramshorst et

al. 201). This deficiency has led to the development of living substitutes for skin and
blood vessel composed of cells seeded on a collagen scéBeltd et al. 1979
Nanchahal et al. 1989The scaffold delays tissue regeneration and function despite the
possible efficacious results in preetial models and clinical trialAnderson et al.
2008 Broekhuizen et al. 20QNilsson et al. 2007Tang and Eaton 199%Vick et al.
2010. Therefore it is desirabl® develop scaffoldree celtsheet tissue engineering by
cell selfassembl, in other wordsfabricateintact cell shestwith complete cetcell
connections and endogenously produced EEkLck etal. 2011 J. Yang et al. 2006
Therehave beera lot of positive outcomes ithe preclinical and clinicalreaof tissue
engineering such as ski@reen et al. 1979connor et al. 1991blood vessal(Konig

et al.2009 L'Heureux et al. 2008.'Heureux et al. 2007 corneaGriffith et al. 1999
Nishida et al. 200¢ heart(Masuda et al. 2008 lung (Nandkumar et al. 200Q2liver
(Ohashi et al. 20Q7and bone(Pirraco et al. 20)1replacementput only Epicel®
(Genzyme, USA)fos ki n and LifelLineE for blood ve:
commercialised so fal.he main limitation so far is the long period of time required for
inducing and activating cebased tissue regeneration. For instance, it requi4e5

days for corndaepithelium (Nishida et al. 2004 70 days for lung celheet
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(Nandkumar et al. 2002196 days for blood vessg@l'Heureux et al. 2006of ex vivo
culture, which may lead to loss of native phenotype and fun@@elirami et al. 2012

Campisi and di Fagagna 2007

In order to shorten the ex vivo culture tima, biophyical approach termed
macromolecular crowding (MMC)was adopted MMC increases thermodynamic
activities and biological processes by several orders of magrfifudénen et al. 2011

Z. Zhou et al. 2009 asameans to create ECHich tissue equivalents. The principle of
MMC is derived from the notion that in vivo cells reside in a highly crowded/dense
extracellularspace and therefore the conversion of the de novo synthesised procollagen
to collagen | is rapiqCanty and Kadler 2005The synthesised procollagéendiluted

in culture conditions, whichaturally limits the conver®n rate of procollagen to
collagen(Figure 5-1A). Therefore, the additional inert polydispersed macromolecules
were supplemented irhé culture medium to facilitate themgdified production of
ECM:-rich living substitutegFigure5-1B).

A B

Standard Cell Culture Macromolecular Crowded
Cell Culture

C-Propeptide w=mn Cells Macromolecules
F .

C-Proteinase &
= Procollagen

< N-Proteinase BB Deposited Extracellular Matrix

#*
N-Propeptide

Figure 5-1 MMC increases thermodynamic activities and biological processes by
several orders of magnitude, as a nse@ncreate ECMich tissue equivalents.

In this body of workF i c o | & FEi7d0 | (FE}5D@kDa dextran sulphat®XS)
and carrageenan (CRyere used to accelerate the ECM deposition in cell culture.

According to the preliminary resulsf WS-1 cells, ollagen type | and fibronectin
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were highly expressed in the presence of MNibronectinwas also expressed ia
fibrillar pattern. The deposited matrix appears to be highly ordériedrefore,we
propose to attain living substitutes with tisspeecific potein composition and
structure using custoimade thermoresponsive polymer films, which would open up

new avenues in engineering cohesive tissue moduigso.
5.2 Methodology

5.2.1 Mderials

Primary human skin fibroblasts (W$; American Tissue Culture @ection), human

lung fibroblasts (WA38; American Tissue Culture Collectiomnd human corneal
keratocytes (HCKAmerican Tissue Culture Collectipmvere kindlyprovidedby the

Network of Excellence for Functional Biomaterials (NFB), NUI Gawayu | bsc c 0 6
modified Eagle medium nutrient mixturel?2 ham,Fi col FIEE@OL | E400, 5
dextran sulphateDxS) and carrageenarfCR) were purchased from Sigrddrich,

human serum (HS) was purchased from Lokit&,

5.2.2 Macromolecular crowdng for ECM-rich cell assembled constructs

production

WS-1 and WI-38 were cultured in DMEM supplemented with 10% FBS and 1%
penicillin-streptomycin at 3 in a humidified atmosphere of 5% ¢CCells were
seeded afa density 0f25,000 cells/cron thermoresponsive coated TGRPd were
allowed to attach for 24 hours. After 24 hours the mediumexasangedor medium
containing macromolecular crowders 75ug/ml @ih 0.5% HSand reincubatedfor

48 hours beforéurther experiments

HCK were cultured i n Ddumbweérient mixise AAdam, f i e d
supplemented with 10% HS, 1% penicHBtreptomycinand 1ng/ml of fibroblast
growth factor 2 EGF2) at 37C in a humidified atmosphere of 5% g¢Q@ells were

seeded at density 0f25,000 cells/chin thermoresponsive coateTCP and wex
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allowed to proliferate until confluent Subsequentlythe medium waseplaed by a
medium containing macromolecular crowders (100pug/ml DxS 500kDa; 37.5mg/ml
Ficoll E 70 and 2 &F@gahdriasug/mi CRASigm& Irefafdpith
0.5%HS for 48 hourgprior tofurther experiments.

5.2.3Characterisation of ECM-rich cell-assembled constructs

After MMC treaiment the ECMrich cell assembled constructs werarvestedby

simply reducing the environmental temperature. Videos were capturied dell sheet
detachment. The cell sheets were tHied with 4% paraformaldehyde at room
temperature for 15min. Subsequently, the-shiets were washed three times with
PBS and serially dehydrated with 30%, 50%, 70%, 90% and 100% ethanol. The
dehydragd celtsheets were placed on adhesive carbon tabs mounted on SEM specimen
stubs and then were dried. The specimens were subsequently scanned by AFM or
coated with gold using an Emitech K550 coating syspeior to SEM analysisSEM

images were obtaineding a Hitachi $4700 field emission microscope operating with

a beam voltage of 15KV.
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5.3 Results and discussion

5.3.1 Production of ECMrich WS-1 cellassembled constructs

Culture of WSL1 fibroblasts with 0.5% FBS and HS with variable dispersity
macromdecules and subsequent analysis validétetimaximum ECM deposition can
be achieved by the most polydispersed macromoleasatifying CR as the most
suitable molecule for the cell$he abundance of ECM deposition in the presence of
0.5% HS and 75ug/mCR, WS1 was seeded both on spin coated 100nm pNIPAmM
films and on NIPA-co-NtBAm films. pNIPAm films were not suitable for the
attachment ofan intact WS1 cell shees even after 2 days in culture, the WIS
morphology was not as healthy as the contradltae cells were clumped together. The
more hydrophobic NIPArto-NtBAmM film facilitated attachment and detachment
every timeeither with or withouMMC treatment. The detachment of intact ECigh
WS-1 fibroblast shestwas carried outafter 2 days in thgresence of 0.5% HS and
75ug/ml CR, the sheet was able to detach giipt lowering down theambient
temperature belowQfC (Figure5-2).

Time-lapse microscopy was used to calculate the M&Bieet detachment rateth in
the presence of MMC arabsence of MMCThe deaichment rate of W& fibroblast
sheets under MMC conditions was slower thilaat of their norMMC counterparts;
thiswasexpected duéo the abundancef deposited ECMKigure5-3).
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Figure5-2 WS-1 cell sheeformation on thermoresponsive films. pNIPAims were

not suitable for thettachment of intact ECMich WS-1 cell sheets, even after 2 days
in culture. NPAm-co-NtBAm films facilitated attachment and detachment of intact
ECM-rich WS 1 fibroblast sheetafter 2 days in the presence of 0.5% HS and 75ug/mi
CR. (A. Control;B. WS-1 cell sheet detachment from NIPAco-NtBAm film without

CR; C. WS-1 adhesion onpIPAmM film; D. WS-1 cell sheets on NIPAmo-NtBAmM

film with CR; E. ECM-rich WS 1 cell sheet detached from NIPAzo-NtBAm film.
Scale bar: 500un
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Figure 5-3 100nm thick spin coated NIPA«@D-NtBAm films were determined
appropriate for cell attachment and detachment of intact fibroblast sheets. fhae to
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high ECM deposition under MMC conditions, a slower detachment rate was observed
using timelapse analysis ¢(§ and subsequent plotting of % detachment agaanat

time (Q).
5.3.2 Characterization of WS-1 cellassembled constructs

After 2 days of culture, the detached cell sheets were fixed and dehydrated for SEM
and AFM characterizatiorSEM analysis of WS cell sheets further corroboratine
enhanced ECM eposition, lhe fibrillar pattern and tissdée organisation othe cell-

sheets produced under MMC crowding conditions (0.5% HS and 75pg/mwWeR)
observedwithin 2 days of culturéFigure5-4). AFM also confirmed the presence

more fibrous structure in the intercellular regions on the cell surface under MMC

conditions compaxkto the noAMMC counterpartgFigure5-5).

> ‘
*
>

- e 9
S4700 15.0kV 12.0mm x500 3/31/2011 15:14 S4700 15 0kV 12 Omm x500 38120111508 *

Figure 54 Scanning electron microscopy analysis of W<Scell sheets further
corroborate the enhanced ECM depositiooyre fibrillar pattern organisation of cell
sheets under MMC crowding conditiomsas produced0.5% HS and 75ug/ml CR)

within 2 days of alture.
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Figure5-5 Representativefa) | ar ge % (,8 Omeld i 810re®nar2l Smal(7 2 5 € m
I 7% area AFM images of the cell sheet prepared without CR. Corresponeing (d

l arge (90 Tmeddeum ?)( 2a5n di  s2nbad) mrea AFBA inlages af m

the cell sheet ppared with CR. The most striking difference betweenrntheCR and

CR images is the presence of a fibrous mesh in the intercellular region for cell sheets
prepared undeMMC condi ti ons. Z scal es00nm; @) ler
1. 4 ¢ np80nng e)

5.3.3Production of ECM-rich WI -38 and HCK cellassembled constructs

Apart from WS1 human skin fibroblastsWI-38 and HCK cells were also used to
attain living substitutes with tisstgpecific protein composition and structured
constructs. WH38 attachedand kecame confluent orthe 100nm spin coated NIPAM
co-NtBAm film initially, but only 50% of adhered cells detached after 60ohid°C
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treatment The whole ECMrich WI-38 cell sheet constructed in the presence of 0.5%
HS and 75ug/ml CR wasot preservediuring detachmentTherefore, WA38 is not
suitable for ECMrich cell assembled construatider thermoresponsive fildMC

conditions

Thermoresponsive films fabricated in this researech veése unstableor optimal

HCK cellsattachment and proliferaticas the did notadhere onto either pNIPAmM or
NIPAmM-co-NtBAm films, even after 2 days in culturdherefore, cell adhesion
promotos were used in accordance witha previous study(Moran et al. 2007
Collagen and pol-lysine were used to coathe 1um solvent caspNIPAm films
before cell seedingCollagen was used as it is the main structural protein of various
connectivetissues in animals and it is mostly found ibrdus tissues in corneas; poly
I-lysine was used as it is recommededAerican Tissue Culture Collection from
where the cell was boughis can be seen Figure5-6, HCK seeded onto the collagen
coated pNIPAm filns attached amh formed a particleand the cellsdid not becone
confluent evenafter a prolongedculture period HCK would adhere and form a
monolayer on the politlysine coated pNIPAm filmThree macromolecule crowders,
1000g/ ml DxS; 37.5mg/ mFi EbtbEIEBOBO and
with 0.5% HS, were used to treainfluent HCK cell sheets separately for 48 hours.
There was no difference betweehe HCK control and MMC treated HCK cell sheets
on the polyl-lysine coated pNIPAMiIms.
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Figure5-6 HCK cell sheet formation on thermoresponsive films. pNIPAm films alone
were not suitable for the attachment of HCK, even after 2 days in culture. Collagen and
poly-I-lysine were used to coat pNIPAm films in order &uilitate the adhesion and
detachment of intact ECiich HCK sheets, produced after 2 days in the presence of
0.5% HS and macromolecules. (A. HCK seeded onto the collagen coated pNIPAmM
films; B. HCK seeded onto the pelytysine coated pNIPAm films; C. HCKell sheet

on the polyl-lysine coated pNIPAm films treated with CR; D. HCK cell sheet on the
poly-I-lysine coated pNIPAm films treated with DxS; E. HCK cell sheet on thelpoly
lysine coated pNIPAm films treated with FC; F. HCK cell sheet on the-Idglsine
coated TCP. Scale bar: 500um)

MMC treated HCK sheet detachment was achiev®sd reducing the ambient
temperatureAs a cell adhesion promotor was used to improve HCK adhesion, HBSS
washes had to be used to help cell sheet detachment at room terepasaturesult a
comparison of the detachment rate of MMC and-MMC treated HCK sheets is not
possible Intact HCK sheets wersuccessfully detached from all MMC systeri$ie
overall HCK sheet shrank to 1/5 of the original izgure5-7).
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Figure5-73 7 . 5mg/ ml Ficoll E 70 and 25mg/ ml Fi
detaching from a pollysine coated pNIPAm film. Intact cell sheets were maintained

as the cell sheet lifts ffthe overall HCK sheet shrank to 1/5 of the original sizes

cell sheet was washed with HBSS to accelerate detachment. This montage follows the
progression of cell detachment upon exposure to cold treatment; (A) 5min, (B) 6mins,
(C) 7mins, (D) 9mins,K) 15mins, (F) 40mins. Scale bar: 500 pm.
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5.4 Conclusion

Further immunocytochemistry assessmant complementary fluorescence intensity
measuremestof the detached ECMNich cell sheets was carried puburtesy of the

NFB. Data obtained confirmed sifjcant upregulation (p<0.0001) of collagenous
proteins; enzymes associated with biogenesis of connective tissue proteins and cross
linking of collagen and elastin; basement membrane proteins; glycoproteins;

glycosaminoglycans; and proteoglycaRgy(ire5-8).

a Collagen | Collagen 1l Collagen IV Collagen V Collagen VI
Laminin Fibronectin Hyalur. acid Decorin LOX

Figure5-8 Immunocytochemistry assessment of the MMC (0.5% HS and 75ug/mi CR,

2 days in culture) influence on cellular components and biological proces3#Sfbr
cell sheetgimages were acquired by collaborators from NFB)

It is confirmed that MMC inclusion in ex vivo experiments is a key modulator of ECM
deposition of WSL, WI-38 and HCK cell sheets. The utilization of MMC, by imitating
native tissue locaded density, can be utilised to moduletersitro microenvironments

and ultimately produce ECMch cell substitutes, within hours rather than days or
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months in culture, without compromising fundamental cellular functions. Therefore, by
seeding fibroblastento thermoresponsive systems, the cell sheets produced were of
dense and cohesive tissue modules with intactcedllland ceHECM junctions; tissue

like morphology; and positively upregulated molecular functions, ECM and cellular
components and biolatal processes. Different cells have different native
characteristics, so the identification of the most suitable thermoresponsive substrate for
each kind of cell is critical for the ECiMch cellassembled constructs. \ASprefer

the more hydrophobic NIPAfoo-NtBAm copolymer films rather than pNIPAm films.
WI-38 is able to adhere and proliferate on thermoresponsive systems, but the cell stick
to the substrates even after an extended time in cold treatment. Furthermote, poly

lysine has to be used to proradiCK adhesion on pNIPAm films.

After successfully obtaining intact EGNch WS1 and HCK ceHlassembled
constructs, SEM and AFM confirmed the presence of fiborous ECM under MMC
crowding conditions. The fibrous ECM was also visible in the controls whiclmbad
MMC crowding, but it was not as dense as that of its MMC counterparts. ICC showed
that ECM proteins (e.g. collagen type VII, elastin, fibrilify enzymes associated with
collagen maturation and creksking (e.g. transglutaminas®); cytoskeletal mteins

( e . gmoothUmuscle actin, epithelial keratin, tubulin); glycosaminoglycans (e.g.
chondroitin sulphate, keratin sulphate, heparin sulphate); proteoglycans (e.g. aggrecan,
biglycan); and cytokines (e.g. TEMCD248, 11-10) remained unaffected, iruditing

that MMC does not affect physiological function. Therefore, by using
thermoresponsive films, living substitutes with tisspecific protein composition and
structure were attained. This approach opens up new avenues in engineering cohesive

tissue nodulesin vitro.
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Chapter 6. Differentiation of induced pluripotent stem cellson

thermoresponsive films
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6.1 Introduction

Induced pluripotent sten{iPS) cells are adult cells that have been genetically
reprogrammed to an embryonic stem ¢k state by being faed to express genes
and factors important for maintaining the defining propertieglwfipoentstem cells.
Mouse iPScells were first reported in 2006, and human defis were first reported in

late 2007(K. Takahashi and Yamanaka 2086 Takahashi et al. 20Q0%u et al. 2007.

iPS cells have becomeseful tools foregenerative therapgrug development anithe
modelling of diseasesFor example, human stem cells could have a significant impact
on drug @&velopment and toxicity tests aseplacenentandas a tool taefine animal
experiments. In adton to allaying public concern over the use of animals in research,
the use of iPSells could address those instances in which animals have not gooven
beappropriate and safe models to predict the efficacy and toxicity of drug candidates in
humans(Deng 2010. iPS cells have a unique advantage for aigemodelling: they
can be made by reprogr ammi ng -specifig aellsimkent 0 s

the laboratory.

Previous studiebave usedhermoresponsive films as platfasrfor cell preservation
but biomaterialsare developed not onkp serveas cell carries providing mechanical
support but they can also actively influence cellular response including cell
proliferation and differentiation. Therefore, understanding differentiaton of iPS
cellsin the presence dfiomaterials is an importaand increseasingly topicesuefor
biotechnological development. Kuo and Chang used hydrogels ceamislginate
and poglluwt(aomi ©GA) wiith @syrfage meuron growth factor to differentiate
iPS cells into neurongy. C. Kuo and Chang 20)3Franck et al. stdied silkbased
biomaterials in combination with ECM coatings for estleded bladder tissue
engineering approaches with iPS céisanck et al. 2013 Bothstudies used biological
promoters to improve iPS cell differentiatidhis still unknown how iPS cells behave
in direct contactvith the biomaterials. It is shown in chapter 3 that hMSCs were able to
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be preserved on bare solvent castiPAmM films. It is desirablethat similar coatings
were able tosupport iPScell regeneration, particularly natifferentiated stem cell
regenerationlum thick ®lvent cast NIPArco-NtBAm films were selectedor this
study andlte materialdriven induction of iPS cells wasvestigated.

6.2 Materials and methods

6.2.1 Materials

iPS cells were kindly provided by the REMEDI group in NCBES, NUI GalWde
mTeSR™1 Basal Medium and mTeS¥1 5X supplement for iPS cell culture were
purchased from Stemcell Technologi€CT4 rabbit mAb Nanog rabbit mAb, SOX2
rabbit mAb, AFP rabbit mAb,ASM mouse mAb, Anti-rabbit 1gG, HRPMinked
Antibody, Antrmouse 1gG, HRRinked Antibody, Antirabbit IgG (H+L), F(ab")2
Fragment, Antimouse IgG (H+L), F(ab"2 Fragment were purchased from Cell
Signalirg Technolog¥. Anti-NeuN Antibody, AntiNestin Antibody were from Merck
Millipore. Anti-Doublecortin antibody Neuronal Marker was purchased from ab&m
6-well-plate and 24well-plate were from NUNE. All other plastics were purchased

from Sarstedt.
6.2.2iPS cell adhesion and preservation
1) iPS cell culture and imaging technique

Induced pluripotent stemiRS) cells were maintaied in mTeSR™1 Basal Medium
supplemented with 20% mTe®&L 5X supplement, no antibiotic was used in the
medium. iPS cells wereultured as colonies inwell-plate,andGeltrex coating had to

be usedto supportcell adhesion. Fothe experiment, the confluent colonies were
collectedassmall pieces using 80pl tip, which werethenseeded in triplicate at even
numberof colonieswith 5 % CQ at 37 °C for incubationThe nedium was changed
every dayln all cases the samples were placed on a thermoplate to maintain a working

temperature above the polymerdés LCST. oF
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microscopically observed ewy other day usingn Olympus BX51 with Image Pro

Plus analysis system phase contrast microscope.
2) Experimental design for iPS cell and thermoresponsive film interaction

1um thick solvent cast NIPAmo-NtBAm films were made for assessment. Hak
films were coated with Geltrer orderto comparethosewith the bare film, Geltrex
coated éwell-plate was used as control. iPS cells wergncobated with each group
for 2 weeks for long term cedlurface interaction effects. iPS cells were also
repetitivdy seeded onto each experimental group 3 tiomee confluency was reached
this was doneto see if cell recovered by temperataantrolled detachment haahy

advantag®verthose recovered vimechanical detachment.
3) Western blot and Immunocytochemisty of detached iPS cells

For Western blot and Immunocytochemistapalysis, cells were detached from the
thermoresponsive films as described. Cells were detached from controls via mechanical
scratching. A third of the detached cells were semtiinto a 24-well-plate for
immunocytochemistry, theestwere lysed for protein whicias to be usefbr western
blotting. OCT4 rabbit mAb, Nanog rabbit mAb, SOXabbitmAb, AFP rabbit mAb,
Anti-NeuN Antibody, AntiNestin Antibody and AntDoublecortin antibody were ad

to test the celburface interactions both for Western by andimmunocytochemistry

as per the manuf &heWeastera bla was imaged by FlaarGhem s .
and analyzedvith ImageJ softwarelmmunocytochemistry staining was captured by

corfocal microscopy in Anatomy department, NUI Galway
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6.3 Results and discussion

6.3.1 Long term iPS cell and thermoresponsive film interaction

As previouslydescribed iPS cells were seeded ontioe Geltrex contrad, Geltrex
coated NIPAmco-NtBAm films and bare copolymer films. The seeded cells were
incubatedat 37 °C with 5 % Cefor 2 weeksand themediumwaschanged every day.
Images of the cellaere capture@very secondaypostseeding. iPS celtthatadhered

on the Geltrex coated filsnmaintainedthar stem cellmorphology similar to the
Geltrexcontrok, but differentiated cells were also fouwith most neurodike cells in

the intercolony regions.Most iPS cells seeded on the bare copolymer films failed to
attachto the substrate, the adhered sdllifferentiated very quicklynto neuronlike
cellsascan be observed on th& 8ay after seeding. After one week, themrevseveral

very big neurorike cell colonieson the bare copolymer filmF{gure6-1).
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Geltrex Geltrex coated film Bare film

3 days

5 days

7 days

11 days

Figure 6-1 2 weeks incubation of iPS cell®on NIPAm-co-NtBAm thermoresponsive
films. The morphology ofPS cells seededon Geltrex controhas not changedhe
majority of cells seeded on Geltrex coated filmaintaired stem cellmorphology,but
some IPS cell starteth differentiat as early as day 5; celishich adheed thebare
NIPAmM-co-NtBAm film started to differentiateato neuron like cellon the third day

after seedingScale bar: 200um.
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6.3.2 Chaacterization of long term effects for iPS cells

After 2 weeksof incubation, iPS cells seeded thre control,on theGeltrex coated film
andon thebare films were collected foNestern blotting and immunocytochemistry
assessmentStem cell markers Nanp@®CT4 and SOX2; Neuron cell markdd€X
Nestin and NeuN; embryonic layer markers-fetoprotein (AFP) andU i sof or m
smooth muscle actilASM) were usedThe proteins which are involved with the self
renewal of undifferentiated embryonic stem celanay was not or infrequently
observed in th&Vestern blotting resultsvhile OCT4wasdetecteda higher quantity of
SOX2was detected in the Geltrex conrahd Geltrex coated films. The expression of
DCX (expressed by neuronal precursor cells and immatemeons in embryonic and
adult cortical structuresand ASM was increased on bare NIPAto-NtBAm film.
There were variations the cells collected from Geltrex coated film as the duplicated
Western blotting lanes showed confiigt resultsfor OCT4, Nanogand ASM (Error!
Reference source not found. This also confirmed the two distinct cell behaviours on
Geltrex coated films inFigure 6-1. Further immunocytochemistry assesnt was
carried out to test the influence of NIPAso-NtBAm films on iPS cellular components
and biological processes. Data obtained confirmed significant upregulation of neuron
cell markers (Nestin, NeuNDCX) anddown regulatiorof stem cell markers (Mg,
OCT4, SOX2) of the cells collected frattme bare copolymer filmsThe cells collected
from the Geltrex coated film expressed both stem cell and neuron cell markers
indicating that solvent cast NIPAoo-NtBAm films may trigger iPS cell
differentiation,but the additional Geltrex coating on the filmenabled maintaining of
iPScell® st e rfFigaré6a8)t u s
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Geltrex Geltrex coated film Bare film

Nanog

OCT4

A (-ctin

Figure6-2 Western blotting results of iPS cells-twubation with NIPAmco-NtBAm

films. The expression of DCX (expressed by neuronal precursor cells and immature

neurons in embryonic and adul't cortical
muscle actin) was increased on bare NIRéswNtBAm film. There wee variations in

the cells collected from Geltrex coated film as the duplicated western blotting lanes

showed conflicting results for OCT4, Nanog and ASM.
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Control

Geltrex coated

NIPAm-co-NtBAm

Bare
NIPAm-co-NtBAm

Figure 6-3 Immunocytochemistry assessment S cdls co-incubation with
thermoresponsive NIPAroo-NtBAm films. Data obtained confirmed significant
upregulation of neuron cell markers (Nestin, NeuN, DCX) and degulation of stem

cell markers (Nanog, OCT4, SOX2) of the cells collected from the bardyoogo
films. The cells collected from the Geltrex coated film expressed both stem cell and

neuron cell markers.
6.3.3 Repetitive iPS cell culture on thermoresponsive films

The 2 weeksof co-incubation of iPS cells and Geltrex coated filiyielded both
postive and negative resujtsome cells maintained stem cell status and some cells
differentiated Therefore, it is necessarydssess how iPS cells behave adeycles of
reseeding and detachmeag was studied for theMSC. iPS cells were seeéd on the
Geltrex contrad, on the Geltrex coated films ana@n the bare films as previously
described. Cells were detached and reseededconfluent.The iPS cells seeded on
both the Geltrex coated film and the bare films were detached by decreasitte
environmetal temperaturandthe control cells were detached by mechanicalptga

The repetitive attachment and detachment of iPS cells ontlheteltrex control and

the Geltrex coated films diahot affect the cellular activitiesNhile the iPS cellsvere

unable to maintain as stem cell col@ms after thefirst seeding time, more and more
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neuronlike cells and cell clamps were fouma the 2% and 3 seeding time Rigure
6-4).

When the cells became confluent afténe 3 seeding, the cells were collected for
Western blotting assessmeifibe overall tendency is very similéo the 2 weeks co
incubation. The bare film adhered cefispressednore neuron cell markerandless
stem cell markers. There was also an incredsgnbryonic markers the cells which
adherednto the bare film AFP & ASM). The cells collected frorthe Geltrex coated
films maintained stem cell markers aedpresseda similar amount of proteins in
duplications. Control cells showed variations iWestern blotting pages especially
SOX2 and NeuN expressions(Figure 6-5). Future experiments and

immunocytochemistrwill have to be doni order to confirm theurrent results.
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Geltrex coated Bare

IPAm-co-Nth __ NIPAm-co-NtBAm

Geltrex

First

adhesion

Second

adhesion

Third

adhesion

Figure 6-4 iPS repetitive attachment and detachment from solvent cast NEeAm
NtBAm films. The repetitive attachment and detachment of iPS cells on both the
Geltrex control and the Geltrex ,(P6Beetled f
colonies were found in each passage. While the iPS cells were unable to maintain as
stem cell colonies after the first seeding time, more and more nkkeacells and cell

clamps were found on thé%and & seeding time
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Geltrex Bare film

Figure6-5 Western blotting resultor therepetitive seedingf iPS cells onto NIPAm
co-NtBAm films. The bare film adhered cells synthesis more neuron cell markers and
lack of stem cell markers. There was also an increasmbryonic markers in the cells
which adhered to the bare fillPAFP & ASM) compared to Geltrex control and Geltrex
coated film The cells collected from the Geltrex coated films maintained stem cell

markers and expressed a similar amount of proteins ilicdtipns.
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6.4 Conclusion

According to thepreliminaryresults, it can be concludehat baresolvent cast films
prepared from NIPArto-NtBAm do not support iPS cell preservation. The adhered
cells on the bare film differentiated to either neuron cells esaderm cellsThe
utilization of thermoresponsive NIPAgD-NtBAm films may offer a quicker way for
iPS cell differentiation to neuron cells.Geltrex coating on the films may prohibit iPS
cell differentiation,andthe coated thermoresponsive films wetdeato offer a platform
for iPS @ll preservation and expansioBuch coated filmgan also be used as an
alternativeto the traditional detachment methad mechanical scratchingwhich
dramatically reduce the total viability of any cell typwever, tirtherwork is needed
for iPSthermoresponsive film evaluatias the incubatiotime weakens the effect of
Geltrex. iPS cells showed sgof differentiation on Geltrex coated copolymer films

similar tothoseon the bare films, onlyin lower amourd.

iPS ells can be detached simply ducingthe environmental temperature on Geltrex
coated films. Even after repetitive attachment and detachment finencoated
thermoresponsive films, the iPS cells stiditain theirstem cell morphology and
markers. Bare ©polymer films favoured iPS cell differentiation; western blotting
results suggested that iPS cells were prone to become cells of neuronal or embryonic
lineage on the bare film3he western blottingielded conflictingresults such as the

case ofSOX2from cells gathered from the controls, ASM framated films as well as

the NeuN results. Therefore, further experiments are needed to stabilize the
preservation of iPS cells on thermoresponsive systerog assessments are required

to check if the diffeentiated neuron cells functiosgmilar tonormal neuron cellsand

additional film modifications have to be used fegulating iPS cell differentiation
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Chapter 7. General conclusion

Investigations into preparing thermoresponsive cell culture delivery systemdbben
ongoing over the last couple of decadéslot of different approaches have been
developed for thermoresponsive cell carrier systems; each approach has its own relative
advantages and disadvantades: instance, thelectronbeam polymerization poess

is one of the most successful approaches, but it is not suitable for large scale production
and it is quite an expensive, inaccessible for most laboratories. The major obstacle to
the simple development of thermoresponsive cell delivery systemst isellfaadhere

poorly onto bulk films. Thereforehis research tries to simplify the fabrication of
NIPAmM based thin and ultthin thermoresponsive films for cell preservation and
expansion. The maipurpose othe develomg these films was to offer aalternative

to thetechnologically complex and expensive grafting techniques and to avoid the use
of animal based products to encourage cell adhesion which are expensive, time
consuming and a source of possible contaminatlomestigation into using the
operationally facilespin coating and solvent casichnique for depositing functional

cell culture carries proved to be successful, \aithariety of cells growrand detached

from thermoresponsive films. Optimisation of the thermoresponsive films for cell
adhesion, proliferation and differentiation allowed for the refinementcratial

parameters to thermoresponsive modifications.
1 Human mesenchymal stem cells

hMSCs were tested on thermoresponsive films as they hold great potential in
regenerative medicinand cell therapiesThermoresponsiveilins deposited from

the pNIPAm homopolymer via solvent casting further simplified the hMSCs
immunophenotype preservation hMSC immunophenotypicessential surface
markersanalysis indicated that thermoresponsive sedado not induce hMSC

differentiation
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Successful hMSC detachment was achieved by simply reducing the environmental
temperature. The cells were able to maintain their differentiation potential after three
cycles of seeding angon-enzymaticdetaching on lm thick solvent cast pNIPAmM

films.

Extensive comparative characterisation of the macropliegeells RAW264.7was
carried out as macrophage cells act as both inflammatory mediators and wound heal
regulators in the foreign body reaction. Resudtgealedthat there were differences in
RAW264.7 behaviours on thermoresponsive films with variable compositions and

fabrication methods.
1 Macrophagdike cells RAW264.7

Flow cytometry and ELISA studies revealed thaRAW264.7 adhered and
proliferated better on NK¥m-co-NtBAm films than that on the pNIPAmM films
There was not much differenae RAW264.7 behaviour on all tysef copolymer

films.

RAW2647 cell response to the films fabricated by pNIPAm and NIPAco-
NtBAm showed a distinctive pattern, especially gpmgn coated pNIPAm films,

exhibited immunological activation effects.

Thermoresponsive films developed in this reseaafbe used as an alternative for
routine laboratory RAWZ264.7 cultivation The adhered RAW264. on
thermoresponsive films could be ddtad within 30 min by reducing ambient

temperature.

Additionally, the thermoresponsive films were used for E@M assembled cell

sheets production.
1 Cell sheets engineering

Primary human skin fibroblastells were successfully grown and detached from

100rm spin coated NIPArto-NtBAm films.
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Poly-I-lysine had to be used to coat the 1um solvent cast pNIPAm filmsufoan

corneal keratocyteadhesion, proliferation and detachment.

With the help of MMC, the ECM deposition of collagen, fibroneatiloth huma
skin fibroblast and human corneal keratocgteeetswas significantly increased
within a very short timescaleon the thermoresponsive filmghe intact cell sheets
detachment rate under MMC conditions was slower than theirMid@
counterparts(40 min o 25 min for human skin fibroblasts)his is due to the

abundance in deposited ECM.

Postdetaciment assessment confirmed the successful construction of -E€MV
assembled cell sheets, which may be useful for wound healing tissue engineering

purpose.

The dilization of thermoresponsive films may offer an advantage over the traditional
scratch cultivation of iPS cell§his non-destructive celdetachment yields cells which

couldbe used for therapeutic applications.
1 Induced pluripotent stem cells

There vere significant celtmaterial interaction®bservedNIPAmM-co-NIPAmM was
able to initiatePS cellsneurondifferentiaton. Cell adhesion promoter may prohibit
this interaction, but the effects were not stable.

Successful temperature induc®s cellsdetaciment was achieved with iBOmin.
The cells were able to maintain their differentiation potential after ttyeles of

seeding and thermoresponsive detachment.

The preliminary redts are conflicting andequire further assessmefRuture work
will involve stabilization of iPS cells on thermoresponsive systems; regulation of
iPS cell differentiation on thermoresponsive films as well as the functional definition

of differentiated cells.
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Finally, it is possible to manipulate thermoresponsive films not ageaithered cell
characteristicsThe simplified solvent cast thermoresponsive filoffer an alternative
to technologically complex and expensive grafting techniques and avoid the damage of
traditional cell detachment. HE thermoresponsive films developed this body of
researchnot only offers an advantage of intact cell culturbut also acceptable by

everyonen the routine laboratory work

To completely avoid the use of animal based products to encourage cell adhesion which
are expensive, time consurgirand a source of possible contaminatibnyould be

ideal to merge thermoresponsive technigaedserumfree medium as cell substrates

and test the ability otells to proliferate in these culture conditionse xeneree

culture conditions

The thermoesponsive films used in the research were well optimised for the hMSC,
iPS cells, RAW264.7 and primary human cells. It is still unknown if new cells/cell lines
will adhere onto the thermoresponsive films or not. Therefore, further investigations

using wder variety of cells/cell lines are required.
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Abstract The facile regencration of undifferentiated human
mesenchymal stem cells (hMSCs) from thermoresponsive
surfaces facilitates the collection of stem cells avoiding the
use of animal derived cell detachment agents commonly
used in cell culture, This communication proposes a proce-
dure to fabricate coatings from commercially available
pNIPAm which is both affordable and a significant simpli-
fication on altemative approaches used clsewhere, Solvent
casting was used to produce films in the micrometer range
and successful cell adhesion and proliferation was highly
dependent on the thickness of the coating produced with
1 pmthick coatings supporting cells to confluence. 3T3 cell
sheets and hMSCs were successfully detached from the cast
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coatings upon mperature reduction. Furthermore, results
indicate that the hMSCs remained undifferentiated as the
surface receptor profile of hMSCs was not altered when
cells were detached in this manner.

Keywords Thermoresponsive polymers - Human
mesenchymal stem cells - Cell expansion and regeneration -
Flow cytometry - Stem cell differentiation

Introduction

Ascvidenced by the literature, the gencration of cells for the
repair of damaged tissucs using stem cell therapy holds
much promise duc to the pluripotent nature of stem celks,
The culture and expansion of human mesenchymal stem
cells (hMSCs) which can be used for such therapics is
clearly an essential step in realising this potential. For clin-
ical and therapeutic purposes it & desirable to eliminate the
usc of any animal derived products such as trypsin, which is
routinely used in cell culture, and the use of thermorespon-
sive platforms capable of hosting and releasing stem cells
offers an alternative route for stem cell regeneration. This is
becoming increasingly desimable as the regulatory biomedi-
cal landscape suggests a shift away from the use of animal
derived products and the evolution of new techniques that
avoids their employment.

A number of factors are capable of influencing or inducing
stem cell differentiation including; cclbmatenal interactions,
material-surface propertics such as chemical composition and
encrgy and cell growth factors 1, 2]. Whik the ability to
differentiate MSCs holds the key to the promise of stem cell
therapy, it is also important © be ableto culture them for large
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scale applications m an undifferentiated state in a reproducible
and rchable fashion so that they can be differentiated when
desired. There has been extensive rescarch on the use of
biomaterials with a view to preserving and differentiating
notonly hMSCs, but akko embryonic stem cells and hemato-
poictic siem cells (3] The mostly extensively investigated
biomaterials used for this purpose are collagen, fibrinogen,
hyaluronic acid, glycosaminoglycans ( GAGs), hy drox yapatite
(HA) in teorms of natural materials and polyglycolic acid
(PGA), polylactic acid (PLA), poly (cthylene glycol) (PEG)
and the copolymer polylactideco-glycolide (PLGA) in terms
of synthetic materials. These can take the form of 2-D and 3-D
scaffolds, microparticks, hydrogek and coatings ctc. [3-5].
Modifications to the cell substrate used to guide hMSC dif-
ferentiation in vitro indicate that -NH: and -SH modificd
surfaces promote ostcogenesis and -OH and <COOH modified
surfaces promote and maintain chondrogenesis [2].
Thermoresponsive polymers were also used for h(MSC prolif-
cration and multidifferentiation potentials, for example
pNIPAm-grafted polydimethylsiloxane (PDMS) and
NIPAm-based polyelectolyte multilayer films, hMSC cells
reserved their potential for differentiation and showed better
viability on NIPAm based polymer films than that on the
plates surface coated with gelatine [6, 7). When cells are
detached from themoresponsive polymer coatings the excret-
ed extracellular matrix proteins are preserved which has been
shown to facilitate the mamtenance of important cell mem-
branc proteins around rat bone marrow MSCs and human
adipose tissue MSCs [8]. However, the film fabrication pro-
codures are complicated and how the cclls behave post de-
tachment hasn’t been reported,

With this in mind, the aim of the present study was to
develop a simple method to produce pNIPAm coatings with
a view to cell regencration, particularly non-differentiated
stem cell regeneration. Recently we published on the fabrica-
tion of ultra-thin poly-N-isopropylacrylamide (pNIPAm)
based films for cell and cell sheet regeneration via the spin
coating method [9-11]. In onc of these studics commercially
sourced polymer was used to produce pNIPAm solutions from
which the films were prepared. A number of different cell
lines including 3T3 fibroblasts and hMSCs weare successfully
grown under standard physiological conditions and were sub-
sequently gently detached upon temperature reduction. [ 10]

Studics have shown that cells attach and therefore prolif-
crate poorly on thick or bulk pNIPAm coatings and many
studics report a coating thickness limitation above which
there s a dramatic reduction in the number of cells attaching
to the polymer surface [12-16). In studics where pNIPAm
was covalently grfted for this purpase, this thickness lim-
itation is in the order of tens of nanometers with the excep-
tion of coatings formed via plasma polymerization [12,
17-19]. Our previous studies using spin coated commercial-
ly sourced polymer found that there was no relationship

&) Springer

between the thickness of the film produced and successful
cell attachment and proliferation within the thickness-scale
employed (>30 nm to<2,000 nm) [ 10].

The grafting techniques used to produce thermorespon-
sive coatings arc technologically expansive and cconomi-
cally expensive and many studics seck to nvestigat less
complex and cheaper alternatives. Alternatively there are
proprictary thermoresponsive plates available on the retail
market but these are expensive and therefore impractical for
routine cell culture use.

Our previous investigations mclude using ccll adhesion
promoting agents as an over layer on top of thick solvent
cast pNIPAm films o improve cell adhesion as well as the
aforementioned spin coating approach [10, 20]. This study
secks to offer a significant simplification on methods
employed elsewhere by investigating the paossible thickness
limitation of films produced using the simple solvent casting
method. Solvent casting s a very simple, routine and mex-
pensive echnique used to produce polymer films mainly in
the micrometer range where a solution of the polymer is
prepared in a suitable solvent and is spread around the
substrate surface evenly, after which it is dned to remove
the solvent Morcover, solvent casting is a common method
usad in cell culture protocols for example when depositing
cell adhesion promoting layers such as fibronectin or poly-
L-lysinc and therefore is a method familiar to most cell
culture operators making it a widely accessible approach
for film production compared to methods used clsewhere
[21, 22]. Previous studics have shown that films produced in
this manner are poor ccll hosts compared to conventional
tissue culture plastic (TCP) substrates but this study indi-
cates that fhe thickness of the solvent cast films is critical to
the cell response with cells attaching and proliferating on
thin (1 pm) films similar to TCP and the numbers of cells
attaching to films decreasing with increasing film thickness
[23, 24]. A schematic illustrating the experimental design is
given in Fig. 1. To further simplify the method; commer-
cially sourced pNIPAm was used thus avoiding the expense,
equipment and expertise needod for polymenzation or graft-
ing procedures which makes the method accessible to all
laboratorics where non-invasive cell or cell sheet detach-
ment is desimble. While using non-grafting techniques to
produce films may lack the clegancy of the grafting techni-
ques due to polymer dissolution upon temperature reduction,
studies show that pNIPAm is not cytotoxic to cells [24, 25].
We believe therefore, that this method provides a viable and
affordable altemative for ocll and cell sheet regeneration.

The mitial model cell line used was 3T3 fibroblasts for
preliminary proof of concept, followed by hMSCs which
were characterized post detachment according to the guide-
lines and standards cstablished by the Mesenchymal and
Tissue Stem Cell Commitice of the International Socicty
for Cellular Therapy (ISCT).
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Fig. 1 Schematic illustrating
the simple strategy employed
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Experimental Section
Materials

pNIPAm (Mn 20,000-25,000), anhydrous Ethanol (EtOH)
(200 proof, 99.5 %), Dulbeoco’s modified Eagles medi-
um (DMEM), Hanks" balanced salt solution (HBSS), p-
streptomycin, fetal bovine scum (FBS), phosphate buffered
saline solution (PBS), Trypan blue stam, trypsin, trypsin-
EDTA, Fluorescence-activated cell sorting (FACS) buffer,
phosphate buffer saline (PBS) with 2 %FCS and 0.01 %
sodium azide were purchased from Sigma Aldrich, phycoer-
ythrin (PE) labeled CD19, CD34, CD45 from Biosciences and
used as received. For siem cell culture non heat inactivated
fetal bovine serum from Hyclone was used to supplement the
growth media. 3T3 mouse embryo fibroblast-like cells were
kindly provided by University College Cork, hMSCs were
kindly provided by the Regencrative Medicine Institute
(REMEDI) group in the National Centre for Biomedical
Engincering Science (NCBES), NUI Galway. Quant-iT
PicoGreen dsDNA assay from Invitrogen, alamarBluc assay
from Biosource, Thermanox plastic 25 mm discs from
NUNC, all other plastic consumables from Sarstedt Fused
silica glass disk, 20 mm in diameter from UQG optics.

Film Preparation and Film Characterization

Films were prepared using the solvent casting method from
a 4 % (w/v) of pNIPAm in EtOH on 35 mm Petn dishes,
after which they were dried slowly ovemight in an EtOH
soaked atmosphere desiccator before drying completely in a
vacuum oven sct to 40 °C and 600 mBar overnight to ensure
any residual solvent is climinated. Films were stenlized
under mild UV light for 2 h prior to cell culture experiments.
For Fourier transform infrared spectroscopy (FTIR) analysis
films were deposited onto aluminum stubs. Samples were
stored at room temperature and routinely used within a
month of prepamation.

Film thickness measurements were performed using the
simpk scratch test method. Dried polymer films prepared as

described above and a sharp blade was used to scratch the
surface of the polymer from the underlying substrate and
atomic force microscopy (AFM) analysis was used o asscss
to z height difference between the underlayer and the poly-
mer surface. AFM images were obtained in apping mode in
air using & Dimension 3,100 AFM (Digital Instruments,
Santa Barbara, CA, USA) and Veeco 1-10 Ohm-<cm phos-
phorus (n) doped Si tips and a matrix of 512x512 data
points along the x-y plane were analyzed in a single scan.
Four 100 pmx 100 pm scans were recorded ata scan rate of
1 Hz on cach ablated arca to ensure statistical accuracy. The
thickness of the films can also be predicted via a convenient
formula, Eq. 1
Cvp

H=— (1)

Where H is the thickness of the final film; C, Vand p arc
the concentration, volume and density of polymer solution,
respectively; S is the surface arca of the substmte upon
which the film was coated on. As can be seen in Table 1
the predicted thickness values and the measured thickness
values are in good agreement,

AFM was ako used 0 assess the roughness of the de-
posited pNIPAm coatings using 10 pm»10 pm scans. The
roughness of the films was reported as root-mean-square
(RMS) roughness values, where mns denotes the standard
deviation of the Z-valucs along the reference line.

FTIR and X-may photoclectron spectroscopy XPS spec-
tra were acquired using the Hitachi FTIR-8,300 in trans-
mission mode and the AXIS 165 X-my photoclectron
spectrometer respectively.

| T

Table 1 Precicied cast -
film hickness versus thickness Predicied Measured Film
messured by AFM snalysis Film Thickness Thickness (um)
()
1 1074007
2 2044003
4 424004
€ springer
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Advancing contact angle measurements were performed
using the advancing drop method on a home-built goniom-
cter as previously described [10].

Cell Culture, Imaging Techniques and Flow Cytometry
of detached hMSCs

3T3 cels were maintained in DMEM, supplemented with
10 % FBS and 1 % penicillin streptomycin antibiotics, The
human hMSCs used In these studies were isolated from
human bone mamrow. For experimentation, the hMSCs used
were passaged no more than S times, When cells reached
80-90 % confluence, cclls weare harvested and used for
reseeding or for experimentation where appropriate.

For experimentation, cells were seeded in triplicate at a
density of 40,000 and 20,000 cells/om’ for 2 and 5 days on
the pNIPAm films and on TCP controks in the cases of 3T3
and hMSC cells respectively. Incubation conditions were a
humidified atmosphere of 95 % airand 5 % CO, at 37 °C. In
all cases the samples were placed on a thermoplate sct to
37 °Cto maintain a working temperature above the polymer
lower cntical solution temperature (LCST). The metabolic
activity of the cells grown on the prepared samples and the
controls were asscssod using the alamarBlue assay. Total
dsDNA content was also quantified using the Quant-iT
PicoGreen dsDNA assay kit

Cell proliferation and cell detachment was microscopi-
cally observed using an Olympus BX51 with Image Pro-
Plus analysis system phase contrast microscope. To initiate
cell detachment, the wamm cell media was removed after
which cold HBSS was added and the samples were then
placed on a digitally controlled thermal/cooling plate set to
4 °C. Micrographs of the plates were captured frequently on
the phase contrast microscope © monitor cell detachment.

For flow cytometry analysis, cells were detached from the
thermoresponsive films as described followed by gentle and
repetitive pipetting to yicld single cells. Cells were detached
from TCP confrols via conventional trypsimzation. The cells
were stained with CD90 (also known as Thy-1), CD73
(known as ecto 5’ nuckeotidase), CD 105 (known as endoglin),
CD19 (a marker of B cells that may also adhere to hMSCs in
culture and remain vital through stromal interactions), CD34
(a primitive hematopoictic progenitor marker) and CD45 (a
pan-leukocyte marker) antibodics, all PE-labeled, as per the
manufacturer’s instructions and were analyzed by flow cytom-
etry using BD FACS Canto from Bioscience and the results
were analyzed by Flowjo™ software [26). Additionally, half
of the cells that were detached from the thermoresponsive
surfaces were reseedod on TCP and incubated for a further
3 days after which the same marker expressions were checked
to define the post-detachment affects. All FAC experiments
were performed in triplicate and for positive controls hMSC
cells were mixed with 10 % CD45-positive hacmatopoictic

&) Springer

cells (HC) before sceding on TCP to induce MSC differenti-
ation and were incubated for S days,

Resulks and Discussion

The relative roughness of the films was assessed via AFM
analysis; the results of which can be seen in Table 2 and all
of the films were assessed to be relatively smooth,

The relative hydrophilicity/hydrophobicity of the poly-
mer films was measured by advancing contact angle above
the polymer’s transition temperature. Distinct stick/slip be-
havior was clearly evident as the water dropket mteracts with
the film surface. This type of behavior s described in detail
by Gilcreest et al.. The stick angle is generally reported as
close to the real contact angle of the films in cases where
stick/slip behavior is observed, which in this case was an
average of 68=2° for I um films, 721° for 2 pm and 57
1° for 4 pm films from 500 s to 1,800 s (allowing for the
initial calibration of the advancing drop)(27]. While the
stick angles of the 1 pm and 2 pm are relatively close in
value the 4 pm films are significantly more hydrophilic.
FTIR and XPS analysis confimned film deposition. FTIR
spectra displayed peaks at 1,500 em™, 3,300 em™,
3,000 em™', 1,450 em™', 1,300 em™, 1,730 cm™’
corresponding to a N-H bending peak, a N-H streching
vibration, a C-H stretching vibmation, a C-H asymmetric
stretching vibration, a C-H symmetric streiching peak and
a C = O stretching peak respectively which correspond to
the fingerprint peaks of pNIPAm, The stoichiometry of the
NIPAm monomer i 75.0 % C, 12.5 %N and 12.5 % O and
the clemental compaosition of the solvent cast pNIPAm coat-
ings measured by XPS was 77.4 %, 11.8 % and 10.7 % for
C, N and O respectively which is quite close to the monomer
stoichiometry thus confirming pNIPAm film deposition,

3T3 cells and hMSCs ware scoded on the cast pNIPAm
films and observed microscopically for cell proliferation
after 48 and 120 h incubation respectively. 3T3 cells prohif-
erated and grew on 1 pm films similar to conventional TCP
controls but the numbers of cells adhering and proliferating
reduced as the thickness of the cast films increased with a
modest reduction in cell numbers observed on 2 pm films
and a marked reduction in cell numbers on thicker 4 pm
films. This was confirmed quantitatively via the PicoGreen

Table 2 Solvent cast film RMS

roughness as measwred by AFM  Film RMS Roughness
analysis. The mughness of the Thickness  (nm)

films was reported a3 motanean.  (Wm)

square (RMS) roughness values,

where RMS denotes the standard 1 16014090
deviation ofﬂfl Zvahes along 2 24014488

the refemmce line 4 28854155
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Fig.2 a PicoGreen total dsDNA assay results compering 3T3 dsDNA
quantity on TCP controls and solvent cast films of differing thick-
nesses. b alamerBlue assay test results paring 3T3 cell halic
activity an TCP controls and sol vent cast films of di flering thicknesses.
¢ Picolireen total dsDNA asssy results compering hMSC dsDNA
quantities on TCP cotrols and solvent cast films of differing thick-
nesses. d AlmarBlue assay test results comparing hIMSC metshaolic

dsDNA quantification assay with only 25 % of dsDNA
compared to TCP controls, Fig. 2(a). Mectabolic activity
alamarB luc assay results displayed a similar trend with the
activity of cells on the 4 pm films only 15 % compared to
controls, Fig. 2(b), which suggests that not only did fewer
cells adhere on the thicker substrates, but additionally their
metabolic activity was reduced in comparison. hMSC cells
were similarly cultured and cell growth was assessed quan-
titatively and a similar trend was observed for the thickest
4 pm films, but there was a more significant reduction in
cell numbers on 2 pm thick films (in comparison to the
1 pm thick films) than in the case of 3T3 fibroblasts, Fig, 3
(c). The alamarBlue assay results reflocted this tendency
also which suggests that the ideal thickness for ccll growth
may be cell line dependant, Fig. 2(d). Additionally these
results ndicate that while 1 pm thick films were capable of
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activity on TCP controls and sol vent cast films of differng thicmesses.
Aszys were performed on the samples afier 48 h incubation with an
initial seeding cell density of 40,000 and 20,000 cells’'an” n the cases
of 3T3 cells and hMSCs, repectively. Ermr bary mfer to standard
deviation where 3 separate samples of each type of substrate were wied
and asays were performed in triplicate

haosting hMSCs to confluence the proliferation is slower
than on the TCP controls i.c. 74 % dsDNA compared with
TCP controls. The reason why the films become mercasing-
ly cell repulsive with mereasing film thickness is unclear
though it is probably associated with the increased mobility
of the polymer chains with mereasing film thickness leading
to increased hydration which is non-conducive © protein
adsorption which mediates ccll attachment, this increased
hydrophilicity for the fhicker 4 pm thick films was analyt-
ically reflected in the advancing contact angle
measurements.

3T3 cells were detached under cold treatment and cell to
cell contact was maintained and full cell sheets were recov-
ered within 15 min, Figs. 3 and 4. hMSCs were similarly
detached from the cast pNIPAm surfaces in less than 30 min,
Figs. 5 and 6.

4 Springer
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Fig.3 3T3 cell sheet detaching
from a1 jam cast pNIPAm film.
Cell 1o cell junctions are
mamtzined a3 the cell sheet lifts
oft Cells began detasching afier
1 min with complete
detachment achieved sfter

15 min. This montage follows
the progression of cell
detachment upon exy ©
cokl trestment; (8) 0 mim; (b)
2 mins, (c) 4 mins; (d) 5 mins;
(¢) 6 mins; (1) 8 min; ()

10 ming; (h) 12 mins. Scan bar
size 500 jan

As defined by the ISCT; MSC cells must be plastic-
adherent in standard cell culture conditions using tissue
culture flasks. Sccondly, 295 % of the MSC cell surface
must express CD10S, CD73 and CD90, as mecasured by
flow cytometry, Additionally, these cells must lack the ex-
pression (=2 % positive) of CD45, CD34, CD14 or CD11b,

Fig. 4 Complets 3T3 cell sheet detached from 2 1 pm thick cast
PNIPAm filn. Scan bar size 200 pm

4 Springer

CD79xor CD19 and HLA class IL Third, the cells must be
able 1o differentiate into osteoblasts, adipocytes and chon-
droblasts under standard in vitro differentiating conditions
[26]). With this m mind, we tested the cells for *positive
markers® CD73, CD90 and CDI105 and for ‘negative
markers’ we tested for CD19, CD34, and CD45 using
FACS, as the presence or lack of expression respectively
would indicate that the polymer films did not induce hMSC
differentiation. Furthermore, half of the detached cells were
resceded and mcubated on TCP for 3 days after which the
marker cxpression was checked again to define the post-
detachment affects. Prior to testing for the membrane
markers, cells were detached from controls via conventional
trypsinization, by tempermture control from thennorespon-
sive films and again by trypsinization after resceding and
incubation for 3 days. In terms of the *positive’ markers the
expression of all 3 was 295 % which mndicates that no
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Fig. § hMSC cell sheet
detaching foom 21 jam cast
pNIPAm film. Cell o cell
Junctons are maintzined 2 the
cell sheat lifis oft Cells began
detaching afier S mn with
complete detschment achieved
afier 30 min. This montags
follows the progression of cell
detachment upon exp ©
cok tretment; (a) 5 min, (b)
6 mins, (¢) 7 mins, (d) 9 mins,
(&) 11 mins, (f) 13 mins, ()
15 ming, (h) 18 mins. Scan her
size SO0

hMSC differentiation had occumred in the cases of cells
grown and detached from pNIPAm or the controls and
morcover no post detachment affects occurred afier resced-
ing and incubation, Table 3. Furthermore, the results indi-
cated that in all cases the expression of all 3 *negative’ cell
membrane surface markers was <2 % paositive, Table 3. As
these markers arc rarcly expressed on MSC cells these
results indicate that no hMSC differentiation had occurred
in the cases of cells grown and detached from pNIPAm or

the controls, furthermore no post detachment affects oc-
curred after resceding and ncubation,

To assess if this method of expansion and propagation is
suitable for maintaining hMSCs in an undifferentiated statc
over serial passages, cclls were scoded and detached as
previously described from 1 pm thermoresponsive surfaces
and TCP controls, but this time the cells were rescoded and
detached through 3 passages. Afier the final passage the
validatory pluripotency markers, as described by the ISCT,

Q) springer
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