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Abstract

Surfaceinitiated atom transfer radical polymerization -¢SITRP) was used to grova
variety of polyeledrolyte polymer brushes fromhydroxlated surfaces functionalised with a
brominated initiator. The kinetics dbrush formation were investigatedand conditions
requiredto control the brush growtivere identified These films have been characterized by
contact angle measurememllipsometry, atomic force microscopy (AFM), surface zeta
potential measurementsand Xray photoelectron spectroscopy (XP®hotolithographic
techniqus wereused to pattern the surfaoa both micrometer and nanometength scale
using respectivelymask basedand interfeometric techniquesFriction force microscopy
(FFM) and AFM wereused to characte® the patterned surfacegofein attachment was

examined by confocal microscoppd AFM

Poly(2(tertbutylamino)ethyl methacrylate) (PTBAEMA) brushes showed stimulus
responsive behaviour, resulting from the formation of chamyeshe secondary amino
groups. These piesponsive weak polybase brushes can be crosslinked via their secondary
amine groups using a commercially available polymeric diisocyanate crosslinker. If this
reaction is conducted in a good solvent (THF), then relgtiwaliform crosslinking is
achieved throughout the brush layer. On the other hand, if crosslinking is conducted using a
bad solvent (rhexane), then it is confined to the upper surface of the brush layer. The spatial
location of the crosslinking profoundhaffects the pHesponsive behaviour of the

PTBAEMA brush layer when immersed in acidic solution.

A novel zwitterionic monomercysteine methacrylate (CysMA) was synthesised via thia
selective thiaMichael addition reactionand used to grow brusheBy ATRP. PCysMA
brushes showed stimuhuesponsive behaviour, resulting from the formation of charges at
either the carboxylic acid or the amino groapdelow pH 2 or above pH 9.5, respectively
No pH responsive behaviour was obserwhen both groupsre chargedt intermediate pH
PCysMA brushes expandéud the presence of added salt at @Hhowever,at either pH 9.8
or pH 1.5 the brushes collapse being obsenAd\V topographical imaging indicated
significant mass loss from thwush layer during UV irradiation, while XPS studies confirm
that aldehyde groups were generated which can be derivatized with aBottesiicre and
nancstructured PCysMA brushesgere used toammobilize green fluorescent protein (GFP)
via surface aldelde groups generated during their photodegradation.
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Four different polymeric systems, including pohkffRethacryloyloxy)ethylphosphorylcholine]
(PMPC), poly(3sulfopropylmethacrylate potassium salt) (PKSPMA), poly@hacrylato)ethyl
trimethylammonium chloride) (PMETAC), and PCysMA brushes were prepardok tosed as
supported lipids bilayerdo lipids were formed on PMPC brushes when using positive and negative
vesicles However, theaddition of short chain lipids (C6) in the positive charge lipids ciamm
islands of lipid bilayers on PMPC brushes, witiffusion coefficient of 0.4 pm2's Moreover a
homogeneous bilayer was formed on PMPC surface with diffusion coefficient of ca. 0.1, pvhea

using spincoating approachThe PKSPMA brushes shoed significant vesicle absorbed on the
surface, and ddid bilayer underneath with diffusion coefficiera0.5 pnt/s. A fluid lipid layer was
formed on PMETACsurface, withvery slow diffusion coefficient ca. 0.02 um?'sThe vesicles
slowly fused and required several days to form a fluid bilayer on thesNP&ybrushes. A
homogeneous lipid layer was formed on the PCysMA surface, after 48 h incubation time when used
25% mol DOTAP vesicleg he diffusion coefficient of lipids on PCysMA was ca. 1.0%gh

Thin films of gold have been prepared on titanium em@mium as adhesive layers. ODT
SAMs were fully photeoxidized at ca. 30 J.cf as judged by contact angle measurements.
ODT monolayers on gold surface have been patterned by exposing the samples at ca. 35
J.cm? through a mask andt ca. 25 J.cthby aL| oy d 6 s 4péam inerferoreten
Gold microestructures were obtained after immersion of the samples into etching solution for
20 min, and gold nanstructures were obtained after 15 min etching time. XPS suggested
that not all gold had been removiedm the surface at these etching conditions. Silane films
derivatised with a ATRP initiator (BIBB\PTES) have been formed on both titania and
chromia surfaces, after the gold film had been etched, as confirmed ctcantgle
measurements and XP3CysMA brushes have been grown from BIB®PTES
functionalised Ti and Cr surfaces. The AFM height images showed the growth of PCysMA
brushes from the oxide regions to yield patterned binary gold/PCysMA brush structures at
both mice and nanometre length scales.



Chapter 1: Introduction
1.1SelfAssembled Monolayers (SAMs)

The termselfassembled monolayers (SAMs) refersato organized assembly of organic
molecules formed spontaneously thre surface ofa substrate, in the solution or the gas
phase"* SAMs molecules have a head group with a specific and high affinity for the
substrate, terminal functional groupgented toward outside the surface and backbone chain
that attach the head and the terminal functional gr@bjggire 1.1) There are several types

of head groups the can bind to specific substraseich as metals, metal oxides, and
semiconductors? Alkanethiols are extensively used to form SAMs on gold, silver,
palladium and platinurfi> Alkylsiloxanes have been widely used to form SAMs on dewi

range of substrates, including silicon oxide, glass, aluminum oxides and titanium‘xides.

L -

Figure 1.1. Schematic illustrating the main components of SAMs film

Thefield of SAMs has been developsithce Nuzzo and Allara stated1983, the preparation
SAMs of alkanethiolates on gold from dilute solusoof di-n-alkyl disulfides® The
properties of SAM$ave made thpowerful tool in the surface studiéFhey are frequently
used as modelsurfaces in a range of applicationisicluding electrode modificatioh,
adhesiorf;® corrosion protection of metal8,wetting!* and preparation of biocompatible
materials’*® They may be patternesh both mérometer and nanometer scales, making
them suitable for further modifications.SAMs offer awide variety of possibilities for
functionalization of asurface which has revolutionizatle study ofmolecular interfaces

particularly in electronicand biological application¥.



1.1.1SAMs of organosulfur derivatives

Silicon wafers, glassnal mica are the most common plasabstrates used to support thin
films of metals for alkanethiol SAMs, including got&f silver>*” copper:>*® palladium®®
platinum?® and nickeP! These surfacecan be prepared via several methsuaish physical
vapor deposition (PVD) and electrodeposittéh A few nanometers cdn adhesion layer of
titanium, chromium, or nickak followed by deposition a layer dhe metal of interestThe
adhesion layeis impotant for metals that do not form oxides readily, such as ‘ghldtd

films are polycrystalline with grains of metal in size of 10 to 1000 nm, depending on the

conditions®?

Theformation ofmonolayers by adsorption afkanethiols and dialkyl disulfides gold has
been widely studied?>*®**sinceit was first reported byNuzzo and Allard. The driving
force for monolayer formation i@ combination othe strong interaction between gold and
sulfur atomsand the lateral dispaos forces between adjacent alkyl chainkhe reaction is

an oxidative addition of the alkanethiol to the gold surface, followed by the reductive
elimination of hydrogen, in the absence of oxygen, as shown

Y Y 'O+006{°°Y Y00 .ooé+§(}

In the case ofialkyl disulfidesfollow: *

Y Y Y Y+ 0020 2Y "Y66*.006f

where R represents the hydrocarbon chaie thiol hydrogen might alseact to formwater

in the presence of oxygen in the reaction medium.

SAMs of organosulfur derivatives (thiols, disulfides, sulfides) can be prepared by either in
the solution orthe vapor phasé.However, assembly from solution is convenient and
widely used for SAMs formation. There are a number of fadta@scan affect the structure
and formation rate of the resulting SAMs, including: solvents; the concentration of oxygen in
the solution and the cleanliness of the substrate; the concentration of the apgbebate
temperatureand theimmersion timée- The presence of solvent can affect the formation of
SAMs because of thpossibility of interactionbetween solvent anddsorbate molecules
and/orbetweenrsolventandsubstrate molecules. The solwsubstrate interaction may hinder
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the adsorption of the adsorbate from the solution, so therlaate molecules must displace
the solvent molecules from the surfadé@ SAMs of alkanethiols havieeen prepared using a
variety of solvents, including tetrahydrofuradimethylformamide, acetonitrile, cyclooctane,
toluene and ethanét? However, ethanol is the mosidely used for preparing SAMslue

to thesolvation a variety of alkanethiolgs low cost its available in high purity ands low
toxicity.?* In previous studies, the rat®f formation SAMs of alkanethiols in negwolar
solvents such dodecane and hexadecane veenparable to thosef SAMs formed from
ethanoF® However, stface characterization suggestsat SAMs formed from ethanol

solutionaremore organized than formed in npolar solvent$.?

The presence of oxygen in the solution can oxidize the thiol molecules to sulfonates and other
oxygenated species. Reducing the concentration of oxygen is highly recommended for
preparing SAMsof thiols on palladium, silver, copper, anplatinum surfacesdue to the
oxidation of the sulfur moieties in SAMs with-7L days at the ambient atmosphef.
Deoxygenation the solvent with an inert gas befoeparing the solution and maintaining

the solution under inert gas during the SAMs formation, can improve the rate of the
formation and the structure of the SARMS.The contaminants and impurities can also affect
the quality of the SAMs. The adsorbate must displace the contaminants and impurities from
the surface before the adsorption on the surface, which affect the formation of the SAMs. The
surfaceshould be cleaned with strongly oxidizing chemid@8% concentrated sulfuric acid

and 30% of hydrogen peroxide (30%)})oxygen plasmas prior to immersion in a solution of

thiols’

SAMs of thiols are typically made by immersioha clean substrate into a dilute ethanolic
solution of the adsorbate of choicél-10 mM) for ca.18 h at 2°C.*** The thiol
concentrations and immson time arenversely related: 'ow concentration of thiol requires
long immersion time to form elosed packed, order&AM.>*?® SAM formation is quite fast
(ca. 1 min) even at diluted solution (>5uM) and produces-arelered and densely packed
SAMs, but it requires times in order to maximize #Husorbatedensity and minimize the
defects of the SAM® The physical properties of the film at concentration below 1ar#
not the same as thof® films formed from more concentrated solutiGh#lthough elevated
temperatire can improve the rate of SAMrmation and decrease the defects in the film, it
can also increase the desorption rate of theaooim@ation and solvent molecules on the
surface’”?° Uosaki and cavorkerssuggestedhatthe formation of SAMs can be affected by

the temperature in particulduring the first few minutes of tf#AMs.?’
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1.1.2SAMs of organosilicon derivatives

SAMs of alkylsiloxanes andikylchlorosilanesrequires a hydroxlated surfader their
formation. % Most of the widely alkylsiloxanes consist of one Si atom connected to three
hydrolysable substituents that can react with surface hydroxyl groupsaramarganic
functional groups? The slane-surfacereaction consists of four steps. Initially, hydrolysis of
the threehydrolysablegroups occurs to form silanol. In this stegter may come from the
atmosphere, or may be present on the surface or added to the solution. Condensation of
silanols is followed to form oligomers. Then, the oligomers bind to OH groups of the
substrate via hydrogen bonds. Finally, a covalent linkagsilokane (SiO-Si) bonds is
formed between the oligomeend the substrate after elimination of water, during drying
typically between 50 and 120C (Figure 1.2).3>®® The reaction timeto form silane
monolayers spontaneousharies in the rargfrom one hour to a few days, depending on the
reactivity of the head group®*® The organic functional group (R) remains available for

chemical reaction (covalent bonat) physical interaction with other molecufs.

R R =]

) Trace of water _ -H,0 | | I
(EtO) Sif R ————» (HO) Si-R ——————» HO—Si—0—Si—0—Si—0H

3 Hydrolysis \ 3 Condensation [ | |

HO OH HO

PFor
|
HO—Si—O—$i—0—Si—OH
R R n AT
OH CI>H OH HO—$i—0—Si—0—Si—0H OH  HO  HO
| | |
| | HO  OH  OH | | |

Hydroxlated Surface

- Hydroxlated Surface

Hydrogen bond formation

-H,0 | Heat

Hydroxlated Surface

Figure 1.2 Schematic representation of the mechanism of the silanation reaction.



SAMs of silanes have been used to modify a substrate either via vapor phase or solution
phase deposition techniqueén ultra-high vacuum chamber has beesed for deposition
SAMs in vapor phas&>* This technique providean ultra clean environment whicts
refleced in the qualityof the SAMs?® In solution phase deposition, a clean substrate is
exposed to a solution containing surface active molecules to form SAMs, followed by
rinsing. This technique is more popular, conmpgrto vapor phaséecause it ieasy for

preparation and the low cost of the solvérfs.

There are a number of factors that influence the formation of dilameon a hydroxylated
surface, including the concentration of hydroxyl groapthe surface, the amount of water

and the temperatufé® Several methods have been used to pregasn surfaces prior to
SAMs andto maximize the number of hydroxyl groups on the surfade. silicon for
example, silanol groups are essential for the formation of siloxane bondis $mown that
submerging silicon wafers in piranha solution and subsequent rinsing in water can maximize

the silanol groups on silicon wafets’®

The quality of silane SAMs is determined by the amount of water in solution. In the absence
of wate, incomplete silane monolayemsay be formed, while excess water mapduce
polysiloxanein solution and depositon the surfaceThe thickness of polysiloxane adsorbed

on the surface depends on the coneioin of the siloxane solution; if it is too large,
multilayer adsorptionresuts.>*> Many groups have studied the importance of water content
on the substrate surfat®® The formation of closely packed monolayers of
octadecyltrichlorosilane (OTS) was achieved fraflly hydrated oxidized silicon wafer, as
observed by Le Grange et*8lHowever, it is not necessary to havéully hydrated surface

for formation of homogenous OTS SAM$° McGovern et al. reported the adsorption of
OTS SMAs in the surfac®.The authors concluded that the optimum condition for formation
homogeneous monolayers was a moisture quantity of 0.15 mg/100 mL of solvent. Rozlosnik
et al. Reported that high density coverage of OTS was obtained in the addition of water to the
solvents?? They observed that the thickness of resulting silane SAMs incréaséte
addition ofwater in dodecane, forming multilayers. A homogenous OTS SAMs with high
surface coverage was achieved when used solvent of intermediate water s¢hdtigen
toluene and dodecand)eptaned’ Wang and Lieberman suggested that presence of water
during OTS SAM depostion could affect the film quafftyHowever, the growth of OTS

SAM under dry condition could form ultsmooth film with roughnessrs) of ca. 1 A.



Temperature and the length of alkyl chain were found to be important factotkefor
formationof silane mondayers. It was found that the threshold temperature for formafion
silane monolayerwas dependent on the chain lengfRondelez and cworkers studied the
influence of temperature on the quality fifns formed by the adsorption cfeveral n
alkyltrichlorosilanes (n = 10 -22) on silicon oxide wafef® They found that the highest
packing density was found, if the silaaiion was carried out at temperature below the
threshold temperature (Tc). The threshold temperature of these monolayers @a®r28°
shortchain silanes and there was an increashe threshold temperature after increasing the
length ofthe alkyl chain.The performanceof SAMs formation increased, as the temperature
decreasedlhe length otthe alkyl chainsinfluences the packing of the resulting monolayers
Ohtake et al. studied the effecttbe alkyl chain lengtlon the SAMsorder They suggested
thatordered layers resulted from the adsorption of moleculesmatte than 8 carbon atoms
in their alkyl chains, while disordered SAMs wre observedfollowing adsorption of

moleculeswith less than 8 carbon atomstireir alkyl chains®*

3-Aminopropylalkoxysilane SAMs h& been used fothe formation of amingerminated
surfaca via the formation of siloxane bon&+O-Si, andis ideal for further derivatization. It
has beemised for many applicans such as immobilization biologicahd other materiafs:
*® The structues of films formed by adsorption o8-aminopropylalkoxysilane orsilica
surface depend on the density of molecuies binding between molecules and tfaure of
the surface (Figurel.3).*”*° The aminosilane molecule can be linear when the molecule is
covalently attached to the $ace via a siloxane bond, drcan be tilted when the terminal
amine interactsvith the proton on the silanol (Figue3A and 1.383**® The aminosilane
molecules can be physisorbed to the surface via hydrogen bondingich case theynay
be removed by rinsing witvater (Figurel.3C and 1.3D).*® In addition, the aminosilane
molecules are capable foom densemultilayers by cros$inking through polymerization

verticaly andhorizontally(Figure1.3E and 1.3f.3**°
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Figure 1.3. Schematic representation of possible conformations of 3
aminopropyltriethoxysilane (APTES) on silicon surfa@®. Aminosilane attached covalently

to the surface, (Baminosilane attached to the surface and the terminal amine with the
silanol, (C and D)physisorption othe aminosilane molecules the surface, and (E and F)

the aminosilane moleculeegrtically and horizontally crodamked.

The reactivity of the amine groups in the surfaees studied byanget al. and Asenath et

al., who also examined how it might himproved®*“® It has been reported that curing
aminosilanefilm at a temperature slightly higher than 100 °C gagraase themount of
primary amine due to breaking the hydrogen bonds that formed between amine groups and
silica surfacé€®*® However, an excessively high curing temperature can reduce the amine

groups due tareactionwith carbon dioxide to form carbamate.

A survey of the literature reveals that a viamge number of different approaches have been
used to the preparation ofaBninopropyltriethoxysilane (APTES)ms. For examplePetri et

al. have reported the formation of homogeneous APTES film on flat surface by dipping
freshly cleaned Si wafers in@ solution of APTES in toluene((1%) w/w) at 60 °C, for 4

min.>! Zhang et al. reported that an APTES film was prepared by immersion of glass slides



into a APTES dilute solution in methanol at room temperature for>24hid et al. studied
the formation behavior in self assembled films and concluded that aminosilanes form
disordered multilayer films® It has been reported that -80% of amino groups on the
surface are hydrogdmonded or protonated in the case of -gphase deposition of

aminosilaneg*>®

1.2 Polymer brushes

The ermi p o | y me referbtopolgnterthainsthatare attached tthe surface of solid
substrate via one chain enand are stretchel away from the surfac®>® Such polymer
brushescan be attached ® polymericbackbone sthatevery part of the backbone das a
polymer side chain polymet® ®° For polymer chains attached to a surfatteere are two
regimesdependingon the graf density of tethered chain$ If the dstance between two
points of attachmenis greaterthan thesize of the tethered polymenhenthe chainsare
isolated from each othé? Two possiblestructurescan occur in this case, depending on the
strength of interaction of the polyn segments with the surfadeéirstly, if the interaction
betwea the polymeric segments and the surface is weak or repulsive, the chains are
randomy attached to the surfac®This conformation has been term#te fimushroon
conformation (Fyure 1.4A).°°>" However if the polymeric segments interact stronglith

the surfaceor if the solvent is a poor solvent for the chaitiey maylay on the surfaceot

5657 | the distances between the

yield a secalled fipancaké conformation Figure 1.4B).
anchor sites are short (high grafting densities), then the polymer ctraick away from the
surface’®®’ The stretched polymeric chains améentedperpendicular to the surface yield

the brustconformation Figure1.4C).>%>°
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1.2.1Types of Polymer Brushes

There are two main strategies to pregasg/mer brushes covalentlytached to a substrate

thegraftingto method and the grafting from methddheseare discussed in turn beldi°*®?

1.2.1.1Grafting To

This strategy is based on attachmeot preformed polymers to the substrate via
chemisorption®”®°® As shown in Figurd..5 , end group of preformed polymers can react

with suitable functional groups on the surface to form polymer baféhirhe preformed
polymer can besynthesizedby controlled/"living" polymerization techniqué&®* These
techniques enable conversion of the chain ends into many functional groups including

hydroxyl, carboxyl, thiol and amin®.The surface chemistry is important for attachment of
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the polymer layer. Gold, for example, can react with polymer chains containingtbigis
under appropriate conditions toriio a tethered polyméf. Also, SAMs and other coupling
agents can be used to modify these groups todut® a variety of functionalities to tethered

polymer chaing®*

m% n
ghnft ety

I [———1 l

Figure. 15. Schematic illustration of thgrafting toprocess.

However, his method suffies from some limitations. The amount of immobilized polymer is
limited in terms of botha relatively low grafting density andhe thickness otthe resulting
brushes”®® As more polymer chains are attached to the surface, the concentration of
polymers becomes higher on the surface than tteenaoncentration in the bulkThe
polymer moleculesnustdiffuse through tethered polymer chains to reach the reactive sites
on the surfac€®®®® As the surface grafting densitincreass, the rate of polymer chain

attachmentlecreases due steric hindrancé®>"®

Many groups have used this approach to preianefilm of polymers on surface$?® For
example, the immobilization of preformed poly(sodium 4styrenesulfonate), poly(-
vinylbenzl) trimethylammonium chloride) angboly(N,N-dimethylacrylamid® onto gold
films usingthe grafting to technique was reportdsy Sumerlin and cevorkers®’ Tran and
Auroy reported the formation of dense poly(styrene sulfortat®inated silanen silicon
wafer using this techniquf8.Poly(ethylene glycol) terminated silanes (PEG silanes) have

been grafted onto silicon surface, yielding ultrathin film with an extreme low rougffhess.
1.2.1.2Grafting From

In this approach, the polymer chains are grown from a syréscehown in Figur&.6. The

surfacefunctionalized with initiatorgs exposed to a solution containing monomer, catalyst
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and solvent etd?olymerchains grow only fro initiator sites without anyeactionoccurring

in the solution’® When the monomers approach to the surface, ¢ftbgrstart to reactwith

the initiator sites, orthey add toa growing polymer moleculd?olymer brushes witlvery

high grafting densitiesan beaccomplishedvithout steric hindrance, due tiee formation of

very short chains ithe initial stepandthe continuous additionfomonomer to the growing
chains®®®®%® This methodallows very dense, uniform and thick polymer brusha®
producedGraftingfrom is widely used to prepared polymer brushes in order to overcome the
limitations ofthegrafting totechnique?®°%%37

Themain part othe grafting fromapproach is to functionalize the surface with an initiator to
grow polymers.*8%31Thjs functionaliation can ackived using a film deposited onto the
surface via LangmuiBlodgetttechniques or, more commonlyy formationof an initiator-
containing SAM®® The choice of the initiator depends on the polymerizatitemistry>® In
principle, almost anypolymerizationtechniquecan beapplied to grow polymerfrom a
variety of surfaces in a wetlefined mannef*”® Controlled"living” polymerisation
strategies havieeen extensively investigateddontrol the film thickness and denséwpd the
properties of the surfagmnfined polymer chais. Moreover, this controlletliving”
polymerisation strategy allows the productionof block copolymer brushe¥’’* Many
cortrolled/"living"  polymerization techniques, including living anionic/cationic
polymerizations, living ring-opening polymerisation (ROP), nitroxide-mediated
polymerization (NMP) and reversible additimagmentation chain transfer (RAFT)
polymerization, hae been utilized for chain growth reactdi’® Surfaceinitiated
controlled radical polymerizatiof(SI-ATRP) is probablythe mostwidely usedtechniquefor
production ofpolymer brushesdue to the less stringenéquirements for thexperimental
conditions comparedto other technique¥ ATRP is discussed in more detail in the

following sections.

IS //x/x//wz
$e9R5eRaReRet

Figure. 1.6. Schematic illustration of thgrafting fromprocess
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1.2.2Atom transfer radical polymerization (ATRP)

In 1995,atom transfer radical polymerizatigATRP) was first reported by MatyaszewsRi
ATRP allows the regularcontrolledgrowth of polymer chaing® Interest inATRP hasbeen
increasing rapidly since tle technique was discovereecauseof its suitability for
polymerizationof a wide range of monometo yield well-defined polymer§?®® ATRP is a
valuable synthetic tool among tleentrolled/living radical polymerizatiorCRP) techniques
82 and is widelyused inpolymer synthesisfor preparing polystyrenepoly(acrylate) and
poly(methacrylate).?*®* Such polymers aravell-defined with predeterminedmolecular
weights®® very low polydispersities(polydispersity = Mw/Mn)and good tolerancef

functionalities®®

A vast array of polymers with controlled compositions, topologies and
functionalities can be synthesised usind\TRP.2? Furthermore, ATRP has allowed many

polymersto be produced in the form oégularnancstructurel morphologies?

The basic mechanism of ATRP involvadeavageof an alkyl halide bond ()&X) by a
transition metatomplex(Mt"L,,) to generat@ metal halide coplex with a higher oxidation
state(Mt""'L,X) andanalkyl radical(R) which canadd toa monometM).2* An equilibrium
exists between active and dormant chdimst activatesand deativates the propagating
radicals from the initiator or the end thfe polymer chain, adding radical to mamer, and
termination by eher coupling or disproportionati (see Figire 1.7 ).2"®® The equilibrium
between theactive and the dormant chaings to the left and hencensures a low
concentration of mpagating radicals and redudhke possibility of terminatiaff®°
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Initiation step

R——X +  Cu(hXL = = R + Cu(IX,/L
M

R—M—X + Cu(hXiL = = R M+ Cu(l)Xy/L

Propagation step

R—M—X + Cu(hXif —]—mm— R M-n+1 + Cu(l)X,/L

+nM

Termination step

)
|
=
+
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x y Xy

Overall reaction

Cu()X/L

Figure 1.7. The mechanism of ATRRBccording to Matyjaszewski et&l.

In ATRP, just 5% or less of the total growing polymer chains prematurelyerminated

during the early stage®f the polymerizatiorreaction Successful ATRP will have only a

small fractionof terminated chainsAll other polymer chains growuniformly, achieved
throughthe use ofast initiationstepand rapid reversible deactivatiShATRP is sensitive to
oxygen but sometimes polymerization can occur in the presence of small amounts of oxygen.
The catalyst concentration is much higher thlhat of the polymerizing radicals, so the
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catalyst can scavenge oxygen atom in the media. Howexielation of the metal complex
reduces its concentration and increases that of the deactivator; as a result the polymerization
rate reduce® The lability of the halogen endgroups @ the polymer chains cahe
considered aan advantage of the ATRP formulatidn.principle, this terminal halogen atom

can be replaced kN3, -OH i NH. or i CN by postpolymerisation modificatiofi®

ATRP can be affected by several factangluding the choice ofimonomer, initiators,
temperature and timsplvent and combinedgands with the transition metdBSATRP has
been successfully used to polymerize a wide range of vinyl mondhe&srene,
(methpcrylates, (methacrylamides and acrylonitrilall contain substituents that can stabilize
the propagating radicalso are well-suited for ATRP.8* Each type of monomer requires
specific condibns for ATRP, sinceeach monomer has a unique atom transfer equilibrium
constant for botlthe active and deactivatiespecies, even under the same conditions and
using the same catalyst® For low equilibrium constarst ATRP cannot occur oonly
occus very slowly; howevera very high equilibrium constant leads to a high concentration
of radicalsand, as a resujta large amount of termination. Thisoblem can be solveby
employinga large amount of deactivated sgsc{higher oxidation state metal compler);
consequence, the equilibrium shifbward the dormant speciesbut this leads toslower
polymerizatios3-%>° Each monomer has a particul@haracteristic propagation rate
constant Thus, the concentration of propagating radicals and the rate of radical deactivation
need to badjusted for each monomer to control the polymerizatidte overall position of
the equilibrium can also be adjusted by the amount and reactivity of the 3t}

Theinitiator determines the number of gring polymeric chains® The number of growing
polymer chains is equal to the initiedncentration of the initiatof$ The molecular weight
of the polymerincreaseswith the initial concentratoro f i ni ti at or )% IMmw U

principle, the mean dgee of polymerization (DP) is given k¥.1).
DP = [monomer] / [initiator] (1.1)

Alkyl halides (RX) are typically utilized as ATRP as initiatdts"®° Well-defined polymers
with narrow molecular weight distributions can be obtained by usagppeopriate halidéx),
which must rapidly migrate between the growing chains and thettoansietal complex, so
bromine and chlorine are thmost suitablehalides to control the molecular weight of the
polymer® lodine can work well in coppenedidged ATRP to polymerize acrylate.danalso
be used with rhenium or rutheniucatalysts to prepare polystyrefleThe GF bond is too
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strong to undergo homolytic cleavage so that fluorine cannot be ugaRin®* Ideally, he

structure ofthe alkyl (R) groupof the initiator should be similar to the structure tbé

dormant polymers. Thus, -dhenylethyl halides areappropriate for the synthesis of

polysty e n e -hafopropidditriles are useful for acrylonitrile chain end¥-*° The

isobutyrate groujs widely used to polymerizmethacrylate$® Generally, ATRP initiators

can be any al kyl hal i de warbohsueh@g aryl @atbonylgr s u b s
allyl groups®. ATRP initiators can also bpolyhalogenated compounds (e.g. ¢@hd

CHCIls) and compounds with a we&-X bond, such as X, S-X and GX.3*®

The most important compent ofan ATRP formulationis the catalystbecause it determines

the position ofthe atom transfer equilibriumi.e. theexchange between the dormant and
active specie$" ATRP catalysis typically involve a transition metal and ligan®&*® The
polymerization rate depends on tkhencentration ofthe catalyst. Hwever, the catalyst
concentratiordoes not fiect the moleculaweight of the polymef® Severalfactorsneed to

be considered for an efficient transition metal catalyst. Firstly, the transittal mushave

at least twaaccessible oxidation statesparatd by one electron. Secdly, the metal centre
shouldform bonds withhalogen ators. Thirdly, the coordinatiorsphere around the metal
centre should be expandable upon oxidation to accommodate the halogen atom. Fourthly, the
metatligand bonds must be relatively strofitf?®* Finally, the metakentre inthe catalyst
complexmust not be a strong Lewis acitiA variety of transition metal complexes can be
used as ATRP catalysts such the complexes of Mo, Re, Ru, Fe, Rh, Ni, Pd, Co, Os, Ti, Zr,
Hf, Rf and Cu metal&?®*°* Copper halides have proven to be the most efficient catéfysts.
Ligands are very importamomponerg andoftenthe key to solubilisation ahe catalystas

n+l

well astuning the redox potential in the MMt"™* cycle® In general,electrondonating
ligandsstabilize the higher oxidation state of the metal centre and increase the polymerization
rate®® Ligandsoften contaimitrogenatom andare widely utilized inconjunction with Cy
including derivatives of bidentate bipyridine (Bpphenanthroline (phen), tempgine(tpy),
tridentatediethylenetriamingDETA) and other multidetate ligand$* Generally, CuCl or

CuBrisused in ATRP reactionasatatast and 2, 26bipyri®ine is

Polymerizationmedia are usually nepolar solvents such as diphenyl ethedimethyoxy
benzeneor p-xylene but variousther solvents have been successfullsed These include
polar solvents for different monomers such as toluene, ethyl acats®mne, dimethyl
formamide (IMF), ethylene carbonate, alcohol, water and many affiéslar solventsnay

be preferredor ATRP in order toachieve faster rates of polymerizatidrhere are several
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factors that affect the solvent choice. First, polymer chain transfer to solvent shdald be
and the interaction between the catalyst complex and solvent should be corfSiSewhd,
catalyst poisoning by solvent and solvessisted side reactions should be minimiZed
Third, in some cases tlmatalyststructure may change tertainsolvents which negatively
affectthe ATRP reaction®® Finally, side reactions may occur in presence of certain solvent,
suchthe end groups dhepolystyryl halidessan sometimesliminateHX at 110 to 136C in

somepolar solvents®
1.2.3Surface initiated atom transfer radical polymerization (SI-ATRP)

ATRP hasbecome the most popular strategyiongcontrolled radical polymerizatiorCRP)
techniquedor the preparation oivell-defined polymerswith low polydispersitiebecausef
its compatibility witha wide range of functional monomers and ssiandingexperimental
conditions’®"*%#* Nancobjects of precise dimension and functionality halso been

achieved by ATRPf various monomer§"®.

Surface initiated atom transfer radical polymerizationASRP ) has become one of the
most populamethods for the growth opolymer brushes, because of its tolerance to a wide
range of functionalized monomers, the ability of the end groups to be used as macroinitiator
for the preparation of diand triblock copolymers, and experimentally, it does not require
rigorously dry onditions such as the living anionic and cationic polymerizatidfisThe
chain length and film densitycan be controlledwith this techniqué* SI-ATRP can be
employedon various 8rfacesincluding both planar and colloidal ones e.g. inorganic
particles™ Many polymes have been growrfrom macroscopic wafers omicroscopic
particles using this techniqueand many reports illustrate ibility to control polymer
architectures®>""*% The polymer chain lengththe surface density of the polymer chains
andtheir coriguration (e.g., mushroom, pancak&ush) aranainly controlled byvariation

of reactionparametersuch agnitiator densityon the surfacepolymerization time and the

polymerarchitecture €.g. weather inear polymer or a comb polymgt*

Weather fat or curved both organic andnorganic surfaces have been successfully coated
with ATRP initiator group$® The most convenient and appropriate initiator for the monomer
can be employed in SATRP.” The initiator groups aresually placed onsurface with a
relativelylow geometricsurface ared’ The presence of a uniform monolayer of initiators on
the surface is necessary to prepare polymer bri¥éfeschnique have been developed to

immobilize ATRP initiators on a wide range of substrategcluding inorganic substrates
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such assilicon, silica, titanium, goldand chromium (Figure 1.8), and polymeric/ organic
substratesuch ascellulose and Mon.”? Initiators for ATRP are rarely attached directly to
inorganic substrat€ The siliconwaferis modifiedwith silane SAMsfilm to yield initiator
groups Bromomethyl and chloromethyterminated silanesvere immobilized as ATRP
initiators*? Silicon surface modified with an initiator film composed ebr@moisobutyrate
fragments has been widely utiliz&F° Alternatively, silicon wafersare reated with 3
aminopropyltriethoysilane(APTES)to form uniformSAMs; followed by treatment witl2-
bromoisobutyryl bromide(BIBB) and triethylamine (TEA)to give an amidebased
initiator.”*°®1%% Titanium surface can bemodified with an initiator layerusing silane
SAMs!®  bromomethyiterminated biomimetic catech$l or bromomethykerminated
phosphonic acid®® Immobilization of ATRP initiator onchromium can beachievedby
treating thesurfacewith piranha solution to create a film of chromium(lil) oxide followed by
deposition of initiator silane filM? The ATRP initiator on gold surfaces cae prepared
directly by immobilizing bronomethyterminated thiol agents, or immobilizirgminc or

hydroxykterminated thiol, followed by treatment with BIBB and TER'®

|

Si N L8 i i
\O < \O ' o \o /S‘ I\O ~ I\O/ ‘ \o e O/
The initiated surfaces ‘
for inorganic substrates.| ! / \ P
A A A A A A A
X=Halogen :
atom (Cl or Br) i | |
! OH OH OH OH OH H
Initial functional ' ‘ | | | | |
groups on different «[. . \ I \
inorganic substrates.
2 Au Cr SiandTi

Figure. 18. Methods for immobilizing ATRP initiators on various inorganic and organic
substrates for the preparation of functional polymer brushes by sumfaated ATRP,

including (gold, chromium, titanium and silicon).
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One advantage @I-ATRP is that initiation can normally occur at room temperatufighe
synthesis of surfaebound initiators for SATRP (such thiol and silane derivatised) is easier

than initiator for free radical and NMP polgmizations”” | ni t i a t-batoastervgioupsr U
are the most commonly used for ATRP technique (Figu@a).2'% Generally, initiating

radi cal s pehoad wdesdo bfurtoym al es are faster-than
halopropionates; bacse the generated radicals have better stabilization after initiatict step.
Amide-based initiators have been successfully used to prepare polymers (ERR)E*®

12 1n general, amiddased inititors are less efficient than esbased initiators in
solution*?®101113116 hecause othe leadeny to losebromine end groups durinidpe early
stages of polymerisain by intramolecular reactions with the lone pair in the amide groups,
leadingto poor control in ATRB***!3 Polymers prepared using amidic initiators have low
monomer conversions and produce high polydispersities polyifét&in surfacesBrown

et al. investigated the effect of initiator structure on ghowf POEGMA brust!’ They
found that POEGMA brush formed from amidnd ester based initiators were roughly the

same under similar conditions.

(A) O (B) o)

R Br R Br
\OM \N)J\é

I
H

Figure 1.9. illustration thestructure of: (A) Esterand (B) Amidebased ATRP initiators.

SI-ATRP polymerisationis carried ouifter immobilization of ATRP initiatoron thetarget
surfaceand in the presence of arnsition metal halidé nitrogenrbased ligand catalyst system
and a suitablemonomer Methacrylate (MA) monomers are the most widely used monomer

for the growth of polymer brushes via SATRP.”

Ejaz et al. was repatl the immobilization of ATRP initiatoonto a silicon surface to give a
well-orderedlayer of initiator sites,from which PMMA was grown:'® The authors studied
the effect ofthe addition of free initiator to theolymerisation They found that the polymer
brush thickness was dependent on the concentration ohdtied free initiatorthicker

brusheswere obtained at lower concentration of the free initiatbkatyjaszewski et al.

studied the polymerizations of styrene and acrylates from silicon ssimfiacdified with
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ATRP initiator?® They found that controlled radical polymerizations can be achieved in the

presene of the proper ratio of Cand CU species, without adding free initiator.

The concentration of deactivator after the halogen atom transfer to the catalyst may be too
low to reversiblycapthe propagating radicalghich canresultin uncontrolled polymer chain
growth Thus, the concentration of the deactivated compbex<to be sufficieht high at the
beginning of the ATRReactionto quickly establishequilibrium between theactive and
dormant chains®® At the beginning ofthe SI-ATRP reaction, the addition dhe radicat
deactivating complexacilitates exchang®etweenhalogencapped dormant chains active
polymerradicals’® The use of ATRRo polymerize styrener methy acrylatein the presence

of excess deactivatarn a plana surface resudt in an increasein the brush thickness with

time.”

SI-ARTP in polar and, in particular, aqueous solutions can introduce fast with controlled
polymer brush growth at low temperatdt&'?? even for wateinsoluble polymers such as
polymethyl methacrylate (PMMA) angbolyglycidyl methacrylate (PGMAY® Surface
polymerization at low temperature is very important for subsirétet are sensitive to
elevated temperature, such as thiol SAM8s gold. Moreover, polymerization at low
temperature reduces the possibility of spontaneous thermal polymerization and other side
reactions (e.g. transesterification, eliminati6hrowing very thick polymer brusisin short
polymerization time can beachievedin aqueous mediay ATRP. Baker and cavorkers
reportedthe growth ofvery thick brusksof poly(2-hydroxyethyl methacrylate) (PHEMA) on
gold surfaced?* Surface plymerization occrred rapidlyin aqueous media to form 700 nm
thick PHEMA brusles in just 12 h, at 20C. Control experiments using neat monomer,
catalyst and ligand yiett polymer brusksof only 6 nm in an equivalent polymerization
time!?* Jones and Huck reported growth of thiilkns of PMMA and PGMA brushes in
aqueous media at room temperature usind\lSTP?® 30 nm thickPMMA brushes were
synthesisdin aqueous solution in only 35 min, compare@fonm in 12 houraspreviously
reported by Kim et a®® PGMA brustesa thicknessof 125nmwere also obtained in just 90
min polymerization timé? Moreover, the authors illustrated the growth of PHEMA brush
from silicon surface using water and water/matihianixture as solvents. Thhicknessof
PHEMA films grownin water reached 100 nm inh2 whereasvhenwater/methanol mixture
used,the thickness at the same timvasca. 65 nni?* Zhu and ceworkers studied the effect
of solvents on the growth gboly(oligo glycol) methacrylate ROEGMA) from silicon
wafer?® The thickness of POEGMA brush cperted on the polarity of the solvenés the
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solvent polarity decreaseoh the orderwater, water/methanol ixture, pure methanol,

ethanol, and propanol, the brush thickness decreased.

Purification of the finapolymer chains prepared I8/-ATRP is easier thafor conventional
solution ATRP, because the catalyst complex can dasily removed from the polymer
brushes bysimply removing the planar substrdeg. a glasslide) from the polymerizing

solution followed by rinsing/washing with pure solvéft.

The graftingdensity of polymer brushes (i.e., the number of chains per unit area) can be

calculatedusing thefollowing equation(1.2); **%*%°

",

05
0¢

(1.2)

where( is the graft density (chains.f) h is the brush thickness, is the density of the
polymer film,Nai s Av ogadr o dvis theunorbbeaverageanmlécular weight of

the polymer chains on the surfaessumed to be the same as that in free polymer produced
in solution using via free initiator$®*?® It should be pointed out that thé, of chains in both
surface and solution polymerized samples under the same condition were similar, as reported
by several studieS*?° The polymer grafting density depends on the initiator demsitie
surfacet*"*3°3 The polymer density can dictate whether the regime is brush or mushroom.
The effect of the initiator density on the conformation of polyacrylamide (PAAmM) brush was
reportedby Genzer and coworket?? A gradient density of initiator was formed on silicon
wafer, follbwed by growing PAAmM. The film thickness decreased gradually, as the initiator
density decreased.herefore,the conformation changed from brush regime to mushroom

regime'*
1.2.4Stimulus-responsivepolymer brushes

Surfaces coated with thin polymer films are widely used to modify surface properties and are
used in studies of wettability, biocompatibility, friction and corrosion resistance
applications? There is interest in using these polymers for smart or responsive surfaces that
yield a change in their physical propertiwben an external stimulus applied such as a

temperature switchr a change in pH or solvet>%:6263:65.71.93
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1.2.4.1Solventresponsive polymer brushes

The structure o& polymerbrushdepends on theature of the polymesolvent interaction, or
"solventquality’. Polymerbrushewill swell to maximise the polymer/solvent interactions in
the presence of a good solvéhOn the other hand, thehairs collapse ira poor solvent in
order tominimizethe interaction between the polymer and solvéft"* The sizedifference
for the brushes between good and poor solventsgerdinanis observed fothe polymesin
solution® For a homopolymer,he change can be affectey the grafing density of the
brushe$® For example, the response for low grafting density (e.g. mushroom) brushes is
similar tothat of a coiled polymen solution while the response for high density brushes in
poor solvent is weak because tbe very crowded chain$® Copolymerbrushes can be
more complex thahomopolymess in termsof ther responsé! For instance, a solvent may
be a good solvent for oneo-monomerbut apoor solvent for the othedependig on the

nature of each componetit

The ®lvent responsefd®MMA brushesgrafted from silicon wadrs was studied by Chen et
al.*** The behaviour of PMMA brushes igood solvent (THF) and poor solvent (water)
wasstudied using ellipsometry arsdomicforce microscopyAFM). The layer thickness and
surface roughneswere bothreduced after immersion in watefFhe investigation of the
dynamic of swelling of PMMA brushes with different grafting densities in good and poor
solvents was reported by Aoki @t'** It was observed that the polymer thickness was about
a factor oftwo higherin a good solvent (benzene) than in a poor solvent (acetonitrile).
Furthermore, the influence die brushdersity on theswelling was studiedt was observed
that thebrush conformationcould be easily changed andetlresponse to solvent exchange
was fast for low @nsity brushes, whereas the nesponsdo solventexchange was observed

in high density brushe's*

The solvent responsive behaviaircopolymers brushes has also been studfgd® Roweet

al. studiedthe behaviour of different dilock copolymer brushes (poly(styre) (PStyb-
PSty, PStyb-poly(acrylic acid) (PAA), PStyb-poly(N-isopropylacrylamide)(PNIPAAmM),
and poly(methyl acrylatefPMA)-b-poly(N,N (dimethylamino)ethykcrylate)) (PDMAEA)

in different solvent$®® N,N-dimethylformamide, cyclohexan®luene and dichloromethane
were used asithergood or poor solventshe diblock copolymer brushegere immersed
into a good solventfor both blocks) andthen immersed into a good solvent for the inner
block and a poor solvent for the outer block. After the second st@pact angle anX-ray
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photcelectron spectroscopy (XP8&)easurements confirmed theitong collapse othe outer
block and swelling of the inneblock™®® The solvent response oPSb-(PMMA-co-
poly(cadmium dimethacrylatePCDMA) cgpolymer brushes was also studied by Yu et al.
and they observed similar behavidtr.

1.24.2 pH- and ion-sensitivepolymer brushes

Polymer brushes can be classifiec eithercharged (polyelectrolytepr neutral®®®%"

Polyelectrolyte bruses containing charged repeatits can beusedas pH or ionresponsive
materials’”*® There are two types gfolyelectrolytedepending on the ionisable group:
strong €.g. strong acids or bases) or weal.g. weak acids or bases) pelectrolyte
brushes"®>1%® For strong polyelectrolyt thebrushcharge density is fixeco pH or ionslo
not influence thdrush behaviouunless the ionic strength of the salt in solution is similar to
thatinside the brushe¥®® Weak polyelectrolyte brusheshibit moreinteresting responsive
behavioursince they are sensitive to changesbath pH and ionic strengt?™° Polymer
chainscomprising weaklybasic groupdecomestretchedat low pH whereas polymer chains
carrying acidic groupsbecome collapsel under the same conditiof¥>"* The chain
stretching is due to repulsive interactions between changegs®*'*® Theaddition of salt to
cationic/anionicpolyelectrolyte brushesreduces the electrostatic interaction between the

polyelectrolyte chains, resultirig collapseof the brush conformatiot{;®2¢314°

Various monomershave beenused to prepare stimuli responsive dites suchPAA,
poly(methacrylic acid) (PMAA)and PDMAEMA .®*14*42 Brittain et al studied the pH
responsivébehaviourof PAA brushedy in the pH range2 to 10 They observed a linear
increase inbrushthicknesswith pH from 16 to 26 nnmup to pH 8. The effect of grafting
density on the pHinduced conformational changes of PAA brushes has ibeestigatecoy
Wu et al'* They found that the degree sifelling of PAA brush wasffectedby the gafting
density at pH 4 an®.8 whereas at pH 10 the degreeswefelling was independent of the
grafting density The pH response of PDMEMA brush has been studied by several
groups:*?1**1*" For example, Sanjuan et al. studied the selling behavio@YMAEMA at
pH 2, 7 and 16% They observed that tHeDMAEMA brush became lessxpanded as the
solution became more basicGeoghegan et al. reported that PDMAEMA brush swaodlen

lower pH when the grafting density increasealising a shift in pi of the brusH?’

Brittain and ceworkers investigated the effect of salt on the behaviour of PAA brusH.
The brush height decreased with increasing theergrettion ofmonc and divalensalts Xu
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et al. reported the effect of monovalent salt on the quaternized PMAEMA (PME*ALI).
They found that the PMETAI brush collapsatihigh salt concentratioa Biesalski et al.
reported that fopositively charged polg-vinyl[N-methylpyridinium] (MePVP) brushes
the height did not change at low concentrations of*KHowever the brush heighdecreased
at higher concentratien[KI] > 0.1M. Similar behaviour was observed by Huck and co
workers for investigation the efft of ions on the conformatiorof the poly(2

(methacryloyloxy)ethyltrimethylammonium chloride) (PMETAC) brustrés>*

Polyzwitterionic polymers contain both cationic and anionic groups, compared to poly acid or
polybase***3 The polyzwitterionsmay be classified into four clas depending on the
responses to change in the PA.First, polyzwitterionsthat contain permanent charges o
both the anionic andthe cationic groups, which may be insensitive to changing the pH
(Figure1.10A).** Second, polyzwitterionthatcontain neutralized anionic species, while the
cationic groups are insensitive to the pH (Figr&0B).**® Third, polymers in which he
cationic group are neutralizecandthe anionic groups are insensitive to changes in the pH
(Figure 1.100."? Finally, polyzwitterionsthat contain both anionic and cationic groups that
are neutralizedand in whichboth graips are sensitive to changes the (Biijure 1.10D).**°
Addition of salt to mvitterionic polymersleads to chain expansiodue to reduction in the

attractive interchain interactiot®
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Figure 1.10. Structure of the four different classes of polyzwitterionic polymé&rs).
Polymers containingpermanent charges on both the anionic and the cationic gr(®ips,
polymer containing neutralized anionic groups and permanent positive abraigaionic
species(C) polymer containing permanent negative charge on anionic groups and neutralized

cationicgroups,(D) polymers containing neutralized anionic and cationic groups.
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Various monomers have been used to prepare zwitterionic polymer brirstiading 2-
methacryloyloxyethyl phosphorylcholi®PC),*****" sulfobetainenethacrylate (SBMAY®
%0 and carboxybetaine methacrylate (CBMAJ'®? Poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPChas beerwidely studied*®*'®> Edmondon et al.reportedthe
swelling of PMPC brushes in wat@nd alcohol/water mixture They found that the
ellipsometric thicknesg waterincreased from 32.5 nm ihe dry state to ca.153 nm under
pure water'®® Takahara and eworkers reported PMPC brush swelling in aqueous NaCl
solutions of various NaCl concentrations, using AERIThey observed that ththicknessof

the PMPC brush independent othe salt concentration and theMPC brub thickness

increased from ca.25 nm in dryt&&o almost 150 nm in solution

1.3Patterned SAMs and Polymer Brushes

The ability to control structure on timen lengthscale maypenup new possibilities irmany

fields ranging from molecular electronics to medical diagnostics to catHi{sts wide

variety of techniques can be used to generate-sealestructure.Generally,these can be
classified undertwo main headings®®!’® Top-down approadks involve the physical
modification of materials in order to impose spatial organisati®H* In this case,
lithographic techniques are usedpattern surface€®!’* In contrast bottomup approaches

are based upon the use of chemical methods to join molecules and atoms together to form

larger structure$®®*°
1.3.1Microcontact printing (LCP)

Microcontact printing (WCPwas first introdaed in 1993 byKumar andWhitesides > The
MCP technique can be successfully applied to pattern larges arigla resolutionin the
submicrometre rang€® An elasbmeic stamp withbasrelief featurs is utilizedto transfer
the inkto the target substratei@far. 1.11).>"* The surface of the stamp is coated with ink and
brought into physical contact with the substrdeading to transfer of the inkBinding
between the ink and the new surface must be more eneligdavaurable tharthat between
the ink andthe stamp te@nsure efficientransferof the material onto the substrdt&*’> ucp
was originally used to deposit SA\n gold surfacg’’® but it has been developedé¢aable

the patterning of proteis, metals and polymet§!’’ To achieve the bestesolution
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conditionsmust be optimizedo avoid the lateral diffusion of the ink, thefdenation ofthe

stampandcontamination of the patterh&

' Material (ink)
Inked step

PDMS : > PDMS

stamp
Printing step

Transfer the onto PDMS
i i i i i the substrate. | i i i i |

Figure 1.11. Schematic representation of thaneiple of microcontact printing of molecules

(ink) onto a planasubstrate.

MCP stamps are usually made of a silicone elastpnigrically polydimethylsiloxane
(PDMS). The surface energy alPDMS stamp ivery low, which allows the inked material
to be easily transferred from the stamp to the subsfatthermore, PDMS does not react

with mostchemicalsbutit can sometimebecome swollerin certainorganic solvents”™

UCPis a simple andefficient patterning technique.dwever, it has some problert§!’&8

Stampsoften swellby absorption ofthe ink duringthe printing processwhich increaseghe
mean featuresize In addition, an excessf ink can deform the patterns bgcreasing
diffusion of the imprinted molecules on theatterned substrate. PDMEB a highly
hydroptobic materiaJ and this causes problest when patterning polar inks'’®1"®
Deformation of elastomeric stams a problem which can easily dist@tirfacepattens.
Pattern deformation imore likelywhen the size of the patters onthe submicra length

scalet’*

Another disadvantage of using elastomeric stamps is that the patterns can be
sometimescontaminated with low molecular weight siloxamepurities leachingrom the
stamp'’® This problemcan beovercomeby washing the stamps with heptane or @ating

the stamps with UV/ozong®

Microcontact printing has been successfudlsnployedto directly or indirectly pattern
surfaces with monolays and polymers'®® In direct pCP the material (ink) is directly

transferred from the stamp to the surfadewever,with this method, it is not easy to achieve
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high resolutionpatterring of macromoleculed™ In indirect pCP a pre-patterned surface is
prepared for exampleby selectively depositg a SAM of initiators followed by surface
initiated ARTP.*8*

AlkanethiolateSAMs on gold have beepatterned using pCP%° Patterned SAMs have
been used foas resists fochemical etching’® SAMs of alkanethiolates have beesed to
pattern gold surface with specific functional groups teenable growth of polymer
microstructure by selective deposition of polyion multilsy&f Protein pattering hasbeen
reported using UCP to pattern oligoethyleneglycol (OH®)Is ona gold surface, followed
by immobilization ofmixed SAMs consisting of-inercaptoundecanol aribtinylated thiog
on the remaining bare gold regions of the sarffld.abelled streptavidin was then

specifically immoblizedy attachment tbiotinylatedthiols.

Polymer brush patterning has been achidwe@CP by forming a pattern o& nonreactive
SAMs of alkythiolates, followed byimmersionof the sample int@ solution of a thiol with
initiator at the tail end. A polymer (e.goly(caprolactong)canbe grownfrom these site¥*

A polymer brush based on poly{2,3-dihydroxypropyl)acrylamide] ) (PDHPA) with latent
aldehyde functionalityfor useas a template for proteimicropatterning was reported by
Kizhakkedathu and eworkers'®® This synthesis was carried out via/STRP on a silicon
substrateo yield highdensity brushMicropatterning of single proteins and multiple proteins
were successfully aomplished using this substratZhou et al. reported a general
preparan route to form multicomponent polymer brushes on gold sutfadehey found
that multicomponent brushes could peeparedby repeating thepatterning using pUCP
technique of initiatoterminated thiols without backfilling the remaining bare gold surface

with inert thiolsduring brush growth
1.3.2Photolithography

The basic principle of photolithographic methods is to expmagbstratedo electromagnetic
radiationin orderto change the molecular structures of the substfatBhotolithography
techniques are widle used @ industy to pattern surfaces. Many ezschers have been
working in developing photolithographic techniques to provide structural resologiomy
100 nm*"* Photolithographic patterns aobtainedby illuminating the surface using a mask

or aperture, or interference methdfs
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Photolithography isa suitable technique for patteng large flat surface with good
alignment, controlled topography andmad range of features. However, photolithography
is not suitable to pattern curved surfadesctly.!”® Micrometreand submicrometre patterns
are achieved using this technigiérhe photolithographic resolution increases reducing

the wavelength of the light used for expostire

The two challenges in patterning polymers using photolithograply (ia to combine
patternng at low cost and high resolution and )ito pattern functional polymers without
changing their properties. Faxample i n the presenc-eonugdted we ak
polymers, direct photoirradiation causes polymer degradation and destroys the desirable

electronic and optical properties of $eenaterials' ">
1.3.2.1Micro -scale UVlithography

Surface modificatioron the microrscale can be conveniently achieved by UV lithography.
The photoresist mask is placed on the wafer surface (e.g. coated monolayers or polymer film)
then the light is passed through the mask to modify the macromolecule. Consequently,
positive bne resists are degraded by exposure or negative tone resists atamkedsafter

their development (Figure 1.1 For example, photolithography methods have been used
to madify SAMs of nitro groups to obtain amines which, were subsequently functionalized
with acid anhydride&’*

Exposing Radiation

] MM MMH[MM ]

+
¥ " ¥

’—‘ nexposed area ?
m EXpOSed area

Negative Photoresist Positive Photoresist

Patterned
Photomask

Figure 1.12.Diagram illustration the process of photolithography using a mask.
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Leggett et al. reported that SAMs dfiiolates on gold surface could be oxidized to vixeak
bound sulfonates by exposirtge sample to deep UV light’ Patternedsamples were
prepared by exposure through a mask and immersion of the sartgple solution of a
contrasting alkanethidb replace the oxidised speci€siction force microscopy (FFM) was
used to confirm the conversior3ucker et al. demonstrated the etching of structures into
gold surface withgood resolution antbw defect densitypy etchingit after exposure ira
mixture of mercaptoethylamine (MEA) and ammonia hydroxileLeggett and cavorkers
studied the photieprotectionof N-NPPOC 3aminopropyltriethoxysilaneusing UV lght
with 325 and 364 nrif® Micropatteringwas achieved byexposingthe sample to UV light

througha mask, to yieldn aminefunctionalized surface.

Patterned polymer brushes can be produced by UV irradiation using sexathalds One
approach is to pattern the surfdmeund initiator, and then subsequently grow the polymer.
ATRP initiatorfunctionalizedsubstrate can be patterned using Ulht, to remove initiator

so thatpolymer brush will only grow froomaskedarea. Kamitani et al. reported that UV
irradiationcould be usedo pattern APTES SAMsandthe remaining amino groups on the
surface (norexposed areafould be modified to produce ATRP itiators!® Finally,
polymer brush was grown from immobilizeditiators to create carbohydraserays. UV
light with a wavelength of 244 nm was ugedselectively remove the halogens from films of
chloromethylphenyltrichlorosilane and-(3-bromoisobutyramido)propstriethoxysilane on
silicon dioxide™®® Micropatterning was accomplished by illuminating the organic films
through a mask, theROEGMA brushes were grown frorhe intacthalogenatedegions
using StATRP to form micrestructur@ brushesUV radiationcan also be used to degrade
(pattern) polymer film. This strategy have been used by Zhou et al. to pattermM&M
brushes by exposing a sample to UV light through a rtdskhmed et al. reported UV
induced photodegradation of protesistant POEGMA brushé® UV light with a
wavelength of 244 nm was utilized to pattern the brush at the micrometer scale bnpgxpos

the film through a photomask.
1.3.2.2Interferometric lithography

Interference lithograph{iL) is an optical method for fabricatingatterns ovelarge areasf
the surfacé™®%1%* |t is based around the use of interference patterns formed by the
interference of two or more coherent laser beams to modify a sample SUtfate It
providesto fabricate periodic narstructures over large areahdthe fact thait is a mask
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less methodmeaning that much simpler apparatus is needed than is the casthdor

lithographic method&""° The basic ideaprocess isshown schematicallydemonstratedn

Figure1.13.1704%4

Substrate

Figure 1.13Schematic representation of a dbebm interferometer.

Theperiod (peako-peakdistance between maximia)given by equation (3):*"°

n — (13

where t© is the period, & I s the wavelength
sample.The ultimateresolution of IL is dependent on the illumiimat wavelength(a).1%
Smalkr features can be achieved whea shorter wavelength is usédf UV and deep
ultraviolet radiation a'e commonly used in Ilto obtain nanostructudefeature.'’® The
pattern size is also affected by the anglebetweentwo the beams and the sampia For
example UV light with 257nm wavelengthat anincidentangle80° produce lines and spes

with aperiod(tg of 130 nm'"®

Figure 1.14 shows the configurations of two types of -thealm interferometer. Inldoyd's

mirror interferometera mirror is fixeda t an tnhg sampldFigure 1.14A) Half of

the beam is directed onto the sample, and the other half is pointed directly onto the mirror,
from where itis reflected onto the sample surfagkere it interferes with the first half of the
beamto fabricate a sinusodd interference patteri”*°® The apparatus is simple and
inexpensive antias been used to fabricatéiighresolution nanostructure witlpitch of ca.

38nm by EUV on PMMA™ In the apparatus indure 1.14Bhe laser beam is split into half

and foldednto itself to maintain contragFigure1.14).*"**® This setup is more complicated
because there a number of reflectiand the path length difference between the splitter and

the sample must be withthelongitudinal coherencdistance
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(A) (B)

Laser Beam %\%\

Sample
Rotation stage

Mirror

Laser Beam

Sample

Rotation stage

Figure 1.14. A schematicrepresentatiorof two experimentalsetupsfor interferometric

lithography.

IL provides a simple methofibr patterning SAMsPatterning SAMs otlkylthiolate using
deep UVwith 193 nm wavelengttvas reported by Freibel et AP Alkylthiolate SAMs were
patterned over a large area with a period of B82andthen used aa template to deposit
CaCQ, Zn(OH), and polymersExtremeUV interference lithography (EUNL) was used to
createnanopat t er ns-nitiod ,-BplpWss-tholf (NBRTjon gold Patterns
with periods ranging betwe&®00and 60nm wereachieved Alkylphosphonates on Ti were
patterned using Lloyd's mirror interferomete?® The exposed molecules were replaced by a
contrasting alkylphosphonatgielding lines with a width of 46 nm. Subsequently , the
patterned SAMs weraesedas aresistfor wet etching of Ti and produced feature siza the
range 46126 nm, depending on exposure time.

Solak et al. used EUWith 13.4 nm wavelength tpattern Si wafers coated with 40nm
PMMA films, using interference lithograpiy’ The period of lines and space patterns
produced by IL was ca. 45 nr8chuh et al. used IL to generate gradients of PMMA brush
density?® The feature size of PMMA grown from photoinitiator SAM vass small as 100
nm. NancpatternedPOEGMA brushes grown fronprefabricatedinitiators using ATRP
have beermchievedy Leggett and covorkers'® UV light with a wavelength of 244 nm was
used to dectively remove the halogen atoms of ATRP initiatéancstructuredPOEGMA
was achieved and sutiushes exhibited a full width at half maximum heigh?8 nm with

a period of 225 m.
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1.3.3Electron beam lithography

Electron beam lithography (EBL) offerultrahigh resolution fabrication of patterns in
SAMs2%>2% Organic thin film have shown to be sensitive for exposure to elecitbnkere

are some drawdrks of using this techniqueBE operates im clean room facility, and it
requires ultrehigh vacuum. Also, nanofabrication over large arneaime consunmg. EBL

has been used to fabricate SAMs of octadecylphosphonic acid (ODPA) on aluminium to
produce nanolines and spaces of ca.100finOctadecylsiloxane SAMs have also been
patterned using this technique to generate high resolution patterns of c&t0 nm.

Ober and ceaworkers reported direct patterning of PMMA, poli{gdroxyethy
methacrylate) (PHEMA), poly(isobutyl methacrylate) (PIBMA), poly(neopentyl
methacrylate)(PNPMA), and poly(2,2iéfluoroethyl methacrylate) (PTFEMA) brushes
grown on silicon, in a single step by electron beam lithography to obtain nanopatterned
polymer brush surfaces. Using this technique, nanostructured polymer brush patterns with
high resolution (down to 50 nm lines) were obtaiff@dPaik et al. have also directly
fabricated complex PHEMA and PMMA brushes structures with 1saate featurg by
means of electron beam lithographiy.In addition, the authors fabricated ssirface
polymer brush channels with nasoale feature$! With the chains tethered to a surface, a
diblock copolymer brush with a negative tone upper layer (polystyrene) and a positive tone

underlayer (either PMMA or PHEMA) were patterned in order to create channels.
1.3.4Scanning probe lithography (SPL)

Surface characterization techniques have been developed in order ify tthergmall size of
patterned feature$® Scanning tunnelling microscopy (STM), atomfierce microscopy
(AFM) and neatffield scanning optical microscopy (NSOMbedesigned to image surfac¥s
Scanning probe methoddlow identification ofthe structure of surfaces and adsorbaites
molecularor evenatomic resolutiorf> The basic principle ofcanning probenethods is that

a sharp tip(< 50 nm) scas in proximity to the samplesurface. These techniques can be
appliedto both inorganic and organic substratess wellto determine the interaction forces
between proteins and receptardio-based applications’

Scanning prbebased khography (SPL)was developed after the invention of ST
Currently, SPL methods have becomeddely used in the fabrication ofurface

nanostructure because otheir low cost andin view of the high resolutionthat can be
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achieved® In SPL techniques, the position and directiwinthe probecan be controlled
during patterning* Moreover, patterning large asehas becomepossible usinghighly
developed multprobe systems and automated scanning probe equipment. Furthermore,
patterns and chemical modificat®on surfaces areseful forboth the topdown and the
bottomup approaches> Recently, several methods have been develtysdd on th&PL
technique in order to increase its productivitylost SPL methods rely agitherelimination

or modification of the surface$§’
1.3.4.1Scanning nearfield optical microscopy (SNOM)

The concept of ganning neafield microscopy abptical wavelengthfirst appearedn the
late 1980's,after the invention of th&TM. The most important part of @NOM s its

214

probe“™ Generally,a SNOM probe consists of three parts: the wave guide to deliver the
radiation to or from the SNOM tip, a tapered intermediate region to link the wiale tg the
SNOM tip, and a sulwavelength size aperture to limit the interaction of trdkatéon with

the target surfaceé\l-coated quartz tips weresedinitially, buttapered fibre are nowwidely

used as standard SNOM prs& The preparation of lire probs is achievedby either
etching the fibre in HF oby heating in a laser and pulling yield a sharp tip. To prevent
leakage othe electric field through the probbe fibre must be coated with a metal such as
aluminium or gold®® There are two kinslof SNOM probe that can use optical apertutéee

first probe is based on a bent optical fiofee second one utilizesaantileverstyle probe
(such as that used atomic force microscopywhich has a small aperture at its apex. This

type of SNOM probe is effective but reécommaly usedastheoptical fibre probg®®?*®

SNOM instruments have been used to carry out lithography on su(fages1.15). Many
surfaces including thin films and oxide substratiehave been patterned using this
technique'®’18919321817 gelf 35sembled monolayers of alkanethiols on gble been
patternecusing neafield optical method$*?*” SAMs were exposed using UV light witla
wavelengh 244nm to convert the alkanethiols to alkylsulfonate spedatierns of proteins
with nanometrescale featureshave beerpreparedby exposing a film of proteiesistant
oligo(ethylene glycol) (OEG)erminatedo UV light so asto photeoxidize the hea groups,

then proteins were immobilized dime exposed aréa’
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Figure 1.15 Schematic representation of the SNOM probe processito modify the

surface.

Sub40 nm patterns on gold were achievesing neaffield optical lithography®® Self
asembled monolayensavebeen widely appliedn the fabrication of suimicrometre sized
structures A scanning neafield optical microscope coupled & UV laser (244 nn) was
used toform nanomete-scale patterns in SAMs un et al**® Well-defined featuresvith
sizes of 40 nm and occasionally 26m, were achievedMoreover,SNOM coupled to a UV
laser has been used to fabricate-asfembled monlayers of alkanethiols on dnid.eggett

and ceworkers?!’

Molecular featureswidths of 20 nm gmaller than the aperture in the
SNOM prob¢ have beensuccessfully achieveducker et al. reported the fabrication of
structures omold films by etching the gold surface using alkylthiol re¥%tThe exposure of
the SAMs to UV light with a wavelength of 244 nm generad/lsulfonatesthat were
weaky boundedto the surfaceAfter gold dching nanostructures were formedhat
exhibited good edge definitiorwith 30 nm full width at halmaximum epth (fwhm)'®
Leggettand ceworkersalsoreporteda direct patterning dPOEGMA brushesusing SNOM
coupledto 244 nmradiation*®® The UV light causee photodegradation dfie polymer and

createchanometer scale lines with feature260nm width and 9 nm deptf?
1.3.4.2Dip-pen lithography

In 1999, Mirkib s g invenieg a techniqguenow known as digpen nanolithography
(DPN).?*® DPN is a constructive technique and relies on transfermatgrial (in from an
AFM tip to the surface to write the patterns directly with submicrometer resol{figare
1.16).**? The transferred materialn be either the constituents of the AFM tip it§eifluced
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by current or force or can be physisorbed materials on the AFM%The inks in thetip

are transferred to the substrate via capillary fofte&3he ink is adsorbed chemically or
physically to the surfacE?® Theoriginal DPN technique wassedto pattern alkanethiol self
assembled monolayers onto gold subssratith high resolutior®® Sincethen, it has been
extensively used to transport small organic enales, proteins and polymers safomicron
dimension and a variety of surfaces have albave patterned including insulating,
semiconducting and metallic substrat®$*® Dip-pen lithography allows narstructuresto

be generatedn a surface with more than one ink by usingeaondtip to functionalize an
area next to a previolysprepared structureonstructedwith another ink’* The pattern
resolution depends dime scanning speed, the surface chemistry, the ambient humidity and

temperaturg”’®

AFM tip

Molecular gf?ﬁéﬁ:ﬁ
Nanopatterned ink tfaﬂspoy -é ﬁ/j -/g
| NG i

SRR Water meniscus
ded s i s s s s i dsdsddddisdadd o (]

\Writing direction

substrate

Figure 1.16 Schematic representation of the DPN process. A water meniscus forms between

the AFM tip which is coated with transferred materials (ink) and the substrate.

DPN is used to generate patterns of polymer nanostructures and can be accomplished by
delivering the polymer molecules directly froeither solutionor the meltto the target
substraté’® The DPN method has also been used extensively to immobilize proteins on
surfaces. For example, proteinsuld be successfully positioned oa gold substrate in
nanoarrays with diameters of 200 ANfhDPN has been used to immobilized initiators on the
surface,followed by growing brush*??° For example, Zhou et al. used parallel-gd&n
nanolithography to pattern a surface with initiator over millimetre length sé&leEhey
achieved high defined 3D polymer structure after the brush had been groemPN
technique has been successfully applied & ghtterning of molten polymerRatterrs of
poly(3-dodecylthiophene) & been obtained using arFM tip integrated with a heateFhe
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generated patterns were multilayers of polg(@iecylthigphene) with theallyl groups
oriented perpendiculdp the surface. To transfer the polymers from the tiptehgerature

of the tipmustexceedhe melting temperature of the polyntét
1.3.4.3Local oxidation patterning

In 1993, lithography by local oxidation was successfully transferred from STM to.AFM

The oxidation process has been applied to pattemy different substrates including Si, Ti,
SAMs and organic resisté” In 1995, AFM lithography was first applied to a Si substrate
coated with a thin film of a siloxane, in order to demonstrate prd@ghaphy with 40 nm
resolution. The oxidation of the terminal organic end groups can be obtained by applying a
bias voltage between a conductive AFM tip (e.g. batoped tungsten carbide or copper

and silvercoated silicon nitride) and a samplé

A conductive AFM tiphas beeremployedto generate patterns of chemicadlgtive groups
on OTS SAMson silicon by converting CH; groups of the base monolayer t€OOH

23 Nandines of MoQ were fabricated by locgirobe oxidatiorf?* Mo was evaporated

sites
to form a layer on the top of PMMA filnsupported by SiThe Mo film was locally oxidized

by locatprobe oxidation to produce a pattern of Md@aturesof 35 nm width Zhang and
co-workers used AFM ti coated with Pt to patterntiexadecanethiol monolayer on Au by
oxidizing the methyl groups of the monolay&t Micro- and nanopatterning oligo(ethylene
glycol) (OEG)terminated alkyl moolayers on silicon substrates waeported by Qin et

al > They suggested that carboxylic acid and aldehyde groups on the surface were generated

when OEG film is oxidizedAvidin was then immobilized onto the oxidized regions.
1.3.44 Mechanical surface patterning

The aim in AFM is to imge without damaging the surfaddowever, imaging soft materials
(organic materials) in contact mode (with relatively hard tips and stiff cantilevers) can easily
damage the surfadé' Similar effects may occur during STM imaging of poorly conducting
substrates or highly superconducting substrates when low or high current conditions reduce
the tunnellinggap sufficiently to cause contact between the tip and the sample. The concept
behird mechanical surface patterning using AFM tips is that forces larger than those used for
AFM imaging loaded onto the tip should leave an indentation in the siffatre this
technique, either diamond tips or diameswhted tips have been used to prevent excessive

deformation during pgerning of surface$™
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Several metallic surfaces and films of soft materials can be successfully patterned by using a
mechanical patterning technique (force lithography). Several pattern structures, including thin
lines and pits, have been fabricatétiThere has been strong interest in the patterning of
polymers using AFM mechanical patternirfgl. Zubir et al. have used this technique to
generate nanopattern afctadecylphosphonat&AMs at aluminium oxide surfacég®
Aminobutylphosphonate was then adsorbed to yield features ak asma® nm.Films of
PMMA and poly(ethylene oxide) (PEO) were successfully patterned using force
lithography??? Kaholek et al. demonstrated the preparation of nanopattepoly(N-
isopropylacrylamide) (RIPAAM) on gold surfacé?® AFM tip was used as manomechaaic

tool to remove methylerminated doctadecanethiol (ODT) from the surface. Then ATRP
initiator was immobilized, followed by SATRP of PNIPAAM to yield nanopattern polymer
brush.

1.4 Objectives and outline of the thesis

This thesis introduces the synthesis of polymer brushes vRTBP, andthe use of
photolithographidechniques to pattern these surfaces. Very little work investigating-the
responsive behavim of well-definedsecondaryamine methacrylategwitterionic polymer
bruskes containing amino acid as sidkains, and binary patterned gold/polymer brush
structures has been reported in therature The goal of this work was to expolare the
possibility of using ATRP in combination with photolithoghy to produce biologically
functional, stimulugesponsive polymer nanostructures. A ldgagn goal is the integration
of such structures with supported lipid bilayers containing integral membrane protiens. This
thesis describes the developmenienbblig methodologies designed to facilitate this goal.
The relevant surface analysis techniques in chapter 2, and the aesptssentedn chaptes
3 to 6. Chapter 3 focuses dhe synthesis and pkesponsive behavior of poBert-
butylaminoethyl methactste) (FTBAEMA) brushes. Chapter 4 describes the synthesis and
nanometescale patterning of stimulugsponsive, biofoulingesistant zwitterionic
poly(amino acid methacrylate) brushes. The development of new polymeric system supported
lipid bilyers was pesented in chapter 5. Chapter 6 describes the preparation of-binary
patterned gold/ poly(amino acid methacrylate) brushes. The final chapter presents the

conclusion and future work for this study.
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Chapter 2: Experimental
2.1 Materials

Silicon wafers ([10] orientation, boron doped;D0 0 Yy were mwbtained from Compart

Technology (Peterborough, UK)). The dopant is present at very low concentration and does

not influence the brush density. Glass slides (22 mm x 64 mm and thickness = 1.5 mm) were

bought frommenzelglaser Deionised water was tdined using an ElgBure Nanopore 18.2
Mq system.A carousel 12 Reaction Station (Radleys, UK) was used to prepare polymer

brush samples under nitrogen.

Chemicals were analytical reagent grade and were used as received from the manufacturer.

3-Aminopropytriethoxysilane (APTES) (98.0+ %),-t#omoisobutyryl bromide (BIBB)
(98%) and triethylaine (99%) were purchased fragigmaAldrich UK (Gillingham, UK),

as well acopper (1) bromide (98.0+ %gopper (1) bromide (99.0+ %), copper (I) chloride
(99.0+ %)(Cu (1) Clp) copper (1) chl or i d ebipyid®999.949 5 +
%) (BiPy), 2-(tertbutylamino) ethyl methacrylate (97.0 %) (TBAEMA), tolylene 2, 4
diisocyanatderminated poly propylene glycol (PPI®I), 3-sulfopropyl methacrylate
potastum salt (98%) KSPMA), 2-(methacryloyloxy)ethyl trimethylammonium chloride) (80
wt. % in HO) (PMETAC), tris(2-pyridylmethyl)amine (98.0%) (TPMA)dimethylphenyl
phosphine (99.0%) (DMPPphosphate buffered saline (PB&}cysteine (97%), deuterium
oxide (99.9%), 3-(acryloyloxy)2-hydroxypropyl methacrylate (99%)methoxycapped
oligo(ethylene glycol) methacrylate (480 g Myl potassium chloride (>99%p-aminc

1,1, L trifluoroethane (98%)(TFEA), chloroformd (99.8 %), roctadecanethiol (98.0%),
mercaptethylamine hydrochloridé O 9 8 %§-amiaori-Hexanethiol hydrochloride2-
(Methacryloyloxy) ethylphosphorylcholine monomer (MPC, >99% purity) was kindly
donated by Biocompatibles Ltdslutaraldehyde solution (50 % in H,O) was purchased
from Alfa Asear. Aluminium oxide and magnesium sulfate were obtained from Fisher
Scientific (Loughborough, UKIMETAC and TBAEMA monomers were purified using an

aluminium oxide column to remove the inhibitors.

Methanol (99.8%, HPLC gradeR-propanol (99.5%, HPLC grade), dichloromethane
(HPLC grade), ancethyl acetat(HPLC grade) were obtained froigmaAldrich UK
(Gillingham, UK). Hydrogen peroxide (30 %), sulfuric acid (95.0 %), ethanol (99.8%, HPLC
grade), ethanol (99.8%, analytical dea, ammonium hydroxide(analytical grade) and
dichloromethane (HPLC gradeacetone (99.8%, HPLC grade), dichloromethane (HPLC
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grade) tetrahydrofuran (99.5 %, HPLC grad@HF), hexane (HPLC grade) and ethyl acetate
(HPLC grade) were obtained from Fisi8amientific (Loughborough, UK).

2.2 Cleaning glassware and substrates

All glassware and substrates were cleaned with piranha solution to minimize the
contamination. Piranha solution consists of a mixture of hydrogen peroxide (30%) and
concentrated sulfuriacid (70%) in the ratio of 3.7 respectivelZa(tion: Piranha solution
is an extremely strong oxidizing agent which has been knodetdoate spontaneously upon
contact with organic material Extra care is taken when using piranha as it is potentietly
dangerous ani is alwaysusedinside a fume hood using a blast shield, thick rubber gloves
and goggles. The glassware was first cleaned by acetone, water and then dried. The
substrates were placed individually into samples tubes to be fully dledheirogen
peroxide was first added to the glassware and substrates, and then sulfuric acid was added.
The glassware and samples were left in the piranha solution until it was cool. The solution
was discarded into dilution tank. Then the substrates aaskwghre were washed with
deionised water for several times then sonicated for 10 min and then rinsed with deionised

water.

After piranha solution, the RCAR@dio Corporation of Ameri¢ganethod was employed on
silicon wafers and glass before a silane fation. The substrates were submerged in a
solution of ammonium hydroxide, 30% hydrogen peroxide and deionised water in the ratio of
1:1:5, respectively. The solution was heated to 85 °C for 30 min and left to cool. The samples
were washed with deionised tgaat least 5 times and sonicated for 10 min, and then dried in

an oven at 126C in an oven for an hodr*?°
2.3 Formation of seHassembled monolayers (SAMs)
2.3.1 Silane initiator

Glassware was cleaned using piranha solution before 8d8ade SAMs were prepared by
immersion of silicon wafer or glass microscope slides in a solution of 3
aminopropyltriethoxysilane (APTES) 2% (v/v) in ethanol (HPLC grade). After the substrates
had ben immersed in this solution for 30 min, the samples were rinsed with ethanol, dried
under N and then baked for 30 min at 120.°*'932*° Aminosilane SAMswere immersed in

a solution of bromoisbutyryl bromide (BIBB) (0.37 mL3 mmol) and triethylamine (0.41
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mL, 3 mmol) in 60 ml of dichloromethan®CM) for 30 min. Subsequently, the samples

were rinsed with ethanol and DCM and dried under nitrégen.
2.3.2 Thiol monolayers

Gold deposition on glass microscope slides was carried out using an Edwards Auto 306
evaporator system (BOC Edwards UK) at a pressure ca. 8.0 mhér. Before gold (ca. 20
nm) was deposited on the glass, an adhesion layer of titamiwmromium(ca. 5 nm)was
evaporated first. The evaporation rate was ca. 0.1 hforsTi or Cr,and 0.4-1 nm §' for
Au. The gold slides were immersed in cleaned sample, walgaining 1mM solution of-n
octadecanethio(ODT) in degasseckthanol, for approximately 24 h at 2C. Then the

samples were removed, rinsed with ethanol and dried undéf N
2.4 Sample handling

Samples were only handledth tweezers taninimize surface contaminatiofhe tweezers
were cleaned with acetone and ethanol then dried under nitrogen betor® diamond
scribe and a metal ruler, cleaned with ethanol, were used to cut the samples. The silicon
wafers and glass were cut into 1%portions, followed by washing with ethanol and dried
under steam of N

2.5 Surface characterizations

A variety of suface analysigechniqueswere used to characterizeitermost nm of the
samples. Theserovide detagd information on thin organic laysrsuch as the chemical
composition, the chemical structure, tbpography anthe physical properties.

2.5.1 Contact agle measurements
2.5.1.1 Background

The contact arg of a solid-liquid-vapor syatem is defined as the angle between the liquid
vapor and solitliquid interfaces>2%*° The contact angle measurement prosidéormation
on theoutermost few angstroms surfaéé&The contact angle measurement can be carried
out in two differentmanners: advancing contact angbg)(and receding contact angigg),
as shown in Figure 2.1. The advancing contact angle is assessed iock&s pf dropping
the liquid ato the surfaceand the receding contact angle is taken while withdrawing the

liquid from the solid surfacé>>23+23¢
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Advancing contact angle Receding contact angle Hydrophilic surface Hydrophobic surface

Figure 2.1. lllustration of (A) advancing and receding contact angle measurements. (B) the

different in hydrophobicity of surfaces.

The shape of the drop resting on the surface depends dhettmodynamic equilibrium
around theperimeterof the drop The contact angle can be measured directly using
microscope fitted with goniometer scale. Yolsngguation describéise relationship between

the contact angle and thaérfacial tension
I [ owe+ T I (2.

where s, is the interfacial tensions between the solid and the liguidthe interfacial
tension between gas and vapauy; is the interfacial tensions between the solid and the

vapour, anddp) is the contact angle betwekauid and the surfac&>23°

2.5.1.2 Experimental procedure

Advancing sessile drop contact anglesre measured using RameHart model 10600
goniometer (Netcong, NJA microlitre syringe was used to place a 2 gdiop of water onto
the surface of the sample. The sample stage was lowered until the water droplet separated
from the tip of the syringe. The angle between liquid/vapour and solid/ liquid interface was
measured. The contact angle was measatefive different locations on the sample and

averaged
2.5.2 Atomic Force Microscopy (AFM)
2.5.2.1 Introduction to AFM

Binnig, Quate and Gerber invented the atomic force microscope (AFM) in 1986, just after
the invention of scanning tunnelling microscope (STf)The STM has been used to

investigate the surfaces of conductor materials, however the AFM is used to study the
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surfaces of a wide range of materi&i&* It can beused in ambient air, liquids or ulttagh
vacuum (UHV)*°In its modern form,ite AFM consists of a cantilever with a sharp tip (with

a radiusat its apex typically in theange 10-100 nm)that is scanne@cross the sample
surface, a sensitive photodetector measuring the deflection of the cantilever, a piezoelectric
tube, to control the scamotions and a feedback system that maintains a constant force
between tip and samplA. piezoelectric material is one that ¢@acts or expands in response

to a potetial difference.

Figure 2.2 shows a schematic diagram of an atomic force microscope. The eanslev
placed parallel to the sample surface and then a laser beam is focused on the back of the
cantilevertip and reflects onto the sensitive photodete®®#*! The force between the tip
and the sample causes ai&hon in the deflection of the laser beam and chattfyEposition
of the laser spot on the photodetecitdihen probe is scanned, the tip scans across the sample
surface to measure local properties such as topography, friction, electrical, magnetic

etc238,241242

Photodetector
Laser

l Mirror

Cantilever

z
‘/I—V Piezoscanner
X

Figure 2.2.Schematidiagram of an atomic force oxtbscopg AFM).

Three modes of operation are available in AFM: contact mode (the most conumse),
nontcontact mode and tapping mode. In contact mode this iipmechanical contact with

-43-



the surfaceand the repulsive fores between the tip and sampmee measured®*?* In
ambient conditions, a water meniscus is forméaen the tip contacts the surfasbich can
roughly affect the interaction forcd*?*> The effect of water capillary condensation can be
minimised by performing theexperiment underan organic solvent such as ethanol.
Cantilevers made ofilon nitride with a relative low spring constaate used in this mode.
Contact mode is the most used for imaging hard materials such as gold; however soft
materials, polymers for exampleavesmaller moduli and are susceptilite probeinduced
damagé*® In noncontact mode, the cantilever oscillates close to the sample and the changes

in the interactions between the tip ahd surface are measuréd.

In the tapping mode, which is the most frequent mode of operation after contacttineode,
cantilever is oscillated with high resonant frequency (300 kHz) and tl&ikpsthe surface.
The feedbackoop can be adjusted to control the-s@mple interactioto keep the set point,
which might be created by the amplitude of modified os@iatat a constant value to
produce a topographic ima&#?*’ The cantilevers are made from silicon with larger spring
constarsg thanthose that are used for contact modlapping mode has been developed to
reduce the contact and lateral forces between the tipsample surface so it is useful
technique when imaging soft material and biological molecifadloreover, phase images
can be acquired in tapping mode by measuring the oscillation damping of the cantilever when
the tip strikes the surface, so the differences in mechanical properties sdirface can be
distinguished*"24®

2.5.2.2Friction force microscopy (FFM)

Friction force microscopy (FFM) is a powerful technique to provide information about
chemical compositionsnolecular organization, and mechanical properties for the surface. In
addition FFM provides nanscale resolution with high sensitivity and can be employed to
obtain quantitative dafd******! FFM is based upon theneasurement of the lateral
interaction force between the tip and the surface while the tip scans across the sample. The
lateral deflections of the cantilever areeasured using a laser beam reflected from the
backside of the cantilever to a photodetectt®*®. Lateral deflections result from the load
resolved in the ine of the surface and the frictional interactibesnveen the tip and the
sample.The trace and retrace dgsransacquired with opposite directions of the tip motion)
is subtracted to remove the topographical efféétsin chemical force microscopy the
chemicalnature of the tip is fixed (e.dpy depositionof a selfassemblednonolayeror by
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other meansso that changes in thiiction force in response to changes in chemical
composition may be measurder examples iftte tip interacts strongly with polaegions of
the surface morehin norpolar regionstie cantilever will be deflected further in the lateral
directionwhen traversing polar regionand a larger lateral signal at thlotodetector will
be detected***>> FFM can be used undan appropriate liquid such as ethanol to reduce

water capillary that condensate between the tip and stffface.

FFM can be employed to obtain quantitative dataThe normal force can be calculated if
the spring constant of the cantilever and the photodetector signal are KAt\f® The
frictional force data can be fitted into contact mechanics méféfS.Amont ons 6 L aw

describes the relationghbetween the friction force §and the normal load (F) by:

Fr=¢ F (22)
where ¢ is the coefficient of friction. The
ofthe v s . F curves. I n principle, Amontonsd | a

the sliding surfaces. It is applied in the situations wlieeeeis nonadhesive sliding. It has
been suggested that a single asperity would be more accuratedeilingp friction data

acquired by AFM The Johnso#endallRoberts (JKR) model ian adaptation of the Hertz
modelfor mechanicghat takes account of adhesive for¢ee JKR model is applied when
the adhesion between the surface and the tip is stf671g.The contact area A between a

sphere of radius R and a plane can be calculated at zero loads:

0o “-"0Oc'TrTY @71 YOO Y (2.3)
Where R is the radius of the probe, o0 is th

The DerjagurMuller-Toporov (DMT) model can be applied forwhen the elastic
deformation of the asperity is small. the DMT model, theadhesion forces between the

materials and tip radii is we&k>**° The contact areis givenby:

5 *“ -0 1“1 Y (2.4)
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2.5.2.3 Experiment

Atomic force nicroscopy was carried out using a Digital Instruments Neope IV
Mul ti mode Atomic Force Microscope (Veeco, S
125 pm). Two main modes were used to image the surface, depending on need: contact mode
and tapping mode. Each mode has different type okiijgpn nitride naneprobes (Digital
Instuments, Cambridge, UK) containirg cantilevers with different force constants (used
0.06 or 0.12 N i) and tip radiiin the range 280 nmwere used for contact mode imaging.

Silicon probes containingne cantilever with average spring constants between 20 and 80

Nm™ were used for tapipg mode.

Sample werewashed with ethanol or methanol and dried under dry nitrogen before use.
The sampls werefitted to metal disc using carbon duesided adhesive tapeh& metal
discs were placed on the scanner head. Tgteal video feed on the mrioscope was used to

positionthe probe orthe sample.

In both contact mode and tapping mode, the tip was mounted in the cantilever holder, then
placed over the sample. The laser was aligned on the end of the tip then the horizontal and
vertical positios of the photodetector weraligned. The tip was then manually moved
towards the surface until wasalmost in contact with the surface. In tapping mode the tip
was tuned using a routine in the software to find the resonant frequency of the tip. The
softwae was used to drive the tip to be in interaction with the sudadbat an image could

be acquired
2.5.2.4 Image Acquisition

In contact mode, height arlde friction images werat a scan angle 90 an acquisition rate
of 2 Hz and typical gain settisgpf 1 and 1.5 for the integral and proportional respectively.
The deflection setpoint was determined in each experin@ngthe software to control the
force on the sample. For tapping mode heightthegphase images were acquirgdgeneral
with a sca angle of 0, scan rate of 2 Hz and typical gain settings of 0.2 for the integral and
0.3 for the proportional. A liquid cell was used when the sample required imaging in liquid in
both contact and tapping mode images. For imaging under liquid, a drg inzsgtaken then
the cantilever was brought out from the contact from the surface and then the liquid flushed
through the cell. The photodetector was aligned again and the tip was driven towards the

surface and then an image was taken.
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2.5.3 Ellipsometry
2.5.3.1 Background

Ellipsometry is a norcontact, nordestructive optical measurement technique which can be
used to measure the thickness of thin films from less than a nanometer to several microns,
roughness and other material propertfiéé>® Ellipsometry utilizes polarized light and
measures the change polarization that occurs upon reflection or transmission from a
sample, and #n compares it to a modellligsometric measurements must bede o
reflective samples. The material properties can be determined from the polarization

change$>%°

Light source Photodetector

Polarizer

Figure 2.3.Schematidiagram showing the basic principles of ellipsometry.

Figure 2.3 illustrates the basic principlef ellipsometry. An unpolarized light source is
used (usuy aHeNe | aser with wavel engt miqpelarized 63 2.
The beam hits the sample atdefined angle penetrates into the layers and reaches the
interface between the layer and the substriaten whereit is reflected. The light kam
leaves the sample with the same angle as the incidence angle and passes through a rotating
analyzer, whichenables measurement tife refelctions from all phases, before hitting a
photodetector. Finally, the intensity of the incoming light as a funaifoie angle of the
rotating analyzer is measured by a photodetéctt’ The recorded dataretransferred to a
computer for the calculation of material properties (such as film thickness and/or refractive

indices).
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2.5.3.2 Experimental procedure

Ellipsometric studies were conducted using a Al ellipsometer (J. A. Woollam Co.,
Lincoln, NE, USA) equipped wita HeN e (&« = 633
from the normal. Ellipsometric thicknesses were calculated Sibicon substrate models.

| aser nm) ©at an
Measurements were conducted from 300 to 700 nm and modelling was performed using
WVASE software (J. A. Woalm Co., USA). Fit quality was assessed using the root mean

( RMSE)
over all measured wavelengths. The dry films were modelled as a single layer of variable

sqguare error bet ween the measured an
thickness with refradte index given by the Cauchy parameters of An 1.5, Bn 0.005Tjn&
ellipsometric brush thickness for each sample was determined in at least three different places

on the wafer and reported as the mean * standard&tior.situ measurements of brush
thickness in aqueous solution were conducted using a-hwade liquid cell. The sample cell

was rinsed several times with deionized water between each measurement. Ellipsometric data
were fitted using a single slab model with a refractive index given by a linear effective
medium approximation (EMA) between theet brush and watéf>**° Again, three
measurements were recorded for each brush saamoleeported as the meanstandard

error.

Comparison of the ellipsometric and AFM thicknesses (pattesagdple¥y for PMPC,
PTBAEMA, PKSPMA, PMETAC and PCysMA brushes revealed that the differences in dry
state were relatively small (maximum difference £aam) and the maximum differenae
wet shte was ca.9 nm ( see Table 2.1). Generally, AFM tended to give a higker lay
thickness than ellipsometry althoughete is a reasonable agreement between the two

methods which suggests that either could give a good estimate of brush thickness.

Table 2.1 Comparison of some polymer brush thicknesses measured by ellipsometry and
AFM, in both dry state and under PBS buffer solution.

Samples Ellipsometric Brush Thickness / nm | AFM Brush Thickness / nm
Dry Brush Wet Brush Dry Brush Wet Brush
PMPC 12.2+0.1 45.8+0.8 10.0+ 0.5 35+1.2
PTBAEMA 16+0.2 58.5+1.3 14.5+ 0.8 62+ 25
PKSPMA 33.8+04 57.6+0.9 30+£17 66+3.1
PMETAC 15.4+0.2 28.8+ 0.4 17+1.2 35+1.9
PCysMA 16.2+ 0.2 27+0.8 15+1 28.5: 1.7

-48-




2.5.4 Xray PhotoelectronSpectroscopy (XPS)
2.5.4.1 Background

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical
analysis (ESCA) was developed in 1960s by Kai Siegbahn. This technique is widely used for
surface analysis with a wide range ragterials, starting from Li to U. XPS can provide
information on the surface compositi@md thechemicalenvironments of the molecules that
are baded to the surfagsuch agheir oxidation state In XPSthe sample is irradiatedith
X-rays which causinghe ejection of electros from the surface, with samplinigpth of 10
nm. Each element produces photoelectrons with a characteristic kinetic energy (KE). The
chemical compositionf the sample can be directigtermined from theetative numbersf
these ejected photoelectrons. The KE of the photoelectron is measured by the photoelectron
spectrometef®®?*3 The binding energy (BE) of the electrorgisenby following equation:

BE= hKE - (2.5)

where G4 is the electron spectrometer work f
the X-ray photon. Variations in the binding energies (chemical stafis) result of changes

in bonding lead to changes in the KE which are recorded by the repeeter. The
photcelectron spectrunis recorded as a function of KE. The relative concentrations of

atomic species can be determined directly from the photoelectron intefféitfds.

Energy
analyser

Surface Sensitivity

§§§§§§§§§

)))))‘))))
3 ) ) )))))

Detector

Escaping
e Photoelectrons

)
llilllllllklllllll

Sample

Figure 2.4.Schematic diagram showing the basic ppies of photoemission in XPS
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As shown in Figure 2.44n XPS instrument consists ah X-ray sourcean electron energy
analysera detectoranda vacuum systemMonochromatisedhl KU a n d XMays ateU
commonly used in X8 The electron energgnalyser measures the energy distribution of
electrons ejected from the surface. A concentric hemispherical analyser (CHA) is commonly
usedto detect the photoelectrond. uses electrostatic lenses to focus photoelectrons of
different energies. The detectis a sigle channel electron multipliemhe XPS instrument
operats under ultrehigh vacuum (UHV) conditions, at pressure ad. 10*° mbar to
eliminate electron scattering by gas molecules, and to ralecadsorption ofesidual gas

moleculentothe samplé®°
2.5.4.2 Experiment and data analysis

X-ray photoelectron spectroscopy was carried out using a Kratos Axis Ultra spectrometer
(KratosAnalytical, Manchester, UK) with a monochromatized A K-ray source operating
at a power of 150 W witanemission currendf 8 mA anda pressuren the analysis chamber
between 18 to 10'° mbar. Electron energy analyzer pass energies of 160 eV aeid @@re
used to acquire survey (wide) scamglhigh resolutiorspectrarespectively. The wide scan
provides gaeeral information on the sample composition, while harrow scan provides

information on the bonding environment of the molecules at thecgurfa

The samplesverepreparedvith approximate dimensiore.5x5 mnf and then rinsed with
ethanol and dried under dry, [lWefore the experiment was rudigh- resolution peaks were
fitted and processed using CasaXPS software (Casa, http://www.casaxps.com, U.K.).
Changes in the bonding to the surfa@isesmall shifts inthe binding energy. A carbon
atom ina hydrocarbon gives an unshifted C 1s peak aEaoB285.0 eV, thus all binding
energies were referenced relative to the alkyl chain peak Cls, 285.0 eV. This is because the
majority of organic thin film contains-€& bonds. Carbdrheteroatom bond shifts C 1s peak

due to the electron density around C atdniist of common shifts is given in Table Z%.

Table 2.2.Common C 1s chemical shifts (eV) relative to saturated hydrocarbon.

Functional Group Structure Binding Energy (eV)
Hydrocarbon CoH 285.00
Amine Co N 285.94
Ether Co O 286.45
Carbonyl C=0 287.90
Carboxylic Acid COOH 289.26
Perfluoro (CR) Co F 292.69
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2.5.5 Laser Scanning Confocal Microscopy

Scanning confocal microscopy was fidéscribed and patented by Marvin Minsky in
19617** The basic principles of this techniqaeeshown in Figure 2.5 First, the samplis
illuminated by passing a laser beam through a spatial fater abeam splitter through
objective lens to yield a diffractionlimited spot at the sample. fhen, the emitted
fluorescence is reflected througie beam splitterallowing light from the sample (longer
wavelengthyeachthe detector. Thenicroscope detects only the fluorescewahin the focal

plane and eliminates out of focus light by usirgpatial pinhol&®>2%°

A— Detector

I EE—— —— Confocal pinhole
Emission light (In focus light rays) — Emission light (Out of focus light rays)
Tube lens
——— Spatial filter
Excitation
light rays
/f | Laser beam |

=
Beam splitter \ \

— Objective

JSW%

Figure 2.5. Schematicdiagram showing the operatioaf a laser scanning confocal

microscopy.

Confocal fluorescence microscopy images were acquired using a LSM 510 meta laser
scanning confocal microscope (Carl Zeiss, Welwyn Garden City, UK). The sample was
placed on alassmicroscopeslide. Adroplet of Citifluor as an antifade reagent (glycerol
PBS solution, AF1) (Citifluor Ltd., London, United Kingdom) was addedhe sample
surface and then another glass slide was placed on the top of the gaBfhtenagnification
oil immerson lens with numerical apertute40 was used to image the samplesmall drop
of immersion oil (Immersol 518 F, Zeiss) was located on the slide, facing the center of the
light. The 514 nm band of an Ar laser (1.5 mW) was used to eftladeescenceand the
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fluorescence was recorded at wavelengths above 535 nm. Bensl diberating between 535
and 590 nm was used to block the incident light from the detector. The captured images were

analyzed by Zeiss LSM image browser softw@esiss, http://microscopy.zeiss.com, U.K.).

2.5.6 Surface Zeta Potential
2.5.6.1 Introduction to zeta potential

The electrical potential on a surface can dominate many of the important surface properties
of polymer®®? An electrical charge appears at the interface when a charged sisrfiace
contact with a liquid phasg®?°*?%® An interfacial double layer is established at the location
of the slip plané®*?®° The zeta potential ithe potential at the double layer, which is the

different in the potential between the stationary layer and diffusion lagyyshawn in Figure
2.6.267-268

Zeta potential measurementavaluabletechniquefor the acquisition of data on surfaces
Zeta potential measurement is an important technique to characterize the properties of
polymer surface such as hydrophilicity, swelling and other phyaiemical propertie$*
Surface isoelectric points in surface ionizable groups can be determined using zeta potential
measurementS/?’®*’! |ons adsorptions are determined by the potential and charge

distribution on the surfacd?

The zeta potentialcan be determinedy measuring theelectroosmotic mobility, the
movements of a spherical particle in an appliefieEl or the streaming potentig®2°%27
The zeta potential can leetermineddirectly from the electroosmotic mobility. The transit
time of an optically active or conductive tracer through a microchgonelapillary can be
measured as a function thie electridield, and the electr@motic mobility is directly related
to the zeta potential. While in the second methmekich is commonly used in studies of
colloidal suspensions, an electriteld is applied across the sample and then the
electrophoretic mobility (particles responsive) is measured by the light scattering of the
particles?®®?®° The streaming potential is a technique usedletermine the charge on riéb
surfaces. The sdlwn flows through a pad of fies from the sample and then a known
pressure is applied to push the solution. A potential is measured between electrode probes on

either side of the pad and then the resulting voltage is compared to the voltage before
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applying pressure. Zeta potential can be estimated fhenstreaming potential using the
factors, including the electrical conductivity, fluid viscosity, and the strecotd the fiber

pad?®®

Surface p
Stern

S~{i—— £ Surface zeta potential

mV

Distance from the surface

Figure 2.6.illustrates potential difference as a function of distance from particle surface.

2.5.6.2 Surface zeta potential cell theory

In the malvern's streaming potential geimployed in the present workhe surface zeta
potential of planar surfaces can be measured in the presence of tracer pdrtieles.

electrophoretic mobility of the particlées measureat varing distances from the surface.

The cell is in a dip cell format and designed with a rotatopgattached to a screw thread
which allow changing the sample height. The sample is attached to the sample holder and
tied to thecell and then dipped into a cette a containing a medium and tracer particles.
Applying an electric field via the electragl¢hat will initiate electrophoresis of the particles.
Electrcosmosis will be established close to the surface. The mobility of the tracer particles
will be differentat different distance from the samptbe closer to the surfacthe greater
the significance of electr@smosis. The effect of the elecwemosiswill decrease as the
distance from the surfacecreases The electrophoretic mobility of tracer particles is
measured using Malvern Zetasizer NanoZS model ZEN 3600 instrument. Theeparticl

electrophoretic mobility will vary as a function of displacement from the sample surface. The
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intercept (zero displacement) can be extrapolated by plotting the measured mobility; or zeta
potential, as a function of distance from the surface. The measiieecept is a necessary
component to calculate the surface zeta potential because zeta potential always involves a
component of the electrophoretic motion. The surface zeta potential can be gitles by

equation:
suface=1 1 Nt ercept + 3 parti Qlee

W h e r @cei® surface zeta potential3 panicie IS the zeta potential of the tracer and the
intercept is extrapolated by plotting the reported mobility (petential), as a function of

displacementrom the surface.

2.5.6.3 Experimental procedure

Samples were prepared witdimensios of 57 mm, depth4 mm and thickness 2 mm
rinsed with ethanol and dried undes. Nhe sample was attached to the sample holder using
cyanoacrylate adhesiv®nce theadhesivehad beertured the sample was fitted in between
two electrodes in the surface zeta potential cell, and the screw wanédtd securdt in
place. By rotating the cell cap, the height of the sample adasstedusing a cdl height
alignment tbe. The cell wasplaced in acuvete contained 0.7 mL of the mediuta be
studied and (0.01%) PMPR§abilized polystyrene lateparticles as tracer.The PMPG
stabilized polystyrenewas selectedbecauseits hydrophilic, permanently zwitterionic
character should ensure no interaction with the brush chains at any solution pH-AFSVPC
nanoparticleswvere prepared by Prof. Steve Armes groupphe cell and the cuvette were
placed intoa Zeta Nanosizer.le heght of the sample was adjusted using the software to
find the zero position against the laser. The temperature was sef@ta2fl four different
displacements weraised Five measurementsvere made with a 50 gap between
measuremestfor the sampleand a 20 s gap between the measurements for tracer. The

measurements were performed at 125, 250, 375an¢ 500 f r om t he sampl e

C

<

final measurement was at 1060m, to determine the zeta pot e

Finally, the surface zeta famtials were determined by the software.
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2.6 Photepatterning of organic filns
2.6.1 Micron-scale patterning

Photepatternng was performed using a Coherent Innova 300C FreD argon ion laser
(Coherent FreD 300C, Coherent U.K., Ely). The fundamental anisgavelength of this
laser is 488 nm and the UV wavelengfBd4 nm) areobtained after doubling the frequency
of using aBrewstercut betabarium borate crystallhe (UV) laser was turned on and left for
30 min before use to allow the beam intensity to stabilize. The power output of the argon ion
laser was adjusted to be 100 mW.

Samples were cleaned with ethanol and dried wiftb&fore exposure to UV light. The
micropatterning apparatusonsists of a converging lens and a mirror &t té5the incident
beam,to focus the beam on the samples with a spot size of approximately 8.2 c@u
electron microscope gridonsisting of a pattern of orthogonal bars (masked) squares
(open) (Agar, Cambridge, UK) was employed as a m&&kThis mask was placed on the
sample and then a clean quartz disc was uskdltbit in position during exposure. Once the

exposure was complete, the sample was rinsed with ethanol and dried undgr dry N

2.6.2 Nanaescale lithography
2.6.2.1 Interferencdithography (IL)

In the present worlktwob eam LI oydds mi was employedWhenrtwoe r o me t
coherent beams interfera sinusoidal pattern of intensity resullisterferogram consists of
alternating bands ofonstructie and destructivénterference’® The periodicityp in the

sample is given by:

n — (2.7)
Where & is haasmrd dvatvleé ediygl e of incidence.

Figure 27 shows a schematic diagram of the apparatus d$edstage holdghe mirror and
sampleata or i ent ati on of 2d Thestagearhde romtediteecontrdl d t o
the pattern pitch. The samf@equencydoubled Ar ion laser that was used for a

micropatterningvas also useds a light sourcéor IL. To obtain a coherent beam, the laser
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was focused by a lens through a spatial filter with apeetu 5 e m . The edge o
beam was cut by using a mask with a suitable aperture. Half of the beam was pointed onto the
mirror and the other half was directed onto the sample surface. When the light was reflected
from the mirror onto the sample $ace, the two beams interfered on the surface, yielding a
sinusodal pattern of intensity. ie sample wasubsequentlyinsed with ethanol or methanol

and dried under N

Aperture
Lens

;{: UV laser ‘
S|
|

Spatial filter

Mirror, .
Rotation stage

N
Laser Beam \/\(e ’

Figure 2.7. Schematicdiagram of the apparatus used to carry out-lheam interference

lithography.

Threebeam IL has been used to create hole/dot patterns with hexagonal symmetoy.
beam Ll oydds mirror i nt er deam mterieroneeter bwaddingmo d i f
second Lloydds mirror, with the position of
exposure, see Figure8The direct incident light on the sample and the reflections from the
two mirrors produced a hexagonal symmefryis advantage of thisetup is to simplify the
alignment by fixing the position of the mirrors with respect to the sample. Moreover, only a
single exposure is needed to generate hole/dot pattéfisThe periodicity of the patterris

given by:
n — (2.8)

Where & is |laser wavelefAgth and d the angle
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After the pattern was completed, the sample was washed with ethanol or methanol and then

dried under stem of nitrogen.

Spatialfilter  Aperture

; < : UV laser
[

Lens

Figure 2.8. Schematidiagramof the threebeam interferometer used in this work.
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Chapter 3: Spatial control over crosslinking affects the pHresponsive behaviour of

poly(2-(tert-butylamino)ethyl methacrylate) brushes

3.1Introduction

Polyelectrolyte brushes are commonly known to be responsive to changes in solvent,
temperature, pH and ionic strength?’” One of the most studied groups of thesensii-
responsive surfaces is pidsponsive polymer brushes. The ionization of functional groups on
the polymers causes chain extension or collagsen environmental pH changes. Polyacids,
such as PAK’®%° and PMAA 288282 and polybases, such as PDMAEMA?®and
poly(vinyl pyridine) (PVPY2®%" have been widely studied.

At low pH, a weak polybase brush swells becausehefincreasing intechain repulsion
(coulombt repulsion), which can produce large changes in layer thickfred&°
Moglianetti el al. reported that at pH lower than 3, PDMAEMA basstbecomemore
swollen due to a greater osmotic pressure ¢hasesstretchingof the segments away from
the interfacé?® The fraction of protonatd segmentsaries with segmentensity through the
brushlayer; outer segments are more protonated thase in thenterior of the brusha high
grafting density leads ta low fraction of protonated segment&j.Jia et al. studied the
variation in PDMAEMA bruskswelling behavior with grafting density and pH. They found
that the degree of swellingepends on th@rafting density: aower grafting densityis

correlated witha greater degree of swellifg.

Crosslinking of pdymer brushes is a route to the preparation of materials lvétter
mechanical and chemical stability, compared to linear polymer ésushosslinked thin
films can be prepared by polymerizing cross linkable monoffitkHuang et al. reportethe
direct polymerization of ethylene glycol dimethacrylate (EGDMA) frargold surface to
form crosslinked polymer film&%° They reported that the crebsked films are very niform
in the range 5200nm as revealed by FTIR, ellipsometry and AFM. Moreover, crosslinked
thin films can be prepared by introducing the crosslinker anpoe-preparedcrosslinkable
polymer film. Moglianetti et al, have studied the interaction betweBIMAEMA segments
and sodium dodecyl suaife (SDS) in both acidic and alkaline midea. Thieporteda
reduction in the swelling of PDMAEMA brushes after the PDMAEMA chains are physically
crosslinked vis SDS iorfs°
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However, there has been very little work focused@rondaryamine methacrylates such as
poly(2-tert-butylaminoethyl methacrylate (FTBAEMA) brushes Morse et al. have
synthesized PTBAEMA latex in the presence of divinylbenzene (DVB) <irdss and
poly(ethylene glycol) methacrylate (PEGMA) stabilizer. These Pickering emulsions proved
to be pHresponsive and can be used as an effective Pickering emulsifier aibque 10.
*13eromeand ceworkers have prepared PTBAEMA functionalized polyolefin fibres via two
protocols®*??%* |n first study a polyolefirPTBAEMA diblock copolymer was synthesized
by ATRP and dispersed within ledensity polyethylene, which led to bactericidal activity
towardsE. coli. In the second caserimary aminegunctionalized PTBAEMA chains were
prepared via an azidenctional initiator, which led to chemical grafting of the PTBAEMA
to maleic anhydridgrafted polypropylene. Dispersion of this graft copolymer within native
polypropylene led to lontasting antibacterial activityHowever, as far as we are aware,
there is very little work on the synthesis and {pesponsive behavior of wellefined
PTBAEMA brushes in the literature.

In the present work, uniform PTBAEMA brushes are grown from silicon substraieg
surfaceinitiated ATRP. The pHesponsivebehaviour of linear brush is studied using
ellipsometry and AFM, and then compared to that of crosslinked PTBAEMA brushes.
Crosslinking is achieved by a reaction between the secondary amine groups in the TBAEMA
residues with isocyanate groups in a commercially availpblymeric diisocyanate. Spatial
control of the brush crosslinking is achieved by selecting the solvent used for the crosslinking
reaction. Using a good solvent for the PTBAEMA brush (e.g. THF) leads the crosslinker to
react uniformly throughout the brushyer, while using a poor solvent allows the crosslinker
being confined to the upper surface of the collapsed brush (see Schéng Hypothesisd
that spatial confinement of crosslinking should affect therpkponsivebehaviourof the
brush film. Various surface characterization techniques are used including contact angle

goniometry,in situellipsometry, AFM, XPS and surface zeta potential.
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- PPG-TDI in n-hexane &
S >
" Collapsed brush

>[\ Q“IOQOQNJ@;CO

NCO PPG-TDI
cross-linker

Swollen brush

PPG-TDI in THF

Scheme 3.1Schematic representation dfet nature of the crodmking produced within a
PTBAEMA brush layer wherusing aPPGTDI crosslinker in conjunction with agood
solvent (THF) or a poor solvent-fiexane). The former solvemesults in auniformly-

crosslinkedbrush, whereas the lattesults ina surfacecrosslinkedorush?®*

3.2 Experimental
3.2.1 Preparation ofATRP initiator on silicon wafers

The process of cleaning the silicon wafers with Piranblateon followed by RCAand the
formation of bromo initiator on silicon substrates are described in section 2.3.1. The
substrates were submerged 2 % solution of APTES in ethanol for 30 min then ritised wi
ethanol then dried at 1. To functionalisethe surfacewith initiator, the samples were
immersed in (0.37mL, 3mmol) BIBB and (0.41p®mmol) triethylaminedissolved in 60
mL of DCM for 30 min then the samples were rinsed with ethanol and DCM trezhuhder

N2 (shown in scheme 3.2)

o Br
) EO)SI.__~. N - \>‘_§ )h o
0 o)
Ethanol, 30 min, 20°C o g " Br 04 " ‘ B
—2l 7 _— —5i
iiy 30 min, 120 "C c‘)\/\/ EtsN, CH,Cl, cl) RN
+ 30 min, 20°C +

Scheme 3.2Schematic represents the formation of initiators including the formation of 3
aminopropyltriethoxysilane (APTES), subsequently by the reaction of bromoisobutyryl
bromide (BIBB).
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3.2.2 UV irradiation of ATRP initiator -functionalized surfaces

UV exposure of BIB-APTES monolayer was carried out using a frequadmybled argon
ion laser with wavelength of 244 nm as described in section 2.6. The exposure was carried
out on samples with a beam size of 0.Z.cm

Micro-patterns were obtained by exposBi@®B-APTES film on silicorsurface to UV light
through a Cu electron microscope grid (2000 mesh) as a tmasknove the bromine from
patterned aredl was conducted using a tawmeam interference system at’°20Then the
samples were cleaned with ethanol and dried under steam of N

3.2.3ATRP synthesis ofPTBAEMA brushes

TBAEMA (5.0 g, 27 mmol) was disseed in isopropanol (IPA; 5.0 njLat 20°C, degassed

by passing a continuous stream of nitrogen through the solution for 30 min while stirring the
solution. TPMA (58.8 mg, 0.203 mmol), and Cu(Il)B{15.0 mg, 0.068 mmoljere added to

the solution andlegassed for 20 mirCu(l)Br (19.0 mg, 0.135 mmolas added and the
mixture was dgassed for a further 10 mimitiatorZunctionalisedwafers were sealed in
Schlenk tubes and degassed via three vacuum/nitrogen ciieemonomer/catgst mixture

(2 mL) was added by syringato each tube under a nitreig atmosphere and the surface
polymerization of TBAEMA was allowed to proceed at ZD(scheme 3.3)The samples
were removed after various polymerization timfedowed by washing withPA andethanol

several timesThe same protocol was used for fyathesis of patterned PTBAEMA brushes.

0 i
e, o \)’I\O/\/N A o
e T ; -
r - n
0 —Si NH o8 NH
C‘)\/\/ CuBr, CuBr,, TPMA, Isopropyl alcohol C‘)\/\/ 0
Q
rat 0 - 350 min, 20°C T+

Scheme3.3 Synthesis of a linear PTBAEMA brush from an initiafionctionalized planar

surface using Atom Transfer Radical Polymerization (ATRP) in isopropyl alcohol (IPA).
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3.2.4 Preparation of PTBAEMA homopolymer

TBAEMA (5.0 g, 27 mmol) was diséeed in isopropanol (IPA; 5.0 njlat 20°C, degassed
for 30 min TPMA (58.8 mg, 0.203 mmol), and Cu(l1)B{15.0 mg, 0.068 mmolyere added
to the solution andegassedor 20 min.Cu(l)Br (19.0 mg, 0.135 mmolyas added and the
mixture was deoxygenatedrf@ further 10 minIn a separate Schlenk tube, which was
vacuum/backfilled three times, BIBBPTES functionalized Si surface an@-
(dimethylamino)ethyR-bromoisobutyrylamide initiator (3.0 mg, 0.013 minolas the
sacrificial initiator were added he sacrificial initiator was used to control the polymer chain
length under the assumption that the chains grown from the Si surface and in solution have
similar molecular weightsThe polymerization solution wasyringed intoSchlenk tubeand
allowed to proceed at 28C. After 90 min the catalyst was deactivated éxposingthe
polymerization solution to aiThe substrate was washed with IPA and ethanol, then the dry
ellipsometric thickness was measured to benf? The crude polymer was purified by
equilibrium dialysis to remove the catalyst and unreacted monomers. The purified polymer
was freezadried. The mean molecular weight of PTBAEMA was judged by GPC analysis in
THF, indicate avn of 12700 using poly(methynethacrylate) as a standard.

3.2.5 Preparation of crosslinked PTBAEMA brushes

Uniformly-crosslinked PTBAEMA brushes (with dry brush thicknesses ranging from 4 to
15 nm) wergrepared by immersing the linear PTBAEMA brusiated wafers in inL of a
1 mg/L stock solution of 2,-diisocyanategerminated poly(propylene glycol) (PPTDI) in
dry THF at 20°C. It has been publisheal method to calculate the giaf§ density of a
polymer brush directly from the dry brush thicknelsg,X."*>**° The chain grafting density
(G) was described by equatioh =gy JhWMn, where Mn is the mean degree of
polymerization,} i's the bul k denNiitsy Awfogtalle opel ynmenb
PTBAEMA brush of 10 nm dry thickness grown from a 2 siticon wafer substrate and the
mean degree of polymerization @2700, the grafting density was calculated to be 0.55
chains nrif (using a calculation described in the literature and the density of 1.10 gpcm
the PTBAEMA brush¥>® Thus for the crosslinking conditions used in the present work, we
calculate that there are approximately 24esondary amine units (due to PTBAEMA) per
isocyanate unit (due to PPDI). This ensures that the brush layer is not -avesslinked,
so thatit retains some degree of stimultesponsive behavior. After 10 min, the wafer was
rinsed copiously with THF to remove any unreacted HBGE crosslinker and dried under a
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stream of nitrogen gas. The same protocol was utilized to prepafacecrosslinkel

PTBAEMA brushes, except thathexane was used instead of THF.
3.2.6 Surface characterization

The formation ofsilane films functionalised with the brommaitiator, PTBAEMA brushes
and further surface modificatiomerecharacterized by contact angle, ellipsometry, AFM and
XPS. Advancing sessile drop contact angles were measured using dHaemedel 10600
goniometer (Netcong, NJ) as described in section 2.5.1. Ellipsometric measurements were
carried out on a Jobin Ywm UVISEL spectroscopic ellipsometer. The data were fitted to a
model consisting of a polymer brush layer of variable thickness on a silicon substrate as
described in section 2.5.3. AFM was carried out using digital instruments-dd¢ape |V
Multimode Atani ¢ For ce Mi croscope (Veeco, Sa-nt a Ba
125 um) as described in section 2.5.2. Silicon nitride fmobes (Digital Insuments,
Cambridge, UK) with nminal force constants of 0.06 or 0.12 N'randtip radii between 20
to 60 nm were used for contact mode imaging, and silicon probesnwittinal spring
constants between 20 and 80 Nmere used for tapping mod¥PS was carried out using a
Kratos Axis Ultra spectrometer (Kratos Analytical, Manchester, UK) with a
monochromati e d A I-ray KdurceXoperating at a power of 150 W with emission current
at 8 mA and with pressure between®16 10%° mbar was utilize to analyze the surface as
described in section 2.5.4. Higresolution peaks were fitted and processed using CasaXPS
software and all binding energies were referenced relative to the main hydrocarbon peak C1s
which was 285 eV.
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3.3 Results and discussion
3.3.1 Characterizationof BIBB-APTES film

APTES surface functional groups on silicon wafers weeeted with BIBB in the presence
of triethylamine as a base generate BIBAPTESThe base reacts with HBr that resditom
the coupling reaction. BIB-APTES film exhibited a contact angle 67 % 2ompared to 47 +
2° for the initial APTES monolayer. Theapography of BIB-APTES films was acquired
using contact mode AFMFigure 3.1) The root mean square (rms) of three samples was
found to be between 0.5 and 0.7 nm. The smooth surfaces of these smaipkged the
formation ofhigh quality formation films. The chemical compositiontbé BIBB-APTES
film was assessed usihggh resolution XPS spectra of C1s, Br3d and N1s (Fig®e Bne
C1s spectrum was fitted with three components with binding energies of 285.0, 286.4 and
2884 eV, which were attributed to-C, G-Br/C-N and O=C, respectively. The experimental
ratios were 4.5 : 2.1 : 1, which is in good agreement with the theoretical 4 : 2 : 1 ratio. The
Br3d high resolution spectrum was fitted with two components with relatte@sities of
1.4:1, corresponding to Brgd and Br3d, with binding energies of ~70.3 and ~71.3 eV,
respectivelyresulting from spirorbit coupling'®*?*® The Br/N atomic ratio suggested that
80-90% of surface amine groups had reacted witindnoisobutyryl bromide, generating the
desired BIBBAPTES

Figure 3.1 Height image of a -§2-Bromoisobutyramido)propyl(triethoxy) silane (BIBB
APTES)film 1 . 0 T 2 #rar@e C¢ 18 nm dark to bright.
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Figure 3.2. Curvefitted X-ray photoelectron spectra recorded RIBBAPTES initiator-

functionalized planar wafs: (A) Cls cordine spectrumyB) N1s oreline spectrumand
(C) Br3d coreline spectrum.
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Surface zeta potentiak. pH curves were constructed for both APTR&d BIBBAPTES
functionalized silicon wafers (Figure3}. The former substrate is cationic between pH 2 and
pH 7 (with zeta potentials of 35 £ 10 mV) owing to protonation of the surface primary amine
groups.Anionic character was observed in alkaline media, with an isoelectric point at around
pH 8-9; these observations are consistent with previous stti{f@s.The BIBB-APTES
silicon wafer exhibits rather lower surface zeta potentials (8 £ 5 mV) at low pH, and negative
values above pH 9. This is consistent with our XPS observations, whiclated! that a
minor fraction of surface primary amine groups had not reacted widiorBoisobutyryl

bromide.
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Figure 3.3. The surface zeta potential of APTES and BIBBTES functionalized Si wafers
immersed in aqueous solution as a function of solution 3. APTES film. @) BIBB-
APTES film.

3.3.2 UV modification of initiator films

Ahmed et al. has reported the UV modification of such BIBAPTES ldyEhs.agreement
with their work, it was found that the water contact angle gradually decreasadasgasing
of UV exposurgFigure 34). It can be seen that the contact angle remained at 58afe6
an exposure of 1.7 J émXPS studies confirmed the photodegradation process: the intensity
of the Br3d signal was progressively attenuated with increasing exposure time and became

undetectable after 2.2cm?, indicating complete removal of Br as shown in Figue 3.
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Micro-patterning was achieved by exposing BIBAPTHSctionalized silicon wafers
through 2000 mesh electron microscope grid to 2.2 3 wmensure full removal of Br.
Friction force microscopy was utilized to image the resulting patterns and there was a clear
contrast between the masked area (bar) and exposed regions (squares) (EAguréha.
brightest contrast illustrates the more paaposed regions, which possess a higher frictional

coefficient with respect to the AFM probe.

Nanoscale patterning was carried out using IL technique to photolytically pattern
BIBAPTES film on the silicon wafer. A dual beam interferenceugetvas usedo fabricate
the surface. A coherent UV laser beam was directed towards a mirror and sample placed at
angul ar separation of 2d. Hal f of this | aser
onto the sample to interfere with the other half of beam, forming a sinusoidal intensity
pattern with a period of &/ 2sind, where @&
BIBAPTES film was exposed to 0.7 ch? at 20. FFM was used to image fabricated
BIBAPTES film (Figure 36B). The bright bands comspond to areas of extensive
modification with widths of 160 + 7 nm, whereas the dark bands indicate regions of low
modification with widths of 1@ + 6 nm. The contrast between the dark regions and light
regions revealed by FFM is because of the more pwarre of the lasezxposed regions,
which possess a higher frictional coefficient with respect to the AFM probe. Topographical
image, acquired with the FFM image, revealed that there was no height contrast in the image

indicating no removal of material é@ccurred.
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Figure 3.4. Variation in the advancing water contact angle with UV exposure dose3}J cm

-67-



w & (&)
1 1 1

Intensity / 10 * counts

N
1

T T T T T T T T
64 66 68 70 72 74
Binding Energy / eV

Figure 35. Observed changes in the Br3d cbne spectrum of the BIBBAPTE#®itiator-

functionalized wafs measured by XPS foll owing exposur

nm): (A) original pristine surface; (B) after exposure for 0.75 F;of@) after exposure for
1.5 J cnif; (D) after exposure for 2.25 J ¢fm

Figure 3.6. Friction force microscopy (FFM) imageof patterned BIBBAPTES

functionalized silicon wafers obtained using AF{A) Micro-patterned substrate following

an exposure 02.2 J cnf, 50 T zBitge G MV dark to bright (B) Nanopatterned

substrateformed by IL with anangle of 20° between the mirror and the sample, after an
exposure 00.7 Jcnf, 5 P, zrange0m3 V dark to bright.
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3.3.3 The growth of PTBAEMA brushes from Si surface

PTBAEMA brusheswere prepared by surfaemitiated ATRP This living radical
polymerization technique has been widely used to grow polymer brif8i%sA slow
growth of PTBAEMA brushes from a planar silicon substrate via living radical
polymerization was reported by Dirgg al. They used two techniques:-/ASIRP involving
using a CuCl/CuGIHMTETA catalyst at 90°C in the bulk,and a single electron transfer
living radical polymerizabn (SET-LRP) technique employinGu(0) in DMSO at 75C.3%
SI-ATRP gave a relatively smooth brush of approximately 20 nm dry thickness after 72 h,
whereas SE-LRP produced a less uniform brush of around 17 nm after 96 h. However, no
detailed information regarding the kinetics of PTBAEMA brush growth was repareédhe
pH-responsive PTBAEMA brush was not investigated.

In the present workseveral modifications were attempted including changing in the ligand,
catalyst, solvents and temperature in order to prefhdcker layer of PTBAEMA brushes,
enablecontrol of brush growthand reduce the polymerization tim@able 3.1 shows the
comparison of different experimental conditions irAJIRP technique to control the growth

of PMATBAE brushes. When HMTETA and bipy were used as ligands, the film thickness of
PMATBAE brushes was found to be less than 4 nm over a period of 24 h. However, using
TPMA ligand showed an increase in brush thickness up to 44 nm in 24 K@t Bide best
catalyst systenfor polymerisationof TBAEMA was Cu(l)Br, Cu(ll)Be combined with a
TPMA ligand. The molar ratio off TBAEMA]:[CuBr]:[CuBr]:[TPMA] was 200:1:0.5:1.5
respectively and the surface polymerization was conducted in IPA as a solvent. The
polymerization was performed at room temperature °@pand the dry thickness of the
brushes, asneasured by ellipsometry, reached 28+3 nm after polymerization for 350 min.
Figure 37 shows the variation in PTBAEMA brush thicknegigh the polymerization time.
Under the stated reaction conditions, the evolution in brush thickness was almost lihear wi
time, with 22 nm brushes being achieved within 3 h. Subsequently, the brush layer grew more
slowly, attaining 28 nm within 350 min. This ndinear growth suggests a gradual loss of
living character.
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Table 3.1.Reaction conditions and average dryypoér brush thicknesses of poly(@rt
butylamino)ethyl methacrylate) (PTBAEMA) brushes fromiriiated substrates using -Sl
ATRP methods.

No. | Dry polymer brush Catalyst(s) | Ligand Solvent | Temperature| Reaction
thickness (nm) (°C) Time (h)
1 1.2+0.4 CuBr HMTETA Bulk 20 24
2 1.5+0.6 CuBr HMTETA Bulk 90 24
3 42+0.9 CuBr HMTETA | Toluene 90 24
4 22+0.3 CuBr Bipy IPA/H,0O 60 24
5 21+£05 CuBr TPMA Bulk 90 24
6 44 + 2 CuBr TPMA | IPA/H,0O 60 24
7 22+0.5 CuBr TPMA IPA/H,0 20 24
8 24 +1 CuBr/CuBr | TPMA | IPA/H,O 60 4
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Figure 3.7. Evolution of ellipsometric dryPTBAEMA brush thickness versus
polymerization timevia SFATRP in isopropyl alcohol (IPA) at 20C. Conditions:
[TBAEMA]: [CuBr]: [CuBr;]: [TPMA] molar ratio = 2001.0: 0.5: 1.5.

Polymerization of PTBAEMA was then carried out on the patternedBBABTES
functionalized silicon wafers, to test the feasibility of growing polymer brushes from-micro
and nanestructured photopatterned surfadd-M studiesindicate that themicro-patterned
initiator surface does not exhibit any height contrast between exposed aexpused areas.

However, after polymerizatigtAFM reveals a difference in height between irradiated areas
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(squares) and neinradiated areas @rs) (Figure BA) . The masked region exhibits greater
height contrast than the exposed region. This indicates polymer brush growth from-the non
irradiated regions, as expected. Height differences between the PTBAEMA brushes and the
irradiated areas wegassessed in order to estimate the mean brush height.

Nanastructured PTBAEMA brushes were obtained by growing brushes from nanopatterned
ATRP initiators. The AFM height image obtained for such PTBAEMA brushes showed that
the dark contrast indicates the icts exposed to UV light which causes debromination (and
hence no brush formation), whereas the bright lines correspond to the PTBAEMA brushes.
Kaholek et al reported that the height of polymer brushes decreases with decreasing feature
size of the patteri® These workers hypothesized that 7
polymer brush in good solvent adopts a vertically less ordered and laterally more extended
conformation, induced by the lack of lateral restraint the brush experiences at its boundaries,
leadng to | ess chain crowding and thus | ess <c¢ch
finer patterns are also likely to be more relaxed (less brush like) near the edges of the pattern,
resulting in thinner polymer brushes even in the dry stateas dserved that brushes grown
from such nanopatterns were significantly thinner than brushes grown from micropatterns
under the same conditions. The topographical image shows nanopatterned PTBAEMA
brushes with a lingvidth (full width at half maximum, FWHM) 0160 + 7 nm, whereas the
dark region was 145 = 6 nm, and heights of 4.2 + 5 nm, whereas the height in micropattern
feature, under the same conditions, was 14.0 nm (Fig8B3.3.
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Figure 38. (A) AFM tapping modenheightimageof a micrepatternedinear PTBAEMA
brush: topographicaimage (left) crosssection analysis (rightjmage size5 0 1 m5B) ¢
AFM tapping modédieightimageof anancpatternedinear PTBAEMA brush: topographical
image (left) crosssection analysi¢right). Image size5 1  ?5Corditions: [TBAEMA]:
[CuBTI]: [CuBry]: [TPMA] molar ratio = 200: 1.0 : 0.5 : 1.5, at 20 for 90 min

3.3.4 Cross linking PTBAEMA brushes

Secondary amine groups on the PTBAEMA repeats units arelatkable3’® Tolylene 2,
4-diisocyanateerminated poly(propylene glycol) (PPT®I) was selected because it has two
terminal isocyanatgroups which can form robust urea bonB®GTDI has an average
molecular weight (Mn) of ~2,300 (degree of polymerization ~3fhpmpson and Armes
reported that crosinking of the hydroxyl groups of the poly(glycerol monomethacrylate)
(PGMA) stabilizedpolystyrene latex adsorbed onto oil droplets using #BGas a cross
linker3% The primary and/or secondary amine groups on the poly(ethylene imine) (PEI)
stabilized polystyrene latex particles were successfully dimssd using (PPG TDIJ%°

-72-



The mechanism of this reaction is shown in scheme Setondary amine on the
PTBAEMA chainattacks the carbon of the isocyanate end group in {PPg and the bond
between the nitrogen and carbon in isocyansitbroken. A bond between the carbon and
nitrogen in PTBAEMA chains is formed and the nitrogen then steals a hydrogen from the

secondary amine is transferred into the nitrogen in-PBG

Sohent |20 °c

Scheme 3.4 The mechanism of crodmking reaction between the polymer chains and

isocyanate groups in crosslinker (PFQOI).
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THF is a good solvent for PTBAEMA so the brushes will be highly swollen and the PPG
TDI cross linker will react with secondary amine groups through the brush layer. On other
hand ifthe poor solvent for PTBAEMA brushens-hexaneis selected for crodeking, then
the brush layer will be collapsed and the cross linker will only neglsttheupper surface.

3.3.4 Surface characterization

X-ray photoelectron spectroscopyPS is a surfacspecific analysis technique with a
sampling depth of around2nm. The wide scan survey spectrum was acquired to determine
the elemental compositions of the surfac&€able 32 determineshe elemental compositions
of the PPGTDI crosslnker, linear, uniformly-crosslinked and surfacecrosslinked
PTBAEMA brushes (te dry brush thickness 18 nm). The elemental compositions of the
crosslinker (C, N, O) as shown in Tabl&,Zre close to the calculated elemental composition
C=73.6%, N=2.5% and 0=23.9%. linear PTBAEMA brushes, the elemental compositions
(C, N, O) are similar to the calculated values (C=77.0%, N=7.6% and 0=15.3%). After
crosslinking, the O/N atomic ratiogreases due to the incorporation of O atoms in the PPG
TDI crosslinker. The atomic ratio of O/N increases in shefacecrosslinkedPTBAEMA
brushesimplying that there is a significantly higher degree of ctimdgng at the surface of
this brush. Thesebservations are consistemith the hypothesis that PRI crosslinking
conductedusing a poor solventhfhexane)yields crosslinking that is predominantly confined
to the upper surface of the brush layer. There is an increase in O/N atomic ratiéofonly-

crosslinkedorushes prepared FHF, comparing to linear brush.
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Table 32. XPS Data Summarizing the Elemental Compositions of the-PPIGcrosslinker
Linear PTBAEMA brush,surfacecrosslinkedPTBAEMA brush anduniformly-crosslinked
PTBAEMA brush.

XPS sample description % C %N |%O

PPGTDI crosslinker 77.43 2.01 | 20.56
Linear PTBAEMA brush 79.52 6.99 |13.49
PTBAEMA brushsurfacecrosslinkedn n-hexane 76.49 3.94 |19.57
PTBAEMA brushuniformly-crosslinkedn THF 78.63 6.12 |15.24

High resolution C1s XPS spectra were acquifedthe cross linker and for both non
crosslinked and crosslinkedTBAEMA brushes. XPS C1s spectra of the PH® cross
linker (which contains 34 polymerized propylene glycol units per crosslink) were fitted using
three components at binding energies of 285.0, 286.3 and 288.5 eV, attributable to the
CI1Ci CCI Qi N a nG NOspectwely (Figure 3) . The r@QttICCio&m N f Ci
andO€I N obtained from the Cls spectrum was 1¢:
predicted ratio (11: 21 : 1). We expected that after crosslinking reactions, there will be an
i ncr e &s @ LN megion.
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Figure 3.9. X-ray photoelectron coskne spectraecorded for PPG DI crosslinker.
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To confirm the success of the crdsking reaction, XPS is a welstablished surface
analytical technique with the sampling depth depending on the electrorgfitakegles. In
principle, it canprovide useful spectroscopic information on the extdrthe crosslinking
reactionwithin the PTBAEMA brush layerFigure3.10 shows theC1s spectrdor (A) linear
(B) surfacecrosslinkedand (C)uniformly-crosslinkedPTBAEMA brusheg18 nmdry brush
thickness in each case). Flimear brushes, the Cls envelogan be fitted using three
components, which correspond to the hydrocar@@-C- signal at 285.0 eV, th&C-C-NH-
and-C -C-O- signal at 286.4 eV and the ester carbonyl signal at 288.9 eV. The respective
relative peak areas are 5.7 : 2.41 : 1, which are in reasoagidg@lement with the calculated
theoretical ratio of 6 : 3 : 1 (see Figur@a@).

Figure 310B shows the C1s spectra after crosslinking the PTBAEMA brushhexane.
The intensity of theé Ci Ci NH and-C -C-O- componentsat 286.4 eV is increased in size,
since the additional ©© bonds contributed by the PPI®I crosslinker (which confers 34
polymeized propylene glycol units per crosslinkhe actual degree of crosslinking cannot
easily be determined, since the RPDBI reagent may also react with twoHNbonds on the
same PTBAEMA chain to form arnntramolecular cycle, rather than forming an

intermdecular crosslink.

Crosslinking the PTBAEMA brush in THF (Figure 20C) leads to an increase in intensity
for the1 Ci Ci O component. In contrast to the surface citodsed brushes, there is a modest
increase in the intensity of thé Ci O component. Given that the XPS sampling depth is no
more than 10 nmthese dataare consistent with the hypothesis that using ARG in
combination with a good solvent (THkjelds more extensive uniform crosslinking within

the brush layer (and hencs@mewhat lower extent of surface crosslinking).
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Figure 3.10. X-ray photoelectron co#tne spectrarecorded for a series &?#¥TBAEMA
brushegeach of 18 nm dry thicknes@) C1s spectrunobtained for dinear PTBAEMA
brush. (B) Cls spectrum obtained fthre samesurfacecrosslinked PTBAEMA brush
prepared using PRGDI in n-hexane (C) Cls spectrum obtained ftre sameuniformly-
crosslinked®TBAEMA bru

sh prepared using BPTDI in THF.
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AFM The height images dinear andcrosslinkedPTBAEMA brushes grafted on Si (~ 15
nm) were acquired by AFM (Figureld.). Table 33 showsthe root mean square (rms) of
linear and uniformly/surfacecrosslinkedPTBAEMA brushesn dry and in agueous solution
at pH 7. The roughness of PTBAEMA brushes waher for both uniformly-crosslinked

andsurfacecrosslinkedbrushes compared to the norss linked polymer.

The topography of dry and wéhear PTBAEMA was smooth and unifom as shown in
Figure 311 with rms of less than 0.4 nnThe uniformly-crosslinkedPTBAEMA brush
exhibits a relative smooth morphology (rms < 0.5nm) which is simildinéar brushes in
both casesvhich indicates successful crosslinking between the-PBGreagent and the N
H groups within the PTBAEMA brushes (an intermolecular crosslitikis clear that, he
roughness o$urfacecrosslinked® TBAEMA brushesncreased to ca. 0.9 nm in both dry and
wet state.The high roughness caused by the high density of the-linkss on the surface
and/or may be a reactidretween PP DI crosslinker with two NH bonds on the same

PTBAEMA chain to form an intramolecular cycle.

Figure 3.11 AFM height images ofa series oPTBAEMA brushes(each of 15 nm dry
thickness).(A) Dry linear PTBAEMA brush. (B) Dryuniformly-crosslinkedPTBAEMA
brush prepared using PP®I in THF. (C) Dry surfacecrosslinked PTBAEMA brush
prepared using PREDI in n-hexane (D) Wet linear PTBAEMA brush. (E) Weuniformly
crosslinkedPTBAEMA brush prepared using PPI®I in THF. (F) Wetsurfacecrosslinked
PTBAEMA brush prepared using PP®I in n-hexane | mage si ze: 2

range is 610 nm dark to bright ieach case.
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Table 33. The root mean square (rms) of two samjedry and aqueous solution at pH 5.5
of linear PTBAEMA brush,uniformly-crosslinkedPTBAEMA brushprepared using PRG
TDI in THF andsurfacecrosslinked®TBAEMA brushprepared using PREDI in n-hexane.

rms of Dry Brushes (nm)| rms of Wet Brushes (nm
None Crosslinked PTBAEMA 0.4+0.2 0.3+0.1
THF Cross-linked PTBAEMA 05+0.2 04+0.2
n-hexane Crosdinked PTBAEMA 0.6 £0.3 0.6+0.2

3.35 pH-dependence of the structuref PTBAEMA brushes

The secondary amine groupeesentedn the weakly basic PTBAEMA brushes are readily
protonated when immersed in acidic solution. The resulting cationic brushes become highly
swollen, stretching away from the surface due to the strong lateratostatic repulsive
forces between adjacent chaifitie pHresponsivebehaviourof PTBAEMA brushes grown
from silicon wafers was investigated imymersion in aqueous solutions ranging from pH 2 to
pH 12.In acidic aqueous solution, the brushes become fulbtonated and attain their
maximum swollen thickness. In alkaline media, PTBAEMA brushes gradually become
deprotonated and hence adopt their collapsed conformafibe pHmodulated brush
thickness for crosslinked and norosslinked PTBAEMA brushes wasudied using both

ellipsometry(see Figure 3.2) and AFM(see Figure 33).

As shown in Figure 32, the mearPTBAEMA brushthicknessancreased from about 16 nm
(in its dry state) up to 58 nrbelow pH 7 Above pH 8, the PTBAEMA chains become
deprotonatecndcollapse togive an 18 nm brush layewhichis close to its drjthickness
Thus the linear swelling factor (the ratio of the thickness of the swollen brush to that of the
collapsed filn) is ca. 3.3 The mean thickness of a uniformly crosslinkGBAEMA brush
(prepared using PREDI in THF) increases from 17 nm in alkaline media updi®nmin
acidic solution corresponding to a linear swelling factor of ca. Ziusuniform crosslinking
throughout the brush layer imposes a significant constoainits pHresponsive behavior, as
expectedThis is attributed to the multiple crosslinkstween the PTBAEMA chaingshich

restrictthe chain mobilityIn contrast, for thesurfacecrosslinked® TBAEMA brush prepared
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using PPGIDI in n-hexane the brushthickness varies from around 17 nm when immersed

in alkaline media up to approximately 50 mmacidic solutionwhich corresponds to a linear
swelling factor of 3.0Thus thesurfacecrosslinkedPTBAEMA brushes exhibivery similar
pH-responsivebehaviourto the linear PTBAEMA brushes. This is because the PPO
crosslinker barely penetrates the collapsed brush layer, and hence can only react with the
secondary amine groups present in its outer surface. An extensive crosslink network is not
created withinthe brush layer under these conditions, hence thigaceconfined

crosslinking has relatively little effect on the swelliew/lapsebehaviour of the brush
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Figure 312 In situ ellipsometric thickness of PTBAEMA brushes immersed in agueous
solution as a function of solution pK/) Linear PTBAEMA brushoriginal dry thickness =

16 nm). §) Same PTBAEMA brushuniformly-crosslinkedin THF using PPGIDI at 20°C.
(D7Same PTBAEMA brusburfacecrosslinkedn n-hexaneusing PPGTDI at 20C.

In order to study the piesponsivebehaviourof PTBAEMA brushes, microand nane
patterned PTBAEMA brushes were prepared as stated previously in order to monitor changes
in brushheight via AFM. Comparing the brush heights for the bright bar regions and dark
square enables the mean brush thickness to be determined. The same approach was utilized
when immersing the patterned brushes in various pH solutions. These patternedvbenshes
also crosslinked usinBPGTDI dissolved in either THF an-hexanerespectively, followed
by AFM studies of their pHesponsivdbehaviour The molar ratio of secondary amine (from

PTBAEMA brushes) to isocyanate (from PH®GI) used was approximateB1.5 : 1.This
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ensures that the brush layer is not estarsslinked, so that it retains some degree of stimulus

responsivéehaviourafter crosslinking.

AFM studies of the micrpatternedinear, uniformly-crosslinkedand surfacecrosslinked
PTBAEMA brushes were conducted (sEémgure 3.13 and Figure 3.4). As expected, the
linear PTBAEMA brushes exhibit the strongest jpékponsive behaviour: the mean brush
height difference increased from 18 nm for the collapsed state (above pH 8) to 64 nm for the
fully stretched brush (below pH 7). This indicates a linear swelling ratio of approximately
3.5. In contrast, thaniformly-crosslinkedPTBAEMA brushes swell from 15 nm (above pH
8) up to 37 nm (below pH 7Again, thesurfacecrosslinkedPTBAEMA brushesexhbited
intermediatedbehaviouy with a swollen brush height of 50 namd a collapsed brush height of
17 nmindicating a linear swelling ratio of 3.0hese data are in good agreement with the
ellipsometric data discussed above, thus confirming that theegpbnsivebehaviourof
PTBAEMA brushes can be modulated by conducting crosslinking in either a good or a bad
solvent. The resulting 3D (or 2D) crossk networks dictate the observed jpébponsive

brush behaviour with greater crosslinkmggtricting the pHresponse, as expected.
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Figure 3.13. In situ brush height determined by AF&& a function of solution pH for micro

patternedTBAEMA brushes: Y) linear PTBAEMA brush (original dry brush thickness =

15 nm); @) uniformly-crosslinkedPTBAEMA brushprepared using PREDI in THF; Oz

surfacecrosslinkedTBAEMA brushprepared using PRGEDI in n-hexane.
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Figure 3.14. AFM hei ght i ma®grecsrded ®micrdpattdroedsamples(l)

Linear PTBAEMA brushes: (A) dry brush in air, (B) same brush immersed a solution at pH
7.0 and (C) same brush immergsadalkaline solution at pH 8.Qll) Uniformly-crosslinked
PTBAEMA brushprepared using PREDI in THF: (D) dry brush in air, (E) same brush
immersed in a solution at pH 7.0 and (F) same brush immersed in alkalinersalpH 8.0.

(I surfacecrosslinkedPTBAEMA brushprepared using PREDI in n-hexane: (G) dry

brush in air, (H) same brush immersed in a solution at pH 7.0 and (J) same brush immersed in

alkaline solution at pH 8.0.
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The effect of spatialhconfined crosslinking was alssiuded for nanepatterned brushes.
The same AFM experiments were conducted on {patiernedinear, uniformly-crosslinked
andsurfacecrosslinkedPTBAEMA brushegqsee Figure 33 .and Figure 3.8). Very similar
pH-reponsivebehaviourwas observed for the three brush types compared to the-micro
patterned brushes discussed above, except that thespnse is somewhat weaker for the
nanoepatterned brushes. This is probably because, for such small features, the brush chains
are more likely to deform at the periphery of the patterned featueace brusitike chain
stretching normal to the surface is likely to be attenuated
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Figure 3.15. In situ AFM brush height determineds a function of solution pH for nano
patternedPTBAEMA brushes immersed in aqueous solutiof): Ilnear PTBAEMA brush
(original dry brush thickness = 4.5 + 0.5 nmj)) (niformly-crosslinkedPTBAEMA brush
prepared using PREDI in THF; (Dzsurfacecrossinked PTBAEMA brushprepared using
PPGTDI in n-hexane
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Figure3.16. AFM hei ght 9 recardee for rafopaiternbd sammi{8sLinear
PTBAEMA brushes: (A) dry brush in air, (B) same brush immersed in acidic solution at pH
2.8 and (C) same brush immersadlkaline solution at pH 10.Qll) Uniformly-crosslinked
PTBAEMA brushprepared using PREDI in THF: (D) dry brush in air, (E) same brush
immersed in acidic solution at pH 2.8 and (F) same brush immiersdichline solution at pH
10.0. (Il1) SurfacecrosslinkedPTBAEMA brushprepared using PRGEDI in n-hexane: (G)

dry brush in air, (H) same brusmmersed in acidic solution at pH 2.8 and (J) same brush

immersed in alkaline solution at pH 10.0.
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It is worth noting that, the critical pH for the brush collapse/swelling transition in all of
these experiments was observed at pH between 7 &yt@matic studies within a relatively
narrow window at pH between 7 and 8 were carried out. FiguiesBdgests that the brush
collapse/swelling transition occurred apH between 7.6 and 7.8, which is lower than the
pK, of approximately 8.0 recently reported by Morse andavookers for linear PTBAEMA
homopolymer in aqueous soluti6t.At different degree of crosslinking, about 5 % of amino
groups on PTBAEMA chains had been reacted with ABGE The maximum volume
fractions of protonated amino groups for PDMAEMA brushes have been reported with range
of 0.260.4214°*%" Consequently, just 5 % of ca. 64 % Amtonated amino groups have
been replaced with neutral urea linkage; so the different degree ofliokosg does not

affect the pKa value of PTBAEMA brushes.
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Figure 3.17. In situ AFM brush height determineolver a relatively narrow pH window for
micro-patternedPTBAEMA brushes immersed in aqueous solutiof): l(near PTBAEMA
brush (original dry brush thickness = 12.5 nn@)} ¢niformly-crosslinkedPTBAEMA brush
prepared using PREDI in THF (original dry brush thickness = 11.5 nm)[Dz6urface
crosslinkedPTBAEMA brush prepared using PRGEDI in n-hexane (original dry brush
thickness = 12.3 nm) .
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3.3.6Surface zeta potential

The surface zeta potential of linear and cilodsed PTBAEMA brushes was measured over
the pH range of 30 (Figure 3.8). As expected, the surface zeta of linear PTBAEMA
brushes was positive value 45N5 mV at pH O
pH. We expected that, after brush crbisking reaction the surface charge decreases due to
the reduction in amino groups in the surface. As expected, the surface zeta potential of
surfacecrosslinked PTBAEMA brush is lower positive charge than uniforonbsslinked
PTBAEMA brush.

—

Surface Zeta Potential / mV
H
o
|

Figure 3.18 Surface zeta potentiabf PTBAEMA brushes(each of them 18 nm dry
thickness). immersed in aqueous solution as a function of solution pH. Linear
PTBAEMA brush. §) Same PTBAEMA brushuniformly-crosslinkedin THF using PPG
TDI at 20°C. (DzSame PTBAEMA bruskurfacecrosslinkedn n-hexaneusing PPGTDI at
25°C.
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3.4 Conclusions

Linear PTBAEMA brushes of up to 28 nm dry thickness have pegpared via SATRP at

20 °C. Ellipsometric studies confirrthat such brushes exhibit pidsponsive behavim, as
expected. Highly swollen cationic protonated brushes are produced at low pH, with collapsed
neutral deprotonated brushes being obtained above a critical pH of approximately pH 7.7.
PTBAEMA brushes candreadily crosslinked via their secondary amine groups using a
commercially available polymeric diisocyanate (PPOGI) to produce robust urea bonds.
XPS studies confirm the presenceluoé reacted PPGDI crosslinker within the brush layers.
Moreover, thechoice of solvent determines thpatial locationof this crosslinking reaction.
Using THF, which is a good solvent for PTBAEMA, leads to relativelifjorm crosdinking
throughout the swollen brush layer. On the other hand, conducting the same crasslinki
reaction inn-hexane, which is a poor solvent for PTBAEMA, leadsudace crosslinkingf

the collapsed brush layer. This spatial confinement profoundly affects the subsequent pH
responsive behavior of the latter brush layer, which becomes sigrificante swollen

when immersed in acidic solution than the former uniformly crosslinked brush layer, as
judged by ellipsometrand AFM studies. However, brush swelling occurs at approximately
pH 7.7 regardless of the spatial location of the crosslinkingficea which is essentially the
same critical pH as that fouridr the linear brush. fAis critical pH is slightly lower than the
pK, of around 8.0 reported for linear PTBAEMA chaffis.
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Chapter 4: Synthesis and nanometerscale patterning of stimulusresponsive,

biofouling-resistant zwitterionic poly(amino acid methacrylate) brushes

4.1 Introduction

There is considerable academic and commercial interest in the design of biocompatible non
fouling surfaces for coplex biological fluids, particularly blood plasma and serfd#i™®
Protein fouling can damage various types of biomedical devices, including coronary'Stents,
ear grommet$*? and guidewired™® Poly(ethylene glycol) (PEGhased surface coatings are
known to offer highresistance towards nespecific protein adsorption and cell adhesith.

31 However, PEGbased materials can be oxidizedder physiological conditioris”3®

which can lead to activation of complement respofSe8ver the last decade or so, much
research activity has been focused on the design of an alternathfeutiog biomaterial,

which has led to considerable advances in the design of novel biocompatible materials.
Various new surface coatings, such as SAMgrafted polymer layer¥! and polymer

brushes:*>*3**2have been proposed that substantially reduce protein absorption.

Zwitterionic-based polymers have been used for a wide range of biomedical and
engineering application$2 Such surface coatings are highly resistanttos\gne ci yc¢ pr ot
adsorption, bacterial 8#Rienget a.has demonstratddithe y | m f
superlow fouling properties of glass slides grafted with two zwitterionic polymers,
poly(sulfobetaine methacrylate) (PSBMA) and poly(carboxybetaine methacrylate)
(PCBMA). They have shown that these soefs reduced fibrinogen adsorption to a level
comparable with that of adsorption on poly(ethylene glytiod) films.*** In some casethe
zwitterionic character is insensitive the solution pH (e.g. PSBMX* and PMPC*%),

whereas in other cases someg@sitivty can be observed (e CBMA %9,

Particular attention has been paidstomulusresponsivepolymer brushes based on either
polyacids or polybased:*46-%5932828 Thage polyelectrolytic brushes are typically responsive
to changes in pH or ionic strendtft?’"3%3% For example, the stimulugsponsive
behaviar of PAA brushes has been studied by Ayres et alCollapsed brushes were
observed below the pkof the brush, whereas highly anionic swollen brushes were formed
above this critical valu® The pHresponsive behavip of PMAA brushes, which enable

switching between collapsed and stretched brush conformations at difieéteias been
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investigated using ellipsometry and AFRF3*? Complementaryehaviourhas been reported
for various weak polybase brushes based on either PDEAEMIAPDVIAEMA). 2°82%9:333

As far as we are aware, relatively little work has focused on zwitterionic polymers
containing amino acid motifs as sideains.Such polymers would containoth carboxyl
gouss (T COOH) and samiNjHe o gr oJg pmch a bidenchaity>*3+3%7
Phosphatidylserine (PS) was found to bind copper (Il) ions with high affinity at-BH 5
depenihg on the PS concentratidft. Rosen et al. reported that cystefoactionalized
silica nanoparticles resist protein fouling in the presence of either lysozyme or bovine serum
albumin (BSAY*®**  Azzaroni and caworkers reported the growth of zwitterionic
poly(methacryloylL-lysine) brushes from mesoporous silica using suriiaiti@ted radical
polymerisation with the aim of moduiag ionic transport via pH variatioi®>*’ Liu et al.
prepared zwitterionic poly(serine methacrylate) (PSerMA) brushes grafted onto a planar gold
substrate via surfadaitiated photoiniferteimediated polymerization (SIMP) for

evaludion as a potential antiiofouling material>

Herein a new zwitterionic monomergysteine methacrylate (CysMA), has been
convenientlysynthesized on a mulgram scale in aqueous solution via tMahael addition
of cysteine to a commercial methacrylarrylate precursor. SATRP was then used to grow
PCysMA brushes from planar silicon wafeféie stimulusresponsive behavior of PCysMA
with respect to changes in pH and ionic strength was also investigated using ellipsometry,
AFM and surface zeta potential measurements (Scheme Thé).stability of PCysMA
brushes in alkaline media was examined. The-iklliced photodegradation of PCysMA
brushes was also studied using XPS and AFM. Mianal nanestructured PCysMA brushes
were prepared using a photomask and IL, respectively. Fluorescence microscopy and AFM
were utilized to characterize the selective adsorption of fluorescently protemshese
model surfaces. Complement depletion assays were used to compare -thief@uling
performance of PCysMA brushes to other vkalbwn biocompatible PMPC and POEGMA
brushes.
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Scheme 4.1Schematic representation dfet nature of PCysMA brush at different pH
environments and thresistance of PCysMA brushtonrenp e ci y ¢

4.2 Experimental Section

profei n

4.2.1 Synthesis of Cysteine Methacrylate (CysMA)

In a 250 mL rounébottom flask, Lcysteine(15.13 g, 124.88 mmol) was dissolved in
deionized water (100 mL).-@\cryloyloxy)-2-hydroxypropyl methacrylate (29.43 g, 137.36

adsol

mmol) was added to this stirred aqueous cysteine solution, then dimethylphenyl phosphine

(20 pL, 1.47 x 10 mmol) was added arttie aqueous reaction mixture was stirred for 2 h at

20°C. The reaction solution was washed twice with ethyl acetate (50 mL) and

dichloromethane (2 x 50 mL) and the final CySMA monomer product was isolated as a pure

white solid (39.6 g, 94% yield) by freezrying the concentrated aqueous solution overnight,

(shown in scheme 4.2).

'H NMR (400.13 MHz, RO,

298

K)

U ( pQHe))2:68317 (B196HSs |

CH-CHp-COO-, -S-CH,-CH(COO)NH3"); 3.79 (m, 1H, GIOH); 3.90 (m, 1H-CH(COO-
)NH3"), 4.2064.30(m, 4H,-CH,-CHOH-CH-); 5.70 (s, 1H, vinyl), 6.13 (s, 1H, vinyl).

3C NMR (400.13 MHz, BO,

298

K)

t -Ckisp 26129 (S-CHE-CH;-B 32.04 ¢

S-CHy-); 33.85 (S-CH,p-CHy-); 53.47 {CHy-CHOH-CHy-); 65.17, 65.26 (2C,CHp-CHOH-
CH,-); 66.81 (CH(COO)NHs"): 127.39, 135.57 (2C, vinyl); 169.38, 172.70, 174.07 (3C,

carbonyls).

-90-

3 H,



(M+H™): Calculated: 336.1117. Found: 336.0

Elemental microanalysis: Calculated: C: 46.56 %; H: 6.31 %; N: 4.18 %; S: 9.56 %. Found:
C: 46.31 %; H: 6.33 %; N: 4.30 %; S: 9.58 %

W]/”\OTHAOJKH + Hs/\l\iL °© 20<c7>2hour \((L /ﬁﬂ k/\ /\NiL

Scheme 4.5ynthesis of the cysteine methacrylate monomer (CysMA) used in this work.

4.2.2 Preparation and UV modification of of bromo initiators

The preparation of BIBBAPTES film on silicon wafers was prepared as described in
section 2.3.1BIBB-APTESon a silicon wafer was exposed to 2 J%through an electron
microscope Cu grid mask, as described in chapter 3, then the samples were and washed with

ethanol, and dried underN
4.2.3 Preparation ofpoly(cysteine methacrylateYPCysMA) brushes

Initiator-functionalized silicon wafers were placed in Schlenk tubebinvia Caroudel2
Reaction Station (Radleys, UK), degassed via three vacuum/refill cycles, then filled with dry
N,. CysMA (5.0 g, 15.0 mmip was dissolved in deionized water (12.0 mL) afQGnd
degassed for 30 min. Bipy (234 mg, 1.50 mmol), Cu(D)Br (71.4 mg, 0.50 mmol) and
Cu(IDBrz (55.6 mg, 0.25 mmol) were added to this aqueous solution. This reaction mixture
was degassed for 10 min,cathenbriefly sonicated. To commence the surface ATRP of the
CysMA, an aliquot of this reaction solution (2.0 mL) was transferred into each Schlenk tube.
At specific desired reaction times, the substrates were removed from each Schlenk tube,
sonicated inwater and rinsed with ethanol to remove unreacted monomer, and then dried

using a dry N purge, (see Scheme 4.3).
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Scheme4.3 Schematic representation of the synthesis of a PCysMA brush from this initiator
functionalized planar surface via-8TRP in deionized water at 2T using a coppebased

catalyst.

4.2.4 UV degradation and photopatterning of PCysMA brush

A Coherent Innga 300C FreD argon ion laser with an emission wavelength of 244 nm was
used for the UV photodegradation experimentsgescribedin chapter 2. Micrepatterned
brushes were obtained by irradiating uniform polymer brush layesslicon waferusing an
eledron microscopy copper grid (2008). For nanepatterned brushes, IL was conducted
using either a twdbeam interference systemL | oy d 6 s mi rbeamrintejfference a t
system (LI oydds mirror).

4.2.5 Surface derivatization

The surface aldehyde groups generated via UV irradiation were derivatized by reaction with
2-aminc1,1, L trifluoroethane (TFEA). The UNtradiated PCysMAcoated silicon wafer was
immersed in a 1.0 mM ethalic solution of TFEA for 24 h, after whicthe wafer was
removed, rinsed with ethanol and dried usirsgraam ofdry N.

4.2.6 Protein patterning

The protein resistance of Uitadiated PCysMA brushes wastuded using green
fluorescentproteén (GFP) PCysMA bruskcoated silicon wafers were irradiated with UV
light( & = 218.2J cmi®wsing either a photomask to prepare micropatterns or using IL
to generate nanpatternedsurfaces as reported in thditerature!®® Unpatterned and

patterned PCysMA brustoated silicon wafers were immersed in an aqueous solution
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containing 10.0 mgm® of either GFP or YFP in PBS for 12 h af@ Then the wafers were
thoroughly rinsed with copious amounts of aqueous PBS solution and deionized water, gently

dried using a dry Npurge.
4.2.7 Preparation of poly[2(methacryloyloxy)ethyl phosphorylcholine] (PMPC) brushes

2-(Methacryloyloxy)ethyl phosphorylcholine monomer (MPC) (6.0 g, 20 mmol) was placed
in a flask under a nitrogen atmosphere after four pump/refill cycles. Water and methanol
were degassed separately by a stream of nitrogen (forsatd@amin). Water (5 mL) and
methanol (5 mL) were added to the MPC by syringe at room temperature. CuBr (48.4 mg,
0.338 mmol), CuBxr (36.8 mg, 0.165 mmol), and 2f@pyridine (157.5 mg, 1.014 mmol)
were added, then the mixture was stirred under nitrogebdf min and then briefly immersed
in an ultrasonic bath to aid catalyst dissolution. Initiditorctionalized surfaces were sealed
in Schlenk tubes, degassed, then filled with nitrogen. The polymerization solution (2 mL) was
added to each tube from a isigge. After various times, individual tubes were opened and
washed with water and methanol. The PMPC buadted wafers were briefly sonicated
removed and then rinsed thoroughly with water and methanol, and dried under a nitrogen
stream. The mean dry blushickness of each PMPC brush layer on Si wafer was measured
by ellipsometry’****T h e ¢ o nt awfor tha nesylting PMPC brush was measured to

be less than®7
4.2.8 Preparation of poly(oligo(ethylee glycol)methyl ether methacrylate) brushes

Poly oligo (ethylee glycol) methyl ether methacrylate (480 MW) (5g, 10 mmol) was
dissolved in water (f1L), and degassed by passing a stream of nitrogen through the solution
for 30 min.Then,Bipy (0.07g, 0.454 mol), CuBr (0.023g, 0.16 mmol) and Cyg6.011g,
0.047 mmol) were added to the solution. Tihenomer/catalyst mixtur&as degassed with a
stream of nitrogen fot0 min. Initiator functionalised samplesere sealed in Schlenk tubes
and degassed (vacuumilietycles). Themonomer/catalyst solutio(2 mL) wasadded to
each Schlenk tub&rom a syringe The samples were removedashed with water and

ethanol, and dried under a steam ef The contact angle was measured tafhg: 43°+2.
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4.2.9 Surfacecharacterization techniques

Contact anglegllipsometry, AFM, surface zeta potentiaeasurementand XPS were
utilized to characterize polymer briesh as described in chapter 2. Contact angles were
measured and averaged from three water droplets, abwssirface. The kineswof brush
growth onwas studiedby ellipsometry. The Change in the PCysMA brush thickness in
solutionsof varying pH and NaCl concentratiovas investigated by ellipsometry and AFM.
Wide scan and high resolution XPS spectra weetluo determine the surface strucswok
the polymer brushes, araf the PCysMA after photodegradation. The surface charge was
determined at range of pHFluorescence images were obtained for protein patterns on
PCysMA using a LSM510 meta laser scagnmnfocal microscope, as describedchapter
2.

4.2.10 Cell adhesion test and complement depletion assay

Cell adhesion test and complement depletion assag carried out byDr. Irene Canton,
Department of Biomedical SciencBheffield University The complement depletion assay
shows whether protein could attach to surfaces. The complement works in a very complex
cascade of proteins (e.g. protein one attaches first, then a second one only attaches if protein
one is in). There are several cascadm3pkning at the same time and it is very difficult to
predict which one will act in the surfaces. Henceanié only protein isake as a test (in the

example of the bovine seroalbumin) it might be underestimating the fouling reaction.

In these experimentshuman serum was used which contains all the proteins from the
complement in humans. Activated red blood cells were used which they can be fouled by the
complement in the human serum. If the complement attach to them, they will break and
release haemoglobwhich can easily be detected in a plate reader. The red blood cells in the
wells compete for the complement proteins with brush surfaces. It is known that all the red
blood cells can be lysed with water, so it is 100% lysis. However, when no compiement
present, no red blood cells will lyse, so it is assumed to be 0% lysis. By measuring the
amount of serum (in percentage) indicate that the brushes are depleting from the well. The
more the brushes are depleting (fouling), the less the red blood deliswui
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MTT Assay

Samples were disinfected in a sterile environment usingadtte 70% ethanol for 10
minutes and then washed three times using sterile PBS solution. Afterwards, cell viabilities
were assessed via MTT assay (MTT 43-dimethylthiazol2-yl)-2,5 diphenyl tetrazolium
bromide; SigmaAldrich, St Louis, MO). Briefly, each brustpated surface was removed,
cells were washed with PBS and then incubated with MTT solution (0.50%MIRT in
PBS, 1.0 ml per well in a 24ell plate) for 45 min ©37°C in a humidified incubator (5%

CO,, 95% air). In healthy viable cells, MTT is reduced to a purple colored formazan salt by
the activity of the mitochondrial enzyme, succinyl dehydrogenase. After 45 min, the solution
was aspirated and the insolubléracellular formazan product was solubilized and released
from cells by adding acidified-@ropanol (0.50 ml per well in a 24ell plate or 1 mL per

cn?’ of cultured tissue) and incubated for 10 min. The optical absorbance at 540 nm was then
measured using UV/Vis spectrophotometer equipped with a plate reader and a 630 nm

reference filter.

Mean cell viability data and SEM were normalized relative to a negative control (planar
glass surfaces containing no polymer brush, 100% cell viability) and expressad as
percentage viability + SEM. Experiments were performed in triplicate well samples with n =
3 independent experiments. F -test was used fortheé | c a |
raw data to assess the significance of differences between ribaesvéreatments and the

control group.
Cell adhesion test

Polymer brushes were grown from identical 13 mm diameter circular glass slides to
evaluate cellular adhesion, with uncoated glass slides being used as a control. Both polymer
coated and uncoatedags slides were disinfected using-amd ethanol as described above
and placed at the bottom of-2¢ll plates. Then HDF cells were added to the surface (£ x 10
cells per well and surface). Cells were incubated for 24 h to allow sufficient time &blgos
cell adhesion onto the brush surface. The cell viability MTT test was used to assess the extent
of cell adhesion. HDFs cells are adherent cells, and weabl recognized that surface
attachment is a requirement for such cells viabifityTherefore lack of viabilit low MTT

values) after cell contact with the brush coated and uncoated surfaces reflected poor adhesion.
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Complement depletion assay

Complement activation was assessed as the lytic capacity of a normal human serum (NHS)
(SigmaAldrich, UK) towards antibdy-sensitized sheep erythrocytes after exposure to
polymer brush surfacgscheme 4.4)The methodology was adapted from traditional CH50
tests* for use on polymer brushes. Sheep erythrocytes (Oxoid, UK) were sensitized by
rabbit antisheep erythrocytes antibodies (Abcam, UK) and diluted by the veboffared
saline (VBS++) at a final concentration of 2 x?1lls per mL. Veronabuffered skne
containing 0.15 mM C4 and 0.5 mM M§" (VBS++) were purchased from Lonza, UK.
Aliquots of NHS (100 ul) were incubated with 13 mm diameter glass surfaces with polymer
brushes of varying thickness (smalV41m, medium 136 and long 228 nm ). Aftervards,

NHS supernatants were removed and mixed with fresh antibeniitized erythrocytes.

After incubation for 45 min at 37 °C, the reaction mixture was lightly centrifuged at 1000
rcf for 10 min. The absorbance of the carefully decanted supernatardeteamined at a
fixed wavelength of 415 nm using a microplate reader (Biotek, UK) and compared to the
results obtained using control serum in order to evaluate the extent of hemolyzed
erythrocytes. Positive and negative controls were prepared for eaef seaxperiments in
order to account for any difference in the hemoglobin response for a given erythrocyte
preparation. When using diluted serum, a control for the serum lysis tyawasi performed
whereby aliquots of the diluted serum were comparethe¢o100% lysis water control. In
order to eliminate false positives, only dilutions that correlated with the 100% lysis control
were used for this study. Furthermore, corrections for background noise and spontaneous
erythrocyte hemolysis were estimatednfirdJ\V/VIS spectra recorded for blanks containing

only brushes in buffered soluti@md only erythrocytes, respectively.

For clarity, mean data and SEM were normalized to the 100% serum lysis control (also 0%
depletion control) and expressed as a percenphgiepletion + SEM. Experiments were
performed in duplicate well sampl es with
paired ttest was used to analyze the raw data to assess the significance of differences
between the various treatments and theérobgroup
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High CA Low CA
(fouling) (non-fouling)

SN reToved Maximum Positive Untreated Comparative
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Scheme4.4. representing the methodology of the complement consumption/depletion assays.
Briefly, 13-mm diameter glass surfaces with different thickness polymer brushes were
incubated with 100 ul of human serum. Afterwards, the supernd@N)swere removed and
mixed with fresh antibody sensitized erythrocytes. Complement proteins will bind the
erythrocytes, and produce lysis. If the surfaces promote complement adhesion (CA), these
proteins will be depleted from the serum and in contact sétisitized erythrocytes they will
produce low hemolysis. No depletion will result in high hemolysis. Quantification can be
done via reading absorbance at 415 nm. Comparative controls are included in the test to

normalize the data.
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4.3 Results andiscussion
4.3.1 Preparation of CysMA monomer

Cysteine methacrylate (CysMA) monomer was conveniently synthesized in high yield at
20°C in aqueous solution by a selective thahael additior®*? A natural amino acidl.-
cysteine, was reacted witk(&cryloyloxy)2-hydroxypropyl methacrylate in the presence of a
nucleophile catalystdimethylphenylphosphineDMPP)), see Scheme 3. The reaction was
relatively fast (2 h), and the overall yield was approximately 94%. The chemical structure of
the monomer was confirmed b4 and **C NMR, mass spectroscopy and elemental

microanalyses.

o R“*S—H‘\ O’) 0
(CSH5)(CH3)2F’:\' “%‘LOR‘ — » fLo R J)LO R" 4 R—s5
(HsCg)(H3C)P (HSCB)(H3C)2|:’
(@]
OR’
R'—§’
] R'—S
Product (CysMA)
‘ OR’
i R"—SH
e}
~Z~S0OR
R"—S

NH;

Scheme 4% Shows the mechanism of preparitige o/steine methacrylate monomer
(CysMA) by a selective thidllichael addition
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4.3.2 Growthof PCysMA brushes

PCysMA brushes were grown from BIBBPTESfunctionalized silicon wafers via Sl
ATRP, which is known to be an effective and convenient technique for the synthesis of dense
uniform polymer brushes with controlled thickness. Ti@ysMA]/[Cu(l)] molar ratio,
solvent type and CysMA/catalyst molar ratio in the agueous ATRP formulation were varied
so as to optimize the brush growth conditions. Figure 4.1 shows the evolution of PCysMA
brush thickness over time at 20 using [CysMA]/[Cu(l)Br] molar ratios of 30, D0and 150.
Ellipsometric dry brush thicknesses of up to 27 + 3 nm were achieved after 270 min. The rate
of polymerization is very fast for the first 15 minutes, followed by slower, approximately
linear brush growth thereafter. Higher [CysMA]/[Cu(l)Br] molaatios led to thicker
PCysMA brushes, as expected.
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Figure 4.1Evolution of ellipsometric drfCysMAbrush thickness with polymerization time
for the synthesis of PCysMBrushes via SATRP in deionized water at 2T. Conditions:
(V) [CysMA]: [CuBr]: [CuBr,]: [Bipy] molar ratio = 30: 1.0 : 0.5 : 30) [CysMA]: [CuBr]:
[CuBr]: [Bipy] molar ratio = 100: 1.0 : 0.5 : IDZCysMA]: [CuBr]: [CuBr;]: [Bipy] molar
ratio=150: 1.0 : 0.5 : 3.

Polymerization of CysMA washen conducted using photopatterned BIBBTES
functionalized silicon wafers. According to AFM studies, this migatterned substrate does
not exhibit any height contrast between the-elposed and unexposed aregre 4.3.
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After polymerization, AFM opographical imaging confirms significant height differences
between irradiated areas (squares) andimadiated areas (bars), as expected. These height

differences were quantified to determine the mean PCysMA brush thickness.

Figure 4.2 AFM topographicalimage of the periodic brush height recorded for a micro
patterned PCysMArush Image size7 5 | m.THezrange: 650 nm dark to bright.

4.3.3 PCysMA surface characterization

AFM topographical images were acquired for wpatterned PCysMA brushes in order to
study their surface roughness, both in the dry state and also immersed in PBS (see Figure
4.3). The root mean square (rms) surface roughness averaged across the erdireaag
was 0.5 £ 0.2 nm in the dry state. However, the PCysMA brush became somewhat smoother

when immersed in PBS solution, with an rms of approximately 0.3 + 0.1 nm.

Dry PCysMA brushes PCysMA brushes under PBS

Figure 4.3Height images of PCysMA brushes grown byASIRP on Si. Image size: 20
2.0em? Thezrange is ©5 nm dark to bright in both images.
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XPS wide scas were used to estimatke elemental compositions of the PCysMA brushes
which are presented in Figure 4¥he elementatompositionsC, N, O, S) obrushes with a
12 nm drythickness were clos® the calculated values (C = 59.1%, N = 4.5% , O = 31.8%
and S = 4.5 %). High resolution C1s, N1s and S2p XPS spectra were acquired for PCysMA
dry brushes in order to confirm their chemical structure (see Figure 4.5). XPS Cls spectra
were fitted using ttee components with binding energies of 285.0, 286.3 and 288.5 eV,
which correLpohdl Bod OOE,respeccCt CPreddiyN alrhce
O=CI O atomic ratios calculated from the fitte
to the theoreticatatio of 2 : 1.3 : 1The N1s cordine spectrum recorded for the PCysMA
brush (dried at pH 6) was fitted using two binding energy components of 399.0 eV and 401.5
eV, which correspond to-8H, and GNHs" species****|t is estimated thata.80 % of the
surface primary amine groups are protonafédte S2p high resolution spectrum was fitted
with two S2p, and S2p, components with binding energies of 163.5 and 164.5 eV,
respectively. The relative intensities of these comporametén the atio 1.9 : 1, as expected

for 2J + 1 spirorbit coupling®*34*

35
1 T
30 N 1s 401 4.08
1 O1s 532 26.72
0 25 | S2p 163 5.8
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Figure 4.4Wide scan XPS spectra recorded ¥@rnm PCysMA brush.
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Figure 4.5. X-ray photoelectron cofine spectraecorded for a PCysMArushof 12 nm dry
thickness(A) C1s spectrum. (B) N1s spectrum. (C) S2p spectrum.
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4.3.4 pHresponsivebehaviaur of PCysMA brushes

The carboxylic acid and amine groups in each CysMA residue confeeggdénsive
behaviar on the PCgMA brushes. In this sense these weak acid/weak base brushes differ
significantly from permanently zwitterionic betatbased brushes such as PMPC or PSBMA,
or indeed PCBMA (which only possesses weak acid character). Belowsjtthpkcarboxylic
acid grop becomes neutral while all the amine groups remain protonated. Thus the brush
layer stretches away from the surface because of the strong electrostatic repulsion between
adjacent cationic chaing contrast, theamine groups become deprotonated abovie &
while the carboxylic acid groups remain ionized, hence the brushes become anionic and
highly swollen. At intermediate pH values (i.e. R°" < pH < pK'™,), the PCysMA
brushes exhibit zwitterionic character and are somewhat less swollen than their
polyelectrolytic forms. This complex pbensitive behaviorwas studied using both

ellipsometryand AFM(see Figure 4.6 and Figure 4.7)

The pHmodulated dimensions of a PCysMBrush (dry brush thickness = 15 nm)
immersed in aqueous solution was investigated by varying the solution pH over a wide range.
The ellipsometric data (see Figure 4.6) indicates that the PCysMA brushes become
protonated below approximately pH 2.0 and iatthheir maximum swollen thickness at
around pH 1.5. Conversely, the brushes are fully deprotonated above pH 9.8 and acquire
anionic character. The mean brush thickness increased from 15 nm (dry state) up to
approximately 36 nm (at pH ~ 1.5). This corrasg® to an increase of about three times
between the fully swollen and dry brush thicknesses. Between pH 1.6 and 2.0, there is a
gradual reduction in brush thickness from 36 nm to 28 nm because of the higher degree of
ionization of the carboxylic acid grospThe mean PCysMA brush thickness then remains
constant at approximately 26 nm between pH 2.0 and pH 9.5; this corresponds to the
zwitterionic brush regime. Finally, the brush thickness increases gradually from 28 nm up to
approximately 345 nm between k 9.5 and pH 9.8 as the amine groups become

deprotonated and the brush chains acquire anionic character.
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Figure 4.6 Variation of in situ ellipsometric dry brush thickness with solution pH for a
PCysMA (15 nm dry thickness) brush immersed in aqueous soltitienerror barsepresent

the standard deviation dhree measurementstime brush sample.

AFM studies of a micrgatterned PCysMAbrush immersed in aqueous solutions of
varying pH were also conducted (Figyr& and Figure 4)8These AFM observations are in
generally good agreement with the ellipsometric data, with minor differences most likely
arising because of uncertainties in the refractive index of 1.50 estimated for the PCysMA
brush whemmodellingthe ellipsometric data (& parameter is also likely to vary with the
solution pH). Figure 3b shows the change in brush height for a 4pédterned PCysMA
brush as a function of pH. The brush height increases from about 15 nm in the dry state up to
44 nm when immersed in an addiolution (pH < 1.5). The brush height is gradually reduced
between pH 1.6 and 2.0, and then remains constant at approximately 28 nm between pH 2.0
and 9.5. Finally, there is a gradual increase in brush height between pH 9.5 and 9.7 and a
maximum brush tickness of 40 nm is observed above pH 10. Thggikhe carboxylic acid
groups in the PCysMA brush is estimated to be approximately 1.7, compared f@a2pK
for the carboxylic group of {cysteine. Similarly, the amine pkof the PCysMA brushes is
estmated to bed.6, whereas for {cysteine it is reported to be 162 These differences are
attributed to the weélknown polyelectrolyte effect: the pH response of polyacids and
polybases is always weaker than the corresponding small molecules since polymer chains can

resist the builelip of local charge densif§>34°
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4.3.5 Surface zeta potential

Surface zetpotentials were determined for PCysMA brushes over a wide range of solution
pH, see Figure 4.9. Positive surface zeta potentials of +15 + 5 mV were observed below pH 2
for protonated PCysMA brushes. Between pH 2.5 and 9.0, the PCysMA brush exhibited
weaklynegative surface zeta potentials {0-10 mV). In principle, the brush layer should be
in its zwitterionic form over this pH range, so zero surface zeta potentials might be expected.
The observed weakly anionic character may indicate preferential #ideaypCl and/or OH
from the bulk solution. Above pH 9, the surface zeta potential becomes much more negative
(- 40 £ 8 mV), indicating deprotonation of the amine groups within the PCysMA brush.
Overall, these surface zeta potential data are in goaskmgnt with the changes in brush
thickness observed using ellipsometry and AFM discussed above and support our
interpretation of the complex phiodulated behaviour exhibited by this doubly pH

responsive brush in aqueous solution.
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Figure 4.9. Surface zeta potential vs pH curves obtained for PCysMA brushes using a
Malvern dip cell. PCysMA brusforiginal dry brush thickness 22 nm) immersed inl(mM
KCI) aqueous solutions of varying pH.
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4.3.6 Saltresponsive behaviour

The effect of ionic strength on the PCyMA brush dimensions was also investigated by adding
salt (NaCl). According to the literature, polybetaines such as PCysMA are expected to
expand on addition of salt. Sublehaviouris well known for various polybeitaes and is

known as the sc al | egpoléwelt é ct r*Higyre 4.70 showsf tkecchange in
PCysMA brush thickness with added salt at pH 6, as judged by ellipsometry. The m&an br
thickness increased monotonically from 28.0 nm to 30.5 nm when immersed in 0.3to 1.5 M
NaCl. The added salt screens thier-chainattractiveelectrostatic interactions, which allows
modest brush expansion. In contrast, the addition of salt to potyalytes screens the
repulsiveelectrostatic interactions between adjacent chains, which causes their collapse (see
Figure 4.10). There was a gradual decrease in the wet brush thickness, from 43 nm to 35 nm
with addition of salt at pH 1.8Vhen the conagration of NaCl in solution is increased at pH

9.8, the brush is observed to swell until reaching a maximum brush swelling at 100 mM. This
might be due to the proton concentration inside the brush is higher than that in the solution.
Addition of salt coudl replace the protons by salt counterions, as a result the ionization degree
of the polymer chains increas#4>*® At added salt concentrations >100 mM, it was
observed that the thickness of the PCysMA brush decreases gradually decreased from 48 nm
to 35 nm at 1M of NaCl.
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Figure 4.101In situ ellipsometric wet thickness of PCysMA brushes as a function of added at
20°C. () immersed in aqueous solution at pH(diginal dry thickness =15 nm). ()
immersed in aqueous solution at pH fosiginal dry thickness 48 nm). zimmersed in
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4.3.7 Chemical degradation of PCysMA brushes

PCysMA brushes exhibit good chemical stability in either acidic or neutral aqueous
solution. However, chemical degradation occurs in alkaline solutioe $imecdeprotonated
primary amine groups can attack the two ester groups in the CysMA repeat units. Similar
observations have been reported for po@noethyl methacrylate) in dilute aqueous
solution®° This phenomenon occurs at amhiéemperature at a rate that is strongly- pH
dependent. Herein the chemical degradation of PCysMA brushes was studied at pH 8, 9, 10
and 11, with the primary amine groups being either partly or fully deprotonated under these
conditions. There are at leasuf possible dagdation pathways, as shown theme 4. A
primary amine could react intramolecularly with an ester carbonyl group that is located either
on the same CysMA residue or on an adjacent repeat unit to form an amide. If the primary
amine groupreacts with an ester carbonyl on a neighboring PCysMA chain, a-lotkss

could be formed. At higher pH, basatalyzed ester hydrolysis may also oc®w. changes
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in the ellipsometric brush thickness after 10 days at pHllhsometric studies indicate a
gradual reduction in brush thickngssm 10 nm to 7 nm at pH @ee Figure 4.11At pH 10,
the mean brush thickness decreased from 10 nm to 3 nm within 48 h. Finally, a brush

thickness of just 1.5 nm was observed witMnh2at pH 11.
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Scheme 4 lllustrates the four possible degradation pathways of PCysMA at pH ab{%e 8.
and B)intramolecular amidation, (C) intermolecular amidation and (D) ester hydrolysis.
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Figure 4.11 In situ ellipsometric dry thickness of PCysMA brushes as a function of
immersion time at 2« (original dry thickness 40 nm).( Yilhmersed in aqueous solution
at pH 8. 0) immersed in aqueous solution at pH Bzilnmersed in aqueous solution at pH

10. ¢ ) immersed in aqueous solution at pH 11

No changes are observed in the XPS spectra recorded for PCysMA brushes after their
immersion in an aqueous solution at pH 8 for 48 h. However, exposing PCysMA brushes to
alkaline media (pH > 9), led to spectroscopltanges being observed (Figure 4.12). A
significant reduction in the C1s intensity was observed, which indicates substantial mass loss
and implies chemical degradation. The S2p and N1s signals both become attenuated over
time, indicating loss of sulfur amitrogen atoms (and hence the cysteine fragment) from the
brush layer. However, it is emphasized that no evidence for chemical degradation was
observed at neutral pH, which indicates that this new zwitterionic PCysMA brush has

potential applications assairface coating under physiological conditions.
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4.3.8 Photodegradation of PCysMA brushes

PCysMA brushes grown from silicon wafers were subjected to vadmses of UV
radiation at 244 nm. XPS studies confirmed the changes occurred in the Glisecepectra
during his UV irradiation There was a systematic reduction in the C1s signal intensity with
longer exposure times, which suggests that the bruskn@ss is reduced with increasing UV
exposurg(Figure 4.13A) Moreover, a new component was observed at ~ 288 eV which was
assigned to the formation of surface aldehyde gr@tigsire 4.13B)

(A) ' Virgin PCysMA brushes (B)
—— Exposed to 11.0 J cm?
|—— Exposed to 27.5 J cm?
—— Exposed to 36.7 J cm?

Exposed to 55.0 J cm’
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Figure 4.13 (A) Observed changes in thels coreline spectrum ofPCysMA brushes

measured by XPS foll owing expogB)C€ClsspecoumUV | as
of PCysMA brush after exposure to 10.4 Jcsmowing peak fits, including the aldehyde
component at 288 eV.

Photodegradation was also attempted using an HeCd laser emitting at 325 nm. There was no
photodegradation of PCysMA film, was observed which suggested that the photodegradation

process is degendent on photo wavelength. Photons with 325 nm wavelength may not have
sufficient energy to break bonds on PCysMA brushes.

These surface aldehyde groups were reacted with a perfluorinated primary amine, which is a
well-known assay that has the advantafjenhancing the XPS sensitivity. Figure 4.14 shows
the Cl1s and F1s spectra recorded for a PCysMA brush exposed to a T4ddsemof UV
radiation (& = 244 nm), bef ore and after S |

trifluoroethylamine. XPS studs confirm that there was no detectable fluorine prior to
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exposure to the trifluoroethylamine solution. After exposure, a strong F1s peak was observed

at 688.5 eV, and a new signal appeared in the Cls spectrum at ca. 293 eV, which was
assigned to th€F; unit in the trifluoroethylamine reagent.
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Figure 4.14X-ray photoelectron spectra recorded for PCysMA brushes exposed to UV
radiation (total dose #4 Jcm®) and subsequently immersed in an ethanolic solution of

trifluoroethylamine:(a) Clscoreline spectrum, (b) Flsoreline spectrum.

A uniform PCysMA bruskunctionalized silicon wafer was exposed to UV radiation using
a photomask and subsequently imagsshg AFM. Figure 4.15 shows the gradual change in
brush height between the masked and exposed regions as a function of the UV dose. After a
48 J cnf UV dose, the extent of brush erosion in the exposed regions was approximately 12
nm, thus the mean erosioate was estimated to be 0.25 nhtdr.
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4.3.9 Nanefabrication of PCysMA film

Nanoscale lines were created by photodegradation of a PCysMA brush using the IL
technique'®*!®” A dual beam interference sep was used to generate the desired surface
pattern. A coherent UV laser beam was diredtsdards a mirror and the PCysMA brush
coated silicon wafer was placed at an angul &
the mirror, from where it was reflected onto the sample to interfere with the other half of the
beam, forming a pattern it a si nusoi dal intensity and a r
laser wavelength. The PCysMA brush veamosed to a UV dose of 13.Z@? at angleof
10°, 2@, 3@ and 45. Figure 4.16 (shows the AFM height images obtained for the resulting
nanepatterned substrate. The dark bands correspond to regions of extensive surface
modification, while the bright bands correspond to regions of minimal modificalioa

topographicalmages show nanlines of the PCysMA brush with a lingidth (full width at
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half-maximum, FWHM) of 350 + 5 nm, 245 + 5 nm, 130 £ 5 nm and 100 £ 5 nm, and heights

of3£1nm,3+0.5nm, 3£0.5nmand 2 £ 0.5 nm respectively.

Figure 4.16 Height images of PCysMA brushes fabricated using 2 beam interference
lithographyexposed to a UV dose of 13.2 J:€tmimage size: m x 5 em. Thezrange: 0
10 nm dark to bright in all cases.

Threebeam IL was utilized to create hole patterns with herafjsymmetry. A standard
two-beam Ll oydds mirror i nter f-eeanoinmeferemeterdbas c o1
adding a second Lloydés mirror, with the po
120° symmetry of exposure. This arrangement Birep the alignment by fixing the position
of the mirrors with respect to the sample. Moreover, only a single exposure is required to
generate hole patterns. The periodicity (p) of the patterns is given byep/=32s i n d . Th
threebeam IL setup was usedo fabricate nangatterned PCysMA brushes using a fixed
UV dose of 13.2 J.cih Figure 4.17 shows an AFM tapping mode height image obtained for
a PCysMA brush using thrdmam IL. The periodicity was 220 + 10 nm and the holes

produced within the PCysMA brushes had a mean diameter of 120 + 10 nm. The average
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hole depth was 4 + 1 nm, as determined from a large number ofsacssns (10 section

lines).

Figure 4.17 Height images b PCysMA brushes fabricated using 3 beam interference
lithographyexposed to a UV dose of 13.2@?. Image size: m x 5 em. Thezrange: 08
nm dark to bright.

4.3.10 Protein Patterning

To demonstrate their aritiofouling performance, PCysMA brushes were subjected to UV
irradiation (& = 244 nm) using a phot omask.
groups into the brush surface, leading to a significant reduction in the protsiarres of the
exposed regionsdndeed, the photogenerated carbonyl groups can be used to immobilize

fluorescent proteins (GFPJ3132

Confocal fluorescence images were obtained for an unexposed PCysMA brush and a
PCysMA brush exposed to a dose of 13.2 ¥ aising a photomask after immersion of both
samples into an aqueous PBS solution comigii0 pg mL* GFP, seeFigure 4.18 No
fluorescence can be detected in Figure 4.18A within the limits of sensitivity, which indicates
that the pristine PCysMA brush strongly resists protein adsorptiaontrast, Figure 4.18B
exhibits a strong greefluorescence from the squar®&\(-irradiated regions indicating
specific GFP immobilization in these areas. These-#afihed GFP patterns within a
PCysMA brush with minimal background fluorescence suggests that this newicdotiling

surface coatingffers considerable potential for various biomedical applications.
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Nancpatterned lines of GFP wefabricatedby IL (see Figure 4.18C and Figure 4.18D).
This PCysMA brush sample waxposed to a UV dose of 13.2cthi? at an angle of 1)
followed by immesion in an aqueous PBS soluticontaining 10 ug mt* YFP. The green
lines indicate immobilized GFP conjugated to the chemically modified brush regions,
whereas the unmodified brush regiosr@nglyresist protein adsorption. Individual lines are

well-resolved and the mean line width was estimated t860enm.

g
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Figure 4.18 Confocal fluorescence images obtained for PCysMA bruaftes conjugation

to agreen fluorescent protein (GFP). (ApNbrotein adsorption is detected for the pristine

PCysMA brush; (B) GFP protein is immobilized within bright green squares after selective

degradation of PCysMA using a photomask (dark areas represent the unexposed PCysMA
brush); (C and D) GFP immobilized in napatterned lines after selective degradation of

PCysMA using a twebeam interferometewi t h °d = 10
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The same protocol above was utilized to pattern PCysMA bsishtwo beam IL at 30
andby three beam IL. These samples were imaged after immobilization of GFP using tapping
mode AFM (Figure 4.19. In the height image, the heigtiifferencebetween modified and
unmodified brushes was ca.B5nm before protein adsorption. However, there was a
decrease in the height of lines after protein immobilizatiorat0.5 nm. Te widtls of the
protein lineswere ca. 110£10 nm. The protein features exhibit bright contrabeiphase
images because of the viscosity of the protein molectl@gigure 4.20 shows representative
height and phase images obtained for the patterned PCysMA brush using three beam IL,
before and after GFP protein immobilization. In thisesahe hole depth decreased from ca.
4.0 nm to 1.5+£0.5 nm, after protein adsorption, which indédiie adsorption of the proteins

in the holes.

NIl Bcfore/GEP adsorption WA fter GEP adsorption

3)J Before GEP adsorption J&fiér GFpragdsorption

Figure 4.19 Tapping mode AFM images of IL patterned PCysMA brush 8t Béfore and

after GFPi mmobi |l i zati on. ( A) H,i zeagde:t0i 10 mm daekstq 3.0
bright in both i mages. ? zfagd0 FHalstebrighniratoee s , 3.
left image and 025C° dark to bright in the right image.
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(A) Before'GFP adsorption After GFP adsotption
B |

oy

After GEP adsorption

() Before GEP adsorption

Figure 4.20 Tapping mode AFM images of patterned PCysMA brush using three beam IL,
before and after GFP i mmobi | i%zrangeoOn10nm A) Hi
dark to bright in both i miupgrange0-10°¢aB)tobRghase i n

in both images
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4.3.11 PMPC brushes for comparative complement depletion assays

Kinetic study of PMPC brushds previous works, the growth of PMPC brushes from
planar surfaces has been studi¥d®>**° Morse et al. repted the growth of PMPC on
silicon using an amide based ATRP initiator group in a methanol/ water mixture, and the
molar ratio of MPC : CuBr : CuBr. bipy was 60 : 1 : 0.3 : 2.8 at 2 and the maximum
ellipsometric thickness was ca. 300 nm at ca. 2f kwata et al. reported the preparation of
PMPC brushes on a silica surface usin(2-Bromoisobutyryl)propyl dimethylchlorosilane
(BDCS) as an initiator, and Cu(l)Br and bipyridine as a catalyst system in methanol/water
mixture!®* They reported a mamum ellipsometric thickness of ca.18 nm in 18 h.
Edmondson et al. reported PMPC brush grown on silicon wafers datC20sing a
polyelectrolytic macroinitiator and they studied the effect of changing tt€@uon the

brush growth rate, in mixed alcohwetiter solvent$®

SAMs-coated Si substrates were derivatizeithvihe initiators as described in chapter 3.
Polymerization of MPC was achieved by surfatiated ATRP. The mole ratio between the
monomer and catalyst system was selected to be 60:1:0.5:3 for [MP@][f@u"]:[bipy]
respectively in a 1:1 mixturef evater and methanol at 2C. In the first experiment, CuBr,
CuBr; and bipy were used as the catalyst system. This reaction was extremely fast. A brush
thickness of 6 nm was obtained in 5 min and almost 65 nm in 1 h (FigRte. The rate of
growth of PMPC brushes was about 1.1 nm per min over this period of time. In a second
experiment, CuBr and CuBmere replaced by CuCl and CuClespectively. Figure 5.1
shows the variation in the dry brush thickness with polymerization time. At all times, the
meanbrushes thickness was significantly smaller than in the case for the copper bromide
catalyst. After 10 min, the brush thickness was 5 nm. The thickness increased with time but
after more than 3 h, it was only ca. 40 nm. The polymerization rate of PMPEw@25 nm

min™t,
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Figure 4.21. Variation in the dry PMPC brush thickness grown on Si wafer as a function of
polymerization time at 20C, Conditions:(y) [MPC]: [CuBr]: [CuBr]: [Bipy] molar ratio =

60: 1.0 : 0.5 : 3, in 1:1 $O: methanol ratio(0) [MPC]: [CuCl]: [CuB&r]: [Bipy] molar ratio
=60:1.0:0.5: 3, in 1:1 40: methanol ratio.

XPS characterizatiohVide scans were used to estimate the composition of the PMPC. The
% contents of C, O, N and P were found to b&627.2, 4.92 and 6, respectively, which are
close to the calculated values (57.9, 31.5, 5.2 and %H&)h resolution C1ls, N1s and P2p
XPS spectra were acquired for PMPC brushes (original thickness 20 nm) (F22i@\ -
C)). XPS Cl1s spectra were fitted using three components at binding energies of 285.0, 286.3
and 288.5 eV, attributable toti@ CCi Qi N an@ OQ=respectively. T
Ci CCr i N anG OOobtained from the Clchisslgsectr um
to the predicted ratio 3 : 6 : 1. The N1s ebine spectrum recorded for the PMPC film could
be fitted in one components at a binding energy of 401.5 eV, which corresponds to the
CiN'T g r ©he 2p high resolution spectrum was fitted witto taomponents with

relative intensities of 1.9 : 1, corresponding to 32and P2p, with binding energies of
~133 and ~134 eV, respectively. The relative intensity of these components formed by the

spin-orbit coupling which is defined by expression (2J+1
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Figure 4.22. Curvefitted XPS spectra recorded BMPC brusheqA) C1s cordine

spectrum. (B) N1s cotne spectrum. (C) P2p coifme spectrum
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4.3.12 POEGMA brushesfor comparative complement depletion assays

Kinetic study of POEGMA brussThe polymerisation conditions were adapted from those
described by Brown et &’ Poly(oligo(ethylee glycol)methyl ether methacrylate) (M
480 g/mol) was purified using a colmneontaining alumin& order to remove the inhibitors.

The growth of the polymer layer was characterized using ellipsometry.

The mole ratio between the monomer and catalyst systerm 62:1:0.3:2.8 for
[POEGMA]:[Cu':[Cu "]:[bipy] respectively in water at 28C. The rate of brush growth was
fast (Figure 4.3). The brush thicknesscreased gradually over 3 ihe maximum thickness

was obtained was 85 nmin 3 h

100
90 .
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70 4
60 - ®
50 1 =
40 -
30
20
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04 . . . . . , .

0 50 100 150 20C

Polymerization Time / min

Ellipsometric Dry Brush Thickness / nm

Figure 4.23 Variation in the dry POEGMA brush thickness grown on Si wafer as a function
of polymerization time at 26C, Conditions: [POEGMA]: [CuBr]: [CuBr]: [Bipy] molar
ratio =62: 1.0:0.3: 2.8, in4.

XPScharacterizationHigh resolution C1s XPS spectra was obtained for POEGMA brush
(Figure 4.2). XPS Cls spectra was fitted using three components at binding energies of
285. 0, 286.3 and 288.5 Ce WO, aod rOQe srpecsnpdeicntg vted
ratiosofCi CCI O an@ OOwas 14 2 1, comparing to
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Figure 4.24 XPS high resolution C1s spectra of POEGMA brush.

4.3.13 Cell adhesion test and complement depletion assay

These experiments were done by Dr. Irene Canton. Human Dermal Fibroblasts (HDF) cell
adhesion onto PCysMA brushes. PCysMA brushes were grown from identical 13 mm
diameter circular glass slides to examihe extent of cellular adhesion on these substrates.
Uncoated glass slides were used as controls. Both PCysid#ed and uncoated glass slides
were disinfected and placed at the bottom ofn@l plates. HDFs cells were then added (1 x

105 cells per well)rad cells were incubated for 24 h at%g7.

In agreement with the previous section the resistance PCysMA brush of proteins, almost no
cells were observed on the PCysMA modified glass surfaces and when they attached, cells
presented a more round morphologyereas the control cells were adherent and fully
stretched (Figure 25). This suggests that the surfaces remainedfooling in the presence
of normal culture media and cells over the 24h incubation period. Qualitative analysis of the
images showed thatery few cells were attached in either the short or medium thickness
brushes, but no cells at all were observed in the long brushes (FighyreThi2 suggests an

improved norfouling performance on the last ones.
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Figure 4.5 Shows optical micrographebtained for HDF cells growing on the brush

surfaces after 24 h incubation.

A complement depletion assay was utilized to further investigate the effect of varying the
PCysMA brush thickness in the context of protein fouling (see Figuf. 402 exposuref
the PCysMA brusitoated glass slides to human serum, all brushes performed much better
with regard to complement depletion than typical -adherent surfaces. Shorter and
intermediate PCysMA brushes-f4nm and 13L6 nm dry thicknesses, respectivelyl I
weak but detectable depletion compared to #re depletion controHowever, the relatively
long PCysMA brushes (228 nm dry thickness) showed no statistically significant
differences compared to the zero depletion control (see Figue Ftieseresults confirmed
the qualitative observations reported in Figuréb4stiggesting that a certain minimum brush

thickness is required for optimum abibfouling performance.
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Figure 4.26 Complement depletion assays performed on PCysMA brushes of varying dry
thickness (47 nm, 1316 nm and 2428 nm) and incubated with human serum (100 L) for 1
h at 37C. Additional control surfaces were also used (e.g-tissnie culture (TC) plastic and

an untreated glass slide). N = 3 independent experiments were performed in duplicate wells.

Finally, the complement depletion performance of skalbwn antibiofouling PMPC and
POEGMA brushes was compared to PCysMA brushes of comparable dry thickness
(approximately 2880 nm in each case), see Figure74Po maximize the assay sensitivity,
complement depletion was monitored over a range of normal human serum concentrations
((NHS), 100%, 50% and 25%). PCysMA brushes proved to be slightly superiorROPE
and POEGMA brushes in their atiofouling properties over the entire concentration range
(Figure 4.7). The former brush exhibited no discernible difference compared to the zero
depletion control, whereas the PMPC and POEGMA brushes each showsdll abst

significant increase in complement depletion.
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Figure 4.27 Comparative complement depletion assays for three types ebiafttuling
polymer brushes. PCysMA, PMPC and POEGMA brushes of equivalent thickness (approx.
25-30 nm) were testd for complement depletion and data were compared to bottissae

culture (TC) plastic control (NTCP) and untreated glass.-Biofiouling performance was
monitored over a range of human serum concentrations (100%, 50% and 25% serum). N = 3

independenéxperiments in duplicate wells.
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4.4 Conclusions

A new amino acid methacrylate monomer, cysteine methacrylate (CysMA), was prepared
on a 40 gram scale via a facile tivbchael addition reaction conducted in aqueous solution.
This monomer was usetb prepare novel zwitterionic PCysMA brushes viaASRP
technique with mean brush thicknesses ranging between 4 and 27 nm. Such brushes exhibit
pH-responsive behavior. For example, the mean brush thickness increased significantly
below pH 2 and above pH9® as judged by ellipsometry and AFM studies. Surface zeta
potential studies indicate that PCysMA brushes acquire cationic character below the former
pH and anionic character above the latter pH, with zwitterionic character being observed at
intermediatgpH. Modest brush swelling occurs in the presence of added salt at pH 6, which is
attributed tothe wek nown-poadiyteil ectrol yte effectd exhibi
brush collapse in the addition of salt at pH 1.5 and 9.8. XPS studies of phatietg
PCysMA brushes confirm that aldehyde groups are generated after prolonged UV irradiation
at 244 nm. Both microand nanestructured PCysMA brushes can be conjugated to green
fluorescent protein (GFP) via surface aldehyde groups generated during thei
photodegradatio?CysMA brushes proved to be highly resistant to adhesion when exposed
to HDF cells, while complement consumption/depletion assays confirm that such brushes
exhibit superior antibiofouling performance to that of walown PMPC and POEGM
brushes.
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Chapter 5: The formation of polymer brushes for use as supportior lipid bilayers

5.1 Introduction

Solid-supported lipid bilayers were first studied by Tamm éfalipid bilayers placed on
planar substrates have been used in the fabrication of biosensonssaundies of biological
phenomena in recent yedr§®* Lipid bilayers can form on planar surfaces when vesicle
suspensions are brought in contact with hydrophilic tsates*®? Many substrates have been
used as supported lipid bilayers such as glass, silica and oxidized ifiddme interaction
between the surface and bilayers can be through van der Waals, electrostatic, hydration, or

steric forces>363

Hydrophilic surfaces can form ultrathin layers of water to act as a lubricant between the
bilayer and the surfac8**®* This lubricant enables the bilayers to exhibit their properti
similar to those of free bilayers and leads to good fluid bilagaviouron the substrat&*

%2 The disadvantage of forming bilayers on tharfaces of solidmaterials is that
transmembrane proteins can easily insert thobilayer and interact with the surface; as a
result they can lose their lateral mobilffj. To overcome this limitation, it has been
suggested that, bilayers can be separated from the surface by intercalating hydrophilic

polymer layer between thetff¢°

Several types of polymgrhave been studied as supports for lifadayers. Ideally, these
polymers also prevent nonspecific protein adsorption to surfat& The brush roughness
can affect the formation of lipid bilayers because, if the defects in the supported polymers are
greater than the thickness of the bilayer thlea lipid bilayer will contain defect$>®3¢°
Furthermore, the polymer film should provide a strongly hydrated cushion to decouple the
membrane from thsupported surface. The assembly of supported lipid bilayers onto the
surface of polymers is often achieved through fusion of lipid vesitfd® Liposomes caibe
made to adsorb, unroll, and, fuse to form a homogeneous bilayer onto polymer surface, after
carefully tanning the concentration and the size of the vesSfE&s Lipid bilayers have been
formed on polymer supports, including neutral polymer.(@®§G and polyacrylamide

358,362.364.37273 otimuli responsive polymer (e.g. PAAY>"® and zwitterionic brushes

films),
(e.g. poly(sulfobetaine methacrylate) (PSBMAJf. The adsorption of lipid vesicles onto

polymer supports can be achieved by using polymers with charged Jfb@pstterionic
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polymers exhibit varied properties, depending on the polymer association state in aqueous
solutions and the densityf the brushes due to the presence of dipdifgole and charge

charge interactions among the zwitterionic grotip&’®The surface hydrophilic’hydrophobic
properties of zwitterionic brushes cae controlled by varying the brush thickné&s.

Recently, Piehler and emorkers have established a new approach for the spatial control of
lipid phase separation using teted polymeisupported membranes, obtained by vesicle
fusion on a poly(ethylene glycol) brush functionalized with fatty acid moieties, which
allowed functional reconstitution of transmembrane prot&itishe SIATRP technique has
been used to grow homogeneous polymer lesigh substates that can serve as supports for
bilayers*®*3*® The formation of neutral lipid bilayers on polyacnyie brusksgrown on
fused silica via ATRP has been studied by Smith ét°aantonicola et al. reported that
poly(sulfobetaine methacrylate) (PSBMA) brushes grafted glass substrates have been

successfully usetb supporiipid bilayers under physiological conditiof¥.

Several polymers including neutral polymer brushes (poly(hydroxypropyl methacrylate)
(PHPMA)), and polyelectrolyte polymers brushes (PEBM, PDMAEMA, PMAA,

PMPC, PKSPMA, PMETAC and PCysMA), have been suggdstedse as supports lipid
bilayers. However, in this chaptene focused on the use of-8TRP to grow PMPC,
PKSPMA, PMETAC and PCysMA brushes layers on glass surfaces as subfsraies
formation of zwitterionic, negative and positive lipid bilayers, with the ultimate goal of
incorporating transmembrane proteins (Scheme 5.1). The brush growth of these polymers
was studied using ellipsometry, in order to grow a suitable brusm#sskn which to form
bilayers. XPS was used to characterize the surfaces. AFM was also used to study the
roughness and the change in the thicknesses of these brushes in both the dry state and under
PBS. The surface zeta potential was determined as adinrmétpH for both PMPC brushes.

In cooperation with Prof. Steve Evans group in Leeds University, the formation and the
diffusion coefficients of lipid bilayers on these brushes were characterized by fluorescence

recovery after photobleaching (FRAP).
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5.2 Experimental
5.2.1 Preparation and UV modification of bromo initiators

BIBB-APTES films on silicon wafers and glass cover slips (18 mm) were prepared as
described in section 2.3.BIBB-APTESfilms on a silconwafer wereexposed to UV light
through arcopperelectron microscope grigls amask(2000 mesh). Aftean exposure of 2 J

cm?, the samples were and washed with ethanol, and dried updenaypter 3).
5.2.2 Reparation of PMPC brushes

PMPC brushewere prepared as described in chapter 4. MPC (6.0 g, 20 mmol) was placed in
a flask under a nitrogen atmosphere after four pump/refill cycles. Water and methanol were
degassed separately by a stream of nitrogen (for at least 60 min). Water (5 mL) amibimetha
(5 mL) were added to the MPC by syringe at room temperature. CuBr (48.4 mg, 0.338
mmol), CuBg (36.8 mg, 0.165 mmol), and 2/@pyridine (157.5 mg, 1.014 mmol) were
added, then the mixture was stirred under nitrogen for 10 min and then briefly irdrirerse

an ultrasonic bath to aid catalyst dissolution. Initidtorctionalizedglassesvere sealed in
Schlenk tubes, degassed, then filled with nitrogen. The polymerization sol2tioh) (was

added to each tube from a syringe. After various times, indiitilbes were opened and
washed with water and methanol. The PMPC bagdtedglasseswere briefly sonicated

removed and then rinsed with water and methanol, and dried under a nitrogen stream.

5.23 Preparation of poly(3-sulfopropyl methacrylate potassiumsalt) (PKSPMA)
brushes

3-Sulfopropylmethacrylate potassium salt monomer (5.0 g, 20 mmol) was dissolved by
stirring in 6 mL of methanol and 3 mL of water at room temperature. Bipy (187 mg, 1.2
mmol) and CuBr (32 mg, 0.14 mmol) were added to the solutibne mixture was stirred,
degassed using nitrogen stream bubbling for 60 min then CuBr (47.5 mg, 0.386 mmol) was
added. The mixture was stirred and degassed for 10 min. Initiatctionalized wafers were
sealed in a Schlenk tube and degassed (four vaqump/N refill cycles). The reaction
mixture wasadded tathis Schlenk tubeising a syringdéy adding enough solution to cover
the sample completely. After a range of suitable polymerization times, the samples were
removed and washed with water and methaibe samples were briefly sonicated and

thoroughly rinsed with deionized water and methanol, followed by drying under a nitrogen

-133-



stream. The mean brush thickness on Si was measured by ellipsditi&irithe contact
angle of PKWEBM&BENnIas d

5.24 Preparation of poly(2-methacrylato)ethyl trimethylammonium chloride)
(PMETAC) brushes

2-(Methacrylato)ethyl trimethylammonium chloridelution (METAC) is supplied as 80%
solutionin water. METAC(13.85 g, 67 mmol) was dissolved in 20 mL of a 1:4 mixture of
water and isopropanol. Bipy (382 mg, 2.4 mmol) and GyBt.2 mg, 0.05 mmol) were
added. The mixture was stirred and degassed for 1 h and then CuBr (144 mg, 1.0 mmol) was
addedto the solution. Initiatefunctionalized silicon wafers were sealed in Radley tubes, and
degassed via repeated vacuum/refill cycles, and enough polymerization solution was added to
each tube to submerge the substrate completely. After a range of potioarizmes, the
samples were removed and washed with water and methanol. The samples were briefly
sonicated and thoroughly rinsed with deionized water and methanol, followed by drying
under a nitrogen stream. The mean polymer brush thickness on silitenwes measured

by ellipsometry*®? The contact angle of PMETAC was measurebetess than 10
5.25 Preparation of PCysMA brushes

PCysMA brushes were prepared as stated in chapter 4. Surface Hhittetbonalized glass
coverslips were placed in Schlenk tubes, degassed, then filled witGy$MA (5.0 g, 15.0
mmol) was dissolved in dionized water (12.0 mL) &t@@nd degassed for 30 min. Cu(l)Br
(71.4 mg, 0.5 mmol), bipy (234 mg, 1.5 mmol) and Cu(H)&5.6 mg, 0.25 mmolyvere
added to the solution. This reaction mixture was degassed for 10 min, andridsfgn
sonicated. Polymerization solution (2 mL) was transferred into each Schlenk tube. After 15
min, the substrates were removed, sonicated in water and rinsed witbletivad then dried
with Ny. The contact angle of dried PCysMA brush was measured to’b2. 43

5.26 Surface characterization

In this work, ellipsometry, AFM and XPS were used to characterize polymer brushes, as
described in chapter 2. Contact angles weeasured from three water droplets, across the
surface and averaged to determine the change in polarity of the surface. The growth thickness
of polymer brushes on silicon over the time was measured by ellipsometry. Wide scan and

high resolution XPS spectmere analyzed to determine the surface structure of the surface.
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AFM was used to study the mean roughness and the thickness of the polymer brushes

immersed in PBS.
5.2.7 Polymer brushes supported lipid bilayer

Lipid bilayers were formed on polymer brusheg Anita Bl&keston Johannes Roth and
Matthew Cheethanleeds University.The lipids used for this study were POPG (1
palmitoyl2-oleoytsnglycera3-phosphocholine), DOPG  (:d-(9Z-octadecenoyisn
glycera3-phosphe(1-racglycerol)) and DOTAP (1;2lioleoyl-3-trimethylammonium
propane). The phospholipid Texas Red®DHPE -(lil#xadecanoy$nglycero3-
phosphoethanolamine, triethylammonium sklbeled on the head group with the bright-red
fluorescent Texas Red® dye (excitation/emission maxima ~595i@ibwas used as a
fluorescent probe. The dried lipids were dissolved in a mixture of chloroform and methanol
(1:1). The lipids were prepared in glass vials, following molar ratios: 99.5:0.5 POPC:Texas
Red (as POPC), 10:89.5:0.5 DOTAP:POPC:Texas Red (as OO¥AP), 24.9:74.6:0.5
DOTAP:POPC:Texas Red (as 25% DOTAP) and 49.75:49.75:0.5 DOTAP:POPC:Texas Red
(as 50% DOTAP). Then, the lipids were dried under a flow of nitrogen gas. Vesicle solutions
were prepared at concentrations of 1.0 mg'mising either a phosphate buffer or deionised

water.

A polymerfilm was formedon a glassover slip whichwas sealed in a flow cell and the
deionised wateor buffer irjected into it. After 15 mirthe lipid was injected and the cell
stored in the darlat room temperature to incubate. Times for this are showneimesults
section. After 2 hlincubation the polymer surface in the flow cell was rinsed déionised
water or buffer as shown in the results and studied using fluorescence recovery after
phobbleaching (FRAP). A timeequence of images was taken in order to determine the
diffusion coefficient of lipids. If no bilayer or diffusion was observed at this stage then
incubation was extended, after injecting with more lipid. The flow cell was maéatait an
elevated temperature of 5& for 1 h followed by extended incubation at ambient room

temperature for at least 48 h

-135-



Three different lipid compositions were incubated onto polymer samples, using vesicle

deposition (one mixture per polymer gae) in a flow cellas follows

0 zwitterionic lipids (POPC)

o Positive lipids (DOTAP/POPC mixture)

o Negative lipids (DOPG/POPC mixture)

The proportion of charged lipid in the vesicles was varied to establish the lowest amount of
charge that is required to form a bilayer. The lipids were prepared using a range of solutions
includingdeionisedvater and PBS buffer

The initial intensity of the fluorophore before bleaching was normalised to be 1.0 and
subtracted fronthe reading each tim&ero intensity is determined in the bleached spot. The
normalised intensity data were plotted versus time. The Axelrod methodusesk to
determinethe diffusion coefficient. The diffusion coefficient was calculated from the

following equation®®2383

¥

Tb;r

¥ is the radius qdisthelinee tordcaver balf thaedintengityot and t
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5.3 Result and discussion
5.3.1 PMPC brush
5.3.1.1Characterization of PMPC brushes

Surface zeta potentido et al. reported the zeta potential of tteutral zwitterionic PMPC
chains on silica to be +5 mV over a wide pH rarfjén these experimentthe surface zeta
potential of PMPC brushes grown arplana surface vasdetermined over a wide range of
solution pH, see Figure PA. The PMPC brush exhibitea very low surface zeta potential
(10 mV). Figure 51B shows the change in surface zeta potential observed for a PMPC
brush exposed to added salt (either GaZIKCI; 0.1 to 5.0 mM). ThePMPC brushis
zwitterionic character atelatively low levels of added electrolyterom the surface zeta
potential curves shown in FigurelB, it is clear that the PMPC brush acquires greater
negative surface character when immersed in £a@mnpared to KCIl. The surface zeta
potential increase from about-8 mV (0.1 mM CaCJl) and reaches20 mV above 5 mM
CaCb. For KCI, the surface zeta potential becomes slightly negatié® &t concentration
above 2.5 mM KCI.The observed weakly anionic character may indicate preferential
adsorption of Cland/or OHfrom the bulk solution
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Figure 5.1 Surface zeta potential obtained for PMPC brushes (original dry brush thickness =
60 nm) using a Malvern dip cell. (A) PMPC brush immersed in (1 mM KCI) aqueous

solutions of varying pH. (B) PMPC brush immersed in aqueous solution of varying salt
concentrabn (using HPLC water),d) in KCl and {/) CaC}.

AFM The topography of the brush surface was acquired using AFM in tapping mode.
Figure 52 showsa height image of a PMPC brush grafted on to Si wafer with a mean
thickness about 10 nm. The AFM raoeansquared (rms) of this dry PMPC brush was
between 0.2 and 0.4 nnWhen imagedunder PBS the same surface yield surface
roughnessless than 0.3 nmThese rms values were similar to previous stutfies>

indicating that the prepared brush were homogenaod<onsisted afense PMPC brusis
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The swelling of PMPC brushes in water was previously studiedtamds found that the
ellipsometric thickness increased from 32.5 nm in dry state to ca.153 nmpumelavater:>®
PMPC brush swelling in aqueous solutions of Nath a range ofconcentrationsvas
studied by Takahara and -vmrkers'® They observed that the swelling of PMPC brush
independenof the salt concentration and the brush thickness increased from ca.25 nm in dry
state to almost 150 nm in solutions. In this study, the swelling of PMPC undewB8S
studiedusing AFMfor patterned sample&igure 53 shows the change in height between dry
PMPC and PMPC under PBS. There is an increase of about a factor of three in the brush

thickness from 10 nm under dry condition to ca. 35 nm under PBS.

200 nm 200 nm

Figure. 52. AFM tapping modée mage of PMPC brushes (i mage si
PMPC brush. (B) Same PMPC brush under PBf¢z-range: 0 10 nm dark to bright in both

images.

Figure. 53. AFM height image of PMPC brushes acquired by tapping mode (image size 50
em I 50 e€m). . (A) Dry PMPC br usShezrange:® B) Sa
100 nm dark to bright in both images.
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5.3.12 PMPC brushesas supported lipid layers

PMPC brushesre known to have excellent biocompatibility and #iaming properties; it
would be an advantage to be able to form a fluid lipid bilayer. So far in the literature, no
report shows the successful formation of lipid bilayers on PMPC brushes. On theycontra
PMPC brushes have be&wund to resist the adsorption of lipids, have baesed topattern

lipid bilayers>®

In the present wdt, PMPC brushes were prepared on 18 mm glass covemsiiparangeof

lengtrs between 8 antl5 nm. Positive (DOTAP) and negative (DOPG) vesicles wereatsed
high concentratios (ca. 70%) to attempt toovercome theesistance to lipicadsorption of

PMPC layers by increasing the interaction between the head groups of the brushes and the
lipid vesicles. After incubation, the surface showed signifieambunts ofvesicles absorbed

on the PMPC surface. The flow cell was rinsed with 1 M solution of NaCl aafd iGns to

rupturethe vesicles by removing water frotheir interiors*®

However little differencewas
observedn the surfaceformed with and without salin the subsequerRAP experiment,
no recoverywas observedn the bleached areavidenceof vesicles adsorption without

bilayer formation.

In other studieshie introduction of short chain lipide the vesicles habeenfoundto reduce

the time needed for vesicle ruptiféThe short chain lipids should perform as a detergent
and increase the possibility of vesicle ruptutewas hypothesized thaheay may also aid

lipid bilayer formation on the brush surfaces. Afthe tintroduction of 5 mol% of 1;2
hexyanoylsrglycera3-phosphocholine (DHPL6) into the lipid vesiclesislands of lipid
bilayers were formedn PMPC surfac® with diameters the ran@8071 150 um. Figure 3l

shows the FRAP images of an island of bilayer formed on PMPC brushes using a mixture of
DOTAP/POPC/DHPC C6 with molar ratio of 47.5:47.5:5, respectively. Diffusion coefficient
was determined by fitting the normalized fluorescemro®very data and found to be 0.4 um?2

st
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10 s after bleaching 10 min after bleaching

Figure 54. FRAP images showinthe bleacing and subsequentecovery of lipid bilayers
on PMPC produced using vesicle fusion of DOTAP:POPC:DHPC C6 with molar ratio of
4754755Ex posed spot is 25 em di ameter.

Spin-coatingof lipid solutionshas been used to obtain well defined lipid bilayers on a solid
support, depending on spin speeds and lipid concentr&fidhis approach was also used to
form bilayer on PMPC brushes. A mixture of DOTAP/POPC withl molar ratio waspin
castfrom isopropanol solution. It has been suggested that isopropanol is a good solvent for
the lipid acid with hydrophilic surfacé€’ It was observed lipid bilayef®ormed on PMPC
brushes. Figure 5.shows FRAP images for the bleaaipand recovery of lipid bilayers on
PMPC producedy spin coating ofPOPC/DOTAP (50/50). A homogeneous bilayer was
formed with diffusion coefficient of ca. 0.1 um#,sas determined by fitting the normalized
fluorescence recovery data. The diffusion coefficients was lower than the one formed from
the DHPC C6 vesicle incaltion, but a fluid lipid bilayers was observed instead islands
adsorbed into the surface.

10s after bleaching 10min after bleaching

Figure 55. The images showing the ble#@oty and recovery of lipid bilayers on PMPC
producedby spincoating of POPC:DOTAP witla molar ratio with 1:1from isopropanol.

Exposed spot is 25 em di ameter
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5.32 PKSPMA brush
5.32.1 Preparation of PKSPMA

Anionic polyelectrolyte brushes were prepared from aqueous solutions -of 3
sulfopropylmethacrylate and were grown on gold, Si and/or glass substratefABRBF*®
391 Masd et al. described the synthesis of PKSPMA brush by ATRP in water/DMF mixed
solvent using a CuCl/Cugkatio and bipyridine as a catalyst at 20 ¥*&Huck and ce
workers described the synthesis of PKSPMA brushes onto gold and Si surfaces. The effect of
CuCl/CuCj} ratio was examined in methanol/water mixture and the synthesized PKSPMA

brushes displayed a thickss up to few mdred nn*

To control brush growth (and hence thickness), two different experimental formulations
were examined to grow PKSPMA brushes on initiated silicon wafers ¥4TRP. The
composition of theeagent mixturevas selected to be 50: 1 for [M]: [CuBr] for a 1:1 water:
methanol ratio at 2&. The CuBr/CuBrmolar ratio was selected to be 1/0.05 or 1/0.35. The

ellipsometric thickness of these PKSPMA brushes was measured and plotted in ligure 5.
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Figure 56. Change in thickness of PKSPMA brushes as a function of CuBriGuBlar
ratio and polymerization time at 2, Conditions:(y) [KSPMA]: [CuBr]: [CuBr]: [Bipy]
molar ratio = 50: 1.0 : 0.05: 2.5, in 1:3®t methanol ratio(0) [KSPMA]: [CuBr]: [CuBr]:
[Bipy] molar ratio =50: 1.0 : 0.35: 2.5, in 1:1®GL methanol ratio.
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There is a dramatic increase in the brush thickness over 120 marCioBr/CuBr molar
ratio of 1/0.05. Fora 1/0.35 CuBr/CuBrmolar ratig the thickness ofhe film increased
linearly from 2.5 nm to ca. 25 nm in 60 miioy longer timeghere was amallincrease in

the brush thickness to ca, 22 mfter 120 min, which could be because of termination of the

chains or/and loss difie catalyst activity.

5.32.2 Characterization of PKSPMA brush

XPS High resolution Cls and S2p XPS spectra were acquired for 15 nm thick PKSPMA
brushes, as shown in Figurez5The C1s core level spectrum was fitted with three peak
components at binding energies of 285.0, 286.4 and 288.8 eV, attributableCio @& S,

CT O an@ O0O=respectivelCy 0O B@eO aarn€ia®@O=md mp cdreen't
were in the ratio 5.6 : 1.41: which is close to the calculated ratio 6 : 1 The S2p core level

spectrum was fitted into two components at binding energies of ~167.5 and ~169 eV, due to

the C 180539
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Figure 5.7.Curvefitted XPS spectra recorded BKSPMA brushegA) C1s cordine

spectrum. (B) S2p coiline spectrum.

AFM In previous studieghe roughness of 210 nm thick dry PKSPMA brushes grown on a
Au substrate was reported be 1.45 nm measured over a scan size corresponding to 5x5
pum>3! The PKSPMA surface topography was examined by AFM using tapping mode.
Figure 58 shows the height image of a PKSPMA brush of ca.15 noknkss. PKSPMA

280
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brushes both dryand immersed in PBS exhibited a relatively smooth topography with mean
roughnesss varying between 0.2 and 0.5 nm. The height image of a patterned PKSPMA
brush shows that its thickness immersed in RBStwice that of the d/ brush and the mean

brush height increased ca. 30 nm to ca. 65 nm (Fig@ye 5.

Figure 5.8. Tapping modeAFM images of ca. 15 nmthick PKSPMA brushes(A) Dry
PKSPMA bruskes. (B) The ame PKSPMA brugtssunder PBSImage sizelk | 21Thez-m
range:0- 10 nm dark to bright in both images.

Figure 59. AFM tapping mode height imageof PKSPMA brushes. (A) Dry RSPMA
brustes (B) PKSPMA brusheaunder PBSImage size50 x 50 ¢ m The zrange: 6 150 nm
dark to bright in both images.

5.3.23 Lipid bilayers on PKSPMA brushes

PKSPMA brushes were prepared with thicknesses between 10 and 17 nm on 18 mm glass

slides.It was attempted to form lipid bilayers, and the membrane fluidity was evaluated as a
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function of the conditions usetiposomeswere used with a lipignixturein the ratio30:70
POPC:DOTAP, with 0.1% ATTO59@OPE fluorophore. DOTAP is a positively charged
lipid, so the direct interaction between the vesicles and the suirfaob/es attraction
betweenopposite charges. PBS at pH4 Avas chosen for incubatioand has been used
commonlyfor formation of bilayers on glass by vesicle fusion. After incubatibe lipid

bilayer was rinsed with deionized water. FiguréOsshows the FRAP images of PKSPMA
brushes at 10 s and 5 min afidéeaching. The images show significant vesicle adsorption on
the surface, and an evidence of a fluid bilayer beneath. The recovery after photobleaching
was slow and the diffusion coefficient was found to be 0.5%smThe surface was then
rinsed with PBSn a range of pH 3:20.0, and also with Cagto detach adsorbed vesicles

but did not seem to work.

Figure 5.10. Showing FRAP images of PKSPMA brushes at 10 s and 5 min after bleaching,
using 30:70 of POPC/DOTAP mixtureinPBSa®@0Ex posed spot is 25 &m

The formation of zwitterionic POPC lipids on PKSPMS brushes was also attempted. POPC
was usedvith 0.1% ATTO596DOPE fluorophore in 140 mM NaCl and 5 mM Ca@l pH

4.0. After incubation, the surface seemeaaasist of ntact vesicleswithout appearance of

lipid layer beneath. No significant changmas observedh the surface after cyclinghe pH

range between 2.5 and 10. However, a large quantity of the adsorbed vesicles were detached
from the surface after soaking omgght at pH 10 and the result showed that no evidence of a
lipid layer remained. Finally, POPC with 0.5% THPE fluorophore was tested at pH 10.

The surface seemed to have less vesicles adsorbed, however, no evidence of forming an
underlying lipid layer vas observed. There was no success on forming zwitterionic lipids on
PKSPMA surfaces.
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5.33 PMETAC brushes
5.33.1 Synthesis of PMETAC brusles

Many groups have investigated the preparatiof PMETAC brushes from plana
substrated®*3% A well-defined PMETAC brush was prepared by copper catalyz&xT&P
of METAC monomer in 2,2:Zifluoroethanol (TFE) at 60°C using [((2bromo2-
methylpropionyl)oxy)hexyl]triethoxysilane (BHE) immobilized on silicon waférDong et
al. prepared PMETAC bruskwith thicknesses ofa. 60 nm on silicon using CuBr, CuyBr

and bipy as a catalyst system in protic media at room tempet&ture.

Here, CuBr, CuBrand bipy ligand were used as a catalyst system to polymerize METAC
by SF ATRP. The mole ratio between the monomer and catalyst was selected to be
67:1:0.05:2.4 for [M]:[CuBr]:[CuB4]:[bipy] respectively in 1:4 water:isopropanol at 2.

The dry thicknes of the PMETAC brush was measured by ellipsometry as shown in Figure
5.11. The brush thickness increased gradually over time from ca. 2 nm in 5 min to almost 65
nm in 300 min. The rate of growth of PMETAC brushes was about 0.25 nm per min over this

period
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Figure 5.11. Growth of PMETAC brushes thickness over time. Brush growth conditions
were 67 : 1:0.05: 2.4 for [METAC] : [CuBr] : [CuBr. [bipy].
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5.33.2 Characterization of PMETAC brush

XPSHigh resolution C1s and Nkpectra were obtained for PMETAC brushes with original
thicknesses of 12 nm (Figurel3.(A and B)). The Cls spectrum was fitted using three
components at binding energies of 285.0, 286.3 and 289.0 eV, corresponding Cio Ghe
Cl QO N an@ OOQ= r eely.plhecratios ofC1 CCi QI N an@ OO=obt ai ned
from the Cls spectrum were 3.4 : 4.6 : 1 which is close to expected ratio 3 : 5: 1. The N1s

corel i ne spectrum wad rpeesackl vceodmpiomteonta wCit h bi n
evVv.
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Figure 5.12.High resolution XPS spectra of PKSPM@ushes(A) C1s cordine spectrum.
(B) N1s coreline spectrum

AFM To study the brush topography, 10 nm PMETAC brushes were imaged by AFM using
tapping mode (Figure 53L. The dry surface roughness over
determined to be between 0.2 and 0.4 nm. The PMETAC brush surface roughness under PBS

was reduced to between 0.15 and 0.3 nm which indictiat PMETAC brusas were
homogeneous with high grafting demsit

The swelling of PMETAC brugtswas also studied by AFM (Figureld). There was an
increase in the mean PMETAC brush thickness under PBS. The brush thickness increased

from about 17 to 35 nnza.twice the dry brush thickness, agreenentwith a perviaus study
by Huck and caworkers3%
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200 nm 200 nm

Figure 5.13. AFM tapping mode imageof ca. 10 nm PMETAC brushe@\) Dry PMETAC
brushes. (B) Theasne PMETAC brustsunder PBSImage sizel 1“1 Theznange: 0
10 nm dark to bright ilboth images.

Figure 5.14. AFM height image of PMETAC brusles.(A) Dry PMETAC brustes (B) The
same PMETAC brusésunder PBSImage siz&s 0 | ?5Thieztange: 0 100 nm dark to
bright in both images.

5.33.3 Bilayer formation on PMETAC brushes

PMETAC brushes were prepared on glass substrates with ellipsometric dry thickness in the
range 814 nm.As was found previously for the anionic brushbs, use of high proportion

of oppositely charged lipid in the vesicles seemshave a fluid lipid lger. Vesicle
adsorption igdriven by interactiorbetweenopposite charges, increasing the concentration of
negative charge lipids may increabe interaction between the vesicles and the PMETAC
surface.A mixture of anionic DOPG and zwitterionic PORiposomes was tested with
different proportions(25, 50 and 70 mol % of DOPG in POPC) in PBS. After incubation, a
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fluid lipid layer was formed on PMETACE surface. Tdi€usion coefficient was fairly slow
between 0.01 and 0.02 pm2,sas determined by fihg the normalized fluorescence recovery
data It was observed that increasing the concentration of anionic DOPG appeared to have
little effect in thediffusion coefficients of bilayersLittle differencewas observedn the
diffusion coefficientsvhenddonised watewas used, instead of PBEgure 515 shows the

FRAP images of lipid bilayers POPC:DOPG with molar ratio with 1:1 using deionised water.
The images show that uniform lipids bilayers was formed with very little vesicle adsorption
on the surfae. The recovery after photobleaching was very slow and the diffusion coefficient
was found to be 0.024 ffs. It is worth to clarify that no lipids biylayer was formed on

PMETAC brushes when zwitterionic POR@osomes was used under the same conditions.

10s after bleaching 10 min after bleaching

Figure 5.15. FRAP images showing a fluid bilayer on PMETAC brushes at 10 s and 10 min
after bleaching, using 1:1 molar ratio of DOPG/POPC mixture in deionised water@t 20

Exposed spot is 25 em di ameter.

5.34 PCysMA brush
5.34.1 PCysMA brush assupported lipid layers

PCysMA brushes were prepared with dry thicknesses of 5 to10 nm on 18 mm glass slides.
Zwitterionic POPC vesicke wereused in both deionised water and PBS. After iatian,
some vesicles remained intagh the surface witha density t@ low to cause bilayer
formation on the PCysMA brushes. &nsubsequenERAP experiment, no recovewyas

observedn the bleached area, evidenceasicleadsorption on the surface without bilayer
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formation, (Figure 8.6). The introduction of BIPG-C6 into the lipid vesicles seemed to
form small good islands of lipid bilayer on PCysMA surface. However, the diffusion

coefficient was very slow.

10s after bleaching' 10min after bleaching

Figure 5.16. Showing FRAB images of POPC lipids on PCysMA brushes in deionised
water at 10 s and 10inutes after bleachingat?C.Ex posed spot is 25 &m

Liposomesformed from amixture of POPC and DOTAP eve also examined at different
concentration in 10 mM phosphate buffer at pH 7.1 in the absence of NaCl. It was observed
that the introduction of positively charge lipids increased the density of the vesicles adsorbed
into the surface. When a mixture of DOT/R®PC with 1:9 molar ratio was used, there was

an increase in the adsorbed vesicles but insufficient to form a bilayer. However, when 25%
mol DOTAP vesicles were used, a dense layer of vesicles was absorbed into the surface.
After incubation for 2 h, lipid bilayer was rinsed with deionized water and imaged. The
images showed significant vesicle adsorption on the surface, but no evidence of a fluid
bilayer formation. When the samplaasincubated overnight, no evidence of a fluid bilayer
was observed. Thefmation of double bilayer was observed when the sample incubated for
48 h. Figure 37A shows FRAP images of PCysMA brushes at 10 s and 5 min after
bleaching. The images show that the outer bilayer wa®nmplete on the surface, and an
evidence of a fld bilayer. The recovery after photobleaching was relatively high and the
diffusion coefficient was found to be 0.7 filsm A homogeneous lipid layer wésrmed on

the surface, with redtion in the size of the top bilayer, after further incubation time. In
FRAP experiment, a recovery in bleached area was observed, with a diffusion coefficient of
ca. 1.0 urh s, as determined by fitting the normalized fluorescence recovery data (Figure

5.17B). The use of liposomes mixture of DOTAP/POPC with fnolar ratio vas also
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examined using the same protocol. The FRAP experiments suggested that lipid bilayers were

formed on PCysMA brushes. However, there was a reduction in diffusion coefficient ca. 0.4

pm? s?
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Figure 5.17. FRAP diffusion plots and images recorded 5 s and 5 min after bleaching, a
mixture of DOTAP/POPC with 25:75 mol % in 10 mM phosphate buffer at pH 7.1 in the
absence of NaCl. (A) PCysMA brushes incubated for 48 h. (B) The same sample incubated

forafurthe 48h.Ex posed
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is 25 em di ameter.
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5.4 Conclusion

The growth of PKSPMA and PMETAC brushes on Si substrates has beengeneesat
variety of conditionsThe surface charge of PMPC brush wastd® mV. The thickness of
PKSPMA and PMETAC brushes we also controlled. All these brushes were fully
characterized using AFM and XPS.

No lipids were formed on PMPC brushes when using positive and negative vesicles
However, the introduction afhain lipids (C6) in the positive charge lipids can rupture the
vesicle, therefore islands of lipid bilayers were formed on PMPC brushes, with diffusion
coefficient of 0.4 um?’$. Also, a homogeneous bilayer was formed on PMPC surface with
diffusion coefficient of ca. 0.1 pm?’s when using spircoating approach. There was no
success on forming zwitterionic lipids on PKSPMA brushes. When positive vesicles used, the
brushes show significant vesicle absorbed on the surface, and a fluid bilayer underneath with
diffusion coefficientca.0.5 um?s. A fluid lipid layer was formed on PMETAS8urface, with

very slow diffusion coefficient ca. 0.01 to 0.02 pm? slepending on the proportions of the
negative lipids. In FRAP experiment, no evidence of the zwitterionic POPC vesicle
adsorption on thé?CysMA brushes was observed. The introduction of positively charge
lipids increased the density of the vesicles adsorbed into the surface. The vesicles slowly
fused and required several days to form a fluid bilayer on the PCysMA brushes. A
homogeneous lig layer was formed on the PCysMA surface, after 48 h incubation time
when used 25% mol DOTAP vesicles. In FRAP experiment, the diffusion coefficient of
lipids on PCysMA was ca. 1.0 |fns®, comparable to that observed for supported lipids
bilayers on glas
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Chapter 6: The preparation of binary patterned gold / PCysMA brush using a
combination of photolithography and SFATRP techniques

6.1 Introduction

Thin organic films have been appliedidely in nanotechnology. SeHssembled
monolayers have been used as resist materials for etching of metallic StAfac&° Micro-
contact printing habeen used to pattealkylthiolate SAMs on the stiaces of gold, silver
and copper,prior to etching in S,04”/ferri/ferrocyanidebased solutions to generate
microstructure of gold, silver and coppericrostructures® Long-chain thiols have been
patterned on gold surfagto mask them fowet etching usin@N/O, solutiors to yield high
resolution pattemin gold>°® Polymer films have also been usedresists forwet chemical
etchants to transfer patterinto underlying substraté82*°* A range of polymer brushes,
including PMMA and PDMAEMA on gold surface have been used as robust barriers to wet
chemical &hants, including KI4, KCN/K3Fe(CN}), and aqua regia (a mixture of Hh@nd
HCI).*® Polymer multilayerson patterned SAMs have also been used as resistiseforet
chemical etching of kbased ommercial gold etchagtto generate patterns with very small

numbes of defects!?

The fabrication of nanostructures with higlesolution ha been
achieved using several techniques such as electron beam litho@t&Shgcanning near

field photolithography (SNOM}®84%and interference lithography (I£§°*°® Nanostructurse

with widths 5-7 nm have been fabricatdd Si using filns of PMMA as a resist™
Organothiol SAMs on gold and organosilane SAMs on Si have been patterned by UHV
STM, andthe patterns subsequentiansferred intahe substrate by wet etching using a
solution of KCN andKOH for gold and HF for Si to give sub 55 nm wide lif&s.
Alkanthiolate SAMs on glal havebeen patterned by SNOMndsubsequently immersed into

a ferri/ferrocyaide etching solution téransfer the patternsito the underlying gold surface

yielding 55 nm wide featus*®

Gold nanostructusewerealso beenprepared bynear field
photopatterning ofthiol SAMs on Au followed by immersion in aretching solution

consistingof mercaptoethylamine in ethanol to give patserith a FWHM of 30 nm*®®

IL is a powerful techniquéor the fabricationron nanopatterns over largeea. It has been
reported that a layer of photoresist on Si wafer was photopatterned by two perpendicular
exposures usingL | o ymdri@ranterferometer and light with a wavelength of 325 nie T
patterns were transferred into the substrate by et¢hiagolution of HO, HF, and HO,, to
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from arrays of Si nanowires oververy large area (1ch*® A photoresist film ora gold
surface was exposdyy IL (325 nm) then the pattemmas transferred into gold surface by dry
etching (ion beam etching) to generate Au nanolines avithdth of115 nm anda periodof
395 nmin an area as large as 5 MM’ HedbergDirk and Martinez have reported the
fabrication of array®f holes ina gold film with a diameter of 1450 nm andlepth o0f33

nm inanarea over 4 ch{*®

Titanium is a biocompatible material that has been widely used in medical app8cation
such as dental implants, pacemakers and Hteamrs!®*®*! whereas chromium is
considered to be high toxic matertd**®* Many studies have descrih¢he formation of
silanefilms on titaniasurface.!%®4%°*%> However, there has been very little work focused
on the formation SAMs on chromisurfaca.'®%" Silanization of titana with 3-
aminopropyltriethoxylsilane (APTES) hamenpresented by many grouff§:*** 11-(2-
Bromo-2-methyl)propionyloxy)undecenyldimethylchlorosilane  has rbeesuccessfully
immobilized on titaniasurfacs to yield aninitiator-functionalised surfac®***Hild et al.
reported the formation of clogmckedoctadecyltrimethoxysilane (OTMS) on chromium

oxidel%®

Polymer brushes immobilized onto Ti surfadeavebeen broadly studied>****’Collard
and ceworkers have reported the functionatisn of poly(OEGMA) brushes with peptides
on Ti surface, to control the cell adhesion to the surfa¥ePeptidemodified poly(2
gluconamidoethyl) methacrylate (GAMA) brusmmobilized on Ti surface havebeen
investigated by Raynor et #° Gao et al. have investigated the biocompatibility and biofilm
resistance of copolymer brushes containing -Niethylacrylamide (DMA) and
aminopropyl methacrylamide hydrochloride prepared from a titanium deposited silicon
wafer, using SIATRP** Kang et al. have reported the growth of
poly(ethyleneglycol)methacrylate (PEGMA) from modified Ti surface with a catdwsed
ATRP initiator*° Patterns of POEGMA bruskon Ti surfaceformedusing a combination
of SFATRP and photolithography haleen reported by Messersmith anevaarkers** A
photoresist on Ti surface was first patterned, theratecholic initiator was adsorbed in
exposed regionOEGMA was then grown fromitiator-functionalisedsites after removal

of the photoresist film.

The controlof protein immobilization has been studied using a variety of methods and
surface$!®**! Oligo(ethylene glycol) (OEG)erminated SAMs of alkylthiols and siloxane
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have been photpatterned using SNOM to introduce aldehgeups that covalently anchor
18422423 A L] oydods mineter bas beennuses rtof phatodegrade -OEG

terminated SAMs of alkylthiols on gold to immtibe proteins to form nanolinés® Photo

proteins?

sensitive aminosilanes modified withrdtrophenylethoxycarbonyl (NPEOC) haleen used

to yield patterns ofamine groups with highaeciency after deprotectiorProteins were
selectively immobilized intonanopatternedphotodeprotected are¥* Streptavidin was
specifically immobilized, after activatioof the hydroxyl groups of PEGMA bruskwith
N,N'-disuccinimidyl carbonate to generate micropatterns of protein in the Ti sufface.
combination of photoand pHsensitivity have been utilized by Doh and Irvine to pattern

multicomponenproteins using photogenerated polyelectrolyte bila$frs.

Figure6.1 showsschematally the fabrication process attempted hérehin film of gold
is prepared orglass coated withitanium and chromium as adhesive layefbe gold is
functionalised with a SAMs of octadecanethi@XT) which is patterned by exposing the
sampleseither througha maskor usinga L | oy d 6 s -beam interierometerwThe
exposed SAM is etched using mercaptoethylamine in ethdi. bareoxide regions
exposed between the resulting gold structures are functionalised by attachment ef BIBB
APTES.PCysMA brishesaregrown from theinitiator-functionalisedregions in both mico
and nanepatterred gold surfacesPatterned samples prepared according to this scheme were

characterisedty AFM and XPS, and used for thmmobilisationof proteins
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Scheme 6.1Schematicdiagram showinghe preparation of binargurfaces consisting of

proteincoated gold structures separated by PCysMA brushes.
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