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Abstract 

The goal of this project was to develop a strategy to fabricate various nanometre and 

micrometre scale structures for biocompatible poly(Cysteine methacrylate) (PCysMA) brushes 

by photopatterning of 3-(2-bromoisobutyramido)propyl triethoxysilane (APTES-BIBB) film on a 

silicon surface. Micrometre scale structures were formed by exposure through a mask, and 

nanometre scale structures by  Interference lithography. UV exposure causes debromination of 

the surfaces. Surface-initiated atom transfer radical polymerization (SI-ATRP) was used to grow 

the brushes from the ATRP initiators. Friction force microscopy (FFM) was used to investigate 

the conformations of the brushes as a function of footprint sizes in different environments. The 

friction - load relationship was found to be dependent on the conformation of the brushes, 

which is then was found to be influenced by the solvent medium. In a good solvent, sublinear 

friction-load relationships were acquired that were fitted with the  Derjaguin-Muller-Toporov 

(DMT) model of contact mechanics, for nanostructured materials the contact mechanics were 

found to depend on the periodicity of the patterns. For large periods, the grafted polymer 

molecules exhibit a brush conformation, but this starts to collapse when the period is reduced 

below the critical value.  In contrast, in poor solvent linear friction-load relationships were 

acquired  and the friction coefficient increased as the period increased. In a poor solvent the 

polymer molecules collapse and form mushroom or pancake structures. These observations 

were rationalised by considering the friction values as a sum of an interfacial (shear) and 

plowing (load) dependent term.  

Unpatterned brushes of controlled, but varying densities were fabricated by maskless UV 

exposure of brominated films followed by  SI-ATRP. By varying the exposure,  the density of 

initiator sites was changed. The contact mechanics were studied as a function of brush 

coverage. In a good solvent, sublinear friction-load relationships were observed at high density, 

but the relationship became linear as the density decreased. The change is attributed to a 

change in the conformation, from brushes at high grafting density to mushrooms and the 

pancakes as the density decreased. In a poor solvent, the friction-load relationship was linear 

regardless of grafting density. This means that energy dissipation by molecular ploughing was 
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dominate for poorly solvated brushes. The friction coefficient increased initially as the grafting 

density decreased, then started to decrease as the density further reduced.  

The impact of nanotopography, chemistry and utility of non-biofouling of PCysMA brushes on 

the cultivation of mesenchymal stem cells (MSC) has been explored. AFM, ellipsometry, XPS, 

contact Angle goniometry, and fluorescence microscopy have been utilised to characterise the 

surfaces. Interference lithography (IL) was used to pattern three different types of SAM, 

including 2-nitrophenylpropyloxycarbonyl-protected aminosiloxane (NPPOC-APTES), 

(chloromethyl)phenyltrichlorosilane (CMPTS) and APTES-BIBB film. The patterned SAMs were 

used as templates to control SI-ATRP. Uniform polymer brush structures showed excellent 

resistance toward nonspecific adsorption of the cells, after 7 days of culture. The cells attached 

successfully on the patterned surfaces, but their alignments and organisations were different, 

depending on the feature sizes of grafted polymer lines and the chemistry of adhesive regions. 

Immunocytochemical methods were used to characterise the effect of nanoscale surface cues 

on cytoskeletal organisation in MSCs grown on these surfaces.   

A method was developed for the fabrication of lipid bilayers supported on a PCysMA brush layer 

with integral gold nanostructures, to facilitate spectroscopic characterisation using plasmonic 

techniques. Gold nanostructures were formed using IL to pattern a resist consisting of SAM of  

octadecanethiol on gold. Regions between nanostructures were functionalised  with an 

aminosilane which was brominated and used as an initiator for SI-ATRP. The polymer growth 

was controlled so that swollen brushes in water had heights identical to the heights of the Au 

nanostructures. Supported lipid bilayers were formed on these materials and lipid mobility was 

characterised using  fluorescence recovery after photobleaching (FRAP). Mobilities were 

achieved that were similar to those obtained for positive control surfaces (glass).   
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Chapter 1: Introduction 

1.1 General Introduction 

In recent years there has been an increasing trend towards miniaturization in the replacement 

and repair of human organs and electronic devices. The advent of micro- and nanotechnology 

has accelerated this trend.  

Surfaces have become increasingly important in technology as miniaturisation has progressed. 

Polymer brushes have shown great promise for regulating the surface characteristics of 

materials, leading to intriguing applications in fields including coating, sensing, biomaterials, 

catalysis and others1. The major task in the development of grafted polymer brushes is to 

regulate, adjust and control the interaction forces between the brush and its environment, 

including liquid, vapour, solid, other brush and biological molecules. Properties such as friction 

coefficient, adhesion and wettability, mechanical stability, biocompatibility, antifouling and 

corrosion resistance of the brushes play a vital role in enhancing their potential applications. In 

addition, there are now comparatively simple ways to manipulate brush structures on small 

length scale, including soft lithography and photolithography. A wide range of monomers has 

been formed to be suitable for use on various substrates. The simplicity, low coast ad versatility 

of popular brush formation makes it a very attractive strategy when compared to other  surface 

modification techniques2. 

1.2 Self-assembled Monolayers (SAMs) 

Self-assembled monolayers (SAMs) have become widely used for the fabrication micro- and 

nanostructures by various fabrication techniques3-6. SAMs are formed by the spontaneous 

adsorption of surfactants from solution on the surfaces of suitable substrates. Suitable 

adsorbates are composed of three different groups, each having specific functions. The reactive 

head group forms a strong, specific interaction with surface functional groups. The adsorbate 

substrate interaction may involve either the formation of chemical bonds or physical 

interactions. The head group is linked to a hydrocarbon alkyl chain known as a spacer. The 

spacer is attached to a tail group that determines the functionality of the SAM surface (figure 
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1.1). The structure of the SAM is the result of a combination of factors, including the 

spontaneous formation of a strong bond to the surface, which tends to drive the formation of a 

dense surface layer, and lateral intermolecular interactions which cause the substrate to adopt 

an ordered structure.6-9. 

 

 

 

 

 

 

Figure1.1: Schematic diagram showing the self-assembly of molecules onto a surface. 

The ability to tailor surface properties by both the head group and the reactivity of the 

functional group of the adsorbates makes SAMs ideal model systems for studying surface 

interfacial interaction. The role of intermolecular forces and interfacial forces in phenomena 

such as wetting, adhesion, transport, corrosion, and lubrication can be studied using SAMs as 

model surfaces6. In addition, due to several other advantageous properties of SAMs  such as 

ease of preparation, not needing ultra-high vacuum and other specialised equipment and  their 

flexibility, stability, and functionality SAMs have attracted widespread interest during the last 

three decades. However, it is interesting to reflect on the modest beginning of the field and vital 

efforts to develop it. The first recorded attempt of SAM formation was reported by Zisman in 

1946. He reported forming monomolecular layers of long chain alcohol compounds on glass and 

platinum surfaces. The layers were not only hydrophobic, but also they were not wet with the 

solution and the solvent (oleophobic), due to the close-packing of the long chains on the 

surfaces9. Sagiv described a different oleophobic SAM system in 1980 that could be considered 

as a well-defined method for fabricating the monolayer films with controllable molecular 

organisations.  
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He revealed the possibility of fabrication of mixed silane SAMs on different substrates, by 

adsorption of a dilute solution and studied the kinetics of interaction between adsorbed 

molecules and those in the solution10. In 1983 Nuzzo et al. provided the foundation for the 

subsequent SAMs revolution when they modified gold surface by disulfides with a variety of 

molecular structures11.  This work was taken forward by Whitesides and co-workers in 1987, 

who prepared SAMs by the adsorption of long chain thiols on the evaporated gold. The resulting 

layers were characterized, using Ellipsometry, XPS, and contact angle measurements. The results 

indicated that the stability of the SAMs increased as long chains increased12.  Since then a very 

wide range of studies has been carried out on various SAMs formed on different substrates for 

numerous objects, including many fields in nanoscience and nanotechnology13-14. Potential 

applications of SAMs in different areas have been identified, including molecular electronics15, 

biosensors16, nanofabrication of protein and DNA17, adhesion, wetting, lubrication, and 

corrosion18,19.   

1.2.1 Kinetics of Monolayer Formation 

Significant effort has been devoted to understanding the mechanism of formation of a self-

assembled monolayer on a solid substrate. Three vital processes have been identified in this 

phenomenon. The first step involves the transport of adsorbates from the bulk solution onto 

the adsorbent surface (liquid-solid interface). The second is the adsorption process, which is 

determined by interactions between the head groups of the adsorbate molecules and the 

functional groups of the surfaces. This step depends on the physicochemical properties of both 

surfactant and surface components. The final step is the self-arrangement of the mobile 

adsorbed molecules to form 2-dimensional structures on the surface. These processes are 

considered to be critical to SAM stability and functionality20. It has been shown that the kinetics 

of SAM formation can be modelled effectively using the Langmuir isotherom23,21.  

 

 

 

file:///C:/PROJECT%202%20desktop/Witnig%20up/INTRODUCTION%20PART/Kinetics%20of%20SAM/MECHANISMS%20AND%20KINETICS%20OF%20SELF-ASSEMBLED.pdf
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This model assumes that the rate of adsorption is directly proportional to the fraction of free 

space at the surface 

dθ/dt = k (1-θ)                                    (1.1) 

dθ/dt is the rate of change of the fractional coverage θ with time, (1-θ) is the fraction of 

unoccupied surface sites, and k is the absorption rate constant. The coverage increases rapidly 

at first, and then more slowly as a monolayer coverage is appeared22-25. The absorption rate, 

depends on the temperature, concentration, solvent, surface contamination, and immersion 

time. Osamu et al. studied the effect of temperature on the growth mechanism of 

octadecyltrichlorosilane self-assembled monolayers on silica surfaces by using AFM, XPS, FT-IR 

and contact angle goniometry techniques. They showed that the density of adsorbed OTS 

molecules produced at low temperature was higher than the density of the molecule prepared 

at high temperature. In addition, the formation of a siloxane bond between silane molecules 

was vital for self-organization of the OTS monolayer.  

The effect of the roughness of the substrate surface on the kinetics of the formation of a self-

assembled layer of silane has been investigated. It has been revealed that silane island growth 

happens preferentially along grain boundaries in fingerlike architectures having molecular 

arrangements comparable to that observed on smooth silicon surfaces. The reason for 

preferential immobilization of the surfactants is likely because of the presence of thicker 

adsorbed layers of water at converging grains 28. Vijayamohanan et al. reported an investigation 

of the kinetics and thermodynamics of adsorption of octadecyltrichlorosilane. Acquired data 

illustrated a rapid growth of the monolayer at the initial stage, decreasing as the fractional 

coverage increased26. It has been suggested that OTS retains partial molecular order better than 

monolayers of alkylcarboxylic acid when it is subjected to thermal cycles27. The other important 

factor is the effect of the concentration of the adsorption solution on the rate of the island 

growth and the rate of adsorption. If it is Langmuir-type adsorption, the dependence of the rate 

of adsorption on the concentration is defined by the adsorption isotherm28-29. Schwartz and 

coworkers studied the growth of the formation of SAMs as a function of the concentration of 

the surfactant solution. They found that the extracted diffusion parameters for the monolayer 

file:///C:/PROJECT%202%20desktop/Witnig%20up/INTRODUCTION%20PART/Kinetics%20of%20SAM/Effect%20of%20Formation%20Temperature%20and%20Roughness%20on%20Surface%20Potential%20of.pdf
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formations did not actually scale with the solution concentration. Thus, the kinetics of island 

growth were controlled by a process follows diffusion-like kinetics (possibly a surface diffusion 

or assembly process) not by bulk transport or adsorption30. A kinetic study of the growth of 

octadecanethiol (ODT) and p-nitrobenzenethiol from ethanol solutions was under taken. 

Contact angle, ellipsometry an angle-resolved XPS suggested that the density and the thickness 

of the monolayers depend on the immersion time of gold substrate into the organothiol 

solutions and the concentration of the solutions31.  

The amount of water also plays a crucial role in the kinetics of growth of organosilane layers on 

oxide surfaces. High water content leads to the hydrolysis of large numbers of the adsorbates 

and the formation of a large number of silanol bonds. Thus, polymerization of organosilanes 

occurs in the bulk solution and instead of monolayers; multilayers are formed on the surface. 

On the other hand, too low a water content causes insufficient amounts of adsorbate hydrolysis, 

and an incomplete and inhomogeneous silane monolayer will result32-34. It is widely accepted 

for different kinds of monolayer formation that the rate of surface modification is increased 

initially as the exposure time of the surface the adsorption solution increased and then it 

decreases gradually. This is due to a large number of collisions between surfactants and 

adsorbent surfaces and a large area of free space on the substrate surfaces at the initial stage of 

the reaction. When the exposure time increases, the number of collisions and the amount of 

free space decreases gradually until they reach their limiting values35. 

1.2.2 Alkylsilane Films 

Organosilane molecules have been widely utilised to fabricate self-assembled monolayers with 

various functional groups the different oxide surfaces36-40. The general formula of alkyl 

substituted silanes is (X)3—Si—R, where X could be Cl, OCH2, OCH3 or OEt and R is an alkyl 

chain, which may contain aromatic or heteroatoms.  Due to the high reactivity of the head 

group of the organosilane a strong interaction occurs between the surface functional group (Si-

OH) and the hydrolyzed silanol group of the head group. Subsequently, a covalent bond (Si—

O—Si) is produced and a chemisorbed silane structure is formed on the surface.  

 

file:///C:/PROJECT%202%20desktop/Witnig%20up/INTRODUCTION%20PART/Kinetics%20of%20SAM/Adsorption%20Kinetics%20of%20p-Nitrobenzenethiol%20Self-Assembled.pdf
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Figure1.2: A reaction mechanism for the formation of alkylsilane monolayer44. 

Intermolecular interactions between surfactants lead to the formation of cross-links bond 

between them and lateral dispersion interactions between the adsorbates provide further 

stabilisation. Consequently, a very stable monolayer is formed6. In 1992 Arkles et al. described 

the mechanism of self-assembly of alkylsilanes. The pathway includes three main steps 

(figure1.2). Silanols are formed by hydrolysis of trialkoxysilanes in the presence of water, either 

present in the solvent or adsorbed on the substrate. The silanols condense with each other in 

Si

Si
Si
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the second step of the pathway, an intermediate condensation step. Finally, the polymerised 

silanols start to form a hydrogen bond with hydroxyl functional groups of the substrates, 

followed by formation of a linkage between the surfactants and the solid surface41-42. It has 

been demonstrated that several important factors lead to the formation of a uniform surface, 

including the water content, type of solvent, immersion time, temperature, and the precise 

nature of both the self-assembled molecules and the surfaces43. It appears that the amount of 

water is crucial in the reaction of silanol with hydroxyl surfaces because water acts as a catalyst 

and the head group is hydrolyzed by water. If the water content is high the polarisation of 

silanols occurs far away from the surface. As a consequence, a multilayer film will be 

produced44.  

In 1980, Sagiv showed that homogeneous and close-packed organosilane monolayers containing 

more than one component can be fabricated on the surfaces of different oxide substrates. It 

was demonstrated that the nature of the substrate and the surfactant components determine 

the type of interaction between them, whether physical or chemical or both13. Self-assembled 

layers of fluoroalkyl-functional silane with different chain lengths were prepared on silicon 

substrates. The high quality of the SAMs was confirmed by characterising the samples using 

contact angle, XPS, ellipsometry  and coefficient of friction measurements45. Moreover, the 

polarity of the solvent exerts a crucial influence on the reaction. A polar solvent tends to lead 

the formation of an increased number of silanol groups through hydrolysis reactions. These 

groups are condensed subsequently on the surface. In contrast, the number of silanols 

decreases with decreasing solvent polarity. In anhydrous conditions, the dominant mode of 

interaction is physisorption, in which van der Waals and dispersion forces hold the adsorbate on 

the surface instead of the covalent bonds46.  

Modification of oxide surfaces with organosilane self-assembled molecules has been widely 

investigated in a variety of applications. Organosilane molecules provide different functional 

groups at the surfaces such as –NH2, -COOH, SH, -CN, which can be used to build up more 

complex systems47. Recently, surface modification with silanes has been used in the 

development of the methods for the integration of top-down (lithographic) and bottom-up 
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(synthetic method) on the nanoscale. Silanes possessing a reactive (amino group) at the tail 

have been protected with a photocleavable group.  

 

Scheme1.1: Shows a proposed mechanism of photodeprotection of NPPOC. 

These have been used in the conjunction with nanofabrication techniques, which are capable of 

positioning and characterising nanostructures on the nanoscale 48-49. The flexibility and 

reactivity of these groups once deprotected means that after patterning a wide range of 

molecules can be combined with the resulting template. Nitrobenzyl-based protecting group 

chemistries have been well established for such photodeprotection schemes, whether in 

solution50 51 or on surfaces.  2-Nitrophenylpropyloxycarbonyl (NPPOC) protecting group have 

been used to protect pyrimidine building blocks in photolithographic solid-phase DNA synthesis. 

The photodeprotection of NPPOC-protected amino acids by using UV light was found to be 

about twice as fast as corresponding o-nitroveratryloxycarbonyl (NVOC)-protected amino 

acids54. One of the attractive features of NPPOC as a protecting group is that the 
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photodegradation process yields a free amine functionalized surface (scheme 1.1), which can be 

used as a site force derivatisation by a suitable reaction. This enables the fabrication of various 

functionalized surfaces or biomaterials and offers a strategy for the immobilisation of 

biomolecules in the patterned structures52. NPPOC-protected aminosilanes were synthesised by 

Alang Ahmed et al. and immobilised on a glass substrate. The monolayer was irradiated to 

fabricate micrometre and nanometre structures, using a photomask and nearfield lithography 

techniques respectively. The photodeprotection pathway of NPPOC was proposed based on a 

conceptual mechanism proposed by Bierer et al.53. They manipulated the photodeprtection 

processes by employing contact angle, ellipsometry and XPS techniques. Finally, the reactivity of 

the produced free amine surface was successfully tested by derivatizing it with trifluoroacetic 

anhydride (TFAA) and aldehyde-functionalized polymer nanoparticles38.  

1.3 Polymer Brushes 

Polymer brushes are a class of surface modifier which consists of polymer chains tethered by 

one end to a solid surface with a sufficiently high packing density that steric hindrance causes 

them to stretch away from the substrate in order to avoid the formation of an overlapping 

conformation54 (figure 1.3). There has been much interest in polymer brushes because of their 

potential applications in material science and nanotechnology. There has been a great deal of 

activity focussed on  development of new synthetic strategies and more recently, techniques for 

forming patterned brush structures. There are two main approaches to brush formation. In the 

‘grafting to’ technique, pre-synthesized polymer molecules are anchored onto the substrate.  
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Figure 1.3: Schematic representation of the formation of polycysteine methacrylate (PCysMA) 

zwitterionic brushes via SI-ATRP technique. 

In ‘grafting from’, polymer molecules are grown from previously immobilised initiator sites on a 

surface. In spite of remarkable success, including the ability to completly characterize the 

polymer chain before grafting, grafting to approach has suffered from many disadvantages. The 

most popular ones are low grafting density due to steric hindrance between the already 

anchored polymer molecule and the macromolecule approaching the surface from solution and 

often limited stability o0f the surface, particularly when the polymer chains are only physically 

adsorbed. Furthermore, the technique requires active functional chain-end polymers, and it is 

only applicable for certain substrates55-56. In contrast, the ‘grafting from’ technique can provide 

a versatile, reliable, controllable approache to the formation of polymer brushes with high 

density.  
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However,  this approach can be performed with a variety of the polymer molecules on a very 

wide range of  substrates and also it can be implemented with almost all available 

polymerization methods such as nitroxide mediated polymerization (NMP)57, ring opening 

metathesis polymerization (ROMP)58, single electron transfer living radical polymerization (SET-

LRP)59, reversible addition fragmentation chain transfer (RAFT)60, controlled radical 

polymerization (CRP)61 and surface-initiated atom transfer radical polymerization (SI-ATRP)62. 

The latter method reported by Matyjazsemiski et al. for the first time in the mid of 1990s is 

considered among the most effective methods for controlled radical polymerization techniques 

(CRP). It allows researchers to prepare a material with well-defined, composition, architecture, 

and functionality at the molecular level. 

 

Scheme 1.2: The mechanism of Atom Transfer Radical Polymerization (ATRP). In the initiation 

step, the radical (R•) is generated from the alkyl halide of the initiator and it reacts with a 

monomer, forming the radical monomer. The monomer is added to the intermediate polymer 

radical (Pi•) in the propagation step  

 The polymer brush is grafted via chemical bond formation the solid surface, initially 

functionalised with an initiator and the functional group of end-chain polymer in the presence 

of transition metal catalyst (which is the transition metal with any possible ligands). The 

controlled rate in SI-ATRP is the result of the reversible activation-deactivation reaction between 

the growing polymer molecule and the copper-ligand species63-65.  
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A general mechanism pathway is shown in a scheme 1.2; the radical is formed from through a 

reversible oxidation-reduction reaction in the presence of a transition metal catalyst. 

Cu(l) undergoes a one electron oxidation with the abstraction of a halogen atom (Br) from the 

reactant species, R-Br. The radical species formed via reversible reaction with a rate constant of 

activation kact and deactivation kdeact. The polymer chain is formed via adding the free radical to 

the monomer within the intermediate with a rate constant of propagation kp. The 

polymerization rate is determined by the magnitude of the equilibrium constant Keq= kact/kdeact. 

Polymerization will not happen or happen very slowly at a very small value of Keq. The rate 

increases with increasing Keq value. A high value of Keq will lead to an increase in the rate of  

termination, by generating a high radical concentration, which may accompany the formation of 

a large amount of deactivation complex (CuBr2). This may shift the equilibrium toward the 

reactant species, yielding very slow reaction. It has been revealed that the thickness of the 

polymer brushes is related to the concentration of the free initiator, as the concentration 

decreased the thicker brushes result63. Matyjaszewisky et al. have shown that adding a 

deactivator to the polymerization reaction causes increase in the concentration of Cu(ll) and 

becomes equal in concentration with Cu(l), leading to control of polymerization reaction66. 

There have been many studies on the physio-chemical properties and mechanical stability of 

polymer brushes over the last few decades. There was slow progress initially, but this has 

dramatically increased over the last decade, because of the flexibility ATRP offers to form highly 

tailored thin films within which  chemical composition, thickness, grafting density, wettability, 

and features of the macromolecule film can be precisely controlled by utilising rather simple 

experimental techniques. There has not been a lot of work on the nanofabrication of brushes. 

Besides their super lubrication properties, polymer brushes exhibit remarkable potential in 

biomedical technology. In particular, a number of polymer brushes have revealed high 

resistance toward biofouling1.  

1.3.1 Structural Definition of Polymer Brushes 

The properties of polymer brushes are strongly dependent upon their conformations and on the 

way that the polymer changes its conformation in response to the external environment67-68. 
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Control the conformation of the brush is important to its usefulness, for example, control of 

biological interactions at the surface69. It is generally recognised that the grafting density of the 

anchored polymer chains plays a vital role in controlling brush conformation and behaviour. The 

confirmation can be evaluated by measuring the distance between grafting points (D) figure 

(1.4) of two adjacent tethered polymer chains and it is called a transition parameter. When the 

size of the anchored polymer chain is larger than the D value, a stretched brush structure can be 

expected (figure 1.4a), while in the case of the larger value of D than the polymer chain the 

conformation could be mushroom or coil conformation figure 1.4b. 

  

 

 

 

 

 

 

   

Figure 1.4: The characteristic parameter for end-grafted polymer chain, D is a distance between 

grafting points and h is the height of the brush. (a) D < h for brush structure and (b) D > h for 

mushroom structure. 

The relationship between the transition parameter (D) and the grafting density (σ) is given by σ 

= 1/D2. The reduced tethered density is given by  

∑ =  (
Rg

D
)2                         (1.2) 

Where Rg is the radius of gyration of a tethered chain at specific experimental conditions of 

solvent and temperature. There is a direct relationship between grafting density and the 

thickness of the polymer brush (h) and it is given by  

a) 
b) 
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𝑀𝑛

𝑁𝐴
= ℎ ρ D2                      (1.3) 

where ρ is the bulk density of the brush composition, NA is the Avogadro number and Mn is the 

number average molecular weight. For characterization of all three grafted brush structures, the 

value of Σ parameter needs to be determined for mushrooms Σ <1, and for brushes Σ > 170,71. 

Recently, Stamm et al. studied the influence of grafting density σ on swelling and adhesion of 

end-grafted poly(2-vinylpyridine) (P2VP). An AFM colloidal probe technique was used to 

investigate different grafted layers. D and σ values were determined and their relationships 

were studied. They found that the brush height increased with increasing grafting density and 

decreasing D values. Maximum adhesion was observed at intermediate grafting density and 

disappeared with denser brushes72. Due to the difficulty of the measurement of molecular 

weight of the end-grafted polymer chain on the surface, not all the researchers in literature 

tried to use this method in determining the grafting density.  Molecular weight determination is 

particularly difficult when the “grafting from” approach is used to grow polymer brushes, for 

example ATRP. In literature, many research groups reported the possibility of determining 

grafting density  when the “grafting to” was applied to form the brushes73-76. This is because of 

the possibility to determine the molecular weight of pre-synthesized polymer chains.  

An alternative widely used technique is to systematically reduce the real density of active sites 

of the immobilised initiators. For this purpose, two main strategies have been considered. In the 

first strategy, the number of available initiator molecules on the surface is varied by controlling 

the concentration of the initiator or the length of the time that the initiator solution is in 

contact with the substrate77.   Genzer et al. formed a gradient density of polymerization initiator 

on a silicon substrate, using an evaporation process to generate a gradient density of 1-

trichlorosilyl-2-(m-pchloromethylphenyl)ethane (CMPE) as an initiator. They found that the 

distance and the position of the CMPE molecular gradient can be tuned by varying the initiator 

diffusion time. Polyacrylamide (PAAm) was grown on the gradient surfaces via ATRP and they 

found a direct relationship between the brush thickness and the density of the initiator78. The 

same group in another work reported the formation of a gradient of poly(acrylic acid) PAA 

brushes by controlling the molecular gradient of the polymerization initiator. The characterised 
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results showed that with increasing gradient density the height of the grafted brushes 

increased79. In a work to investigate the relationship between the amount of initiator 

immobilised on a surface and the rate of grafted polymer layer formation. Luzinov and co-

workers prepared different concentrations of bromoacetic acid initiator by varing the time and 

temperature of the initiator deposition. ATRP was used to grow poly(glycidyl methacrylate) 

(PGMA) brushes on the surfaces. It was found that an increasing surface density of initiator 

species led to an increase in the grafting rate80. Despite many successes, this strategy suffered 

from difficulties because of the complexity of the kinetics of the attachment reaction and fine 

control of a very low concentration of the initiator molecule. The second strategy involves 

controlling the initiator density by using a mixture of the initiator and an inert analogue. Jones 

et al. reported the first systematic study of initiator density on surface-initiated polymerization. 

They used mixed monolayer of undecanethiol and ω-mercaptoundecyl bromoisobutyrate with 

different concentrations to control the initiator density over the substrate. The patterned 

surfaces were used to initiate the controlled radical polymerization of methyl methacrylate 

(MMA) and glycidyl methacrylate (GMA) polymers. Ellipsometry and AFM measurement 

revealed that the thickness of the brushes was linearly related to the population of the initiator 

molecules on the surfaces81. Very recently, Schönherr and coworkers reported the fabrication of 

poly(acrylamide) brushes with varied grafting density. The brushes were prepared by ATRP  and 

mixtures of ω-mercaptoundecyl bromoisobutyrate and 16-mercaptohexadecanoic acid was 

used to prepare the surface, the former component being the initiator. Grafted polymer 

brushes with different densities were formed and characterized by using contact angle and XPS 

methods. The results showed that the brush thickness varied with the surface concentration of 

initiator, determining the transition from mushroom to brush regimes with increasing anchoring 

density. Cells were patterned on the surfaces and a change in the degree of cell adhesion was 

observed on the brushes82.  This strategy involved the fabrication of many gradient brushes 

successfully, but the differences in the reactivity of the two SAMs toward the substrate may not 

have permitted the formation of an arbitrary concentration on the surface. In addition, 

identifying two components that do not interact with each other either in the solution or on the 

surface may not be easy. Thus, there is still a need for new strategies to fabricate gradient 
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polymer brushes. Genzer et al. used an attractive approach based on the degrafting of tethered 

poly(methyl methacrylate) (PMMA) brushes from flat silica substrates by using 

tetrabutylammonium fluoride (TBAF) solution. The degrafting rate was controlled by changing 

the concentration of TBAF, temperature and the sample incubation time in TBAF solution which 

resulted in formation different brush structures. X-ray photoelectron spectroscopy, ellipsometry, 

and time-of-flight secondary ion mass spectrometry were used to characterize the surfaces. It 

was found that the density σ of the grafted brushes decreased by either increasing the exposure 

time or concentration of TBAF solution83. 

 

Figure 1.5: Schematic representation of photodegradation of a photosensitive self-assembled 

monolayer followed by a polymerization reaction by using a maskless lithography technique. 

An alternative approach is illustrated in figure 1.5, based on the selective photolysis of the bond 

linking the initiator to the surface. While unexposed areas remain active toward polymerization 

reactions, the density of the phodegradated initiator is directly proportional to the UV 

exposure. Therefore, by controlling the photo irradiation period various patterns of the ATRP 

initiators could be generated. Fukuda et al. fabricated poly(methyl methacrylate) (PMMA) 

brushes with the same chain length but different grafted densities on a silicon substrate via 

ATRP method. The initiator was exposed for various periods of times to form surfaces with 

different densities. The impact of grafted density on the brush structure was explored, with 
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increasing brush density (σ) the brush height increased and the brush with a higher grafted 

density was more resistant to compression84. The surface initiated photopolymerization (SIPP) 

of vinyl monomers on structured self-assembled monolayers was reported by Jordan et al., 

using photolithography. In the first step, a SAM of 4’-nitro-4-mercaptobiphenyl on an Au surface 

was irradiated with different dosages to form a gradient density of initiator  4’-amino-1,1’-

biphenyl-4-thiol. Then, the patterned polymer brushes fabricated by using surface-initiated 

polymerization of vinyl monomer upon UV irradiation. A linear relationship observed between 

the photochemical conversion of the nitro group to amino group and the layer thickness of 

resulting polymer brushes85.  

1.3.2 Patterned Polymer Brushes 

There has been a great deal of interest in the formation of patterned polymer brushes well-

defined feature dimensions and controllable physicochemical properties. Patterned polymer 

brushes have proved to be a versatile role in the design of biomaterial and nanotechnological 

devices. A variety of fabrication techniques combined with appropriate synthetic methods can 

be used to form patterned brushes. The fabrication techniques can be classified into 3 major 

groups: a) mechanical contact, including nanoimprinting, scanning probe, and soft lithography; 

b) surface force based techniques, such as capillary force, and colloidal lithography; and c) 

irradiation methods including, photo- and interference lithography, and electron beam 

lithography86-87. Soft lithography involves either self-assembly or replica molding for the 

production of micro and nanometre patterned brushes, and allows polymer brushes grow via 

either ‘grafting to’ or ‘grafting from’. Microcontact is the most widely used of this group of 

techniques attractive technique in this field, It relies on using a stamp (made from 

polydimethylsiloxane PDMS) to transfer either the initiator SAMs or the pre-prepared polymer 

chains onto the substrate. Recently, Ravoo et al. reported the formation of microstructured 

patterned brushes of polyethyleneimine (PEI), using photocatalytic microcontact with a stamp 

coated TiO2 nanoparticles. It has been claimed that well-defined patterned PEI could be 

obtained either as a micrometre scale dots or lines on SAMs and cellulose surfaces, AFM and 

XPS supported their evidence88. Zhou and coworkers have successfully prepared different 

patterns of various polymer brushes through combining μCP with SI-ATRP. They prepared binary 
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polymer brushes structures from different brushes such as PINPAm, PDMEHMA, cationic and 

anionic polymer brushes89. Although μCP provides a pattern on a large area and it is a relatively 

simple and inexpensive, the diffusivity of the inks, contamination, resolution, and uniformity can 

be difficult to control. 

Dip-pen lithography (DPN) is considered as a successful scanning probe lithography (SPL) 

approach which can provide nanometer-scale patterned polymer brushes with a great control 

and high resolution (approximately 15 nm). This method utilizes an AFM probe (as a pen) to 

transfer initiators or pre-prepared polymer chains (as an ink) onto the substrate. In addition to 

high resolution, it can be performed  in ambient conditions, different solvents, and provides 

feature sizes below 50 nm90.  Mirkin et al. prepared nanometer patterned polymer brushes 

using a combination of Dip-pen lithography and ring opening metathesis polymerization 

(ROMP). The monomer was delivered through the AFM tip to the substrate. It has been shown 

that polymer brush nanostructures with different pattern sizes from micrometre to sub- 100nm 

can be generated with various architectures, such as dots, lines, and any other possibile 

geometries91.  Nanopatterned of Poly(N-isopropylacrylamide) (PINPAAM) was fabricated in a 

‘grafting from’ approach on gold-coated silicon by integrating Dip-pen lithography with SI-ATRP 

technique92. Despite remarkable success and high resolution, DPN suffered from low-

throughput.  Demands in microelectronics and nanotechnology are still to fabricate 

architectures with a small dimension. Electron beam lithography (EBL) has been revealed to be 

an attractive method in this field. The main advantages is that by using electrons with 

wavelengths less than 0.1 nm, it can overcome the diffraction limit, which is the main limit to 

the use of photolithography.  

A series of pre-synthesized polymer brushes of polymethyl methacrylate) (PMMA), poly(2-

hydrxyethyl methacrylate) (PHEMA), poly(isobutyl methacrylate) (PIBMA), poly(neopentyl 

methacrylate) (PNMPA), and poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA) was obtained 

with feature sizes smaller than 50 nm, using EBL to irradiate the brushes. In this work, the 

lithographic technique was used to “sculpt” a preformed brush layer. AFM images confirmed 

the well-defined patterns demonstrated that control had been achieved more effectively than 

when the brushes were grown on patterned initiators, particularly when the brush height is 
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bigger than the line widths. It has been rationalised that patterning of positive tone 

methacrylate photoresist by electron beam bombardment depends on the chain the scission 

reactions that occur in the polymer backbone93.  The reaction causes to degradation of the e-

beam resist to some small fragments, which leads to a reduction in the molecular weight and 

intrinsic viscosity. In spite of high resolution and minimum contaminant pattern obtained by 

EBL, the high cost, need for a high vacuum, and low-throughput are considered as the main 

disadvantages associated with the development of EBL. 

Photolithography has proved to be a remarkable place in the nanometre and micrometre 

patterning of the polymer brushes. It is a simple technique which is capable of patterning large 

areas with high resolution. This method has successfully combined top-down and bottom-up 

strategies to fabricate the polymer brushes with a high degree of control of polymer 

architecture. Top-down strategies, where polymer brush is irradiated by utilising UV light, offer 

patterns with well-defined features. However, such approaches are not applicable for all types 

of polymer brushes because the polymer must contain photolabile bonds94.  

 

Figure 1.6: Schematic representation of patterning the micrometre and nanometer of polymer 

brush by using photomask and interference lithography techniques respectively. 



 

22 
 

Bottom-up approaches can overcome these drawbacks, where the immobilised light sensitive 

initiator photoresist is patterned by exposing to UV light and polymer brushes are grown via an 

appropriate technique such as SI-ATRP. In this field, Interference lithography (IL) and photomask 

techniques have been dramatically applied for fabricating nanometer and micrometre scale 

polymer brushes respectively Figure 1.6. Both methods involve either direct or indirect 

patterning strategies to create pattern brushes. In an indirect strategy poly[oligo(ethylene 

glycol) methacrylate] (POEGMA) have been patterned to create micrometre and nanometer 

polymer structures. In one study the irradiation of APTES-BIBB initiator surfaces through a mask 

to fabricate micrometre structures and by IL, to generate nanometer scale lines of initiator has 

been described. This was followed by polymer brush grown  via SI-ATRP95. Caykara et al. 

combined photolithography and RAFT techniques to fabricate micrometre and nanometre 

structures of 6-azidohexylmethacrylate (AHMA). Before immobilisation of DNA molecules on 

the patterned surface, the patterned structures were characterised by using AFM96.  

1.4 Biological Membrane  

The biological membrane consists of lipid molecules and integral membrane proteins. The lipids 

form a bilayer. The common lipid molecules in most membranes are phospholipids, which are 

known as amphipathic molecules, meaning they have both hydrophilic and hydrophobic parts. 

In general, the hydrophobic tail, which consists of  two long acyl chains esterified to two  of the 

hydroxyl groups of a glycerol unit, while the third hydroxyl group is esterified with phosphate. 

The latter is also esterified to a hydroxyl group of another hydrophilic group that could be 

choline (figure 1.7b), serine, ethanolamine, and sphingosine to yield lipids phosphatidylcholine, 

phosphatidylserine, phosphatidylethanolamine and sphingophospholipids respectively. In lipid 

bilayers the hydrophilic heads point outward towards aqueous media, while the hydrophilic tails 

point inward towards each other97 Figure 1.7a. 
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Figure 1.7: (a) Schematic representation of a lipid bilayer of phospholipids. (b) The molecular 

structure of a common phospholipid with a phosphatidylcholine. 

Lipid bilayers are important structures in nature. They maintain many physical and biological 

properties of the cell membrane, such as its lateral fluidity. They also act as a very efficient 

barrier to proton transport, enabling the maintenance of the transmembrane proton gradients 

that are vital to the proton motive forces that are the driving force for life98.  

In the last few decades, there has been a great deal of interest in building model membrane 

system and in studying membrane biophysists. Lipid mobility is often studied by observing 

photobleaching of labelled lipids. In a small irradiated region the fluorescence of labelled lipid 

molecules is destroyed. Lipid diffusion causes fluorescence recovery if the bilayer is mobile, 

enabling the study of diffusion and mobility of the bilayer101. There has been a grow of interest 

in fabricating surface-confined membrane systems and numerous systems have been described, 

for example, solid-supported lipid bilayers99, polymer-grafted lipid bilayers100-101, hybrid 

bilayers102 and supported vesicular layers103. 

1.5 Supported-Lipid Bilayers (SLBs) 

Lipid bilayers are two-dimensional films consisting of lipid molecules held together by 

hydrophilic interactions and self-assembled as  a uniform bilayer in the solution.   

a) b) 
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They are called supported lipid bilayers (SLBs) when they are immobilised on either solid 

substrates such as mica, glass or substrates coated with hydrophilic soft surfactants such as 

polymers, forming a homogenous bilayer on the surface. Reconstituting the biological 

membrane on the surface has been an ongoing effort not only to explore basic membrane 

processes but also to enhance the development of biotechnological applications104. One of the 

important advantages of SLBs is that they enable the use of a number of optical characterization 

techniques, typically total internal reflection fluorescence (TIRF)105, fluorescence correlation 

spectroscopy (FCS), or fluorescence recovery after photobleaching (FRAP)106. Such approaches 

typically require transfer of the pre-synthesized lipid bilayers onto a substrate. Three main 

methods have been reported, which all rely on using a Langmuir film balance107. The first 

approach is the Langmuir-Blodgett method in which the lipids are formed as a monolayer at the 

air-water interface by adjusting the surface pressure between parallel barriers. The substrate is 

drawn vertically from the solution phase through the monolayer lipid phase and as it crosses 

interface a monolayer of lipids is deposited on the surface of the substrate (figure 1.8). It is then 

drawn back through the monolayer of  lipid immobilise the second layer of lipid on top of the 

first layer, to form a bilayer108-109. The second method is the Langmuir-Schäfer technique, a first 

SLB monolayer is formed by using  the Langmuir-Blodgett technique, but the second layer is 

formed by drawing the sample horizontally through the dispersed lipid molecules at air-water 

interface as shown in figure 2b. The latter method provides better quality SLBs in a more 

uniform bilayer and no adjusting pressure is required110. The third technique is known as  

adsorption, fusion, and rupture of vesicles from the solution, which is considered as one of the 

most convenient methods for producing SLBs. The first step of this method involves transferring 

vesicles into the substrate surface until a high density of the vesicles is formed on the surface. 

This is followed by fusion of vesicles and rupture at the end to create a uniform supported lipid 

bilayer as shown in figure 1.9. 
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Figure 1.8: Schematic diagram showing the formation of the first monolayer of SLAB via (a) 

Langmuir-Blodgett method (b) and the second layer via Langmuir-Schäfer method. 

The main advantages of this approach are that it is simpler, provides high-quality SLBs and offers 

a guide to a better understanding of the bilayer formation process111. It would be fair to 

acknowledge that, in literature, there is a satisfactory explanation of the effect of the support 

on the mechanism, quality, and the nature of SLB formation. A number of the researchers 

investigated the possibility of forming SLBs on mica, silicon, and glass substrates112. Rädler and 

co-workers reported these substrates (glass, silicon, and mica)  influence the morphology and 

kinetics of spreading of SLB on the surface. Two different fundamental mechanisms of 

membrane spreading were observed. On the smooth surfaces like mica, the frictional coupling 

between the lipid membrane molecules and the solid substrate is dominated by shear flow of 

the thin water film at the interface. On rough surfaces (eg glass or silica) two-dimensional flow 

of the obstacles through the lipid bilayers controls the physical interaction at the interface113. 
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Figure 1.9: Schematic diagram showing the formation of polymer supported lipid bilayers via 

vesicle fusion approach, a) the lipid vesicles is adsorbed and self-assembled on the top of the 

polymer brushes, b) they are fused among themselves until a critical size is obtained, c) the 

fused vesicles ae ruptured to form lipid bilayer on the surface. 

The choice of solid supports is thus considered to be a vital step in the formation of SLBs, for 

example, bilayer membranes form on glass or mica while they cannot form on Au114 or TiO2. In 

spite of the many successful applications of supported lipid bilayers in the study of nature and 

behaviour of the lipid membrane, there are  significant unresolved problems. For example, 

when attempting to incorporate transmembrane proteins into the supported lipid bilayers, the 

proteins are denatured and deformed. This is because the bilayers are too thin (1-3 nm) and do 

not provide enough space for the cytosolic domain of the protein. As a result, the proteins 

interact with the substrate and denature. As a consequence, there has been interesting in using 

a polymeric layer as a cushion for the lipid bilayer to restore.  The polymer would isolate the 

supported membrane from the support and would also provide low friction at the interface for 

both the artificial membrane and any embedded biological molecules111. Ideally, the polymer 

brushes should have some specific properties, for instance, they should be of controlled 

thickness, homogenous with sufficient grafting density, very smooth, and they should be 

covalently anchored to the solid substrate. 
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 In addition to their hydrophilic properties, the brushes must be chemically inert in order to 

avoid any unwanted reactions with either the attached molecules or the SLBs. Finally, brushes 

with high elastic modulus would be easier to be replicated in the every repeating process during 

the experiments111. Various polymer brushes have been reported to be suitable for the 

formation SLBs. Very recently, a pH-responsive poly(2-dimethylamino)ethylmethacrylate) PDMA 

brush has been grown  from a planar surface via ATRP. It has been reported that quaternization 

of the brushes, using 1-iodooctadecane in a poor solvent promoted the formation of SLBs and 

yielded a high diffusion coefficient with the high mobility of the SLBs confirmed, using 

fluorescence recovery after photobleaching (FRAP). These results provided evidence for the 

production of a good lipid membrane. It was also possible to fabricate lipid bilayers on non-

quarternized brushes, but they had lower stability and flexibility compared to the quaternized 

surface110. Uniform SLBs has also been formed on a thin layer (12 nm) of a zwitterionic 

poly(cysteine methacrylate) brushe (PCysMA), formed by SI-ATRP. AFM and FRAP were used to 

evaluate the quality of the lipid bilayers. A very satisfactory diffusion coefficient of ∼1.5 μm2 s−1  

was recorded which indicates high mobility lipid and confirms the formation of a  well-defined 

lipid membrane on the surface115.  Cremer et al. investigated the relationship between 

poly(ethylene glycol) (PEG) brush thickness, conformation and supported the lipid membrane 

formation. At high sufficient density PEG forms brushes that promote the air stability of SLBs, 

while at the low density the mushroom conformation causes substantial damage and complete 

delamination of the lipid bilayer116. 

 In addition to the coformation of uniform SLBs,  patterned phospholipid bilayers have been 

employed in fundamental studies that aim to understand how lipid organisation affects the 

composition and organisation of the cell membrane. These patterns are obtained by using 

either direct patterning, in which the pre-synthesized SLB is patterned or indirect patterning 

where the substrate is preliminary patterned. Groves and co-workers studied T cell receptor 

microcluster transport through molecular mazes, which consisted of 100 nm lines with 5.5 nm 

high of a chromium layer on a glass substrate. It was found the T cell receptor was driven by 

actin polymerization, and the distribution of F-actin was imaged at various time points during 

the synapse117.  
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 In other work, they applied scanning probe lithography to fabricate SLBs by removing pre-

patterned SLBs on the substrate followed by refilling with another lipid bilayer118. A 

micropatterned array was used to fabricate patterned DNA, immobilised on the glass substrate, 

which then served as a patterned support enable acttachement of to giant unilamellar 

vesicles119. Craighead et al used photolithographically patterned polymer and a lift-off approach 

to prepare a patterned patch into which a lipid bilayers could be deposited. Polymer brushes 

were grafted onto a silicon wafer, then a photoresist applied to the brush selectively. The 

uncovered brushes were exposed and etched, using a normal lithography technique, forming 

patterned brushes. Fluorescence recovery after photobleaching confirmed the very good quality 

of the SLBs with high mobility and diffusion coefficient120. Knoll  et al. used a photomask 

technique to create a micrometre pattern in a polymer brush. The removed area was 

functionalized with a polymerised lipid, and its mobility was demonstrated using FRAP121. 

Despite providing a well multi-functional system and solving many problems associated with the 

use of solid substrates as described above, polymer supported lipid bilayers are not perfect 

systems. One of the main disadvantages is the many additional processes required to fabricate 

SLBs, compared to solid supports, highlighting the complexity of the production processes. 

Furthermore, the production of supported lipid bilayer is time consuming111.  

1.6 Cell Patterning 

Transplantation of human organs is generally limited by donors, and there are hopes that tissue 

engineering may offer an alternative by providing implantable tissues. Currently, there has 

been a great deal of interest in using micro- and nanostructured materials to direct and 

enhance tissue formation.122-123. In this process, the important goal is focusing on fabricating a 

biomaterial with an architecture capable of guiding the adhesion, migration, proliferation and 

differentiation of cells at the right position and time124,125,126. In addition, not all the available 

biomaterials have the same influence on the development of cell patterning. Polymer brush-

based biomaterials have mad a significant impact on this field, due to their biocompatibility and 

the capacity for control of their chemical configuration, density, architecture and thickness 

down to nanoscale resolution with simple patterning techniques127-129.  
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It has been shown, that the attached cell become elongated and aligned in the direction of 

ridges  or grooves on the surface, a process known as guidance. However, the degree of the 

alignment and migration depends on the groove depth and width130-131. The migration 

mechanism of the cell on the fabricated surfaces is complex, needing the cooperation of the 

cytoskeleton, membrane and signalling systems. Regarding the topographic or chemical stimuli, 

cells protrude their leading edge as shown in figure 1.10. The directional extension of the active 

membrane brings the attachment and thus the traction force to the substrate, lead to produce 

a counter force on the cell to promote cell migration. To move forward, the contraction of 

cytoskeleton filaments pulls the cell body towards the leading edge, then the tail retracts by 

releasing adhesion at the rear135-136. 

 

 

Figure 1.10: Demonstrates a schematic representation of cytoskeleton (a) shows a cell on a flat 

surface and (b) shows a cell on a patterned surface and reorganisation of micro-filament on 

that occurs on a grooved surface132. 

There are many patterning techniques that have been applied to fabricate surfaces for the 

study of cell adhesion. Microcontact printing (μCp) lithography has been used widely to explore 

the topography and chemistry impact of the polymer brushes on the cell adhesion. To control 

cell adhesion and proliferation, microgroove structures of polymeric films of  L-

lactide/trimethylene carbonate copolymer (PLLA-TMC) and fibronectin on the planar polymer 
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film were prepared. μCp was used to transfer either the polymer ink onto the glass surface or 

fibronectin onto the polymer film. The cells were seeded onto the patterned samples, and light 

microscopy results showed that there was a possibility for aligning and growing cells in the 

patterned samples133. Gautrot et al. fabricated micrometre scale arrays of poly(oligo(ethylene 

glycol methacrylate)) (POEGMA) brushes on glass or gold surface. μCp was used to transfer 

initiator molecules onto the surfaces, and then polymer brushes were grown via ATRP. The 

impact of morphology, chemistry and incubation protocol on cell adhesion was investigated by 

using AFM and fluorescence microscopy134. A systematic study of cross-talk between stem cell 

behaviour and micropatterned polymer brush platform was carried out to control cell adhesion, 

spreading and shape independently on the other chemical and physical properties. For this 

purpose, a series of polymer brushes with different chemistries and geometries of 20 μm, 50 

μm,  40 µm diameter rings and arc-shaped patterns were fabricated and the obtained data gave 

evidence for the cross-talk between the cell and the ridges135. Nanotopographies of poly(L-

lactic acid) were created by replication molding of the polymer film. Initial cell adhesion was 

improved on the nanopatterned surface compared to a smooth control surface, but 

subsequently, cell density was decreased on the patterned surface136.  

The ability of photolithography to pattern functional polymer over a range of length scales has 

prompted a variety of work aiming to integrate control of morphology with control of 

molecular functionality. Thus, biologically or photographically produced polymer patterns 

enable the precise manipulation and localization of cells and control of cell-cell and cell-

substrate interactions. Poly(ethylene glycol) (PEG) is considered as one of the best polymer 

brushes for cell patterning associated with using photolithography technique137-138. In an 

attempt to precisely control cell-surface interactions, poly(ethylene glycol) (PEG) grafted on a 

glass surface was photopatterned to fabricate microstructures containing high-density hydrogel 

with cell-repellent and cell adhesive surfaces. AFM and fluorescence microscopy studies 

suggested that the fabricated structure was very effective in guiding and confining adhesion of 

3T3 fibroblasts and primary rat hepatocytes to specific regions on the surface139. Recently, a 

mask-less assisted laser was used to produce cell adhesive micro-domains delimited by the 

antiadhesive PEG microstructure.  
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The response of murine fibroblasts (L-929) toward the patterned structure was studied. It was 

found that the cell density and alignment in the cell adhesive region with surrounding walls of 

protein and nonbiofouling PEG was manipulated by the size and geometry of the micro 

features140. Metters et al. reported the formation of a gradient of biocompatible 

poly(methacrylic acid) (PMAA) brushes by using a direct photolithography method; the brushes 

were functionalized with RGD-ligand. The ability to control the cell-adhesion across the 

patterned surface was investigated. The cell adhesion study was shown to preferentially 

increase in the direction of increasing RGD density until a limiting RGD density was 

reached141.In a study to explore the biomimetic polymer brushes in natural tissue fabrication, 

Ober et al. used photolithography to fabricate a specially designed polymer brush pattern. First, 

Biomimetic methacrylate polymer brushes containing tethered neurotransmitter acetylcholine 

functionalities in the form of dimethylaminoethyl methacrylate or free hydroxyl-terminated 

poly(ethylene glycol) units was grown, using ATRP technique. Then, photolithography method 

was used to create micropatterned structure with feature sizes varying from 2 to 20 µm. It was 

found that the structures can provide a simple and reliable way to guide protein and neuronal 

cells142. 

Electron beam lithography (EBL) was also employed to fabricate polymer nanostructure with a 

feature size of depth: 5–350 nm and width: 20–1000 nm of polystyrene surface. The goal was to 

investigate the crosstalk between fibroblasts and nanopatterned and smooth surfaces of 

polystyrene. It was found that the cellular alignment was triggered by a combination of the 

feature width and groove depth. Cells did not migrate on the surfaces  with groove depth below 

30 nm and ridge widths smaller than 100 nm143. The role of the biodegradable polymer in cell 

and tissue engineering was studied, by fabricating micrometre and naometre-scale 

topographical features in  polymer brushs, using EBL144. Dalby et al. reported the formation of 

structures of 100 nm wide and 160 nm high of poly(methacrylic acid) (PMAA) brushes, using ion 

beam lithography. The result indicated a positive response from the ridges toward cell 

spreading145. 
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1.7 Nanotribology 

Tribology is the study of friction, wear, and lubrication at the contact between two surfaces in 

relative motion on a wide range of scales from the macroscopic to the nanometre scale. 

Nanotribology seeks to  provide a fundamental description of the interaction between two 

sliding surfaces during mechanical motion. There has recently been a great deal of interest in 

the study of microscopic friction because of the development of microelectromechanical 

(MEM) and nanoelectromechanical (NEM) devices146. The stability and lifetime of these devices 

depend on their tribological properties. Lubrication of small contacts in these systems requires 

solution different from those typically used in macroscopic systems.147,148,149,150,151,152. These 

studies require very sophisticated tools to explore the interfacial properties at high spatial 

resolution. In this field, friction force microscopy (FFM) provides a means to study the frictional 

interaction between nanoscopic contacts. Because of difficulties with lubricating contacts in 

NEMS and MEMS using conventional methods, there has been interesting in using new 

approaches, including the formation of self-assembled monolayers as a means of controlling 

friction 3, 6. SAMs offer a large number of advantages such as low friction forces and friction 

coefficient, small thickness, low surface energy, etc.153-156. In addition, polymer brushes grown 

on a surface by tethering long polymer chains with sufficiently high density have been 

demonstrated to be an effective material to control surface properties including, surface 

wettability, adhesion, friction and composition157-159. Friction is a complex phenomenon, 

including both adhesion and plastic deformation as pathways for energy dissipation, hence is 

not simple to quantify it. However, many theories have been postulated to characterise the 

dependence of friction on other factors such as the normal load and the area of contact. 

Amontons’ law can be considered the as first classical theory of friction. He assumed that the 

frictional force is directly proportional to the normally applied load in a micrometre contact. 

𝐹𝐹 = 𝜇𝐹𝑁                                      (1.4) 

where 𝐹𝐹 is the friction force, 𝐹𝑁 is the normal force, and μ is the coefficient of friction, the 

constant proportionalty between the friction force and load160-161. According to this law,  under 

zero applied load the friction is zero. In Amontons’ second law of friction, under zero load the 
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friction may be finite and the friction coefficient can be determined from the slope of a graph of 

load versus friction. This law is purely phenomenological and does not provide any knowledge 

of why the friction coefficient is  different for different material combinations162. After it was 

proposed numerous attempts have been made to justify this law either theoretically or 

experimentally, mostly by consideration the roughness and topographical properties of the 

sliding surfaces. However,  Petra et al. showed  that μ  is not  always influenced by just the 

surface geometry and roughness. They reported that the coefficient of friction is different for 

hydrophobic and hydrophilic nanostructured material deposited on the surface in aqueous 

media. There was no change in the coefficient of friction for all hydrophobic surfaces, and it 

was suggested that a bridging air cavity generated by a stored adhesion force during the 

measurements. However, measurement of hydrophilic samples yielded a different value of μ 

for different structures. It was suggested that this might be because of the restricted motion of 

the three-phase line of bridging cavity166.  

As a consequence of these uncertainties of friction, a second theory was postulated by Bowden 

and Tabor in 1950. They assumed the lateral friction 𝐹𝐿 is linearly related to the real area of 

contact A and shear strength 𝜏 (the mean of the lateral force per unit area of interfacial 

atom)163. 

𝐹𝐿 = 𝐴 𝜏                                        (1.5) 

This theory differs from Amontons’ theory in that frictional relationship is not linear. Bowden 

and Tabor concluded that the real area of contact is related to the load between two sliding 

surfaces. Thus the apparent area of contact has not been taken into account. However, in the 

classical Hertz theory (total plastic deformation theory) the normal load is proportional to the 

contact area. 

𝐴(𝐹𝑁) =  𝜋 (
𝑅

𝐾
)

2
3 𝐹𝑁

2/3
               (1.6) 



 

34 
 

where K is the elastic modulus. According to this theory A α 𝐹𝑁
2/3

, in contrast with the 

prediction of Amonton’s law. Moreover, in multi-asperity contact the normal force varies 

linearly with the lateral friction164-165. For single-asperity contact this relation is sub-linear. 

Numerous works have examined the friction-load relationships at both micrometer and 

nanometer scale by using FFM in different environments. It has been demonstrated that SAMs 

and polymer brushes provide a useful means to modify substrates and provide different 

surfaces with different functional groups (i.e multi-functionality surfaces). However, both linear 

and sub-linear friction-load relationships have been reported166-171. In the present study these 

relationships have explored systematically in order to try and improve our understanding of the 

influence in molecular structure and composition on contact mechanics. 

1.7.1 Chemical Force Microscopy (CFM) 

At first sight, the applications of AFM in studying the chemical interactions of most multi-

functional surfaces appear to be limited. Commercial AFM probes are manufactured from 

silicon or silicon nitride. These are also commonly used in the fabrication of miniaturised 

machines, such as MEMS, or NEMS. However, chemical modification of the AFM probe provides 

a means for the significantly understanding of the nature of  molecular interactions on the 

nanoscale, which is required in many advanced systems such as in biology, nanobiosensors, 

tribology, adhesion, and catalysts172-175. The first process of AFM probe modification was 

reported by Nakagawa et al. who attached organosilane molecules with different chain lengths 

and compared interactions forces with surface layers containing adsorption with different chain 

lengths176. But the term of CFM was used for the first time by Frisbie et al. when they tried to 

measure friction and adhesion between gold coated tips derivatized with alkylthiolates and 

surfaces functionalized with thiols and silane with different terminal groups1. Since then, an 

abundance of papers has been published demonstrating that CFM or combined CFM with FFM 

can be used to describe numerous surface phenomena in different  environments177-183.  

To explore the effect of changes in the contact area and to measure the molecular interaction 

forces quantitatively by FFM or CFM, it is necessary to have a model of the contact mechanics 

that provides a proper understanding of adhesion and friction-load relationships or data.  
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The Amonton’s law has been widely used to fit friction-load data, which in may cause do appear 

to exhibit linearity (equation 1.4)184-185   

Leggett et al. characterised mixed SAMs of methyl- and carboxylic acid terminated thiols 

samples by utilising FFM. They found that friction data could be fitted with  Amonton’s law, and 

a relationship determined between surface composition and surface energies186. These 

applications depended on the macroscopic theories for interpreting friction between multi-

asperities at mechanical contact. However, sub-linear friction-load relationships also have been 

observed for single-asperity contacts and have been fitted  using a single asperity contact 

mechanics approach (JKR, HRTZ, and DMT). Gao et al. reported some practical friction results 

acquired from the surface force tools SFA and FFM for a variety of adhesive and non-adhesive 

samples. They argued  that a linear friction-load plot was normal and non-linearity represent a 

special case when the effect of adhesion is particularly strong187.  They argued that some factors 

which influences friction at nanoscale during sliding contact were not consistent with any of the 

single asperity contact mechanic theories. The frictional behaviour of end-grafted poly[2-

(dimethylamino)ethyl methacrylate] films (brushes) as a function of pH in aqueous medium was 

investigated. The chemistry of the tip was controlled by either coating with gold or SAMs and 

FFM was employed to measure the friction forces. It was found that at low and very high pH the 

load-friction relationships were linear in agreement with the Amontons’ law. However, at 

intermediate pH values, the relationship was sublinear and the data were fitted with single 

asperity contact mechanics model (DMT and JKR)188. Until a few years ago the influence of te 

medium on the tip-sample interactions in which sliding occurs has not been realised. Recently, 

Legget and co-workers have demonstrated that the environment extremely important in 

determining the appropriate contact mechanics189. The friction-load relationship depends on 

the nature of the interactions, for example, the ability to donate a hydrogen bond or to accept 

it) between surface adsorbates and solvent molecules. Commonly, for weak adhesion systems, 

the linear friction-load is dominant (where the energy is dissipated through molecular plowing) 

and data are in a good agreement with the Amonton’s law. In contrast, with increasing adhesion 

the friction-load relationships become sublinear.  
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The results can be rationalised by treating friction as the sum of a load-dependent term 

(molecular plowing) determined by a frictional coefficient, and shear-dependent term 

characterised by shear  strength 𝜏 190-193.   

𝐹𝐹 = 𝜇(𝐹𝑁 + 𝐹𝑎) + 𝜋(
𝑅

𝐾
)

2
3 𝜏(𝐹𝑁 + 𝐹𝑎)

2
3                              (1.7) 

where 𝐹𝑎 is the pull-off force, 𝜇 is the “coefficient of friction”, R is the tip radius, K is the elastic 

modulus, and 𝐹𝑁 the normal force. In the case of weak adhesion, DMT offers a good fit to the 

friction-load relationship, while in the case of a strong adhesion the JKR model may be 

dominant194.  

1.7.2 Contact Mechanics in AFM 

In order to investigate the tribological properties of a single sliding asperity at mechanical 

contact, under  a variety of applied load which is starting from negative to positive values, it is 

necessary to have a quantitative description of the contact area. FFM has proved to be a 

powerful means to study single asperity contacts, based on the assumption that a very sharp tip 

can be considered as a single asperity. Contact mechanics have been studied extensively for 

many years and it can play a crucial role in providing information on molecular interactions in 

the contact area, elastic indentation, contact stiffness, and both the strain and the stress of a 

mechanically loaded asperity195-196. Although many models have been developed, there is still 

debate about which is the appropriate model for particular situations. The first contact 

mechanic model was proposed by Hertz in 1880. In this theory, the circular contact area 

between two spheres was related to the elastic deformation of materials. This theory 

interpreted the property of single sliding contact in the absence of adhesion. The radius of the 

contact area (𝛼) subjected to the normal load (L) as shown in this equation 

𝛼 =  ( 
𝐿𝑅

𝐾
)

1
3

                                                    (1.8) 

where R is the sphere radius, and K is the elastic modulus  

𝐾 =
4

3
 ( 

1 − 𝜐1
2

𝐸1
+   

1 − 𝜐2
2

𝐸2
)

−1

                  (1.9) 
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E1 and E2 are related to Young’s modulus of sphere and flat plane, while the  𝜐1
2 𝑎𝑛𝑑 𝜐2

2 are the 

Poissons ratios for the flat sphere and flat planes respectively. The Hertz model a fully elastic 

model in which the surface attraction was totally neglected197. However, adhesion exists 

between the tip and the sample surface under many circumstances. An improvement of this 

theory was published by Johnson, Kendall and Roberts (JKR) in 1971, to take account of tip-

sample attraction. The JKR model relates elastic properties to the surface energy. They 

suggested that a mechanical load is required to separate two solid surfaces in intimate contact. 

In addition, work must be done to overcome the adhesion energies to separate two contact 

bodies. Due to the action of attractive forces between the surfaces the contact radius of Hertz 

theory  (equation 8)  become 

𝛼3 =  
𝑅

𝐾
 ( 𝐿 + 3𝜋𝛾𝑅 + √6𝛾𝜋𝑅𝐿 + (3𝛾𝜋𝑅)2                       (1.10) 

Where 𝛾 is the work of adhesion When 𝛾 = 0 this reverts to the  Hertz equation  

𝛼3 =  
𝑅 𝐿

𝐾
                                  (1.11) 

At zero applied load the contact area is finite and given by198 

𝛼3 =  𝑅
6𝜋𝛾𝑅

𝐾
                           (1.12) 

The key assumption of this theory is that the adhesive interactions are infinitely short range, so 

the free energy of the system is only decreased by 𝛾 (the work of adhesion) units of energy per 

unit area in intimate contact. Therefore, no adhesion occurs in regions which are not in contact. 

Furthermore, in JKR model, there is  a non-zero contact area at zero applied load caused by 

attractive forces. Hence a tensile load  is required to separate two surfaces at zero external load. 

The minimum load that is required to separate two bodies exactly is known as a pull-off force, 

adhesion force or the critical load Lc
199, which is given by  

𝐿𝐶  =  
−3

2
 𝜋𝑅𝛾                     (1.13) 
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Subsequently, an alternative theory was proposed by Derjaguin, Muller and Toporov. This model 

considers the effect of attracting forces (van der Waals Forces) outside the contact area. It has 

been shown that, although the van der Waals force does not increase the contact between the 

ball and the plane, the force  that is needed to separate the two bodies  (pull-off force) is 

nevertheless larger than expected based on a consideration of the contact area alone. In terms 

of the contact of stress and the deformation shape inside the contact area, both DMT and Hertz 

theories are in a good agreement, it is the van der Waals forces outside the contact area that 

are treated differently by the two models. In addition, DMT assumed that the applied load could 

be substituted by an “effective load”, which is the sum of the applied load and critical load. The 

DMT model reduces to the Hertz model in the limit that these effects are small. Thus the 

contact area in this case becomes 

𝛼3 =
𝑅

𝐾
(𝐿 + 2𝜋𝛾𝑅)                          (1.14) 

In DMT theory at pull-off force the contact area is zero, and in contrast with the JKR model, 

there is no stress distribution within the contact area, the pull-off force is given by200. 

𝐿𝑐 𝐷𝑀𝑇 = −2𝜋𝛾𝑅                               (1.15) 

 It is clear that the JKR and DMT models are using different parameters to describe the situation 

of the contact area when two surfaces are brought into contact. But the discrepancy between 

them was resolved by realising that they are both valid. For example, in the case of strong 

adhesion, short range, and soft materials the JKR model is accurate, while in the case of weak 

adhesion, long-range, and stiff materials the DMT model is dominant. 

Then, limitations of these two models have been discussed by many researchers. For example, 

in 1977 Tabor has revealed  his assumption, which focused on the importance of combining 

surface force concepts with the principle of contact mechanics. Therefore, this may reduce the 

limitation in JKR and DMT models. It has been suggested that the interaction forces between 

surfaces depend not only on the surface energies but also on the roughness of surfaces and 

degree of ductility of the solid surfaces. Furthermore, the roughness leads to decrease adhesion 

in the contact area201.  
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Despite the differences in their description of the  interaction potential, both the JKR and the 

DMT models  can be valid at opposite ends of a spectrum of contact behaviour. 

 

Figure 1.11: Schematic demonstration of attraction force between the AFM tip and the sample 

surface as a function of a distance between them for the Hertz, JKR, and DMT models with 

compression to actual interaction202.  

Figure1.11 shows  schematically the interaction force as a function of separation for all three 

models JKR, DMT, and Hertz. It is obvious that that adhesion is totally absent in the Hertz 

theory. In the JKR and DMT models the adhesion is present, but with different dependence on 

separation. In the JKR model, the attractive force is a strong, short range, one that causes 

deformation with respect to the elastic properties of substances. This means it is reasonable to 

apply JKR theory to the interaction between soft materials with strong adhesion. In contrast, the 

DMT theory treated adhesion as weak, with long range interaction forces; means in the case of 

the high stiffness and weak adhesion the DMT model is dominant206-203. 

Tabor introduced a dimensionless parameter μT. In the case of a sphere in contact with a planar 

surface, the value of μT which is non-dimensional physical parameter as shown below  

𝜇𝑇 =  (
16𝑅𝛾2

9𝐾2𝑍𝑂
3)1/3                     (1.16) 

where R is the radius of the sphere, K is the combined modulus for the interacting materials, 

and Zo is the equilibrium separation of the surfaces, or in the atomistic picture is the equilibrium 
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bond length for the two materials203. This parameter 𝜇𝑇 has been used to select the appropriate 

model for the contact mechanics of particular systems. 

 

Figure 1.12: Schematic diagram showing the force-distance relationship predicted by  Dugdale’s 

model and utilised by Maugis206. 

Maugis tried to connect JKR and DMT theory to find an intermediate model that could be used 

to predict the contact area and pull-off force at a given load (figure 1.12). The model used the  

Dugdale square-well potential to make the connection between the two models. A constant 

adhesion stress 𝜎𝑜 acts over a separation range 𝛿1and then decreases to zero at larger 

separations Thus, the work of adhesion is 𝛾 =  𝜎𝑜. Consequently, Maugis has driven a transition 

parameter equation which is similar to 𝜇𝑇  

𝜆 = 2𝜎𝑜(
𝑅

𝜋𝛾𝐾2
)1/3                              (1.17) 

where 𝜎𝑜 is set to be equal to the minimum adhesion stress in the Lennard-Jones potential. It 

follows that 𝛿1 = 0.97 𝑍𝑜, and so 𝜆 = 1.1570 𝜇𝑇 
 thus, they are approximately equivalent. The 

JKR model is valid when 𝜆 > 5, and the DMT model applies when 𝜆 < 0.1. Values between 0.5 

and 0.1 correspond to a transition regime between the extremes represented by the JKR and 

DMT models. Maugis was able to choose a reasonable model for describing the contact area 

and pull-off force at a given load for intermediate values of the parameter 𝜆 (figure 1.13).  
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Figure1.13: The  predicted load depending on the contact are for some for some fo contact 

mechanic models206. 

It is clear that in the absence of attractive surface forces (γ=0) Hertz theory can be applied. The 

Maugis-Dudgale transition parameter has played a crucial role in the identifying the limits of 

different contact mechanics models, but it proved different to apply in any cases limiting its use. 

Thus, over a decade ago, another approach was  provided by Carpic, Oligotree, and Salmeron 

(hereafter referred to as COS equation)204 . They followed Maugis principles and they provided a 

simpler general equation to estimate a ‘transition parameter’: This equation relates the contact 

area and  applied a load to the transition parameter. 

𝑎 =  𝑎𝑜(𝛼)(
𝛼 + √1 − 𝐿/𝐿𝐶(𝛼)

1 + 𝛼
)2/3                      (1.18) 

𝑎𝑜(𝛼) is the contact area at zero load. If 𝛼 = 1, the JKR model applies exactly and if 𝛼 = 0, the 

DMT applies exactly. 

Thus, the relationship between Maugis parameter and this parameter can be obtained 

𝜆 =  −0.92 ln(1 − 1.02𝛼𝑡)                         (1.19) 
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1.7.3 Thin-film Contact Mechanics 

In order to make FFM measurements on thin-coated films, it is necessary to have a reasonable 

contact mechanics model for interpreting the data. It is fair to say that until now there has been 

no unified model for the mechanics of tip-sample interactions in AFM. This is a reflection of the 

complexity of molecular interactions on the nanometer scale.  Many factors are involved in the 

determination of the nature of contact mechanics such as the size, shape, and properties of the 

asperity and the nature of the sliding layers in the contact area. In addition, the molecular 

properties of the thin films in contact area are different from those of bulk and even thick 

layers. When two smooth surfaces slide against each other without plastic deformation and 

contact may occur  at the single asperity level, the dissipative press is referred to as interfacial 

friction205. However, at the nanoscale elastic contact is usually dominant. Adhesion may also be 

very strong, and may provide the main dissipative pathway (shearing). In contrast, multi-

asperity contacts more likely to behave plasticity. The nature of the contact area is different for 

the thin-coated film than is the case for bulk or thick films. Therefore, analysis of the behaviour 

of thin films in the contact area cannot rely on models that are used to characterise the contest 

mechanics in bulk or thick films. Some authors have used the Amonton’s law to model FFM 

data, observing hat in some circumstances the friction force is proportional to the load206,207. 

However, using a single asperity mechanics approaches (JKR, or DMT) in which the friction-load 

relationships is sub-linear are needed more modifications to be fitted with experimental 

results208-212. Barthel et al. have illustrated that  in order to fundamentally understand the 

surfaces mechanic of thin films, the geometrical shape of the systems, the mechanical 

properties of each single body, and the Physico-chemical response of the interfaces must be 

known213.There was been a notable attempt to find out a solution for this conflict. Reedy has 

poposed a thin-coated contact mechanics (TCCM) postulate, which has been frequently and 

successfully applied to AFM to study the area depends on of the friction force as a function of 

load. The TCCM has developed both DMT and JKR approaches by finding a transition parameter. 

The model considered a rigid spherical indenter and a thin coated film that is bonded to a rigid 

substrate. The thin coat is assumed to be linearly elastic. In the TCCM the contact area is related 

to the square root of compressive load (L).  
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In contrast, it is related to the two-thirds ower of one compressive load in Hertz theory. The 

thickness of the coat h, its elastic properties are defined by its Young’s modulus Ec and Poisson’s 

ratio 𝜈, and R is the radius of the spherical indenter that is pushed into the elastic coating in a 

frictionless contact. Consequently, an equation has been driven for the compressive normal 

strain 𝜖𝑧 that relies on the geometry of the indenter and it is assumed to be uniform through 

the coating thickness:  

𝜖𝑧 =
𝑎2

2𝑅ℎ
 [ 1 − (

𝑟

𝑎
)2]                   (1.20) 

where a is the contact radius and r is radial distance along the surface of the coating with the 

origin at the initial point of contact. With the postulation that R/h and a/R are much less than 

one, while a/h is greater than one, the compressive stress 𝜎𝑧 can be approximated to  

𝜎𝑧 = 𝐸𝑢𝜖𝑧                                    (1.21) 

where 𝐸𝑢 is an axial strain modulus and it is 𝐸𝑢 =  
(1−𝜈)𝐸

(1−𝜈)(1−2𝜈)
. The relationship between L and A 

can be given as follows  

𝐿 =
𝐸𝑢𝐴2

4𝜋𝑅ℎ
                                   (1.22) 

Two years later Reedy expanded this development and introduced a transition parameter (𝜉) in 

order to determine which contact model DMT or JKR is accurate to be applied in a given system. 

If 𝜉 ≥ 0  DMT is applied, while 𝜉 ≤ 1 JKR is more accurate to apply. Then he described the 

contact radius of interface as follows equation 

𝐿

2𝐸𝑈𝑅𝑇
=

𝜋

4(2𝑅𝑇)2
𝑎4 −

𝜁𝜋

𝐸𝑢𝑇
(

𝑊

𝐸𝑢𝑇
)

2

𝑎2 −
𝜋𝑊

𝐸𝑢𝑇
(1 − 𝜁)               (1.23) 

where W is the adhesion work and T is the total thickness214. 

Although this model has been applied by a number of researchers, particularly those using 

AFM. It cannot satisfy all problems arises in this area215-217,. Recently, Leggett et al. have studied 

the relationship between contact mechanics and adhesion in pure liquids and mixtures.  
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They have found, that  medium-medium interaction outside the contact area and the effect of 

hydrogen bond of the medium on adhesion has not been very good predicted by the  models. 

Yang et al. have published an analytical method to study the elastic behaviour of a thin coated 

film. This is completely different from TCCM model, it depends on the scratching and bending 

resistance of polydopamine coated on PDMS sample when it is indented with a soft tip in 

nanoscale218 

1.7.4 Quantification of Friction in FFM 

 

Figure 1.14: Demonstrates lateral scanning and twisting of a cantilever during its scanning 

across a thin coated film. 

Forces generated by the tip-sample interaction act on the deflection of the cantilever. If the 

forces act at the apex of the tip in the vertical-direction, the cantilever is bent. However, if they 

act in the plane of the surface the lever is twisted. Torsional deflection and bending can be 

detected by utilising a laser beam, which is reflected on the back of the lever onto a 

photodetector. When the AFM operates in contact mode and the tip is scanned with constant 

Load, a lateral force results that act on the tip and as a result torsional force is generated that 

act on the cantilever (figure 1.14).  
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The lateral deflection, which is proportional to the friction force, can be measured from the 

lateral deflection of the cantilever if its lateral stiffness is known.  

 

Figure 1.15: A friction loop for both forward and backwards scanning directions. 

Frictional interactions between the tip-sample and the component of load resolved  in the 

plane of the surface of the sloped substrate. Generally, the lateral deflection can be measured 

in two ways, first as a function of position to yield an image, and second, by scanning tip 

forward and backwards to generate a friction loop figure 1.15219. Consequently, the absolute 

friction force can be quantitatively measured  if the topographical contribution is  removed by 

subtracting retrace from trace data and  the photodetector outputs are halved. The  lateral 

spring constant and tip profile at contact must be characterised to convert the photodetector 

signal into units of force220-224. Such quantitative investigation is not easy, due to the  difficulty 

in the calibration of the torsional spring constant of the lever, the tip radius and sensitivity of 

the photodetector to the torsional deflection225.  

To investigate the friction mechanism with multiple- and single asperity contact, many methods 

has been postulated under different conditions. Mate et al. For the first time in 1987 has 

observed not only a stick-slip mechanism but also hysteresis between forward and reverse 

scans (friction loops) as well. Stick-slip is obtained when the sample surface slides against the 

AFM tip, as a result, the tip is stuck at the beginning until it gains enough energy to be 

overcome for jumping from a position to another position on the surface226 figure 1.15. Then, 
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enough energy is stored in the spring after some movement that causes to slip into the 

neighbouring stable equilibrium position227. The Tomlison model can be considered as one of 

the most successful models to determine the friction force during atomic level stick-slip the 

main equation in this model is 

𝑓∗=  (
2𝐸𝑜

3𝑇𝑘𝐵
)2/3 Ω𝑘

2

(1−Ω𝑘
2)

1
6

  
4𝜋

𝑐𝑒𝑓𝑓𝑎

  (𝑐𝑒𝑓𝑓𝑅𝑐 − 𝐹𝑚)            (1.24) 

where, 𝑓∗ is the radius bias, 𝐹𝑚 the lateral force, 𝐸𝑜 the surface potential, 𝑘𝐵  The Boltzmann 

constant, T the absolute temperature, and Ω is the ratio of the resonance frequency of the tip 

in the surface potential to the torsional resonance frequency of the tip in contact228.  A large 

number of models have been postulated to describe the friction force.  Ogletree et al. have 

postulated a model based on comparision of the lateral force signal with different slopes to 

calculate  the ratio of normal force into lateral forces. They assumed that the deflection of the 

laser beam is directly related to the slope of the lever In the X-Z plane and similarly, to the twist 

out of the probe at the point of reflection of laser. Assuming a Gaussian beam profile the 

photodiode signal S as a function of angular deflection ϕ can be derived: 

S(ϕ) = 
( 𝐴−𝐵)

(𝐴+𝐵)
  = 1- 

1

Δ𝑊
 √

𝜋

8
 ∫ 𝑒−2𝑢2/∆𝑤2∞

𝜑
𝑑𝑢             (1.25) 

where Δ𝑊 is Gaussian half-width of the beam, A and B is the photocurrent of upper and lower 

two quadrants of respectively. If the cantilever twists because of the influence the tip-sample 

interaction in any direction, the angular displacement and resulting tip spring constant is  

O (Fy, x) = Fy g (x),   Ky = 1/ Htip g (XTip)                        (1.26) 

 where H is the tip height, O is angular displacement, and ky is torsional spring constant. Thus, 

the ratio of angular deflection generated by normal and torsional can be calculated for a V - 

shape cantilever.  

R (x) = 
2𝐿−𝑥

𝐻(1+𝜐)
  𝑤ℎ𝑒𝑟𝑒 𝐺 =  

𝐸

2 ( 1+ 𝜐)
                             (1.27) 

 E and G are the elastic hear modes of the lever and 𝜐 is poisson’s ratio. 
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1.7.5 Calibration of Normal Force in AFM 

In order to measure these forces accurately, it is necessary to calibrate the normal force. This 

can be done by measuring normal spring constant  and normal deflection sensitivity of the 

probe. Hooke’s law describes  the dependence of the cantilever diffractions on the force F:  

F = -k x                                                                            (1.28) 

Although manufacturers provide the spring constant for probes, they are subject to significant 

uncertainty229,230. Many factors influence the spring constant, including the Young’s modulus, 

Poisson’s ratio, cantilever geometry, tip mass, and tilt angle. A number of different methods of 

cantilever calibration have been reported in the literature. In the present study, the method of 

Hutter and Bechhoefor based on measurement of the cantilever thermal noise has been used. 

This model has been widely used because it offers a number of advantages. It is rapidly 

implemented, non-destructive, independent of the shape, composition and coating of the 

cantilever and providing it is performed in situ, it is relatively easy to apply231. Moreover, Matei 

et al. have revealed that the precision and accuracy of this method is 5% and 10% 232. In this 

thesis, the friction has been investigated as a function of normal load. The photodetector signal 

is in units of Volt, and must be converted to units of force. The basic principle of this theory is 

based on the equipartition theorem, according to which the total energy of each system at 

thermal equilibrium is 
1

2
 𝑘𝐵𝑇 (where, 𝑘𝐵 is the Boltzmann constant and T is the absolute 

temperature). The total stored energy in the cantilever is presented as 
1

2
𝑘𝑑𝑐

2 ,where k and 𝑑𝑐
2 

are denoted the spring constant and the mean square of the cantilever deflection respectively. 

Hutter and Bechhoefor derived an equation by relating Brownian motion of the first oscillation 

mode to thermal energy233,234 

𝑘 =
𝑘𝐵𝑇

(𝑑𝑐
2)

                                           (1.29) 

From the theoretical point of view, for measuring the spring it is only necessary to know the 

mean square of the displacement of the cantilever and the temperature equation (1.27). 

Implementation is complicated by the contribution of environmental effects235, and the shape 

of the cantilever rectangular or V-shape236. In practice, the thermal spectrum is obtained from 
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the thermal vibrations of the free end of the cantilever, which is held far from the sample 

surface237.  In the first step, the thermal fluctuations of the free cantilever are acquired by 

recording the photodetector voltage in time (Vt). This can then be Fourier transformed to the 

detector voltage power spectral density, 𝑃𝑣, that its relationship with the spectral power density 

𝑃𝑑 can be illustrated in the following  

𝑃𝑑 =  𝑃𝑣

1

𝑆2
 

1

𝐶𝑜𝑠 𝛼2
 𝑋2                      (1.30) 

A correction factor X is required to convert between free ended and load-ended cantilevers.  

𝛼 is the cantilever tilt angle and S is the sensitivity of the cantilever. Consequently, the average 

power in the thermal vibration of the lever can be estimated. In the second step, the resonance 

peak is related to the simple harmonic oscillator, and then it is integrated to obtain a spring 

constant:  

𝑘1 = 
2𝑘𝐵𝑇

𝜋𝐴1𝐹1𝑄1
                                        (1.31) 

where𝐹1 is the resonance frequency and 𝑄1 the quality factor of the lower peak. This spring 

constant is not a real spring constant k thus ETT found a correction factor between real spring 

constant and k1 

K = 0.97071k1. 

Initially, this method appeared to be independent in the shape of the cantilevers, but it is now 

clear that it is not235. The preceding analysis is  appropriate for rectangular cantilevers, but a 

different approach is required for triangular levers. Stark et al. have taken advantage of the 

combination of thermal noise and finite element analysis method to calculate the V-shaped 

spring constant of a V-shaped lever. They noticed that the spectral density of thermomechanical 

noise for a V-shaped cantilever exhibits a systematic deviation from that observed for a 

rectangular cantilever. It has been noticed that the stiffness of the V-shaped cantilever is 

approximately 7% larger than the rectangular stiffness238. In spite of many successful 

experimental implementations, this method has some complications.  
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First, Butt et al. pointed out that the noise do not come from a single mode an assumption (an 

assumption implication in the use of the equipartition theorem). Includes all other possible 

vibration modes, they calculated the thermal noise from the deflection and fluctuations of the 

cantilever. Thus, they found out a correction factor that accounts for all other modes235. There is 

always a finite amplitude during stiffness measurements that involves as a resistance in front of 

other modes measurements. Also, the single mode amplitude  appears larger than  it really is 

because of  the environment and electronic effects during applications. Walter et al. have 

reported the use of a simple harmonic oscillator model to resolve these complications. The 

simple harmonic oscillator was fitted with a single mode to describe the motion of the first 

vibration mode of the cantilever239.  The effect of spot positions on the spring constant 

measurements has been investigated by Proksch et al in 2006, they noticed the systematic 

variation of the spring constant as a function of the spot position. They showed that by 

accounting for the  spot diameter and position on the cantilever the gap between the thermally 

measured spring constant and other methods can be reduced240.  

 

Figure 1.16: Schematic diagram showing a deflection sensitivity determination for a mica sheet 

against a silicon nitride probe.  
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A central goal or the present study is to quantify the friction force in nN as a function of supply 

load in nN as well, so it is necessary to convert voltage signals of both applied normal load (V) 

and also lateral force (photodetector's signal V) into a unit of force. The photodetector 

sensitivity is first determined to enable the deflection in V to be converted to deflect in nN; this 

is then combined with the stiffness to yield a force. The conversion parameter is known as the 

deflection sensitivity of the cantilever. Usually, hard samples (high stiffness) are used such as 

mica or silicon because the sample stiffness is much greater than that of the cantilever, the 

deflection may be assumed to occur only in the probe. Therefore, the z-piezo displacement 

∆𝑧 is equal to the normal deflection of the cantilever in the repulsive regime and the attraction 

regime241. As a result of extension and retraction of the cantilever at the sample surface a force 

curve is generated (figure 1.16). The photodetecter sensitivity is determined from the slope 

V/nm or the inversion slope (nm/V) of the linear part of the curve, depending on the definition 

needed. The inversion slope is called Inverse Optical Liver Sensitivity (InvOSL) sensitivity. 

Consequently, when the spring constant nN/nm, supplied load (V), and deflection in (nm/V) 

sensitivity is known as it is done in this study, the normal force can be calculated as follows 

𝐹𝑁= 𝐿𝑜𝑎𝑑 (𝑉) × 𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦
𝑛𝑚

𝑉
× 𝑛𝑜𝑟𝑚𝑎𝑙 𝑠𝑝𝑟𝑖𝑛𝑔 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑛𝑁/𝑛𝑚 

 

1.7.6 Calibration of Lateral Forces and Tip Radius of the Cantilever 

Calibration of both the lateral stiffness and the tip radius are necessary in order to complete the 

process of friction measurements. The development of the reliable methods for the calibration 

of the lateral stiffness has proved challenging. Various methods have been proposed to 

characterise the  tip profile and lateral stiffness242-244.  In general, the term of contact stiffness 

can be defined as the force per unit of displacement which acts at a contact in a particular 

direction. The most common technique is called a Wedge Calibration method245. The attraction 

of this method is that it does not presuppose information about the probe dimensions or the tip 

height. Furthermore, not only it is able to work with any kind of deflection sensors, but also the 

profile of the lever can be determined.  
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The calibration can be done by measuring the lateral photodetector response as a function of 

applied load, while the tip slides over a sample surface with a known slope. The authors showed 

a vector diagram to illustrate the forces acting on the tip during scanning up and down the 

sloped surface (figure 1.17). The tractive force (T) which at in the scan direction must be in 

balance with the forces generated between the tip and the sample surfaces. The generated 

forces are a normal force (N) and a frictional force (F) acting in opposition to the scan direction. 

The direct calibration is done when the photodetector signals are measured as a function of 

lateral displacement and the sensor angular sensitivity to find a parameter (α) in (Newton/Volt). 

In 2003 Varenberg et al. reported an improved wedge calibration method, which is simpler than 

the origin postulate246. In this method a calibrated grating sample (TGF11) with a well-known 

slope and flat face (figure 1.18). They considered that it is possible to correct the measurement 

of the torsional loop offset ∆𝑜
∗ , by subtracting it from the torsional loop offset measured on the 

flat surface ∆0
𝑓𝑙𝑎𝑡

. Thus the accurate torsional loop offset ∆𝑜can be represented as follows 

∆𝑜= ∆𝑜
∗ − ∆0

𝑓𝑙𝑎𝑡
                                    (1.32) 

That means that topographical effect has been accounted for. 

Figure 1.17: Demonstrates forces 

exist when the tip slides crosses a 

sliding surface249. 

Figure 1.18: Shows the schematic 

diagram of feature of calibrating diagram 

TGF11, the pich value is 10 µm, the edge 

angle is 54o44, and 1.8 µm step height249. 
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Figure 1.19: Schematic diagram showing the acquisition of frictional loops while the tip is 

scanned at forward and backwards direction on a calibration sample surface249.  

They analysed the friction coefficient μ for both flat and sloped surface and a relationship was 

made between μ and the transition parameter  𝛼 

𝜇 𝑓𝑙𝑎𝑡 =
𝛼𝑊𝑜

𝑓𝑙𝑎𝑡

𝐿 + 𝐴
                                          (1.33) 

where 𝑊𝑜
𝑓𝑙𝑎𝑡

is the torsional loop half-surface of the flat surface, A is an adhesion force, and L is 

an applied load. The results showed  similar values for the calibration factor 𝛼 at both fat and 

slope surfaces figure (1.19). However, α is the required factor to convert the lateral deflection in 

Volt to force in Newton and can be obtained in the following equation. 

𝛼 =  
𝜇 (𝐿 + 𝐴𝑐𝑜𝑠𝜃)

𝑊𝑜(𝑐𝑜𝑠2𝜃 − 𝜇2𝑠𝑖𝑛2𝜃)
                      (1.34) 

The reactions can be derived as follows 

𝑠𝑖𝑛𝜃(𝐿𝑐𝑜𝑠𝜃 + 𝐴)𝜇2 −
∆𝑜

𝑊𝑜

(𝐿 + 𝐴𝑐𝑜𝑠𝜃) + 𝐿𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃 = 0                 (1.35) 

The values of 𝑊𝑜 and ∆𝑜 are acquired from the result of scanning both flat and slope surface of 

the grating sample TGF11. 
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𝑊𝑜 =
(𝑑−𝑐)

2
,  ∆𝑜

∗ =
(𝑑+𝑐)

2
,  ∆𝑜

∗𝑓𝑙𝑎𝑡
=

(𝑎+𝑏)

2
         (1.36) 

1.8 Lithographic Techniques for Surface Patterning 

There has been increasing interest in patterning surfaces during recent years, due to their 

importance in many research fields, including, nanoelectromechanical, microelectromechanical, 

biomedical, and in the development of optics and electronics (or nanotechnology). In general, 

all approaches involve either top-down or bottom-up strategy  or both together in some 

occasions. They can be classified into three main groups soft lithography, particle beam 

lithography and photolithography, the latter one has involved vital application in fabricating 

micrometre and nanometer patterning structures. 

1.8.1 Soft Lithography 

Soft lithography can be considered as a branch in nanotechnology. It is an easy, inexpensive, and 

unconventional technique. The main strategy involves self-assembling and replica molding of 

the organic and polymeric molecule for manufacturing micrometre and nanometer structures of 

various chemicals on the surfaces. In general, four major methods can be seen in this field 

which are microcontact printing (μCp), replica molding, micromolding in capillaries (MIMIC), and 

microtransfer molding (Μtm)247. 

1.8.2 Microcontact Printing (μCp) 

This is the most common and successfully used soft lithography technique and it has found a 

broad range of applications in chemistry, physics, and biology. Typically, for the creation of 

functional surfaces, including self-assembled monolayer (SAMs) of organic and biological 

molecules, polymer brushes, nanoparticles, metal films and carbon nanotubes 248. This 

technique is based on the use of anelastomeric stamp which is usually made from poly(dimethyl 

siloxane) (PDMS) to transfer the surfactants as an ink onto the targeted surface. After a few 

seconds of contact the stamp is removed from the surface very carefully, a chemical reaction 

between the adsorbent and adsorbate which results in a very stable functionalized surface 249-

250 figure (1.20b). The morphology of the patterned surface is dependent on the geometrical 

design of the stamp, which is transferred from a master onto the stamp figure (1.20a)251 . 
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 Figure 1.20: Demonstrates schematic representation of fabrication of a) the PDMS stamp from 

the master and b) the self-assembled layer from the stamp. 

It is believed that the mechanism of spreading and transfer of the ink from the stamp to the 

surface is controlled by the gradient concentration and the affinity of the substrate toward the 

surfactant which supposed to be higher than the affinity from the stamp. Many parameters like 

electrostatic interactions, hydrogen bonding and even hydrophobic interaction play a role in 

enhancing the affinity of the substrate. PDMS is used as a stamp because of its inert to most 

solvents and chemicals. Its elastic properties also mean that PDMS can be easily removed from 

the surface after molding  and because of its low surface free energy it is thermally and 

oxidatively stable252. Combination of the µCP with the SI-ATRP provides a new route to fabricate 

complex polymer brush structures. Zauscher with co-workers have prepared different 

micrometre scale  structures from poly(N-isopropylacrylamide) (PNIPAAM) brush by printing 

thiol initiator on gold surface and using surface-initiated atom transfer radical polymerisation to 

grow the polymer. It has been revealed that size and the shape of the polymer brush 

microstructures can be controlled by the condition of  µCP, for example, changing physical 

deformation of the stamp by using force or solvent swelling, and UV-Ozone chemical 

modification of the stamp253.  
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Zhou et al. reported the preparation of patterned bilaer brushes. They prepared the first brush 

on a silicon surface via SI-ATRP. It was then derivatised, using the µC to transfer initiator 

integrated polydopamine (PDOPBr) onto the surface of the grafted polymer. This step was 

followed by growth of a second brush on the patterned initiator through SI-ATRP. They found 

that the surface energy plays a key role in transfer efficiency of the PDOPBr initiator from the 

stamp onto the grafted polymer surface which dominates the initiator stability and the quality 

of the second brush254.Despite the extraordinary success of the µCP in the many fields, there 

are still some noticeable drawbacks related to this technique,including difficulties that limit the 

high quality of the patterned surface including swelling, stretching, inappropriate geometrical 

shape of the stamp, and the result of compression of the stamp with load of force when it is in 

contact with the surface results in collapsing the stamp and damaging the pattern.In addition 

because of higher affinity of the stamp to the surfactants rather than the substrate, the 

molecular crystals of materials remain on the mold surfaces and cause to contamination 255. 

1.8.3 Particle Beam Lithography (PBL) 

Focused beams of energetic particles, including electrons, ions, and electrically neutral 

metastable atoms offer proper approaches for fabricating patterns in a targeted substrate. The 

main methods in this field are known as electron beam lithography (EBL) and Focused ion beam 

lithography (FIBL). From the methodological point of view, these techniques share the same 

protocol, in which a focused spot is scanned over the surface of the targeted substrate256. One 

of the main advantages of these methods is the extremely high resolution, due to their short 

wavelengths (> 0.1 nm) combined with an accurate control of size257. Thus, they have been used 

in many applications. For example, EBL has been applied for fabrication of sub-10 nm electrode 

gaps for nanoelectronic applications258. In addition to the high-resolution these techniques 

could be high throughput, easy, and fast. N.Nagy ad co-workers prepared nanopatterns with 

different periods and properties on a large area of the silicon surface, exposed to either Ar+ or 

Xe2+ in a masked ion irradiation technique259.  

Although high cost and problematic byproducts have become the main challenges in the 

developments of these techniques compared to the others, they have been used t fabricate 

nanometre and micrometre structures in a variety of Self-assembled monolayer (SAMs) and 
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polymer brushes260.  Nanometer structures of 4'-methylbiphenyl-4-thiol on the gold surface 

have been reported. AFM topography images revealed features with100 nm that was used as a 

template for Cu electrodeposition and lift-off261. EBL has been used by Ohdomari et al. to 

fabricate nanometer and micrometre architecture of  perfluorodecyltriethoxysilane (FDTES) 

immobilised on the silicon wafer. The exposed area was functionalized with 2-

[methoxy(polyethylenoxy)propyl] trichlorosilane, which was used as a template for patterning 

proteins262. The patterning of the polymer brush is a multiple setp processes and complicated, 

but this could be done in a single step using particle beam lithography, provided just the 

polymer is the beam sensitive. A series of polymer brushes including poly(methyl methacrylate) 

(PMMA), poly(2-hydroxyethyl methacrylate) (PHEMA), poly(isobutyl methacrylate) (PIBMA), 

poly(neopentyl methacrylate)(PNPMA), and poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA) 

brushes were grown on silicon via SI-ATRP. Then, the nanopatterned polymer brushes were 

generated, using EBL and AFM tapping mode images confirmed the architectures of the  

patterned brushes263.  

1.8.4 Photolithography 

Photolithography is one of the most widely-used, convenient, and useful technique for the 

fabricating nanometer and micrometer-sized patterns264. There are a number of different 

variats, including mask based and maskless methods, such as interference lithography (IL) and 

scanning near-field optical microscopy (SNOM). Photolithography techniques can bused to 

create a variety of micrometres and nanometre scale architectures, which are useful in many 

biological265 and    industrial applications266. A long-standing goal has been to integrate  top-

down and bottom-up fabrication methods267. This goal cannot be achieved without having a 

proper photoresist material deposited on a surface. This material plays an important role in 

improvement of resolution, proximity, diffraction limit, high aspect ratio, and structural stability.  

Which are considered as the most common challenges in conventional lithography. In general, 

photoresists are organic and light-sensitive materials that their chemical and physical properties 

are changed after they are   illuminated with a UV light.  
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Figure 1.21: Schematic diagram of photolithography process utilising positive and negative 

mode. 

There are two main types of resistant: negative and positive tone. In positive mode, the 

irradiated part of the resist is dissolved in the developer, while the masked area remained. As a 

result, the mask is replicated after the etching process. The negative mode involves removal of 

the non-exposed part of the resist in the developer as shown in268 , the resulting pattern is the 

negative of the mask (figure 1.21)269.     

Nanometer patterns can be fabricated by using either IL270 or SNOM271. The latter technique has 

been applied to improve the proximity effect and resolution. Azuma et al. demonstrated that 

the reducing the thickness of the photoresist could successfully improve the proximity effect in 

the photolithography which leads to increase the resolution as well271. Since then, self-

assembled monolayer and polymer have been most widely-used chemicals in these fields.  

1.8.5 Interference Lithography (IL) 

Today’s nanolithographic techniques such as electron beam lithography (EBL), Ion beam 

lithography (IBL), and those based on atomic force microscopy have witnessed significant 

progress. However, each of these methods has faced some limitations, including, high 
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throughput, cost, resolution, and capability to the pattern over a large area, therefore, none of 

these has able to become a dominant tool. Interference lithography (IL) has overcome some of 

these limitations. It can be regarded as simple, fast, inexpensive, high throughput technique 

that causes minimal surface contamination. It is also capable of fabricating nanometer 

structures with different shapes and periodicity over a large area272,273. Interference occurs 

when two or more coherent beams overlap to cause an interferogram. Their intensity 

distribution is recorded in a photosensitive film figure 1.22.  

In general, two different strategies are used to generate an interference pattern by utilising laser 

beams. The first involves utilising optics to split the amplitude of a coherent beam into two 

beams (which is known two-beam IL) or more beams (which is called multiple-beam IL) which 

are then made to interfere with each other. The second relies on passing light from a single 

coherent source through an optical element to form an interference pattern.  

 

Figure 1.22: Schematic dagram of interference lithography based two-beam system with some 

patterning resultants which have different periods and shapes a) 586 nm period, b) 470 nm, c) 

360 nm made via single exposure and d) gold nanodots on silicon surface via multiple 

exposures. 
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Young’s double slit experiment can be considered as the most common example of the latter 

method, in which a light of a coherent beam is used to illuminate two slits placed a fixed 

distance apart. As a consequence of interfering the diffracted lights form the slits a one-

dimensional (1D) pattern is produced in the far field. There are some key parameters which 

involve an important role in controlling and manipulating the desired nanostructures, including 

exposure dosage (J. cm-2), the angle (θ) between the two beams, the wavelength of the laser 

beam, and the number and time of the exposure274-276. However, the period (d) of the resultant 

nanopatterns can be varied as a function of the exposure angles (figure 1.22a, 1.22b and 1.22c), 

and also relies on the wavelength (λ) of the coherent beam used.  

𝑑 =  
𝜆

2𝑛. sin 𝜃
                                               (1.37) 

where n is the index of refraction of the photoresist film. 

Hunter et al. have reported that the periodicity and the linewidth of 1D amine terminated self-

assembled monolayer on the gold surface can be controlled by varying the angle between 

interfering beams and exposure time, using the single exposure pathway. They found that the 

full width half maximum (FWHM) of the patterned lines dramatically decreased as a function of 

exposure time, and also by increasing the θ the periodicity of the pattern decreased. AFM 

Lateral force microscopy images showed 1200 nm, 550 nm, 400 nm, and 240 nm period 

obtained by exposing the film with the angle of 6o, 13o, 18o, and 300 respectively. On the other 

hand, the 600 NM FWHM obtained with a period of 1200 NM, required 2 min exposure, the line 

width was reduced to 170 nm after 15 min exposure, while the period was not changed277. 

Smith with co-workers reported a model which showed the linewidth relies on the exposure 

power in IL278. IL can be used to fabricate nanodot and hole patterns with 2D or 3D structures 

on the surfaces through multiple-exposure279 as shown in figure 7d. Technically, the sample is 

placed in the normal position on the stage, which is in 90o with the mirror, and then it is rotated 

with a creating degree during the second exposure. A multiple-exposure process has been used 

to fabricate a microlens array, using IL followed by reflow and reactive ion etching. After the first 

exposure, the photoresist was rotated at 90o to perform the second exposure.  
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AFM images revealed 2D and 3D structures of the microlens array, which they were in excellent 

uniformity and good quality surface280. IL has been widely used to fabricate periodic 

architectures in polymer brushes, for use as building blocks in the formation of many biomedical 

devices281. 

Despite numerous applications and its flexibility for performing on a large number of 

photoresists to fabricate nanostructures in various fields, the high resolution and diffraction 

limit are the most important issues concerning IL. The minimum period that can be fabricated 

by IL is equal to the half of the wavelength of the coherent beam and it is given by d = λ/2. 

Therefore, improving the resolution has been targeted by many researchers; all strategies can 

be concluded in two ways. The first strategy involves reducing the wavelength of the coherent 

beam by using either x-ray or extreme ultraviolet (EUV) and soft X-ray which they provide very 

short wavelength, By using these techniques sub-50 nm period pattern has been reported282. 

However, two main challenges have terminated the development in these fields which are the 

high cost related to the generation of these light sources and high absorption coefficient of the 

photocleavable material in the short wavelengths. The second strategy was the immersion 

lithography, in which the photoresist is immersed in a proper liquid and the period size of the 

pattern is reduced as a function of  the refractive index of the medium.  Rothschild et al. used 

immersion IL to fabricate 20-nm half-pitch, this achieved by combining two-beam interference, 

very short wavelength 157 nm, and application immersion  lithography283.  
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Chapter 2: Aims 

Membrane biochemistry occurs in two dimensions. The formation of synthetic biocompatible 

surfaces provides a means to recreate the membrane environment under systematically 

controlled conditions. Cellular attachment to artificial materials is controlled by the interaction 

of membrane receptors with the artificial surface. In this thesis, a novel polymer polymer, poly 

(cysteine methacrylate), PCysMA, is used to design structures to study membrane biochemistry 

and stem cell-material interactions. 

Chapter 4 and 5 describe fundamental studies of the structures and properties of PCysMA 

brushes, and of nanostructured materials formed by interferometric lithography. 

The goal of the Chapter 6 is to examine how nanostructured materials based on PCysMA can be 

used to control and direct stem cell attachment. The goal of Chater 7 is to explore whether 

PCysMA may be used as a support for lipid bilayers and whether they can be designed in such a 

way as to incorporate gold nanostructures for plasmonic analysis. 
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Chapter 3: Experimental 

3.1 Materials 

 Silicon wafers <100> orientation, boron doped, test grade, 380 nm thick  were supplied by 

Compart Technology (Peterborough, UK).  Electron microscope grids (1000-2000 Mesh Cu) used 

for micron-scale patterning, (3-aminopropyl) triethoxysilane (APTES) (≥99%), triethylamine 

(≥99%), α-bromoisobutyryl bromide (BIBB) (98%), copper (I) bromide (≥99%), copper (II) 

bromide (99.9999%), 2,2’-bipyridyl (>99%) and dimethylphenyl phosphine (DMPP) (99%) were 

purchased from Agar Scientific (Stansted, UK). Titanium wire (99.9%), gold wire (99.99%) and 

tungsten boats were purchased from Testbourne (Basingstoke, UK). L-Cysteine (98%), 3-

(Acryloyloxy)-2-hydroxypropyl methacrylate, 11-mercaptoundecanoic acid (MUA, 95%), 

octadecanethiol (ODT) (97%), paraformaldehyde (>95%),  3-(triethoxysilyl)propyl  isocyanate  

(95%),  benzyltrimethylammonium  hydroxide (Triton  B)  (40 wt. %  in methanol) (>99%),  and  

potassium  dihydrogenphosphate  (>99%) were obtained from Sigma-Aldrich (Gillingham, UK).  

Sulfuric acid (≥95%), hydrochloric acid (>30%), hydrogen peroxide (30% v/v), ethanol (HPLC 

grade), toluene (HPLC grade), dichloromethane (DCM, HPLC grade), ammonia solution (s.g. 

35%), ethyl acetate (HPLC grade), hexane (HPLC grade), diethylether (HPLC grade), methanol 

(HPLC grade) were supplied by Fisher Scientific (Loughborough, UK). Dry toluene was collected 

from an onsite Grubbs dry solvent system. Deionized water was obtained from an Elga PURELAB 

operates system and had a resistivity of 15 MΩ cm. Cysteine methacrylate (CysMA) was 

synthesized according to the previously reported protocol284. 4-(chloromethyl)trichlorosilane 

(CMPTS, 97%) was purchased from Alfa Aesar (Heysham, UK). Msenchymal stem cells (MSC) 

were supplied by Lonza Lonza, UK), T75 tissue culture flasks from Corning, UK and   trypsin from 

Sigma, UK.  1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC) and 1,2-dioleoyl-3-

trimethylammonium-propane  (DOTAP) (99%) were purchased from  Avanti Polar Lipids 

(Alabaster, AL).    
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3.2 Cleaning Glassware and Silicon Wafers 

Glassware and silicon wafers in glass tubes were cleaned thoroughly by immersion in a mixture 

(50% each) of ethanol-acetone for 30 min with sonication, followed by sonicating with water for 

another 30 min. The substrates were immersed in piranha solution sulfuric acid (70%) and 

hydrogen peroxide (30%) for CA. 40 min. Warning! Piranha solution is a mixture of an extremely 

strong oxidizing agent that has been known detonate spontaneously upon contact with organic 

materials). After removal from the piranha solution they were rinsed seven times in deionized 

water and cleaned further by immersing in RCA (Radio Corporation of America) solution (70% 

deionized water, 15% hydrogen peroxide, and 15% ammonia) which was heated and left boiling 

for approximately 40 min. The substrate underwent a further clean by rinsing seven times with 

deionized water and sonicating for 15 min. The cleaned substrates were placed in a dry oven 

(120 oC) overnight. 

3.3 Surface Self-assembled layer Formation and Subsequent Surface Initiation 

 Silane films were made by immersing the dry silicon wafers in 2% v/v APTES solution in ethanol, 

which had already aged for 5 min. The reaction proceeded for 30 min and the samples were 

sonicated during the first 5 min of the period. After film formation the wafers were rinsed with 

ethanol for 5-10 min and blown dry with nitrogen. Subsequently, the samples were annealed by 

placing them into the vacuum oven (120 oC) for 40 min. Prior to performing atom-transfer 

radical polymerization, the functionalized silane substrates were derivatized by immersion a 

solution of 2-bromoisobutyryl bromide (BIBB) (0.37 ml, 3 mmol) and triethylamine (0.41 ml, 4 

mmol) in dichloromethane (DCM; 60 ml) for 40 min. Finally, the samples were sonicated in DCM 

and ethanol for 5 min and then dried under nitrogen. 

3.4 Formation of MUA and ODT Self-assembled Monolayers on a Gold 

The substrates were prepared by depositing of 3.5-5 nm of an adhesive layer of either 

chromium (Cr) or titanium (Ti) onto a clean silicon surface at a rate of 0.03 nm s -1, using an 

Edwards Auto306 vacuum coating system. The samples were allowed to cool before depositing 

18-20 nm of gold at a rate of no more than 0.03 nm s -1. The samples were cooled and vented 
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cool to dry nitrogen. Self-assembled monolayers were prepared via immersing the slides in a 

solution of 1 mM 11-mercaptoundecanoic acid (MUA) or octadecanethiol (ODT) in degassed 

ethanol. The reaction was allowed to proceed for 24 h, after which the SAM coated slide was 

sonicated and rinsed with ethanol and finally dried under a stream of nitrogen. The slides were 

kept in the same solvent and far away from UV light during the entire period of the 

experiments, to avoid the adsorbed alkanethiolate SAMs from the oxidation reaction. 

3.5 Synthesis 

3.5.1 Synthesis of Cysteine Methacrylate Monomer (CysMA) 

Cysteine methacrylate was synthesized as described previously. L-cysteine (15.13 g, 124.88 

mmol) was dissolved in 100 mL deionized water, then transferred to a 250 mL round-bottomed 

flask. 3-Acryloxy-2-hydroxy methacrylate  (29.43 g, 137.36 mmol) was added slowly to the 

stirred aqueous solution, followed by addition of dimethylphenyl phosphine (20 μL, 147 μmol) 

as a catalyst. The mixture was stirred for 2 h at room temperature. The product was washed 

twice with ethyl acetate (2 x 50 mL) and dichloromethane (2 x 50 ml) and excess solvent 

removed in a rotary evapoarator. The  concentrated aqueous solution of CysMA monomer was 

collected and the product crystallized in a freezer before drying for 48 h.  The resulting white 

solid powder (39.6 g, 94% yield) was stored under nitrogen in the fridge.  

3.5.2 Synthesis of 2-nitorphenypropyloxycarbonyl-3-aminopropyltriethoxysilane (NPPOC-

APTES) 

2-Nitrophenylpropyloxycarbonyl-3-aminotriethoxysilane (NPPOC-APTES) was synthesized 

following the previously reported procedure285. The synthesis consisted of two main steps. In 

the first step, 2-(2-nitrophenyl) propan-1-ol was prepared via adding 2- ethylnitrobenzene (5400 

μL, 40.0 mmol) to a 40% of benzyltrimethylammonium hydroxide (triton B) solution in methanol 

(7 g, of solution 40.6 mmol) followed by  paraformaldehyde (183 mg, 61 mmol) scheme 2.1. The 

mixture was refluxed at 80 oC for 24 h, then it was allowed to cool and evaporated under 

reduced pressure to remove extra solvents. The mixture adjusted to PH 7, using 1M aqueous 

HCl, then it was extracted thrice by utilizing EtOAc 60 mL each, before filtering and evaporating 
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under reduced pressure to yield a brown oil. The separated organic layer was dried using 

MgSO4.  

 

 

Scheme 3.1: demonstrates a schematic representation of the synthesis of APTES-NPPOC, a) 

preparation of2-(2-Nitrophenyl) propan-1-ol and b) the reaction between first yielded product 

and isocynatopropyltriethoxysilane to yield NPPOC-APTES. 

The brown oil was purified using flash column chromatography (mixture of hexane/ETOAc 4:2 or 

2:1) to yield the product as a deep orange oil (3.524 mg); Rf 0.11(hexane/ETOAc 2:1); δH (400 

MHz, CDCl3) 1.34 (3H, d, J 7, CH3CH), 1.70 (1H, s(br), OH), 3.52 (1H, m, CH3CH), 3.81 (2H, m, 

CHCH2O), 7.39 (1H, dd, J 8 and 8, 5-Ph), 7.50(1H, d, J 8, 3-Ph), 7.59 (1H, dd, J 8 and 8, 4-Ph), 

7.76 (1H, d, J 8, 6-Ph). 
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In the last step, 2-nitrophenylpropyloxycarbonyl-3-aminopropyl troethoxysilane (scheme 3.1 b) 

was synthesized by adding 15mL of dichloromethane to 3518 mg, 19.42 mmol of 2-(2-

nitrophenyl) propan-1-ol, followed by 5mL (20.2 mmol) of 3- isocynatoprpyltriethoxysilane and 

(235 μL, 1.7 mmol) of Et3N.  

The mixture was refluxed at 60 oC for 24 h, after which 20 mL of Et2O was added to the mixture 

before extracting the product thrice using 0.1 M potassium buffer PH 7 (50 mL each). The 

separated organic layer was dried with MgSO4 and the solvent evaporated under reduced 

pressure. The desired product (residual oil) was purified, using flash column chromatography. 

TLC was used to separate the desired fractions, and evaporated under reduced pressure to 

remove all solvent. The flash column chromatography and the evaporation process were carried 

out in the dark place to protect the photosensitive yellow oily product (5.324 g) from UV light 

and the product stored under N2 in a dark place.  Rf 0.50 (hexanes/EtOAc, 1:1); νmax(neat)/cm-1 

3337 (OCONH), 2971 (alkyl), 2928 (alkyl), 2881(alkyl), 1718 (OCONH), 1526 (NO2), 1356 (NO2), 

1074 (SiOEt), 954 (SiOEt); δH (300 MHz, CDCl3) 0.59 (2H, t, J 8, CH2Si), 1.21(9H, t, J 7, 

OCH2CH3), 1.34 (3H, d, J 7, CH3CH), 1.58 (2H, tt, J7 and 8, CH2CH2CH2), 3.12 (2H, td, J 7 and 6, 

NHCH2), 3.70 (1H,m, CH3CH), 3.81 (6H, q, J 7, SiOCH2), 4.10 (1H, m, CHCH2O), 4.23 (1H, m, 

CHCH2O), 4.85 (1H, s(br), CONHCH2), 7.36 (1H,dd, J 8 and 8, 5-Ph), 7.47 (1H, d, J 8, 3-Ph), 7.56 

(1H, dd, J 8 and8, 4-Ph), 7.73 (1H, d, J 8, 6-Ph); δC (100 MHz, CDCl3) 7.9 (CH2Si),17.8 (CH3CH), 

18.7 (OCH2CH3), 23.6 (CH2CH2CH2), 33.6(CH3CH), 43.7 (NHCH2), 58.8 (OCH2CH3), 68.9 

(CHCH2O), 124.4(6-Ph), 127.6 (5-Ph), 128.3 (3-Ph), 132.9 (4-Ph), 137.9 (2-Ph), 151.1(1-Ph), 

156.5 (OCONH); m/z (ES+) 451 (100%, [M + Na]+); HRMS found 451.1875 [M + Na]+, requires 

451.1871, δ 0.9 ppm. 

3.6 Formation of NPPOC-APTES Film 

A 2 cm X 3 cm piece of a cleaned silicon slide was placed in a dry, clean Schlenk tube. The tube 

was evacuated and refilled more than three times with dry nitrogen to purge moisturee. The 

Schlenk tube was filled with nitrogen and sealed with a septum. The tube was wrapped with foil 

to exclude light. 1.0 mM of NPPOC-APTES in dry toluene solution was added into the schlenk 

tube. The reaction proceeded under nitrogen for about 48 h.  
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The substrate was rinsed and sonicated in toluene, ethanol/toluene (1:1), and then ethanol and 

blown dry under a stream of nitrogen to remove all physisorbed surfactants. The silane coated 

film was annealed by placing it in the evacuated Schlenk tube, which was wrapped with foil and 

fitted with a septum, and then placed in a vacuum oven at 120 oC for 30 min. After that, the 

annealed sample was rinsed with ethanol, wrapped with foil, and stored in a dark place. 

3.7 Photolithpgraphy 

3.7.1 Nanometre and Micrometre Scale Patterns of APTES-BIBB Film 

Micrometre and nanometre photopatterning of BIBB-APTES initiated samples was carried out 

using a Coherent Innova 300 C FreD Frequency-doubled argon ion laser (coherent U. K, Ely, UK) 

with an emission wavelength of 244 nm. The laser power was maintained at 100 mW. 

Micrometre photopatterned ATRP initiators were obtained by irradiation of the samples through 

a copper electron microscopy grid (1000-2000 mesh, Agar, Cambridge, UK), using a dose of 3.0 J 

cm-2. The diameter of the illuminated area was 0.5 cm2. Interferometric Lithography (IL) was 

carried out using a Lloyd's mirror two-beam interferometer. A coherent beam passes through a 

pinhole. Half of the beam is pointed onto the mirror, while the other half is placed onto the 

photoresist. The reflected beam and the direct beam interfer on the substrate surface and 

forming a sinusoidal pattern of intensity that can be recorded by the film.  To form 

nanopatterned ATRP initiator films, a dose of 1.8 J cm-2  was used. The angle between the two 

beams at the intersection was controlled by the rotation stage (which holds the mirror and 

sample at an orientation of 2θ to each other) to fabricate different periodic structures using 

angles of θ, 10o, 15o, 20o, and 30o during exposure to obtain patterns with periods of 690, 511, 

450, 307 nm respectively. The irradiated samples were subsequently rinsed with ethanol and 

blown under a stream of nitrogen, in order to remove all photodegraded byproducts. A 

micrometre, nanometer patterned and unpattern samples were fabricated together using 

portions of a single Br-terminated sample (1 cm wide and 4 cm length) patterned samples were 

immersed in polymerization solution in a carousel tube under nitrogen. 
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3.7.2 Gradient PCysMA brushes 

Gradient of initiator density on silicon surfaces were prepared by photodegradation of the 

samples, using the a photolithography technique. The samples were cut into 1 cm x 1cm sizes 

by using a diamond cutter and they were quickly washed with ethanol and dried under a stream 

of N2. Samples were irradiated at 244 nm. The laser power was adjusted in the exposed area by 

controlling the size of the irradiated area, using an aperture, and by varying the exposure time. 

Doses of zero, 0.2, 0.5, 0.8, 1.0, 1.5, 2.0, 2.5, 4.0, 7.0, and 10 J cm-2 were used to creat a gradient 

of exposure. Upon the completion of the photodegradation process, the surface was flushed 

with a sufficient amount of ethanol and dried under a stream of nitrogen to remove all the 

byproducts of the irradiation reactions. After that the samples were saved in a very clean well-

plate and immediately transferred to the polymerization reaction. 

3.7.3 Photodegradation of 2-ntrophenylpropyloxycarbonyl-3-ainotriethoxysilane NPPOC-

APTES 

A sample of NPPOC-APTES coated film was exposed at 244nm through a copper electron 

microscopy grid (1000-2000 mesh, Agar, Cambridge, UK) at a dose of 5.0 J cm-2. Nanometre 

patterning was carried out by employing  IL with a power of 1.2 J cm-2. The angle between the 

two interfered beams was adjusted to be 100 and 30o to form periodic structures of 630 nm and 

317 nm, respectively, the FWHM of the polymer lines was 473 nm for 10o and 175 nm for 30o 

exposure. The photodegraded surfaces were subsequently rinsed with ethanol and dried under 

a stream of nitrogen to remove the irradiation byproducts. 

3.7.4 Preparation of nanodot and micrometer structures of gold films by photolithography 

Gold nanostructures were formed using IL, with  two orthogonal exposures of a SAM of either 

ODT or MUA SAMs on a gold surface. The samples were placed on the stage, exposed to the 

interferogram, then rotated by 90o and exposed a second time. The exposed samples were 

rinsed with ethanol and dried under a stream of nitrogen straight after the exposure processes, 

then they were stored in the same solvent.  For MUA-coated films, the first exposure was 10 J 

cm-2 at 10o, while the second exposure dose was reduced to 8.3 J cm-2 with keeping the same 

exposure degree. The ODT-coated samples were exposed to a dose of 25 J cm-2, before rotating 
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by 900 and exposing again to a dose of 25 J cm-2. After that, the patterned samples were 

immersed in an etching solution, which consisted of a solution of 0.2 M cystamine 

hydrochloride in 8%  v/v of 35 % of ammonia in ethanol. The etched samples were washed with 

ethanol and blown under nitrogen and the completion of etching process was manipulated by 

using AFM. To remove the remaining SAMs and gold clusters on the patterned gold structures, 

the samples were exposed to UV light and washed very quickly with a cold piranha solution for 

no more than 5 min.  

3.8 polymerization reaction 

Patterned and unpatterned samples were loaded into the carousel tubes, which underwent 

three nitrogen-vacuum cycles before filling with nitrogen. The CysMA monomer (5.0 g, 15.0 

mmol) was placed in a round-bottom flask before adding deionized water (12 mL). The solution 

was degassed under nitrogen for 30 min, before addition of copper (I) bromide (71.4 mg, 0.5 

mmol), copper (II) bromide (55.6 mg, 0.25 mmol), and 2-2’ bipyridyl (234 mg, 1.50 mmol). After 

being sufficiently mixed and degassed for 10 min the mixture was quickly sonicated for 2-3min. 

Subsequently, to commence the surface ATRP of CysMA, an amount (2-5 mL depending on the 

sample size) of the monomer-catalyst solution was transferred to the carousel tube to cover the 

sample, the carousel was shaken well and left for 1.5 h. Once the polymerization time finished 

the polymerized samples were sonicated in water, rinsed in water and ethanol, and finally they 

were blown dry with nitrogen, prior to use. 

3.9 SLB Formation 

In a 50:50 mixture of HPLC-grade chloroform and methanol an amount of dried lipids was 

dissolved and transferred to a glass vial. Depending   on  the  experiment the  following  molar  

ratios  of  the lipid/ proteins were used: 99.5:0.5 POPC/Atto598, 24.9:74.6:0.5 

DOTAP/POPC/Atto598, or 24.9:75:0.1 DOTAP/POPC/ pR-Alexa568. Before re-hydrating by using 

phosphate buffer, which is  a  10  mM  mixture  of  sodium dihydrogen  phosphate  and  

disodium  hydrogen  phosphate  in Milli-Q  water  (18.2  MΩ  cm MilliPore Ltd, Watford, U.K.) 

adjusted to pH 7.1 with NaOH or HCl, the prepared lipids were dried under a stream of nitrogen 
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for about 1h. In order to  create multilamellar vesicles as a cloudy  suspension, the vesicle 

solution was prepared by vortex mixing of the lipid solution for 1 min  (Vortex Genie2, Jencons 

Ltd., Leighton Buzzard, U.K.). Small  unilamellar  vesicles  were  prepared  by  tip  sonication  

(Branson Sonifier 750, Branson Ultrasonics Corp., Danbury, CT) of the suspension at 4 °C for 20 

min, during  which  time  the  suspension  became clear. After centrifuging (Heraeus Fresco  17,  

Thermo  Fisher  Scientific,  Loughborough,  UK) the  suspension  for  1  min  at  14500g,  the 

supernatant was removed and retained. d. The suspension was diluted with buffer to 0.5 mg 

mL–1 prior to use and stored at 4 °C in the dark for no longer than 5 days. 

SLBs were formed in a custom-built flow  cell. For  the polymer brush  patterns,  the  samples  

were  first  soaked  with buffer solution for 10 min, subsequently, the  vesicles  were  injected  

and  incubated  for  24  h  at  50 °C.  Finally, the  samples  were rinsed  for  20  min  with 

degassed Milli-Q water at a flow rate of 2.6 ml min–1. 

3.10 Cell Fabrications 

Frozen Mesenchymal stem (MSC)  cells were defrosted rapidly in a 37 oC water bath and seeded 

into a T75 tissue culture flask (Coring, UK) with a 10 ml medium (Lonza’s MSC media with the 

Lonza Bullet kit, which includes L-Glutamine, Fetal bovine serum and an antibiotic). The medium 

was changed after 24 h and the cells were allowed to become confluent (takes 2-3 days).  When 

confluent finished they were passaged, which involved removal of the media, washing with PBS, 

and then the cells were removed from the flask by using 5 ml of trypsin (Sigma, UK). The cell 

suspension was then split between 3 flasks with adding more media about (10 mL) for the each, 

this process was repeated until the required cell number for the experiment reached. 

The patterned and unaptterend PCysMA brushes were placed at the bottom of the well, using 

24 well plates. 20,000 cells were seeded onto the patterned side of the polymer brush samples 

and incubated for 2 h. Finally, the well was flooded with 2 mL of the medium and incubated for 

24 h. 
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3.11 Surface Characterization Techniques 

3.11.1 Contact Angle Measurements 

The surface free energy or surface tension of a chemically modified solid surface can be 

characterized by considering its interaction with a droplet of water at the interface. The liquid 

drop spreads across the surface, and at its permits, solid, liquid and vapor are in equilibrium 144. 

The relationship between these interfacial tensions (surface energy) and the contact angle is 

given by the Young’s equation  

𝛾𝑆𝐺 =  𝛾𝑆𝐿 +  𝛾𝐿𝐺 𝑐𝑜𝑠𝜃                                   (3.1) 

Where𝛾𝑆𝐺,𝛾𝑆𝐿, and  𝛾𝐿𝐺 is the interfacial tension between the solid-gas (air), solid-liquid, and 

liquid-air respectively, while θ is an equilibrium contact angle located between the solid-liquid 

and liquid-air lines figure 3.1a. Surfaces for which θ < 90o are said to be hydrophilic , while for θ 

>90o the surface is said to be hydrophobic surfaces. When the θ increases to 150o the surface is 

describing as being super-hydrophobic surface.  

 

 

 

 

 

Figure 3.1: Illustrates (a) the three interface lines of a drop of water on a surface and apparent 

contact angle on the rough surface (b). 

The young’s equation is applicable for contact angles measured on ideal surfaces, which are 

smooth, rigid, chemically homogeneous, and inert. In contrast, real surfaces such as polymer 

brushes and SAMs surfaces may be chemically heterogeneous and rough As a consequence, the 

real and apparent contact areas may differ and the advancing and receding contact angles , 

known as contact angle hysteresis286-287 (figure 3.1b).  

a 
b 
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Experimental procedure 

A Rame Hart sessile-drop model 100-00  goniometer was used to measure advancing sessile 

drop water contact angles. The instrument was fitted with a micro-litre syringe. A 2 μL drop of 

deionised water (18.2 MΩ cm) was expelled at the syringe tip. The syringe was lowered until the 

sample surface touched the released water drop. The syringe was gently lifted to detach the 

drop. Any acquired values are the average of a minimum of five different positions per sample 

and over typically three samples. 

3.11.2 Ellipsometry 

Ellipsometry is an optical surface analytical techniques that plays a crucial role in the 

characterization of molecular film structures. In addition to its ease, the ellipsometry is a non-

damage surface tool; either thin or thick film can be characterized with high accuracy and 

precision about 0.01 nm. In principle, the ellipsometer measures the change in polarization of 

the linearly polarized light upon reflection or transmission through a film or an interface. The 

change is characterized by the variation in amplitude ψ and phase ∆ of the polarized light which 

are sensitive to the thickness and the refractive index of all the films288-289.   

 

Figure 3.2: It is demonstrating the schematic diagram for an ellipsometer12. 
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Experimentally, unpolarised light is polarized by being passed through a polarizer, and then 

becomes elliptically polarized before hitting the sample surface via a compensator figure (3.2). 

The reflected polarized light is collected by another analyzer and directed to a photosensitive 

detector12. The technique has recently attracted a great deal for measuring polymer brush 

growth thickness1, responsive polymer thickness290, and gradient polymer brush thickness291-292.  

Experimental Procedure 

The thickness of the various grafted densities of PCysMA brushes grown from the ATRP initiators 

on the planar silicon wafers was measured, using an M-2000 V ellipsometer (J.A. Woollam Co., 

Inc.) with a white light source (370.5−998.7 nm) at a 70° incidence angle. Multi-measurements 

were carried for any given sample (at least two samples for each given exposure) under ambient 

conditions, and the obtained ellipsometric data were fit using a model comprising PCysMA 

brushes at a variable thickness on a planar silicon substrate, utilizing WVASE32 software (J. A. 

Woolam Co., USA). The model consisted of a single layer Cauchy for a polymer brush with n = 

1.5 and k = 0 with a silicon substrate (n = 0.3.875 and k= 0.015).  The actually grafted polymer 

brush thickness was calculated by subtracting the combined silicon dioxide and initiator layer 

thickness from the fitted layer thickness. The mean value of the brush thickness was taken from 

the multiple measurements across the two polymer-coated surfaces, the data gave an 

indication on the brush uniformity. 

3.11.3 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for Chemical 

Analyses (ESCA) and it has become one of the most important surface analysis technique. It 

fascinates compositional analysis and provides some chemical structural information with a 

sampling depth of only several nanometers. XPS provides both qualitative and quantitative 

information on the surface structures non-destructively293-294. 
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Figure 3.3: It is showing the mechanism of photoelectron emission on a sample surface295. 

The target surface is bombarded by  X-ray photons, which eject the core shell electrons. These 

photoelectrons are collected and analysed according to their kinetic energies. XPS relies 

predominating on the ejection of core shell electrons (C1s, O1s, N1s, S2p….). The binding energy 

can be calculated by  

BE = hѵ – KE – Ø                                              (3.2) 

Where Ø is the electron spectrometer work function and hѵ is the X-ray photon energy. 

 The BE is effectively the ionisation potential of the atom of interest. Its value is influenced by 

the chemical environment of the atom, so that small shifts “chemical shifts” are observed in in 

the BE as a consequence of changes in chemical bonding. The width of the photoemission peaks 

provides information on the non-homogeneity of the sample-surface18. The mean distance 

which is traveled by the photoelectron inside the solid before it is scattered is called the 

inelastic mean free path (λ). It is proportional to the kinetic energy: the inelastic mean free path 

is larger for electrons with larger kinetic energy. As a consequence of this the depth of the 

sampled region can be calculated:  

𝐼𝑑 = 𝐼∞  ( 1 − 𝑒
−

𝑑
λ

sinθ
  )                                          (3.3)    
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Where 𝐼𝑑 is the XPS peak intensity, 𝐼∞  is the intensity of the electron from the thick film. The λ 

is known for most of solid surfaces18.  

There is a direct relationship between the peak intensity and the concentration of the surface 

element (CA) and the relationship given by 

𝐼𝐴 = 𝐹 𝐾 𝑆 𝜎𝐴 𝐶𝐴 𝐿 (𝜃)                                            (3.4) 

Where F is the intensity of the incident photons, K is an instrumental factor, and S is the sample 

analyzed area. These three factors are constant for a given spectrometer. σA is the cross-section 

for the emission of the photoelectron, and L (θ) is the angular symmetry factor296-297.  

Experimental procedure 

X-ray photoelectron spectroscopy (XPS) was carried out with a Kratos Axis Ultra DLD x-ray 

photoelectron spectrometer. The instrument had a monochromatic Al Kα x-ray source with an 

ultra-high vacuum environment. Survey and wide scans had acquisition pass energies of 160 eV 

and 20 eV respectively. The XPS data were analyzed using Casa XPS software (UK). All binding 

energies were calibrated with respect to the C 1s saturated hydrocarbon peak at 285.0 eV. Data 

is presented as intensity in counts per second (cps) against binding energy in eV. XPS sample 

loading and data collection were carried out by Dr Claire Hurley, Charlie Smith and Deborah B 

Hammond. All XPS data analysis were undertaken by the author. 

3.11.4 Atomic Force Microscopy (AFM)  

The Atomic force microscopy (AFM) is a member of the family of scanning probe microscopy 

and near field techniques. In which the interaction force between a sharp tip and a surface is 

measured by observing the deflection of a flexible cantilever298-299. It was first developed by 

Binnig and Greber in 1985 as an extension of scanning tunneling microscopy300. In general, an 

AFM consists of four main parts: (i) a probe, (ii) a piezo electric scanner, (iii) a control software, 

and (IV) a feedback system. The AFM tip mounted at the end of a cantilever is scanned over the 

sample surface. As a result of the repulsive and adhesive forces acting between the tip and 

sample, the cantilever is deflected. 
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Figure 3.4: Demonstrates a schematic representation of AFM instrument301. 

The deflection is measured by observing the reflection of a laser beam, from the back of the 

cantilever onto a photo-sensitive detector (figure 3.4). A feedback loop utilizes the signal to 

control the probe position both vertically and laterally using the piezoelectric stage that extends 

or retracts as the applied voltages are  changed302-303. The AFM may  be operated in three 

different modes: non-contact, contact and tapping modes. Each one can provide different 

information on the surface. In non-contact operation the probe oscillates close to the surface 

and it is oscillating at or near its natural resonance frequency. In contact mode, the tip touches 

the surface and it is moved with free amplitude over the surface. However, it is operating in the 

repulsive regime the mechanical contact between the tip and the surface may cause damage to 

soft surfaces or yielding misleading height information for very soft surfaces such as polymer 

brushes. Tapping mode combines qualities of the two other modes by scanning the tip to 

oscillate close to the surface, making intermittent contact with the sample once per 

cycle304,305,306. This has the effect of removing the lateral drag forces that contribute to damage 

in contact mode. Non contact mode is hard to do, experimentally, although it can yield 

exceptional resolution. 
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Due to its capability to measure intermolecular forces with atomic resolution and AFM works in 

air, liquid and there is no requirement for special sample preparation. AFM has evolved as a 

technique  with broad utility that has been employed in applications, including, fabrication 

polymer science, adhesive, electronics, semi-conductor industry, biology and biomaterials. To 

date, It has been widely applied to either qualitatively or quantitatively characterize self-

assembled organic molecules and polymer brush-coated samples in different environments. 

Tapping mode is the most commonly used imaging mode for physisorbed or soft surfaces such 

as polymer brush307-308, protein309-310, cells311, DNA312-313, and supporting lipid bilayers314. The 

height image can be used to analyze the surface morphology, patterns, and the roughness of 

the characterized materials.  

Experimental procedure 

In this work, a Dimension Icon atomic force microscope with Nanoscope V controller (Bruker, 

UK) was used to collect contact and tapping mode scans of patterned and unpatterned samples 

under ambient conditions in the air. The cantilevers used for tapping in the air were Bruker 

silicon TESPA (nominal spring constant of 42 N m-1). The topographical tapping mode images 

were acquired with a scan angle of 00, the scan rate of 1.0 Hz  and typical gain setting of 25 for 

the integral and 50 for the proportional. 

3.11.5 Friction Force Microscopy (FFM) 

3.11.5.1 Modification of AFM probes  

Commercial V-shape silicon nitride (Si3N4) probes (model NP, with a nominal normal force 

constant 0.06 N m-1) were cleaned using cold Piranha solution (sulfuric acid (70%) and  

hydrogen peroxide (30%) for ca. 40 min. Warning! Piranha solution is an extremely strong 

oxidizing agent that has been known detonates spontaneously upon contact with organic 

materials). The probes were immersed in the cold piranha solution for about 15-20 min, rinsed 

seven times by immersion in deionized water, then flooded with water using a wash bottle and 

finally rinsed in HPLC ethanol and blown dry under a very slow stream of nitrogen. The cleaned 

probes were stored overnight to dry at room temperature prior to gold deposition. They were 

coated with 1-2 nm Chromium layer (Cr chips, 99.99% purity, Agar, Scientific) deposited at a rate 
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of 0.01 nm s-1, followed by 10 nm gold (Au wire, 99.99%, Advent Research Materials Ltd) at a 

rate of 0.02 nm s-1  using Edwards Auto 306 bell jar vacuum system. Subsequently, the AFM 

coated probes were immersed in 1.0 mM of 11-mercaptoundecanoic acid (MUA) in degassed 

HPLC ethanol for approximately 24 h. The acid functionalized cantilevers were stored in ethanol 

and far away from the UV light through the entire period of the experiments to prevent the thiol 

monolayer on the tips from the oxidation reaction. 

3.11.5.2 Friction Force Measurements in Liquids 

Friction forces were made by using a Digital Nanoscope Vlll multi-mode Atomic force 

microscope (Multimode Vlll, Bruker, UK) operating in contact mode, using an E-scanner, gold 

coated tips functionalized with and the 11-mercaptoundecanoic acid was used. An improved 

and newly designed glass liquid cell (MTFML-V2, higher performance measurement with lower 

noise, Bruker, UK) with an O-ring plastic (Bruker, UK) were used for performing friction 

measurement in different media. The friction forces were acquired from the friction loop which 

was obtained from forward-reverse scanning along a single line. The friction signal was 

calculated by subtracting the signal of pick maximum from the signal of peak minimum for 

micrometer and nanometer patterns, while for unpatterned brushes the mean signal of forward 

subtracted from the main signal of the reverse ward, and subsequently halved. Then, the 

acquired friction of completely patterned surface subtracted from the friction of polymer 

samples to get the final friction forces. For the gradient brushes the acquired frictional forces 

were analyzed by subtracting  the average friction value of the trace image from the mean value 

of the retrace image. It is important to notice that, all analyzation processes have been carried 

out manually. 

The measurements were performed at a scan rate of 1.4 Hz with 256 samples per line and 90o 

scan angle. The scan size was maintained at 3.0 µm2 and the friction behavior of the samples 

was examined by using V-shape carboxylic acid functionalized contact mode probes (model 

DNP, non-conductive Silicon Nitride, with a nominal normal spring constant 0.06 or 0.12 N m-1) 

with  tip radii in  the  range  20-60  nm. The normal load was reduced stepwise in increments of 

0.2 V from 2.0 V down till the probe separated from the brush surfaces. Four to six locations 

were examined on each sample, at least two different samples were examined, using two 
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different cantilevers, in each experiment. Normal calibration of the cantilevers was carried out 

in two ways. In the first attempt the deflection sensitivity (nm V-1) of the probes was acquired 

from the slope of a linear part of the force curve at the repulsive regime, acquired on the flat 

surface of mica. Secondly, the actual spring constant of the cantilever was calculated from the 

power spectral density of its thermal spectra at room temperature, using multi-mode Vlll AFM, 

following the method introduced by Hutter and Bechhofer315.   

Lateral stiffness was achieved by using the wedge calibration method introduced by Ogletree et 

al.316 and developed by Vandenberg et al317.  in which the cantilever is scanned across a 

commercially available silicon grating TGF11 (MikroMasch, Tallinn, Estonia) and the friction 

signals were obtained as a function of the applied loads. The lateral force was calibrated in each 

solution which was used for the measurements. The tip radius was measured by imaging a 

calibration grating TGG01 (MikroMasch, Tallinn, Estonia) at 0.0 ad 90o scanning angles. The 

profile of the tip was determined using the Zenhausen model of deconvolution318. To avoid the 

contamination and losing the tips all the calibrations were done straight after each experiment 

in the same solution which the friction measurement experiments were being performed. 

3.11.6 Fluorescence Recovery After Photobleaching 

Fluorescence recovery after photobleaching (FRAP) is a quantitative microscopic technique that 

can be used to investigate the dynamics of molecular mobility of a fluorophore within the two-

dimensional structure. By taking advantage of the fact that the fluorophores are irreversibly 

bleached (which is a photochemical destruction of the fluorophore) when they are exposed to 

the high intensity of a light319. Instrumentally, FRAP consists of three main parts, an optical 

microscope, a single laser light source, which is used for both bleaching and monitoring 

processes, and finally, a fluorescent probe which is coupled with a molecule of interest320. In a 

simple system, a neutral density filter is placed in the beam path to modulate the intensity of 

the laser source, a high intensity pulse is produced upon brief withdrawal of the filter from the 

beam path. While, in other systems a dual beam splitter is utilized to split the laser beam into a 

low and high intensity beam, the latter beam is controlled by a shutter.  
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To perform the FRAP, a targeted surface which includes fluorescence labelled molecules is 

illuminated with a low intensity beam to determine the initial fluorescence intensity. 

Subsequently, an intense laser beam is used to flash an interesting region of the sample, which 

quenches the fluorescent probes in the defined region (such as a circular spot with a Gaussian 

and uniform intensity). After bleaching, a low intensity laser beam is used for monitoring the 

recovery of the fluorescence caused by the diffusion of the neighboring (non-bleached) 

molecules into the bleached area and the outward diffusion of the bleached molecules. Plotting 

the fluorescence recovery as a function of time results in a recovery curve (figure 3.5), which 

yields the recovery times that can be used to calculate the diffusion coefficient of the diffusion 

species25. The diffusion coefficient (D) is given by25 

𝐷 =
𝑟2

4𝜏
                                                   (3.5) 

Where r is the radius of the circular beam and τ is the time at which half of the fluorescence 

recovery also, known as a characteristic diffusion time.   

  

 

 

 

 

 

 

 

Figure 3.5: The plot of fluorescence intensity in a region of interest as a function of time after a 

photobleaching process. The prebleach (Fi) is compared with the asymptote of the recovery (F∞) 

to calculate the mobile and immobile fractions. Information from the recovery curve (from Fo to 

F∞) can be used to determine the diffusion constant of a fluorescent molecule. 
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Not all the fluorescences are recovered to its initial intensity after photobleaching, they actually 

partially recovered, due to physical or chemical interactions. The difference between the initial 

fluorescence Fi and the fluorescence after recovering F∞ is attributed to the proportion of 

immobile fluorescent probes, while the proportion of mobile probes obtained from the 

difference between the fluorescence after photobleaching Fo and the fluorescence after 

recovery F∞.The mobile fraction, which is the percentage of mobile probes to non-mobile 

probes, can be calculated by comparing these two values in the recovery graph321. 

Experimental procedure 

FRAP was performed using an Epifluorescence Microscope (E600 Nikon, USA). The samples 

were illuminated and bleached by a high-pressure mercury arc lamp. The bleached spot radius 

was 14 μm when using a 40× objective lens. Fluorescence images were collected using Zyla 

sCMOS CCD (Andor Technology Ltd., Belfast, U.K.) with 2 × 2 binning and recorded in the NIS 

elements software. Images were collected until complete fluorescence recovery was observed. 

The Axelrod approach of analysis was employed, which can provide both the diffusion 

coefficient and the mobile fraction. 

3.11.7 Fluorescence Microscopy 

Fluorescence microscopy is a versatile optical imaging technique capable of varying of modes of 

operation, ranging from relatively straightforward wide-field microscopy to highly specialized 

spectral-imaging confocal microscopes322-323. The microscopes that can be used for investigation 

of cell dynamics and functions involve a vital role in the development of biological science324.  

Most live cells and tissues are not normally illuminated by light during their life cycle, and it has 

been revealed that UV light destroys DNA and fluorescence excitation causes to phototoxicity to 

the live cells and tissues. The main reason for occurring phototoxicity is the oxygen-dependent 

reaction of free radical species, which are produced during the excitation of protein and dye 

molecules.  Therefore, it is very important to microscopic devices to minimize the intensity of 

the exposure light, meanwhile, they must be optimized to collect emitted light as much as 

possible. This can be obtained by using high quality optical components and detectors325-37.  
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It is really important to understand the meaning and main concept of fluorescence during the 

study of cell and molecular biology. Florescence is the emission of the light that caused by 

adsorption of the incident light (with shorter wavelength) by a flourophore. It is vital to be able 

to separate excited and emitted light to obtain a powerful emission spectrum. In the principle of 

working of fluorescence microscopy devices, the fluorophore is illuminated by an excited light, 

which obtained by filtering the main light from a light source, using excitation filter. In general, 

the wavelength of the exited light is shorter than the wavelength of the emitted light. The main 

technical issue with such device is that the excited beam and emitted fluorescence beam 

overlap in the light path, Thus, a special kind of beam splitter (Dichroic mirror or filter) is 

required to separate the excitation from the emission beam. 

 

 

 

 

 

 

 

 

 

Figure 3.6: Schematic diagram for fluorescence microscopy. 

The Dichroic splitter reflects the shorter wavelength of the excited light and allows the longer 

wavelength of the emitted fluorescence to transmit toward the detector326 (figure 3.6).  
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Experimental procedure 

All culture media were removed from culture plates, the Cells were washed with Dulbecco’s  

PBS (Sigma, UK) and fixed using a 2% formaldehyde (Sigma, UK) and 4% sucrose (Sigma, UK) 

fixative. After that, The samples were washed in PBS and blocked/permabolised using a solution 

of 1% bovine serum albumin (BSA) in PBS with 0.1% triton X100 (Sigma, UK) and 10% normal 

horse serum (Vector, UK), for 45 minutes at 37oC.  To detect actin cytoskeleton, the samples 

stained using Oregon green (Life technologies, UK) for 1 hour at room temperature. Finally, they 

were then washed with PBS and examined using ann Axiocam fluorescent microscope (Zeiss, 

Germany) after being mounted using Vecta shield with Dapi (Vector UK). 
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Chapter 4: Conformational effect on tribological property of various patterned 

Poly(Cysteine methacrylate) brushes in different environments 

4.1 Introduction 

There has been a great deal of interest in the use of patterned polymer brushes in 

manufacturing, nanotechnology and biomedical devices327-328 such as biosensors, cell-based 

devices329-330, protein-based devices331-332, and actuators333. The main strategy for the creation 

of such systems is the integration of top-down lithography, which provides a molecular 

patterning with bottom-up synthesis through surface-initiated atom transfer radical 

polymerization (SI-ATRP). Lithographic techniques such as Interference lithography, photomask 

lithography, electron beam and scanning probe lithography have been used to form patterned 

polymer brushes with controllable feature dimensions ranging from the macroscopic to the 

nanometre scales334-336. The grafted polymer chain properties, such as conformation, stimuli-

responsiveness, and tribological characteristics in various environments, may be controlled via 

the selection of appropriate polymerisation conditions. It is believed that the elastic free energy 

and entropy penalty have a strong influence on the behaviour and responsiveness of the 

polymer chains in patterned architectures, for example, polymer brushes could be collapsed 

laterally at the periphery of a patterned structure and may overlap the “polymer free” regions. 

In addition to the environmental effect, the size of grafting footprint and the non-grafted 

surface area is expected to have a significant impact on the conformation of a nanopatterned 

polymer brush. As the size of the footprint decreases the brush thickness is decreased and less 

crowding of the chains results337-339.  A variety of approaches have been used to characterise 

the conformations of the polymer brushes, including the study of brush behaviour as a function 

of its thickness and the characterstics of the surrounding environment such as solvent quality, 

ionic strength, pH, and temperature340. FFM is one approach that is proven capable of providing 

quantitative data. Lateral deflections of the cantilevers are recorded while scanning a sample. 

Analysis of the AFM contact mechanics may provide information on the basic conformation. The 
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chemical nature of the probe may additionally be modified to information on specific 

interactions between the brush and its environment341-343. 

Leggett et al. examined the influence of solvent composition and brush thickness on the 

frictional properties of PMPC brushes. They found that the friction coefficient decreased with 

increasing brush thickness for thick brushes, but it became thickness independent at low 

thicknesses. In a good solvent, PMPC is solvated and swells from the surface to form brushes. In 

contrast, a collapsed film is obtained in a poor solvent344. Takahara et al. reported that the 

structure and the frictional behaviour of Poly(2-methacryloyloxyethylphosphorylcholine) are 

largely dependent on the solvent quality and the affinity between the brush and probe. Swollen 

brushes were formed in an aqueous medium, while collapsed polymer chains were observed in 

toluene345. It has also been shown that the coefficient of friction is highly dependent on the 

grafting density. At a low polymer grafting density the friction force is relatively large compared 

to highly covered surfaces346. Continuum mechanics models, in particular Derjaguin- Muller-

Toporov (DMT) Johnson–Kendall-Roberts (JKR) models have been applied to characterise the 

probe-brush interaction. It has also been reported by many groups that the medium and tip 

chemistry have a significant influence on the energy dissipation pathway and the nature of 

contact area between the self-assembled monolayers347-348,191. Recently, it has been proposed 

that the friction force is treated as a sum of the load-dependent term, associated with 

molecular ploughing and a shear-dependent term resulting from the dissipation of energy 

through the shearing of adhesive interactions191,195,349-350. The friction can be described by 

𝐹𝐹 =  𝜇(𝐹𝑁 + 𝐹𝑎) +  𝜋(
𝑅

𝐾
)

2
3⁄  𝜏(𝐹𝑁 + 𝐹𝑎)

2
3⁄                 4.1 

Where Fa is the pull-off force, R is the tip radius, and K is the elastic modulus of the film. µ, the 

“coefficient of friction”, characterises energy dissipation in ploughing, while 𝜏, the surface shear 

strength, characterises energy dissipation in shearing. In the limit of very small contact area 

with extensively weak adhesion, the shear stress is negligible and eq. 5.1 becomes   

𝐹𝐹 =  𝜇(𝐹𝑁 + 𝐹𝑎)                                                          4.2 
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In which friction force linearly varies with the applied load, consistent with the microscopic law 

of adhesion which demonstrated by Amontons.  

There have been many attempts in the last few decades to understand the tribological 

properties of polymer brush surfaces. There is still a lack of agreement in this field and a 

comprehensive picture of brush nanomechanics has yet to be established. Herein, we try to 

address this challenge by examining the tribological properties of polymer films of controlled 

grafting density and using nanostructured polymers formed by interference lithography.  

In the present work, the surfaces of silicon wafers have been functionalised by adsorption of 

APTES and reaction with 2-bromoisobutyryl bromide (BIBB) to yield a brominated layer as 

shown in figure 4.1. Surfaces were photopatterned using a photomask and by interference 

lithography, forming micrometre and nanometre patterns respectively. This was followed by 

polymerization of PolyCysMA onto the patterned surfaces via ‘grafting from’ using SI-ATRP. The 

grafted brushes were characterised using contact angle, XPS, ellipsometry and AFM. The 

tribological properties of the brushes were investigated using friction force microscopy (FFM) 

with a chemically modified probe.  
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Figure 4.1: Schematic representation of the methods used for fabrication of macro, micro and 

nanometre scale structures of PolyCysMA brushes by using photolithography and SI-ATRP 

techniques. 

4.2 Experimental section 

4.2.1 Preparation of APTES-BIBB initiator 

A silicon surface was functionalised by adsorption of APTES molecule and then derivatised by 

reaction with BIBB molecules according to the procedure written in section 3.3. 

4.2.2 Micrometre and nanometre fabrications of ATRP initiator surfaces 

A micrometre structure of APTES-BIBB film was prepared by photodebromination of the sample 

through a microscopic grid using UV light with a dose of 3.0 J cm-2. Interference lithography was 

used to fabricate nanometre patterned samples, a dose of 1.8 J cm-2 was used.  



 

88 
 

The angle between the two beams at the intersection was controlled to be 10o, 15o, 20o and 30o 

during exposure to obtain patterns with periods of 690, 511, 450, 307 nm respectively (more 

details is written in the experimental section 3.7.1). 

4.2.3 Synthesis of cysteine methacrylate monomer and polymerization reaction  

The procedure for the synthesis of cysteine methacrylate (CysMA) monomer and the growth of 

PCysMA brushes on the patterned ATRP initiator samples written in the experimental section 

3.5.1 and  3.8, respectively. To fabricate the uniform brush the polymerization conditions such 

as the monomer to catalyst ([CysMA]: [CuBr]: [CuBr2]: [Bipy] molar ratio = 30: 1.0: 0.5: 3.0) 

ratio, which is the best ratio to control the thickness of the grown brushes, temperature, solvent 

type, initiator density and the polymerization times have been kept constant during the 

polymerization reaction and all samples were prepared together. To facilitate composition of the 

properties of patterned and unpatterned polymers, samples were prepared that consisted of 

large (1 cm–4 cm) unpatterned regions, micropatterned structures and nanostructures on a 

single substrate. This enabled polymers to grow under identical conditions for all types of 

structures. 

4.2.4 Surface analysis 

XPS, ellipsometry, contact angle goniometry and Friction force microscopy (FFM) were carried 

out according to the procedures presented in the experimental section 3.11. 

4.3 Results and Discussion 

4.3.1 Model surface reaction 

Initiator-functionalised surfaces were produced by the reaction of the acyl bromide BIBB with a 

surface coupled amine functionalized APTES:  
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The resulting APTES and APTES-BIBB surfaces were characterised using contact angle 

goniometry and X-ray photoelectron spectroscopy (XPS). High-resolution C1s and N1s are 

shown in figure 4.2. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 4.2: The high-resolution XPS spectra obtained from the initiator surface. (a) The C1s 

spectra from the APTES layer, (b) N1s spectrum from the APTES layer, (c) C 1s spectra from the 

APTES-BIBB surface and (c) Br 3d spectra from the APTES-BIBB layer. 

The C1s spectrum for an APTES film exhibited two peaks at  285.0 eV and 286.6131 eV (figure 

4.2a), which are attributed to saturated carbon and carbon adjacent to the amino group, 

a b 

c d 
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Respectively, as expected. The experimental ratio obtained here between saturated carbon and 

carbon linked to nitrogen was 2.24:1.0, which is close to the calculated ratio 2:1. A  peak was 

also observed at 288.56  which is most likely due to the presence of the imide  group (C=N) 

formed as a result of multilayer generation in the silane films. This is supported by the presence 

of a protonated amine group (NH3
+) peak next to the N1s of free amine peak at the 399.774 eV. 

The N 1s spectrum of an APTES layer shows at 399.786 eV fas expected (figure 4.2b). The C1s 

core level spectrum for an APTES-BIBB layer (figure 4.2c) was fitted using three components 

with binding energies of 285.0, 286.729 and 288.763 eV, corresponding to C-C-C, C-Br/C-NCO 

and O=C-N respectively. The ratio of the C-C-C, C-Br/C-NCO and O=C-N components was 

3.91:1.95:1, in a close agreement with the calculated ratio of 4:2:1. The characteristic Br 3d 

doublet is observed at  70 and 74 eV confirming successful incorporation of Br into the film 

(figure 4.2d). The contact angle of the surface was 70±3o consistent with expectations for a 

smooth, high-density brominated surface. 

 

 

 

 

 

 

 

 

Scheme 4.1: Schematic representation of the formation of cysteine methacrylate monomer and 

its reaction with the APTES-BIBB molecule as an initiator. 



 

91 
 

PCysMA brushes were grown from the unpatterned bromine initiator, using surface-initiated 

atom transfer radical polymerization (SI-ATRP). The expected chemical reactions in the synthesis 

of the cysteine methacrylate monomer and also the polymerization reaction are shown in 

scheme 4.1. 

The kinetics of growth of the polymer brushes were studied using ellipsometry to measure the 

dry thickness of the polymer layer as a function of the polymerisation time (figure 4.3). The 

polymerisation conditions, including the monomer to catalyst ([CysMA]: [CuBr]: [CuBr2]: [Bipy] 

molar ratio = 30: 1.0: 0.5: 3.0) ratio, temperature, solvent type, initiator density were kept 

constant.  

The thickness of the polymer chains increased with the polymerisation time, reaching 7.0 nm 

after 1.5 h of reaction. Up to this time, the rate of increase in thickness was approximately linear 

but thereafter, the rate of the growth slowed and a maximum thickness of ca. 8 nm was 

reached. 

 

 

 

 

 

 

 

 

Figure 4.3: Variation of the ellipsometric dry thickness of the PCysMA brushes grown by SI-ATRP 

with the polymerisation time. 
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The static water contact angle increased from 0o for the unmodified silicon surface to 37o after 

1.5 h of polymerisation. High-resolution C1s, N1s, and S2p XPS spectra were obtained for 7nm 

thick of PCysMA brushes (figure 4.4). The XPS C1s spectra were fitted using three components 

with binding energies of 285.0 eV, 286.3 eV, and 288.7 eV which are attributed to the C-C-C, -C-

C-O/C-C-N, and O=C-O respectively.  The calculated atomic ratios of C-C-C, C-C-O/C-C-N, and 

O=C-O were 2.07:1.32:1, which is in a very good agreement with the theoretical ratio 2:1.3:1. 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 4.4: High solution X-ray Photoelectron Spectroscopy spectra obtained for PCysMA brush 

of 12 nm dry thickness (a) C1s spectrum, (b) N1s spectrum, and (c) S2p spectrum. 
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The N1s spectra were fitted with two components centered at 399.0 and 401.5 eV, assigned to 

C-NH2 and C-NH3
+. This means that about 50% of the free amine was protonated, and thus, the 

brush provides both positive (NH3
+) and negative charges (COO-) equally at intermediate pH. 

The high resolution S2p spectrum was fitted with both S2p3/2 and S 2p1/2 components with a 

binding energy of 164.47 and 165.7 eV (figure 4.4c). The intensity ratio between these two 

peaks was 2:1, as expected for 2J+1 spin-orbit coupling351. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Tapping mode AFM topographical images and cross-sectional analysis for a) an 

unpatterned PCysMA brush and b) a micrometre scale patterned brush formed on a planar 

silicon oxide surface. 

Figure 4.5a shows a tapping mode AFM image of the polymer brush surface (after 1.5 h 

polymerization). The surface exhibits a low roughness confirming the uniform growth of the 
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polymer across the surface. The estimated roughness was approximately Rq/Ra 0.355 nm/0.252 

nm, which also confirmed a smooth and high grafted density of the grafted polymer brushes. 

The dry thickness of the brush was further studied by fabricating micrometer scale patterned 

structure. Initiator-functionalised surfaces were exposed to UV light through a copper electron 

microscopy grid (2000 mesh, Agar, Cambridge, UK). The diameter of the illuminated area was 

0.5 cm2 and the exposure power was  2.6 J cm-2. PCysMA brushes were grown from the 

patterned surface and characterised by tapping mode AFM (figure 4.5b). The image exhibits 

dark squares, which are attributed to the exposed regions in which the Br initiator was removed 

by UV exposure. Bright regions are attributed to the grafted polymer brushes, which are grown 

from the initiator intact at the unexposed area on the surface. Cross-section analysis of the 

image revealed that the dry thickness was approximately 7.89 nm. Exposure of brominated 

surfaces to UV light leads to elimination of Br, as previously reported352.  

Interferometric Lithography (IL) was used to fabricate nanometre scale patterns, using Lloyd's 

mirror two beam interferometer. The angle between the two beams was controlled by the 

rotation stage to fabricate different periodical structures. Subsequently, PCysMA brushes were 

grown from the unexposed bromine areas via SI-ATRP. Figure 4.6 shows the topographical 

tapping mode AFM images and their cross-sectional analyses obtained from the nanometer 

patterned polymer samples. The samples were fabricated by using a fixed exposure of 1.6 J cm-

2, while varying the period by changing the angle between the sample and the mirror in the 

interferometer, angle of 10o, 15o, 20o, and 30o were used. In the patterned figures, the highest 

points correspond to regions exposed to a minimum in the interferogram, while the dark 

regions exposed to intensity maxima. The periods of the samples were approximately of 690 

nm, 511 nm, 450 nm, and 307 nm for 10o, 15o, 20o, and 30o respectively, and the widths 

(FWHM) of the polymer structures were 270 nm, 210 nm, 180 nm, and 145 nm respectively. 

Thus increasing the angle between the mirror and the sample led to a decrease in both the 

period and the width of the resulting structures. 
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Figure 4.6: AFM topographical images of patterned PCysMA brushes with periods of (a) 690 nm, 

(b) 511 nm, (c) 450 nm, (d) 307 nm, and the strip width of (a) 270 nm FWHM, (b) 210 nm 

FWHM, (c) 180 nm FWHM and (d) 145 nm FWHM respectively. Cross section analyses obtained 

from the AFM images are shown below each image. 

a b 

c d 
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4.3.2 Friction and scale behaviour of PolyCysMA brushes in water 

Friction force microscopy was performed to investigate the frictional behaviour of the 

PolyCysMA brushes as a function the pitch.  The chemistry of the tip was controlled by coating it 

with gold and functionalising it with a carboxylic acid terminated SAM. The measurements were 

carried out in water, which is thought to be a good solvent for the PolyCysMA brushes.  As a 

result, the polymer molecules are expected to be solvated by water molecules coordinated to 

the via  hydrogen bond interactions. The bound water causes an increase in osmotic pressure 

and the steric hindrance between the polymer chains188, 344-347. 

To analyse the data quantitatively, trace and retrace images were acquired. Line sections were 

measured at different loads, and the difference between the peak friction force and the 

minimum friction force was determined. 

 

 

 

For the subtracted image the friction is given by 

Friction force FF = FF(max)T – FF(min)T      

Where FF (max) is the friction force  at peak maximum and FF(min) is the friction force at peak 

minimum. 

To determine the friction value for unpatterned samples, the friction force of completely de-

brominated (fully debrominated surface) sample was acquired, and then it was subtracted from 

the friction obtained for completely covered brush surface. All measurements were done 

manually. 
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Figure 4.7: Variation in the friction force obtained by FFM as a function of the applied load for 

patterned PCysMA brushes in water. The samples consist of (a) unpatterned brush, (b) 

micrometre patterned sample, (c-f) nanometre patterned samples with FWHM of (c) 270 nm, 

(d) 210 nm, (e) 180 nm and (f) 145 nm brushes. 
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To rationalise the resulting friction-load data, it was assumed that the friction force is the sum of 

a load-dependent term, associated with molecular ploughing and a shear term, due to tip-

sample adhesive interaction. It was found that for all of the samples studied here, the friction-

load relationship in water was non-linear (figure 4.7). It is also believed that due to the solvation 

state at the interface the work of adhesion is reduced. However, because of the swell modulus 

of the polymer, the tip deforms the sample causing a large contact area. Thus, weak adhesion of 

a large contact area causes a significant adhesion force and leads to a non-zero shear term in 

equation 4.1. 

 

  

 

 

 

  

 

Figure 4.8: Demonstrates the expected the conformation of the polymer chains in a good and 

poor solvents. 

The data were fitted using the DMT model (blue curves in figure 4.7) a good fit was achieved. 

However, when the data were fitted using the JKR model (green curve in figure 4.7) the fit was 

less good. The peak value of the friction force decreased as the size of the polymer structures 

decreased. The highest friction value was recorded for the unpatterned brushes. The 

relationship between the friction formed to the feature size  is in the order of FF unpattern > FF 

micrometer pattern > FF 270 nm FWHM > FF 210 nm FWHM > FF 180 nm FWHM > 145 nm 

FWHM. This is thought to reflect a change in the brush conformation as a function of the 
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pattern dimensions. It can be seen from figure 4.7 that the frictional force values are directly 

related to the sizes of the features. It is believed that the contact area between tip-sample 

surface decreased as the density of the grafted polymer chain or the scale size of the footprint 

decreased. The most reasonable explanation for this case is that the grafted chains on the edge 

of the polymer lines tend to be collapsed or extended over the ungrafted area as shown in 

figure (4.8). This has led to a decrease polymer density at the centre of the footprints, and as a 

result, the contact area is decreased so that the strength of interaction between the tip and the 

grafted polymer chains is reduced. In addition, there could be a physical interaction between 

the segments of the overlapped brush with polymer-free regions of the surface. This may lead 

to an additional factor which may have an impact on the tip sample contact and the rate of 

energy dissipation. As the distance between the polymer chians increases (due to collapsing of 

chains at the edges of the lines) that may cause to less crowding occur on the polymer brush 

regions, specifically at the periphery pattern. 

 

 

 

 

  

 

Figure 4.9: Results of fitting of friction-load data to DMT equation, Variation of (a) shear stress 

and (b) adhesion as a function of scale size (or FWHM of brushes line) for patterned poly 

(cysteine methacrylate) brushes in contact with a carboxylic acid functionalized cantilever in 

water solvent, the scale sizes, including 150 nm, 180 nm, 210 nm, 270 nm and a micrometre 

scale. 

a
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This phenomenon increases as the size of the brush lines decreases, and thus the tip may face 

less number of polymer molecules on the small scales compared to the bigger scale during its 

scanning over the sample surfaces. 

The contact mechanics were modelled for each of the systems in figure 4.9 and the value of the 

surface shear stress and adhesion force were determined using   the DMT model for the 

micrometre and nanometre patterned samples. Figure 4.9a shows the variation in the surface 

shear strength with the dimensions of the polymer structures. It can be seen that the shear 

strength increases with feature size up to Ca 270 nm. There is comparatively little difference in 

the values obtained for the 270 nm structures and micrometre-patterned samples. It is 

hypothesised that for narrow features, the density of the polymer chains, even in regions 

exposed to a minimum in the interferogram, is comparatively low. The feature sizes increases, 

the width of the densest part of the nanostructures increases, leading to an increase in the 

density of immobilized polymer molecules. Eventually, at 270 nm, the density of the polymers at 

the peak point in the nanostructures is close to that formed in the polymer regions of the 

micropatterned material. A direct relationship is observed between the calculated adhesion 

force and the dimensions of the polymer structures as shown in figure 4.9b.  

4.3.3 PCysMA brushes in ethanol 

Similar measurements were also made in ethanol. Friction-load relationships were obtained for 

all the samples and the results are shown in figure 4.10. The solvent is considered as a poor 

solvent to the PCysMA chains and the polymer molecules are expected to be collapsed as a 

consequence of the reduced amount of bound solvent. Therefore, the energy dissipation 

pathway in the contact area is dominated by molecular deformation rather than the adhesion. 

Consequently, the value of τ is negligible, and the energy dissipation is dominated by molecular 

ploughing. The friction force is linearly related to the applied load and the friction data obey the 

equation 4.2.  
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Figure 4.10: Variation in the friction force obtained by FFM as a function of the applied load for 

patterned PCysMA brushes in ethanol. The samples consist of (a) unpatterned and micrometre 

patterned samples (b) nanometre pattern samples with FWHM of  270 nm, 210 nm, 180 nm and 

145nm.  

The friction coefficients (μ) were calculated from the slopes of the friction-load plots as shown 

in figure 4.11. It was found that μ is directly related to the size of the features in the patterned 

samples. This is attributed to the fact that as the size of the scales decreased the amount of the 

collapsed polymer chains contributed in the ploughing process decreased. It is also suggested 

that the amount of the overlapping and interaction between polymer free regions and grafted 

polymer molecules on the patterned structures is diminished and the polymers molecules 

exhibit less stretching at the pattern periphery as shown in figure 4.8. In this case, the main 

reason behind the decreasing of the µ values as a function of the size of the features is related 

to the grafting density of the polymer chains. 
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Figure 4.11: Coefficient of friction (μ) obtained for various patterns of PolyCysMA brushes as a 

function of scale sizes in ethanol. 

As can be seen, the minimum value was recorded for the smallest grafting density and the 

maximum value was recorded for the highest grafting density of the samples. Qualitatively, the 

magnitude of molecular ploughing in the dissipation energy between the tip and PolyCysMA 

brushes can be represented in the order of Friction for unpattern > Friction for micrometre 

pattern > friction for 270 nm FWHM > friction for 210 nm FWHM > friction for 180 nm FWHM > 

145 nm FWHM. 
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4.4 Conclusion  

A series of patterned zwitterionic PCysMA brushes was formed with dimensions ranging from 

the 145 nm up to macroscopic scale. The frictional behaviour of the brushes as a function of 

feature size and solvent has been investigated by FFM. The friction force was  treated as the 

sum of a load-dependent term, which is attributed to molecular ploughing, and an area 

dependent- shear term, which is assigned to adhesive interaction. In water, which is a good 

solvent for the PolyCysMA brushes, adhesion controls the interaction at the interface, providing 

a sublinear friction-load relationship which is consistent with the DMT model. The calculated 

contact mechanics parameters have supported this hypothesis. In addition, the work of 

adhesion decreases as the size of the feature reduces. In the case of the reduction of the sizes 

down to 180 nm and 145 nm FWHM, which contain a very small number of polymer chains, 

intermediate behaviour was observed, shear stress initially dominates the energy pathway, then 

it becomes ploughing dependent at high loads. These results indicate that in addition to the 

solvent effect the response of the polymer brush is affected by lateral stretching and elastic free 

energy of polymer chains in the patterned area. A completely different behaviour was observed 

in a poor solvent (ethanol). The brush is collapsed and the friction-load relationships are linear 

across the entire range of the applied loads. This is attributed to the fact that the shear stress is 

so small and negligible; the ploughing has become a considerable mechanism at the sliding 

contact area. The friction coefficient, μ, directly related to the footprint size and the grafted 

density of the brushes, as the period or density decreased the μ decreased. It is suggested that 

in the poor solvent the PolyCysMA chains would neither extend nor overlap with non-polymer 

regions at the periphery and chain contraction is further expected than stretching. 
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Chapter 5: Effect of grafting density on the conformational and mechanical 

properties of PolyCysMA brushes 

5.1 Introduction 

The conformations of the polymers in a brush must be precisely controlled to be useful in the 

development of many devices or smart-surfaces, including biomedical, sensing and polymer-

coated devices353. The structure and behaviour of polymer brushes depend on the way in which 

the polymer chains are anchored, the grafting density, formula weight, and the local 

environmental conditions (e.g. type of solvent, ionic strength, pH, and temperature) of the 

surface354-359. The grafted polymer chains are said to be brush at high grafting densities, such 

that the separation between adjacent polymer chains is smaller than the height of the polymer. 

Consequently, steric repulsion forces the chains to stretch normal to the surface, forming a 

brush architecture. In contrast, a mushroom or pancake (or coil) morphology is formed at low 

grafting density, where the separation between neighbouring chains is larger than the polymer 

height so that the chains grow laterally and overlap the non-grafted area360-363. Moya et al. 

found a direct relationship between the thickness of poly {[2-(methacryloyloxy)ethyl] 

trimethylammonium chloride} (PMETAC) brushes and the density of an initiator (ω –

mercaptoundecyl bromoisobutyrate thiol) using ellipsometry and QCM-D to characterise the 

surfaces. At a low grafting density collapsed brushes were identified, but a brush structure was 

achieved at high density364. Surface-initiated atom transfer radical polymerization (SI-ATRP) a 

widely used method that facilitates the fabrication of polymer systems with highly controlled 

conformation. One of the most important advantages of this synthetic method is the ability to 

use bottom-up and top-down strategies together or separately, providing a way to fabricate 

well-defined brush structures that could be useful in many biological applications365-366. Many 

groups have tried to control the grafting density of brushes using approaches that include the 

formation of   mixed monolayers367-369, hydrolysis of ester-linked polymer brushes370, controlling 

polymerization conditions (such as reaction time and concentration of the monomer)371-373, 

formation of a gradient density of ATRP initiator374-375, hydrolysis of grafted polymer chains376 

and photodegradation of grafted polymer377. However, these methods have suffered from a 
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number of limitations, and there is still a need for better approaches. Photolithography is an 

attractive tool because it enables the fabrication of structures across arrange of length scales, 

from the macroscopic to nanometre scale378-379. Yamamoto et al. used photolithography to 

irradiate 2-(4-cholorosulfonylphenyl)-ethyltrichlorosilane (CTCS) initiator to generate surfaces 

with different densities. Poly(methyl methacrylate) (PMMA) was grown from the unpatterned 

sites of the initiator using ATRP. It was found that the thickness of the brush decreased with 

increasing photodegradation. AFM force-distance measurements showed that the resistance to 

compression decreased as the grafted density of the brushes decreased380. Recently, Friction 

force microscopy (FFM) has attracted interest for the investigation of the structures of brushes 

by measuring  friction forces and shear stress of end-grafted polymer brushes in different 

environments188, 381-387. Friction forces are commonly attributed to the energy dissipation 

pathways which arise from either the molecular adhesion or molecular deformation at 

interfaces between the tip and sample surfaces. These pathways are influenced by the  

environment that surrounds both surfaces. In a good solvent, polymer chain forms a brush 

conformation due to the steric repulsion between solvated polymer molecules. In a poor 

solvent, a collapsed polymer structure is most likely to occur. Therefore, the mechanism of the 

energy dissipation is controlled by molecular plowing at the contact area between tip-sample 

surfaces which makes the friction force to be load-dominated term388-389. For swollen brushes 

the relationship between the tribological behaviour and the brush conformation may be more 

complex. 

Here a new approach is investigated to the study of the relationship between brush properties 

and grafting density, by using controlled photolysis of brominated surfaces to form brushes with 

systematically varying densities of attachment. As a surface is progressively debrominated the 

density of grafting decreases, leading to a change in the polymer properties. The conformation 

and behaviour of the fabricated brushes were investigated using FFM with either SAMs or gold 

coated cantilevers in different environments. The friction data have been rationalised based on 

the approach developed by Zhang et al.390, who postulated that the friction force could be 

treated  as the sum of a shear surface term and a load- dependent term. This was further 

supported by using contact mechanic models to analyse the data. 
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5.2 Experimental Sections 

5.2.1 Preparation of APTES-BIBB initiator 

A silicon surface was functionalised by adsorption of APTES molecule and then derivatised by 

reaction with BIBB molecules according to the procedure written in section 3.3. 

5.2.2 Gradient ATRP initiator 

The ATRP-initiated samples were irradiated using maskless lithography, gradient density of the 

initiator sample was prepared by varying the exposure times according to the experimental 

procedure written in section 3.7.2. 

5.2.3 Synthesis of cysteine methacrylate monomer and polymerization reaction 

The procedure for the synthesis of cysteine methacrylate (CysMA) monomer and for the growth 

of brushes using SI-ATRP can be found in the section 3.5.1 and  5.7.2 respectively. The 

polymerisation conditions were held constant throughout the work described in this chapter 

and all samples were prepared together to ensure that the brushes were grown from polymers 

of equal molecular weight. The dry thickness of a complete brush layer was 7 nm. 

 5.2.4 Surface analysis 

XPS, ellipsometry, contact angle goniometry and Friction force microscopy (FFM) were carried 

out according to the procedures presented in the experimental section of 3.11. 

5.3 Results 

5.3.1 Photodegradation and characterisation of ATRP initiator 

An ATRP initiator surface was fabricated reacting a 3-aminopropyl triethoxysilane (APTES) 

functionalised silicon surface with bromoisobutyryl bromide (BIBB), forming an APTES-BIBB 

structure on the surface. Scheme 5.1 shows typical fabrication processes to create an initiator 

film and a gradient PCysMA brush. To fabricate a surface with varying grafting density, a 

maskless photolithography was used to selectively remove Br from the surface by UV 

photolysis. The composition of photopatterned and unpatterned surfaces was characterised 

using XPS. High-resolution C 1s, N 1s and Br 3d peaks were observed in the spectrum of an 
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unmodified sample. The C1s core level spectra (figure 5.1a) were fitted with three components, 

as seen at 285.0, 286.729 and 288.7632 eV, corresponding to C-C-C, C-Br/C-NCO and O=C-N 

respectively 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme: 5.1: Schematic diagram showing the formation of an APTES-BIBB layer on a silicon 

substrate, the preparation of  PCysMA layers of varying grafting density using maskless 

photolithography. 

 The peak area for  C-C-C, C-Br/C-NCO and O=C-N was 3.81:1.93:1, which is in a close agreement 

with the calculated ratio of 4:2:1, Br 3d peaks were observed at 70.0 and 72.0 eV as shown in 

figure 5.1b, which is consistent with the components of the BIBB-APTES initiator. High-

resolution XPS Br 3d peaks were acquired to characterise the patterned initiators. It was 
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observed that as the intensity of the photodegradation increased the concentration of bromine 

decreased on the surface. 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

Figure 51: a) High-resolution C 1s and b) high-resolution Br 3d XPS spectra for unmodified 

APTES-BIBB film. c) Variation in the intensity of the Br peak as a function of the UV exposure for 

APTES-BIBB film. 

Figure (5.1c) shows the sum of the areas of the two components to the Br 3d peaks obtained for 

the initiator film exposed to 244 nm UV light for various times. It can be seen from the XPS data 

that there was an initial dramatic decrease in the concentration of the bromine film until it a 

dose of 3.0 J cm-2, after which, the rate of the change was much slower, and began to approach 

b
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a limiting value. It is also observed that the density of bromine was not reduced to zero even 

after very large exposure. One explanation, for this is that adsorption of APTES onto the surface 

leads to bilayer formation. If BIBB molecules are able to penetrate the upper most APTES layers, 

the Br may be incorporated that is less reading lost after photolysis. It is likely that upon 

photodebromination, the top layer of the initiator is fully debrominated, but some bromine 

remains intact under the underlying layer of the film. The XPS sampling depth would be greater 

than the SAMs thickness. Only the photodebromiantion of the top layer of the film is required 

to create an inactive region, which will prevent the polymer from growing. After a dose of 20.0 J 

cm-2 the Br 3d signal is indistinguishable from the background signal. This may explain by 

assuming that the high power exposure caused to degrade the main parts of the surfactants. 

5.3.2 The growth of PolyCysMA brushes and the effect of the initiator density 

 PolyCysMA brushes grown by SI-ATRP on various graft densities of APTES-BIBB initiator, 

regarding the polymerization time and conditions. To ensure the success of the polymerization 

reaction, a control sample was characterised using XPS, ellipsometry, and contact angle 

goniometry. High-resolution C 1s, N 1s, and S 2p XPS spectra were obtained for 7nm dry 

thickness of PolyCysMA brush on a silicon surface. The high-resolution C 1s spectra fitted using 

three components at binding energies of 285.0 eV, 286.3 eV, and 288.7 eV which are attributed 

to C-C-C, C-O/C-N, and O=C-O bond respectively (figure 5.2a). The paek area of C-C-C, C-O/ C-N 

and O=C-O was 2.07:1.32:1, which is in a good agreement with the calculated ratio 2:1.3:1 for 

these atoms in the brush component. The N 1s spectra were fitted with two components 

centred at 399.0 and 401.5 eV, and assigned to C-NH2 and C-NH3
+ groups and the peak ratio was 

1:1 (figure 5.2b). This means that 50% of the free amine groups were protonated. At a neutral 

pH (2-9.5) the brush is expected to be zwiterionic, with equal numbers of positive (NH3
+) and 

negative charges (COO-). 
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Figure 5.2: Shows high-resolution XPS spectra for PolyCysMA brush grown on a silicon surface, 

(a) C 1s spectra, (b) N 1s spectra, (c) S 2p spectra and (d) the variation in the thickness of 

PCysMA brushes grown from surfaces subjected to varying UV exposures. 

 The high resolution S 2p spectrum was fitted with S 2p3/2 and S 2p1/2 components with binding 

energies of 164.47 and 165.7 eV. The intensity ratio between these two peaks was 2:1, as 

expected for 2J+1 spin-orbit coupling (figure 5.2c). The brush thickness was measured as a 

function of exposure using ellipsometry as shown in figure 5.2d. A non-linear relationship was 

observed between them. The ellipsometry data are in a good agreement with the XPS results. It 

can be seen that as the exposure increased the thickness of the brushes decreased. The 

thickness dramatically decreased at the beginning of the exposure to 2.5 and 3.0 doses, then 

the rate of the change decreased slowly and became constant at 10 - 20 J cm-2. This is attributed 
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to the fact that the number of Br atom decreased as the exposure increased. As a result, the 

distance (D) between the adjacent end-grafted polymer chains increased. Leading to an 

increasing tendency for the brushes to adopt a mushroom conformation.  

  

 

 

 

 

 

Figure 5.3: The transition from a brush to a mushroom conformation for polymer brushes on a 

surface. D is the distance between two grafting points and h is the brush height. (a) D < h for 

brush structure and (b) D > h for mushroom structure. 

This observation is in a very good agreement with expectations based on other work in the 

literature, such as that by Britain et al.391, Hess et al.392 and Penn et al. 

5.3.3 Frictional Behaviour of Brushes of Varying Grafting Density  

Friction forces were measured as a function of the load for PCysMA brushes grown from 

surfaces subjected to varying exposures, and with varying degrees of debromination,  while 

immersed in either water or ethanol, using carboxylic acid and gold coated tips. It can be seen 

that for polymer films grown from substrates subject to small UV exposure, the friction-load 

relationship is sublinear and fitted with DMT model. 
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Figure 5.4: Typical friction-load plots acquired for brushes grown from the APTES-BIBB films 

subjected to varying UV exposures, the scan distance was 3µm x 3µm. The data were fitted 

using contact mechanic model. 

As the exposure increases, the friction force decreases and the friction-load relationship 

becomes linear. It has been shown that PCysMA brushes form zwitterionic structures in the 

range of pH  2.5-9.0. Under these conditions, the polymer is solvated strongly by water, creating 

steric repulsion between neighboring chains and causing them to swell away from the surface. 
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 The COOH terminated tip is also solvated by the solvent molecules, reducing the adhesive 

interaction between the tip and brush surfaces. Because of the high compressibility of the 

brushes (due to their small elastic moduli) the sharp tip penetrates the brush film and generate 

a large contact area. Although the solvated polymer is expected to yield a small work of 

adhesion, the small modulus of the polymer leads to a large contact area and consequently a 

net adhesive interaction that is significant. Therefore, the friction force is sublinearly related to 

the applied load through the entire range of the applied load as shown in figure 5.4. It was 

possible to fit the friction-load relationship using the DMT model. However, this relationship 

was changed as the density of the grafted brushes decreased. It can be seen that the 

relationships were nonlinear for the samples exposed to zero, 0.2, 0.5, 0.8 and 1.0 doses, but it 

became linear for the samples exposed to 1.5 and 2.0 doses, and then it turned to be sublinear 

for the rest of the samples. As the polymer density decreases, the net interaction strength also 

decreases. In contrast, in a poor solvent (ethanol) the possibility of H-bond interaction between 

the brush and the solvent on one side and the tip-solvent on the other side is reduced, and 

thus, the non-solvated brush is tended to be collapsed which may lead to the formation of 

mushroom structures. The mechanism of the tip-sample interaction is controlled by plowing 

and the friction force is identified as a load-dependent term. Therefore, a linear relationship 

between friction-load is expected for the entire measurements in the ethanol as shown as 

shown in figure 5.5. 

Further investigations were carried out by using gold coated tip in a similar way to  the MUA 

coated tip. The friction forces were nonlinearly proportional to the applied loads for the 

measurements obtained in water, regardless of the grafted density of the polymer brushes. This 

further supports the hypothesis that the non-linear friction-load relationships result from a 

large contact area, resulting from the small modulus of the polymer, rather than the formation 

of specific interactions.  

 

 

 



 

114 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Typical friction-load plots obtained using SAM coated probe in ethanol for  PCysMA 

brushes  of varying densities. 

Variation in the friction forces as a function of applied loads was also studied for PCysMA 

brushes with varying grafting densities immersed in ethanol using gold coated tip (figure 5.6). 

The friction forces were linearly related to the applied loads, meaning that molecular 

deformation controlled the energy dissipation at the interface, due to the formation of a 

mushroom conformation in this solvent. 
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Figure 5.6: Typical friction-load plots obtained using gold coated probe in water for  PCysMA 

brushes  of varying densities. The friction data were fitted with contact mechanic models. 

The data in figure 5.7 are noticeably similar to those obtained using an MUA coated tip.  
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Figure 5.7: Variation in friction forces as a function of applied loads for various grafted 

PolyCysMA brushes in ethanol using gold coated tip and FFM. The data were fitted to a general 

linear equation. 
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5.3.4 Effect of Brush Density on The Friction-load Relationships of The Polymer Brushes 

It is widely believed that the conformation of a polymer brush depends on the grafting density 

of the anchored polymer chains. The transition from a brush structure to a mushroom 

conformation occurs as the grafting density is reduced30-34,37. In this work,  both environmental 

and grafting density effects on the response and mechanical properties of a PolyCysMA brush 

were investigated, using FFM and AFM tips with controlled chemistry. The polymerisation time 

and conditions remained constant. Hence, differences in behaviour are attributable to 

differences in grafting density of the brushes. Based on previous results, an exposure of 3.5 J 

cm-2 is sufficient for complete debromination of the initiator. It was found that as the exposure 

increased the density of grafted brushes decreased  and the distance between two adjacent 

polymer chains increased. From figures, it is inferred that for samples exposed to zero, 0.2, 0.5 

and 0.8 J cm-2 polymer adopted a brush conformation. These samples yielded sublinear friction- 

load relationships. However, for the samples were exposed to 1.0, 1.5 and 2.0 doses, a linear 

friction-load relationship resulted. This is best explained by a transition to a mushroom 

conformation. Because of a large distance formed between grafting points (D > h), the polymer 

chains started to grow laterally and overlapped with the ungrafted area, collapsed brushes were 

formed. For the samples exposed to 2.5 doses and more, the friction load relationships tended 

to be sublinear again. This may because the grafting density was now very low and the friction-

load relationship was dominated by the interaction with the underlying substrate.  

In ethanol, the friction-load relationship was observed under all conditions. A transition in the 

friction behaviour of the polymer brushes was not observed, despite changing the grafting 

density of the brushes.  
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5.4 Discussion 

The data presented here clearly illustrate that the conformation of the PolyCysMA brush 

depends on the grafting density of the polymer chains on the surfaces. However, the role of the 

environment in controlling brushes behaviour cannot be ignored. The transition in the structure 

of the PolyCysMA brushes from the brush to the mushroom or coil structure was observed in a 

good solvent, as the density of end-grafted brushes reduced. The brush conformation of the 

polymer is most likely to be occurring, due to the degree of the solvation and small distance 

between grafted points of the polymer chains. This means small exposures are not enough to 

create a distance between grafting points larger than the brush height. The sublinear friction-

load relationship, in this case, is related to the pathway of the energy dissipation, which is 

controlled by the adhesion. Adhesion reduced due to the solvation state, but the small elastic 

modulus of the polymer leads to a large contact area. Consequently, the DMT contact 

mechanics model provided a good fit to the data (figure 5.4).    The data were fitted using the 

DMT model and the surface shear strength was calculated as a function of the exposure (figure 

5.8a). It is observed that the shear stress τ increased initially as the grafting density decreased 

and maximum value was recorded for a sample exposed to 0.5 J cm-2.  After that point, τ started 

to decrease. After 2.0 J cm-2 no further decrease was observed, and the tip-sample interaction is 

though to be dominated by ploughing. The distance between grafting points became bigger 

than the brush height, thus the polymer chains were collapsed and overlapped the nongrafting 

area. The friction forces were directly related to the applied loads as shown in figure 6 (sample 

1.5 and 2.0 doses). The calculated shear stresses (τ) were small enough to be ignored (figure 

9a).  
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Figure 5.8: The variation in the surface shear strength τ with exposure, (a) shear stress τ as a 

function of exposure obtained for the gradient brushes in water by using the MUA coated tip. 

(b) Shear stress τ as a function of exposure obtained for the gradient brushes in water by using 

gold coated tip. K= elastic modulus. 

As the exposure increased above 2.5 J cm-2 the friction load relationship became nonlinear 

again. At the large exposure the polymer grafting density is very and the tip-sample contact 

begins to be dominated by the properties of the underlying substrate.  

The results were  similar when gold coated tips were applied to measure the friction of the 

gradient polymer brushes in the same condition. The friction-load relationships were nonlinear 

for all measurements, regardless of the changing in the grafting density and the data were fitted 

with the DMT model.  Figure 5.8b shows the variation in τ as a function of exposure in which the 

τ dramatically increased at low exposure regime, after 0.5 dose it sharply decreased and 

became constant at the high exposure regime. It can be noticed that the values of τ obtained  

here are twice as big as the τ values for the SAM coated tip. The gold-coated tip has a slightly 

larger radius so that the area of contact is larger, leads to higher friction force. This could be a 

reason why adhesion was controlling the tip-sample interaction for measurements. 
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A linear friction-load relationship was observed in ethanol regardless of the grafting density. 

This is attributed to collapse brushes and the dissipation energy pathway controlled by 

molecular deformation. In this case,  environmental effects were more considered than the 

grafting density and chemistry of the surfaces. However, the friction coefficients (µ) were not 

identical for all the measurements.  

  

 

 

 

 

  

 

 

Figure 5.9: Shows variation in the friction coefficients as a function of the exposure for a 

gradient grafting density of PCysMA brushes in ethanol using a) MUA coated tip and b) gold 

coated tip. 

For PCysMA brushes the coefficient of friction was determined as a function of esposure (figure 

5.9a and 5.9b). The value of µ increased as the grafting density decreased until it arrives in 2.0 J 

cm-2, then it started to decrease at high exposure. Similar results were obtained by using SAM 

and gold coated tips.  We hypothesise that the amount of collapse brush increased as the 

grafting density decreased, causing a reduced tendency for the brush layers to deform under 

applied loads. For sample 2.5 -7 J cm-2 the μ decreased and then increased, It is believed that 

2.5 -3.0 dose was enough to remove most of the active sites on the ATRP initiator. This means 

that the population of the polymer chains on these samples was almost reduced to zero 

percent.  Consequently, the derbrominated molecules, which remained after the exposure 

process was contributed in the friction forces and this contribution was increased at the end. 
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Because of the complexity of the photodegradation processes, the structures of the exposed 

molecules will not be easy to work out. 
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5.5 Conclusion   

For zwitterionic PCysMA brush prepared with various grafting densities using SI-ATRP and 

lithographic methods. FFM was used to study the conformational effect on polymer 

conformation of the grafting densities, using gold and SAM coated AFM tips. It was found that 

the conformation of the brush is dependent on the grafting density and their local 

environments. Sublinear friction load relationships were acquired in a good solvent, but this 

relationship became linear at a very low grafting density. These results suggest that for high 

coverages, the grafted polymer adopts a brush conformation and the small modulus of the 

polymer leads to a large area of contact giving rise to adhesive sliding, there is a significant 

contribution to friction from energy dissipated in shearing. In contrast, as the grafting density 

decreases the brushes are collapsed and ploughing dominates. This conclusion is supported by 

modelling the friction-load relationship using DMT model, which provided a good fit to the sub-

linear friction-load relationships, while it deviated from the linear relationships. The value of the 

surface shear strength τ was found to vary with grafting density, initially increasing as the 

grafting density decreased but decreasing at very low grafting densities. This hypothesis 

suggests that a transition in the conformation of the polymer chains was occurring from brush 

to mushroom or coil structures as the grafting density decreases. For the gold coated tip, 

sublinear friction-load relationships were acquired regardless of the grafting density, and the 

DMT model provided a good fit to the data. 

FFM has also been used to investigate the effect of grafting density on the brush conformation 

in a poor solvent (ethanol). Linear friction load relationships were observed for all the 

measurements, regardless of grafting density and the chemistry of the AFM tips. This was 

rationalised by assuming that the brushes adopt collapsed structures when immersed in 

ethanol, thus molecular deformation manipulated the contact area between the tip and brush 

surfaces.  

 

 

 



 

123 
 

Chapter 6: Investigation of the surface chemistry and morphology on the 

attachement of  mesenchymal stem cells 

6.1 Introduction 

Advances in molecular patterning have provided researchers with new tools that enable them 

to design materials with which to study the influence of micrometre and nanometre-scale 

structure on biological interfacial phenomena such as cellular attachment393-394. It is believed, 

that when a cell interacts with a surface, membrane receptors sense the properties of the 

surface, triggering biochemical responses within the cell that influence its behaviour including 

fundamental cell functions, such as migration, differentiation, proliferation and survival. To 

facilitate the investigation of these phenomena, the fabrication of model materials with well-

defined nanometre scale structure has attracted a great deal of interest. Many researchers have 

attempted to optimise the cellular response by engineering a spatial pattern or switchable 

surface, which contains patterned cell adhesive regions surrounded by regions that are non-

adhesive to cells395,396. For example, it has been found that cells can be elongated and aligned in 

the direction of grooves and that cellular migration may be guided397-400. 

Organic thin films have been widely used as a biomaterial suitable to control cell adhesion401-404. 

Jing et al. reported an effective method for cell patterning using self-assembled monolayers. A 

micrometre scale gold structure was fabricated using a photomask technique. The gold 

microstructure was functionalized using a monolayer of 1-hexadecanethiol in an aim to create a 

non-adhesive region, while the glass bars were coated with 3-trimethoxysilyl propyl-

diethylenetriamine to promote cell growth. Four different types of cells were successfully 

patterned on the fabricated surfaces405. Mesenchymal stem Cells (MSCs) were patterned on an 

array of peptides (Arg-Gly-Asp-Ser-Pro), which was created by patterned replacement of the 

monolayer406. Gohara and coworkers investigated cell patterning on a template cosisting of 

micrometre structured of organosilane layer, using photolithography 407. Despite the potential 

ease of implementation, widespread  application of this strategy may be questionable because 

of the stability of SAMs is not high, degradation of SAMs may occur upon incubation in a serum-

free media at 37 oC408. Therefore, a search for alternative strategies has become a major goal for 

file:///C:/PROJECT%202%20desktop/Witnig%20up/chapter%20CELL/paper%20used/Patterning%20multiple%20cell%20types%20in%20co-cultures%20A%20review.pdf
file:///C:/PROJECT%202%20desktop/Witnig%20up/chapter%20CELL/paper%20used/Micro%20Nano-engineered%20Cellular%20Responses%20for.pdf
file:///C:/PROJECT%202%20desktop/Witnig%20up/chapter%20CELL/paper%20used/Transfection%20microarray%20of%20human%20mesenchymal%20stem%20cells%20and.pdf
file:///C:/PROJECT%202%20desktop/Witnig%20up/chapter%20CELL/paper%20used/Electroactive%20Self-Assembled%20Monolayers%20that%20Permit%20Orthogonal.pdf
file:///C:/PROJECT%202%20desktop/Witnig%20up/chapter%20CELL/paper%20used/Precise%20cell%20patterning%20using%20cytophobic%20self-assembled.pdf
file:///C:/PROJECT%202%20desktop/Witnig%20up/chapter%20CELL/paper%20used/Patterning%20Discrete%20Stem%20Cell%20Culture%20Environments%20via%20Localized.pdf
file:///C:/PROJECT%202%20desktop/Witnig%20up/chapter%20CELL/paper%20used/Cell%20Patterning%20Using%20a%20Template%20of%20Microstructured%20Organosilane.pdf
file:///C:/PROJECT%202%20desktop/Witnig%20up/chapter%20CELL/paper%20used/drawbacks%20of%20SAMs.pdf
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a number of research groups. Beacause of the wide range of compositions, they exhibit the 

availability, processing techniques, their high stability in relatively harsh biological conditions 

and also their potential for straightforward modidfication peptides, polymer brushes are 

attractive materials for applications in which control of biofouling is required 409-413. In one 

study, Klok et al. investigated the stability of non-biofouling poly(ethylene glycol) methacrylate 

and its effect on cell adhesion and proliferation. SI-ATRP was used to grow the brush on a 

substrate. The polymer brush showed high stability after being immersed in water/ethanol and 

PBS for one month, and in culture medium for 10 days. There was no evidence for brush 

detachment. After modification by attachment of peptide molecules, the brush showed 

excellent responses toward cell adhesion and spreading414. To study the change in the 

differentiation behaviour of the human mesenchymal stem cell (hMSC), various grafting 

densities of poly[poly(ethylene glycol) methacrylate] (PPEGMA) were prepared using SI-ATRP. 

The targeted cells were seeded on the surface of polymer brushes to which collagen was 

immobilised. Due to the change in the grafting density of the brushes the surface elasticity was 

changed that potentially having an extensive impact on the spreading and adhesion of the 

cells415. It has been discovered that most zwitterionic polymer brushes can be considered as 

biocompatible materials. The antifouling properties in such polymer brushes strongly depend on 

the control of  both uniformity of charge distribution and charge neutrality of two opposite 

charge moieties on the surface416-417. Up to 10 nm of  a zwitterionic  Poly(sulfobetaine 

methacrylate) (PSBMA) brush was grafted on a substrate using ATRP. After human mesenchymal 

stem cells (hMSCs) were cultured on the surface, it was found that the rate of the cell 

proliferation was inhibited by the charged polymeric brush surface418.  

It is widely known that to design a cell-based system, precise control of the features of the 

polymer brushes at the micrometre and nanometre scale is required419. The difference in 

morphological behaviour between fibroblasts cultured on nanogrooved (groove depth: 5–350 

nm, width: 20–1000 nm) and smooth polystyrene substrates has been investigated. It was found 

the cells do not align on a surface with a groove depth of below 35 nm or ridge widths smaller 

than 100 nm420. Laser interference lithography was used to fabricate periodic line and point 

micropatterns on a polycarbonate surface.  
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AFM and XPS were used to characterise the fabricated surfaces. Human pulmonary fibroblasts 

cultured on micrometre scale patterns consisting of lines showed elongation and orientation 

along lines with different widths, while no orientation was observed on point-patterned 

surfaces421. Revzin et al. studied the impact of nanotopography and heparin hydrogel 

microstructure on the cultivation of primary hepatocyte cells. The features were 300 nm deep 

with pitches of either 400, 1400, or 4000 nm. To create a complex biological cellular 

microenvironment, the microstructure of the hydrogel was fabricated on the top of the 

nanopatterned structure. Cell attachment and  function were better on 400 nm features than on 

surfaces consisting of features with larger pitches. Also, cells cultured on complex structures 

were more functional than the cells attached to the patterned surfaces without the hydrogel422. 

The influence of the surface morphology and chemistry of polyoligo(ethylene glycol) 

methacrylate brushes on the adhesion and spreading of hMSC was investigated by Vancso et al. 

The brushes were grown using ATRP on a poly(ε-caprolactone) (PCL) substrate, which heated to 

the formation of micrometre and sub 100-nanometer structures. The stem cells attached to 

these patterned brushes adopted different morphologies, responding to the variation in the 

brushes feature sizes423. The same cells were cultured on nanopatterned 

polymethylmethacrylate (pMMA) brushes by Biggs and coworkers. Differences in the adhesion 

and density of the cells were observed424. 

Much work has sought to develop materials capable of directing and controlling cellular 

behaviour for applications in regenerative medicine and tissue engineering. However, most 

existing materials exhibit limitations in supporting cell adhesion and growth425. After 

implantation, most biomaterials exhibit limitations to inflammation and the lack of functional 

remodelling of the delivered cells426. The mechanisms of interaction between the cells and 

biomaterials are still not yet fully understood. The present examines a new approach to the 

design of artificial surfaces for the study of biomaterial-tissue interactions. Interferometric 

lithography is used to generate periodic nanometre-scale structures for the biocompatible 

poly(cysteine methacrylate) brush. SI-ATRP was used to grow the polymer brushes from 

patterned surfaces presenting different initiators. The effect of the surface morphology and 

chemistry on adhesion, differentiation and proliferation of mesenchymal stem cells (MSCs) are 
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investigated. The cell type was chosen because MSCs-based therapy is a promising strategy for 

regenerative medicine and tissue engineering427. 

6.2 Experimental Section 

6.2.1 Preparation of Silicon Coated Silane Layer 

BIBB-APTES ATRP initiator was immobilised on silicon substrates as described in section 3.3. The 

Synthesis and immobilisation of APTES-NPPOC molecules were described in section 3.5.2 and 

3.6 respectively. 4-(chloromethyl)phenyl trichlorosilane self-assembled monolayers (CMPTS) are 

prepared on a silicon oxide according to the previously recorded procedure428. A clean silicon 

substrate was immersed in a 2.5 mM solution of CMPTS in dry toluene in a Schlenk tube under a 

stream of nitrogen for 40 min. After film formation, the wafers were rinsed  in toluene and 

ethanol for 5-10 min and blown dry under nitrogen. Subsequently, the samples were annealed 

by placing them into the vacuum oven (120 oC) for 40 min. After annealing, the samples were 

rinsed with ethanol and dried under a stream of nitrogen to remove any contamination. 

6.2.2 Photodeprotection of NPPOC-APTES Film and Functionalisation with BIBB 

Photodeprotection of NPPOC- APTES- films was carried out as described in section 3.7.3. Prior 

to performing atom-transfer radical polymerization, the patterned silane substrates were 

derivatized by immersion a solution of 2-bromoisobutyryl bromide (0.37 mL, 3 mmol) and 

triethylamine (0.41 mL, 4 mmol) in dichloromethane (DCM; 60 mL) for 40 min. Finally, the 

samples were sonicated in DCM and ethanol for 5 min and dried under nitrogen. 

6.2.3 Synthesis of Cysteine Methacrylate Monomer (CysMA) and Polymerization Reactions 

Cysteine methacrylate monomer (CysMA) and PCysMA brushes were prepared according to the 

procedure in sections 3.5.1 and 3.8, respectively. The polymerization reaction was very slow for 

CMPTS initiator surface, and a longer reaction time (overnight) was required to yield 7 nm thick 

brushes.  
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6.2.4 Surface Analysis  

Contact angle measurement, AFM, XPS, and fluorescence microscopy were employed to 

characterise the prepared surfaces. The details of each method have been described in chapter 

3.0. 

6.2.5 Photolithography 

Micrometre and nanometre-scale photopatterning of the three initiator samples were carried 

out using a Coherent Innova 300 C FreD Frequency-doubled argon ion laser (coherent U. K, Ely, 

UK) with an emission wavelength of 244 nm. The laser power was maintained at 100 mW. 

Micrometre-scale photopatterned ATRP initiators were obtained by irradiation of the samples 

through a copper electron microscopy grid (2000 mesh, Agar, Cambridge, UK), using doses of 

3.5 J cm-2
, 4.5 J cm-2 and 5.0 J cm-2 for BIBB-APTES, CMPTS and APTES-NPPOC surface 

respectively. The diameter of the illuminated area was 0.5 cm2. Nanometre-scale patterns were 

fabricated by employing Interferometric Lithography (IL) with a power of 1.2 J cm-2, 1.8 J cm-2 

and 2.0 J cm-2 for NPPOC-APTES, APTES-BIBB and CMPTS films respectively. The angle between 

the two interfered beams was adjusted to be 10o and 30o to form periodic structures, the 

feature sizes depended on the initiator types. Details of the feature sizes of the structures 

fabricated can be found in section 3.7.1 and 3.7.3.  

6.2.6 Cell culture  

The experimental methodology used to culture mesenchymal stem cells on a patterned surface 

is described in section 3.10. 
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6.3 Results and Discussion 

6.3.1 Formation of SAMs 

2-nitrophenylpropyloxycarbonyl-3-aminotriethoxy silane (NPPOC-APTES) was synthesised 

(section 3.5.2) then immobilised on a flat silicon dioxide surface (scheme 6.1). To confirm the 

formation of an APTES-NPPOC film, the functionalized surface was characterised using contact 

angle measurement, XPS, ellipsometry and AFM.  

 

Scheme 6.1: Schematic diagram showing the formation of an NPPOC-APTES monolayer on a 

silicon dioxide surface. 

The growth of the NPPOC-protected silane film was studied using contact angle measurement 

and ellipsometry. Figure 6.1a shows the variation in the contact angle as a function of 

immersion time of the substrate into 1.0 mM of the silane solution. The contact angle 

dramatically increased at the beginning of the study, reaching 64o±3 after 5h. After that time the 

rate of change decreased slowly as the immersion time was increased further. 
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Figure 6.1: (a) Variation in the advancing water contact angle as a function of immersion time of 

the substrate in the NPPOC-protected silane solution. (b) Variation in the ellipsometric thickness 

a function of immersion time of the substrate in a solution of NPPOC-APTES. 

A contact angle of 75o±3 was obtained after 48 h immersion time. The change in film thickness 

was measured as a function of the immersion time by ellipsometery. As shown in figure 6.1b, 

the thickness increased rapidly at first, but more slowly after 5h. A thickness 1.6 nm was 

recorded at 48 h, corresponding to the expected thickness of a monolayer. After this point, a 

significant increase was observed in both the thickness and the contact angle suggesting that a  

bilayer is formed after longer immersion times.  

Following the formation of NPPOC-APTES films, the surface roughness was measured using 

AFM. The roughness of a complete NPPOC-APTES monolayer after annealing was 0.16/0.18 nm 

(Ra/Rq), indicating the formation of a smooth continuous silane layer. NPPOC-APTES films were 

characterised using XPS. The high-resolution C1s spectrum was fitted with three components at 

binding energies of 285.0 eV, 286.7 eV and 289.15 eV,  corresponding to -C-C-C-, -C-N-/-C-O and 

NCOOR group respectively  (figure 6.2a). 
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Figure 6.2: High resolution XPS spectra for NPPOC-protected silane surface (a) C1s and (b) N1s 

spectrum. 

 The N1s spectrum was fitted with two components at 400.5 eV and 406.78 eV, corresponding 

to an amino and nitro group respectively figure 6.2b. The calculated ratio of the amino and nitro 

groups should be 1:1, due to the equal number of these atoms in the silane structure. However, 

the ratio in the spectrum was measured to be 1:0.89. The most reasonable explanation for this 

is that some of NPPOC groups were deprotected, due to X-ray exposure within the XPS 

instrument.   

To ensure the formation of high-quality silane film, the CMPTS surface was characterised using 

contact angle measurement, XPS, ellipsometry and AFM. The contact angle rose from ≤ 3o±3 for 

a clean silicon wafer to 69o±3 after the formation of a CMPTS monolayer. The result is in close 

agreement with data found in literature36-429and it is consistent with the formation of the high-

quality CMPTS film. Figure 6.3 shows an AFM tapping mode image of a CMPTS monolayer. The 

roughness was 0.204/0.228 (Ra/Rq). This smooth morphology is consistent with the formation 

of a well-organized CMPTS monolayer. XPS for C1s and Cl2p spectra are shown in figure 6.4. The 

high resolution C1s spectrum was fitted with two components at 285.0 eV and 286.858 eV , 

corresponding to -C-C-C- and -C-C-Cl respectively (figure 7.4 a). 
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Figure 6.3: AFM tapping mode morphology image for a CMPTS monolayer 

 

 

 

 

 

 

 

Figure 6.4: (a) The high resolution XPS C1s spectrum and (b) XPS Cl2p high resolution spectrum 

for a CMPTS film on a silicon dioxide surface. 

 The percentage area of these peaks was calculated to be 84.47% and 15.53%, in close 

agreement with the calculated values of 85.72% and 14.28%. Two overlapping components 

were observed in the Cl2p spectra, because of spin-orbit coupling. The peak was fitted with two 

components at 200.347 eV and 202.064 eV, which are assigning to Cl2p3/2 and Cl2p1/2 respectively 

(figure 6.4b). 

The characterisation of APTES-BIBB film is described in chapter 4.0. 
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6.3.2 Photomodification of NPPOC-APTES and CMPTS Films 

A study of the kinetics of the photodeprotection of NPPOC-APTES films on silicon surfaces was 

previously reported by Alang Ahmed et al. at wavelengths of 325 and 365 nm35. Here, 244 nm 

was used and contact angle measurements were used to monitor the photodeprotection 

process. Figure 6.5 shows the relationship between contact angle and exposure for an NPPOC-

APTES layer exposed to irradiation at 244 nm as a function of dose. It was observed that the 

contact angle decreased as exposure increased.  

 

 

 

 

 

 

 

 

 

Figure 6.5: The variation in the contact angle as a function of exposure power of 244 nm UV 

light for an APTES-NPPOC film functionalized on a silicon surface. 

This is consistent with the photodeprotection of NPPOC group and the formation of free amine 

at the surface as shown in the scheme 6.2. The contact angle reached a limiting value at 3.0 J 

cm-2, indicating that most of NPPOC group was removed at this point by the exposure, similar to 

the dose reported by Alang-Ahmed et al. at longer wavelengths. 
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Scheme 6.2: Schematic diagram showing the photodeprotection of NPPOC-APTES films by 

exposure to UV light.  

XPS was used to characterise a sample of NPPOC-APTES film which exposed at a dose of 3.0 J 

cm-2 (figure 6.6). It can be seen that the NO2 peak has been lost for the N1s spectrum, leaving a 

single component at 400.5 eV corresponding to NH2 species. This confirms completion of the 

photolysis reaction at that dose. 

 

 

 

 

 

 

 

 

 

Figure 6.6: XPS N1s XPS spectrum for an APTES-NPPOC monolayer after exposure to a dose of 

3.0 J cm-2 at 244 nm. 

 

NH
2
 

Si Si



 

134 
 

The free amine surface formed by deprotection of NPPOC-APTES film was derivatized by 

immersing them into a solution of trifluoroacetic anhydride (TFAA) in dry THF (scheme 6.3).  

 

 

 

 

 

 

Scheme 6.3: Derivatization of deprotected NPPOC protected aminosilane film by trifluoroacetic 

anhydride in THF. 

The derivatized surface was analysed by contact angle measurement and XPS. The contact angle 

increased from 55o±3 to 87o±3 after reaction with TFAA, consistent with the derivatisation of a 

high fraction of the adsorbates, confirming that extensive deprotection had occurred. The high 

resolution C1s spectrum was fitted with four components at 285.0 eV, 286.45 eV, 288.946 eV 

and 293.23 eV, corresponding to -C-C-C-, -C-N-, NCO-C- and F-C-F bonds, respectively (figure 

6.7). The peak ratio of the area of the C-N and F-C-F peaks was 1: 0.84, close to the atomic ratio 

1:1 expected for a complete monolayer of derivatised adsorbates. These data confirmed the 

formation of a free amine surface after UV exposure of NPPOC-APTES.  
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Figure 6.7: Shows high resolution XPS C1s spectra obtained for the TFAA functionalized 

deprotected NPPOC silane film. 

A film formed by the adsorption of CMPTS was exposed to 244 nm UV light at a dose of 4.0 J cm-

2 according to the previously described procedure. The samples were characterised by contact 

angle measurement and XPS, to ensure on the formation of high quality CMPTS monolayer.  

Si Si Si Si
 

Scheme 6.4: Mechanism for the radical photo-oxidation reaction of CMPTS monolayers under 

exposure to UV light where the terminal chlorine groups were oxidised to aldehyde and 

carboxylic acid groups. 
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The contact angle was reduced from 70o±3 to 8.0o±3 after exposure, indicating conversion of  

hydrophobic chlorophenyl terminal groups to hydrophilic groups probably carboxylic acids. 

Scheme 6.4 shows a mechanism for the photo-oxidation of the chlorophenyl functionalized 

surface to carboxylic acid surface after exposure to 244 nm UV light, Sun et al430. As seen from 

the XPS C 1s spectra, a peak appeared at 289.26 eV, attributed to the formation of a carboxylic 

acid group following photo-oxidation of chlorine atom (figure 6.8). As seen a new peak was also 

observed at 286.7, which is attributed to –C-C-O bond. 

 

 

 

 

 

 

 

 

 

Figure 6.8: High resolution XPS C1s spectrum obtained for photo-oxidised CMPTS film after an 

exposure of 4.0 J cm-2. 

This was further confirmed by the absence of a Cl 2p peak as shown in figure 6.9.  
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Figure 6.9: XPS Cl2p peak after exposure of a CMPTS film to 4.0 J cm-2 of UV irradiation. 

Photo-debromination of an APTES-BIBB film using 244 nm of UV light was also carried out as 

described in chapter 4 and 5. 

6.4 Formation of PolyCysMA brushes on the patterned CMPTS and APTES-BIBB SAMs 

 

Scheme 6.5: Schematic diagram showing the growth of PCysMA brushes from a template 

formed by photopatterning either a CMPTS or an APTES-BIBB film. 
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PCysMA brushes were grown from the unexposed regions of patterned CMPTS films using SI-

ATRP. The terminal chlorine group may be used as an initiator for ATRP. In contrast, polymer 

does not grow from carboxylic acid terminal groups in exposed regions because there is no 

initiator there. Figure 6.10 shows an AFM tapping mode image of a micrometre-scale PCysMA 

brush pattern which was formed on a patterned CMPTS template using SI-ATRP. 

 

  

 

 

 

 

 

 

Figure 6.10: (a) AFM tapping mode height image of a micrometre-scale PolyCysMA brush 

pattern grown from a micropatterned CMPTS film and (b) corresponding line section was taken 

at the centre of the image. 

From the line section, the height difference between the exposed and masked regions (bars and 

squares respectively) was found to be 7.36 nm, the same as the thickness of a continuous, 

unpatterned rush grown under the same conditions, confirming complete removal of initiator 

for the exposed regions.  

Nanometre-scale PolyCysMA brushes were also fabricated using CMPTS films. Interference 

lithography (IL) was used to expose the SAM. Photolysis of the terminal chlorophenyl group to 

the carboxylic acid group was expected to occur in the regions that were exposed to maxima in 

the interferogram. In contrast, in the regions were exposed to the minima in the interferogram 

the chlorine groups were expected to be retained. Polymer brushes were selectively grown on 
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the chlorinated regions. Figure 6.11 shows AFM tapping mode topography images after ATRP on 

IL-patterned CMPTS films where the angle in the interference was set to 10o (a) and 30o (b). 

 

 

 

 

 

 

 

 

 

 

  

  

 

 

Figure 6.11: AFM tapping mode topographical images obtained from  nanometre-scale 

patterned PCysMA  brushes grown from CMPTS exposed to a dose of 1.8 J cm-2 using an angle of 

(a) 10o and (b) 30o. Corresponding line-sections are shown beneath each image. 

The period of the polymer lines was measured to be 660 nm and 306 nm for 100 and 300 

samples, respectively. The FWHM for the polymer features was 240 nm for 10o and 120 nm for 

30o samples. Thus reducing the angle from 10o to 30o effectively doubles the period and halves 

the width of the resulting brush structures.  
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Micrometre-scale patterns were also formed by exposing an APTES-BIBB sample through a 2000 

mesh copper grid. Debromination occurred in the illuminated regions (squares), while in the 

masked regions (bars), the bromine remained largely intact at the surface (figure 7.12). After 

lithography PCysMA brushes were grown by ATRP 

 

 

 

 

 

 

 

 

 

Figure 6.12: (a) AFM tapping mode height image of a micrometre-scale PCysMA brush pattern 

using an exposure of 3.5 J cm-2 through a mask. (b) Corresponding line section was taken at the 

centre of the image. 

The height between masked and unmasked regions was 7.56 nm, confirming that a complete 

brush film was formed in the masked regions while polymerisation was prevented in the 

exposed areas.  For nanometre fabrications two beam interferometer was used to expose the 

APTES-BIBB film, using angles of 10o and 30o (figure 6.13). It can be seen that as the angle 

increased the feature sizes decreased. For the smaller angle, the period was 663 nm while it was 

reduced to 296 nm for the larger angle (figure 6.13c and d). At 10o the FWHM of the polymer 

structures was 270 nm, and this decreased to 137 nm, with a period of 296 nm, at the larger 

angle. 
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Figure 6.13: AFM tapping mode topographical images obtained from  nanometre-scale 

patterned PCysMA  brushes grown from BIBB initiator surface exposed to a dose of 1.8 J cm-2 

using an angle of (a) 10o and (b) 30o. Corresponding line-sections are shown under each image. 

6.5 Formation of PCysMA brushes on patterned NPPOC-APTES films 

NPPOC-APTES films were deprotected by exposure to UV light through a mask or IL. The 

terminal amine groups in the exposed regions were functionalised with 2-bromoisobutyryl 

bromide to form a halogen terminated surface that could be used as an ATRP initiator (scheme 

6.6). 
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Scheme 6.6: Schematic diagram showing the gown of PCysMA from a patterned NPOOC-

protected aminosilane film. The SAM was exposed to UV light through a mask, causing the 

removal of the NPPOC groups from the exposed regions. After derivatisation of exposed amines 

by reaction with BIBB, brushes were grown from the exposed areas.  

To confirm that the free amine groups were successfully functionalized with BIBB molecules, an 

NPPOC-APTES film was fully deprotected using 244 nm UV light at a dose of 3.0 J cm-2. The 

deprotected surface was derivatized with BIBB molecules and analysed by contact angle 

measurements and XPS. The contact angle of 75.0±3 for a uniform surface was reduced to 

56.0±3 after photodeprotection, and then it was increased to 67.0±3 following the halogenation 

reaction. 

The high resolution C1s spectra were fitted with three components at binding energies of 285.0 

eV, 286.75 eV and 288.78 eV, corresponding to –C-C-C, C-N/C-Br and NCO bonds (figure 6.14). 

The observation for a new C-Br component is evidence of derivatisation by BIBB. A PCysMA 

brush was grown on the fully modified for 2 h, and a thickness of 7.0 nm was determined by 

ellipsometry. 
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Figure 6.14: High resolution C1s spectra obtained for a photodeprotected NPPOC aminosilane 

film after being functionalized with BIBB molecules. 

Micrometre-scale patterns were formed by carrying out exposure through a 2000 mesh grid 

using photomask. The exposed (square) regions were derivatised with BIBB and SI-ATRP was 

performed to grow PolyCysMA brush. The patterned sample was characterised using tapping 

mode AFM (figure 6.15). Cross-sectional analysis revealed a clear height contrast between the 

brush regions (squares) and NPPOC regions (bars), confirming the spatially selective growth of 

the polymer brushes. 
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Figure 6.15: AFM tapping mode topographical image of a micropatterned PCysMA brush grown 

on a patterned NPPOC-APTES film via SI-ATRP. 

To form nanometre structures a two beam interferometer was used to expose NPPOC films at 

angles of 10o and 30o. Figure 6.16 shows AFM tapping mode height images obtained for these 

patterns. In regions exposed to a maximum in the interferometer, deprotection of the terminal 

NPPOC group occurred and after halogenation polymer brushes were grown from these regions. 

In regions were exposed to a minimum in the interferometer, the protecting group remained 

intact and inhibited growth of the polymer brush. Cross-section analysis showed that the 

polymeric regions in these patterns were wider than the unmodified regions. 
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Figure 6.16: AFM tapping mode topographical images obtained from nanopatterned PCysMA 

brushes on NPPOC-protected silane surfaces exposed to 244 nm UV light with a dose of 1.2 J 

cm-2 using an angle of (a) 10o and (b) 30o. Corresponding line sections are shown beneath each 

image. 

The periods of the features were 673 nm and 330 nm for films patterned at 100 and 30o 

respectively. At 10o the FWHM of the brush line is 476 nm, more than twice the width of the 

polymer free region 198 nm FWHM. However, such big difference was not observed in the 30o 

feature sizes, for which the FWHM of both polymer and nonpolymer lines are almost identical. 
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6.6 Culture of human mesenchymal stem cells (hMSC) on patterned polymer brushes 

MSCs were seeded on the homogenous polymer brushes grown from BIBB-APTES, CMPTS and 

brominated deprotected-NPPOC films. After 7 days of cultivation, no cells were observed on any 

of the three polymer surfaces (figure 6.17), demonstrating the excellent nonbiofouling property 

of the brush. These results are consistent with those of Alswieleh et al284. 

 

 

 

 

 

 

Figure 6.17: Fluorescence microscopy images obtained for PolyCysMA brushes subjected to a 

stem cell challenge. The brushes were grown on (a) APTES-BIBB, (b) CMPTS and (d) 

deprotected-NPPOC silane film.  

MSCs were also cultivated on nanopatterned brushes. The patterned samples consisted of 

regions occupied by PCysMA brushes, which are protein and cell resistant, separated by 

adhesive regions. It is expected that cells will not attach to the brushes, but they may attach to 

the regions between the brush features. The culture medium contained serum proteins that 

would be expected to adsorb to polymer free regions. Membrane receptors will interact with 

these proteins. The particular importance in cell attachment is the integrin receptors431, which 

bind to cell adhesion molecules, especially fibronectin and vitronectin but also other serum 

proteins. The mechanistic relationship between the serum proteins and cell attachment has 

been investigated before432. It was found that there is no simple correlation between the 

amount of adsorbed proteins and the mechanism of cell attachment, but there must be enough 

of serum proteins in the medium the cell attachment process to be successful.  
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Successful attachment is followed by the formation of focal contacts and the polymerisation of 

actin to form filaments that are anchored at their ends by focal adhesions. Thus, the thickness 

and directions of these actin stress fibres can be used to characterise the response of the cells 

to the polymer morphology and to the chemistry of the adhesive regions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.18: Fluorescence microscopy images obtained for nanopatterned PCysMA brush grown 

from patterned BIBB-APTES initiator. It was carried out at 10o (a) and (b) and  at 30o (c) and (d).  

Figure 6.18 shows fluorescence microscopy images obtained for MSCs grown on nanopatterned 

PCysMA brushes formed by IL at angles of 10o and 30o after 7 days culture.  

a b 

c d 
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The cells attach successfully on the both samples. Actin is stained green and long stress fibres 

may be seen in all images.  

For the 30o sample, the stress fibres appear in general to align parallel to the direction of the 

features in the underlying nanostructures. This suggests that the patterning of the surface is 

influencing the way that the cells attach. Vinculin, a protein that is recruited into focal adhesions 

during the attachment process is stained red using a labelled monoclonal antibody. The focal 

adhesions are in many cases needle-like.  

 

 

  

 

 

 

 

 

 

 

 

 

Figure 6.19: Fluorescence microscopy images obtained for nanopatterned PCysMA brushes 

grown from patterned CMPTS films. It was carried out at 10o (a) and (b) and  at 30o (c) and (d). 

There is much more directional in the 30o samples. 

They are observed at the leading edges of the cytoplasm, suggesting that the cells are still 

motile that the degree of alignment increases with increasing time.  

a b 

c d 
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However, the alignment and organisation of the cells on 10o sample are less pronounced that is 

the case at 30o sample. Clearly the structures formed at 10o are significantly broader (in terms 

of the period at the FWHM of the polymer structures) and this appears to lead to a reduction in 

the influence of the surface morphology.   

For brushes grown from CMPTS samples patterned at 10o and 30o the orientation and 

distribution of the focal adhesion is different, labelling of vinculin suggests that they are rounder 

and less well-defined, but the cells attach successfully and there are pronounced actin filaments 

(figure 6.19).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.20: Fluorescence microscopy images obtained for nanopatterned PCysMA brushes 

grown from the deprotected NPPOC-APTES film. It was carried out at 10o (a) and (b) and at 30o 

(c) and (d). 

a b 

c d 
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For these samples, the surface chemistry of the brush-free regions is highly polar 

(dehalogenation of CMPTS leads to the formation of carboxylic acid groups). This may yield a 

difference in the composition of the layer of adsorbed protein and hence to the cellular 

response. The width of the carboxylic acid (hydrophilic) region is twice that of the polymer 

region, suggesting that the membrane receptors recognize a large number of adhesive 

molecules, which guiding the focal adhesions into different directions.  

As can be seen from figures 6.19 and 6.20, the size of the focal adhesions depends on the sizes 

of the adhesion zones. On the small adhesion zones (30o) the focal adhesions are small and 

point-like, and polymerised actin filaments are finger-like with a high concentration which 

follow the direction of the cell growth. For these samples there is a large number of narrow 

nonpolymer lines, which allowed the cell to form a large number small closely spaced focal 

adhesions. Consequently, there is a high concentration of the filaments that follows on the 

direction of the patterned lines. In contrast, on samples with a larger period (10o), the adhesive 

zones are much wider and further apart which leads the cells to distribute the filaments 

randomly, rather than following  the direction of the patterned lines.    

On deprotected-NPPOC samples, the chemistry and morphology of the nanostructured surfaces 

are different from the other samples. The widths of the polymer lines are larger than the width 

of the adhesive regions (figure 6.20). The cells attach less successfully, and it is clear that there 

is a difference in the size and shape of the focal adhesions 

As shown in the figure 6.20, the focal contacts are much rounder and fewer especially on 10o 

NPPOC compared to other samples. 
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6.7 Conclusion 

NPPOC-protected aminosilane, CMPTS and APTES-BIBB films were fabricated and characterised 

using contact angle and XPS. The photodeprotection kinetics of  NPPOC-APTES, photo-oxidation 

of CMPTS and photodebromination of APTES-BIBB layers were studied using contact angle 

measurements and XPS. The reactivity of photodeprotected NPPOC-APTES surface was studied, 

it was reacted with TFAA molecules, the contact angle and XPS revealed high quality of the 

functionalised surface. The results were found to be in close agreement with those found in the 

literature. Nanometre and micrometre-scale patterns were successfully formed using IL and 

photomask lithography. The patterned regions of NPPOC-protected silane film were 

functionalised with BIBB molecules in order to be used as ATRP initiators. PCysMA brushes were 

grown on the patterned surfaces using SI-ATRP, the polymerised surfaces were characterised 

using AFM and Ellipsometry. It was found that CMPTS can be used as an ATRP initiator and both 

the width of the lines and the periodicity of the patterns were shown to be easily controlled by 

changing the angle in the Lloyd's mirror. Mesenchymal stem cells were seeded onto nanometre 

patterned PCysMA brushes and cultured for seven days. Fluorescence microscopy was used to 

characterise the alignment and organisation of MSCs on the nanostructured and uniform 

brushes. It was found that both chemistry and morphology play an important role in changes in 

the distribution of focal adhesions and in the directionality of the actin filaments. No cells were 

found to attach to the uniform brushes, suggesting a high resistance of the brushes to cells. For 

30o BIBB and CMPTS samples cells successfully attached, forming long and thin stress fibres that 

followed the direction of the features of the BIBB sample. For nanostructured brushes grafting 

from BIBB-APTES and CMPTS exposed at 10o there was evidence of attachment and organisation 

of the cells, but the focal adhesions were less well defined and randomly distributed on the 

surfaces. For NPPOC-APTES exposed at 30o and especially 10o patterned samples the cells 

attached less successfully suggesting that the wider cell resistant brush structures made it 

harder for cells to attach and form focal adhesions.  
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Chapter 7: Fabrication of Supported-lipid bilayers on the binary patterned gold 

nanodots/PCysMA brushes 

7.1 Introduction 

During the last few decades, considerable attention has been focused on the development and 

manufacturing of smart, functional materials usable in a wide range of applications. Gold 

nanodots deposited on silicon substrates has attracted interest for use in new functional 

nanodevices, including subwavelength antennas in plasmonic applications433, electronic 

devices434, and biological applications435-436. The popularity of gold substrate in such 

applications is because of its high electrical and thermal conductivity, corrosion resistance, 

stability, solderability and bondability2. Fabrication of periodic nanodot arrays demands precise 

control of the gold film structure and a high-resolution nanolithography tool. Nanolithography 

techniques such as electron-beam and focused ion-beam lithography enable the formation of 

well-defined nanodot arrays, but they suffer from high cost, low throughput and small area 

production which limits their potential utility437. Photolithographic techniques are simple, low-

cost, and high-throughput techniques that can be used for fabricating patterns on a large 

area438-440. By taking the advantage of photoresist Self-assembled monolayers (alkanthiolate), 

which can serve either as a resist for photo patterning or chemical etching processes441-443 

photolithography techniques can be used to produce micrometre and nanometre features of 

gold structures. The whole patterning process simply consists of two main steps: (i) the 

immobilized thiolate on the gold surface is selectively photo-irradiated and (ii) the subsequent 

development of the resist in an etch process444. Both dry and wet etches may be used. Simple 

wet etches exist for gold. They utilize an etching solution, which contains a ligand that will 

coordinate to gold to form a stable Au(l) complex and an oxidant to establish the potential of 

the surface at a value when gold dissolution can occur445. Oh et al. have functionalized gold 

surfaces, using an aromaticthiol and alkanethiols. The SAMs have been patterned by using a UV 

light, and sulfonates in the illuminated areas developed with pure water. The patterned surfaces 

were characterized using AFM and STM. Cytochrome c molecules were adsorbed on the 

patterned gold surfaces and they were characterised using cyclic Voltammetry446. Two-beam 



 

153 
 

Interference Lithography (IL) was implemented to form periodic structures covering large areas. 

They generated structures with diameters of 140-350 nm separated at an average pitch of 304-

750 nm. The gold arrays were functionalized with a protein-resistant oligoethylene glycol (OEG) 

and then immersed in a solution of the protein fibronectin to form cell adhesive domains for the 

study of the cell attachment. Giessen et al. reported the formation of gold lines with a width of 

135 nm and a period of 395 nm on an area of  5 × 5 mm2, using IL to expose a photoresist first 

and then a dry etchant to remove the gold from the exposed area, forming gold patterns447.  

One of the main issues of the gold thin films is their weak adhesion to inert and commonly used 

glass and silica substrates. To address this problem, a very thin layer of either chromium (Cr)448 

or Titanium (Ti)449 is introduced between the gold thin film and the main substrate, forming a 

very stable gold thin film. However, these adhesive layers can be modified using a bottom-up 

approach that can enable the system to be used in a range of applications. Many studies have 

described the formation of self-assembled organic silane films on the Ti surface450-452. Sigrist 

and co-workers used the formation of films of 3-aminopropyltriethoxysilane (APTES) on planar 

titanium surface in dry toluene, The thickness of the APTES film and its composition were 

characterised using ellipsometry and XPS453. To study Chitosan on Ti surfaces, the APTES 

molecules were first immobilized on the titanium surface followed by functionalization of the 

free amine of immobilized APTES with glutaraldehyde and the reactions were confirmed by 

using XPS454. By combination of the modification process with photocatalytic lithographic 

techniques, polymer brushes were grown on the titanium surface. (3-(2-

Bromoisobutyramido)propyl)triethoxysilane (BIB-APTES) initiator-functionalized titanium 

dioxide surfaces were exposed through a mask to form a micrometer pattern, which was 

followed by growing poly(methyl methacrylate) (PMMA) brushes via SI-ATRP method455. Collard 

et al. reported the fabrication of patterned proteins and cells on Ti surface after it was modified 

with initiating APTES-BIBB molecules that followed by grafting  2-gluconamidoethyl 

methacrylate (GAMA), which resists protein adsorption and cell adhesion456. 

The fabrication of soft biofunctional and biocompatible interfaces by grafting polymer brushes 

to the surfaces has potential applications in the design and development of a supported lipid 

membrane (SLB) system. Due to their importance as a model system in membrane biophysics, 
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the SLBs have attracted a great deal of attention457-460. Recently, supported lipid bilayers (SLBs) 

have been fabricated on quaternized and non-quaternized Poly(2-dimethylamino)ethyl 

methacrylate) (PDMA) brushes, which was grown from planar substrates via SI-ATRP. The 

quaternized brushes yielded more stable and better protocol for the formation of SLBs than 

non-quaternized brushes. Fluorescence recovery after photobleaching (FRAP) studies of such 

SLBs indicate ideal diffusion coefficients (2.8 ± 0.3 μm s−1) and mobile fractions (98 ± 2%)461. 

Poly(Cysteine methacrylate) brush has also been used recently as a support for SLBs. FRAP 

studies of lipid mobility provided a diffusion coefficient of ∼1.5 μm2 s−1, which is comparable 

with those obtained for SLBs on a planar of the glass substrate115. Van Oijen et al. presented a 

rapid method for the formation of the polymer-supported lipid bilayer that displays complete 

lateral mobility of both leaflets. They showed that fabricated SLBs provide a lipid environment 

which is similar to those found in physiologically relevant environments. The FRAP suggested 

that full recovery of lipid membrane obtained on polymer-supported LB after photobleaching, 

while in the case of using a glass substrate that partial recovery as lipid molecules acquired462. 

The goal of the present work was to build on these studies by integrating gold nanostructures 

into a system consisting of an SLB formed on a brush support. The process is shown 

schematically in figure 6.1. An array of gold nanaoparticles is formed by using IL to expose a 

SAM of alkylthiolates on a film of gold on Cr- or Ti – primed silicon oxide. After etching a 

PCysMA brush is grown from the oxide regions between the gold nanostructures and a 

supported lipid bilayer is formed by vesicle fusion on the brush regions. Ultimately, it would be 

the goal to deposit membrane proteins on the gold nanostructures.   
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Figure 7.1: A schematic representation of the formation of supported lipid bilayers on PCysMA 

brushes grown on gold nanostructures. 

7.2 experimental Section 

7.2.1 Synthesis of 2-Bromo-2-methyl-N-(3-triethoxysilyl-propyl)-propionamide (BIBB-APTES) 

2-Bromo-2-methyl-N-(3-triethoxysilyl-propyl)-propionamide was synthesized depended on the 

previously recorded procedure463. 1.5 mL (2.79 g, 12.1 mmol) of 2-bromo-2-methyl-propionyl 

bromide was added dropwise to 100 mL of dry THF, which already contained 4.0 mL (3.8 g, 17.1 

mmol) of (3-aminopropyl)triethoxysilane and 3.60 mL of triethylamine (2.62 g, 25.8 mmol). The 

mixture was stirred under a stream of nitrogen for 12 h, the precipitate was filtered off and the 

solvent was removed. Then, the product was dissolved in 20 mL of dichloromethane (HPLC-

grade) and washed twice with 0.01 N of HCl and twice with deionized water. The organic phase 

was dried with magnesium sulfate and filtered again. The flash column chromatography with 

silica gel was used to purify the final product, using a mixture of n-hexane and ethyl acetate 

with a ratio of 2:1. The desired fragments were collected and a rotary evaporator was used to 

remove the solvent and produce a colourless oil with a yield of 86.4 % (5.43 g).  
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Product was characterized by using NMR spectroscopy. 1H NMR (250 MHz, CDCl3): δ 6.9 (s, 1H, 

NH), 3.82 (q, 6H, SiOCH2), 3.28 (t, 2H, CH2N), 1.95 (s, 6H, CH3,), 1.68 (m, 2H, CH2), 1.22 (t, 9H 

OCH2CH3), 0.65 (t, 2H, SiCH2). 13C NMR (250 MHz, CDCl3): δ 171.86, 63.24, 54.92, 42.56, 32.59, 

22.68, 7.56. 

7.2.2 Preparation of Samples 

The preparation of gold film on a thin adhesive layer of either titanium (Ti) or chromium (Cr) 

was described in section 3.4. A clean glass slide or silicon wafer was coated with 3-5 nm of Ti/Cr, 

using a vacuum Evaporator (Edwards Auto306) with a deposition rate no more than 0.03 nm s-1, 

this was followed by deposition of 18-20 nm of Au with a deposition rate 0.04 nm s-1 under 

pressure ca. 1 x 10-6 mbar. Then, the coated samples were immersed in 1 mM of either ODT or 

MUA solution in degassed ethanol for 24 h. The self-assembled coated surfaces were washed 

and sonicated in ethanol and dried under a stream of nitrogen prior to use. The samples were 

kept in ethanol during the entire period of the experiments to avoid the alkanethiol 

functionalized surfaces from the oxidation reaction. 

7.2.3 Photoirradiation of the Samples  

The alkanethiol-coated gold surfaces were patterned, using a photomask and by interference 

lithography, as described in section 3.7.4. The micrometre patterned gold structure was 

prepared by exposing the surface through a microscopic copper-grid (1000-2000 mesh), the 

exposed samples were washed and dried under a stream of nitrogen straight after the 

photooxidation process. Samples were exposed to light from a frequency-doubled argon ion 

laser (244nm) in Lloyd’s mirror interferometer. The angle between the sample and the mirror in 

the interferometer was 15o.  After the exposure process, the samples were etched, using a 0.2 

mM solution of mercaptoethylamine hydrochloride in 8% v/v of 35 % of ammonia in ethanol. 

The etching process was controlled by repeatedly checking of the samples by AFM. After that, 

the remained ODT or MUA was photo-oxidized to completely remove them on the gold futures, 

and then they were rinsed with ethanol and blown with nitrogen. 
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7.2.4 Derivatization of Cr/Ti Region with BIBB-APTES Initiator Molecules 

To functionalize the TiO2 surface with IBB-APTES initiator, the etched samples were cleaned in a 

cold piranha solution for 3-5 min, then they were washed more than seven times with deionized 

water. Subsequently, the samples were placed at the 100 oC for 2 h to dry, AFM tapping mode 

images were taken for each sample to ensure the patterns were not removed by the piranha 

solution. Afterwards, the samples were immersed in 5 mM of the initiator (BIBB-APTES) solution 

in HPLC toluene for 24 h, and then they were rinsed and sonicated in toluene and ethanol and 

dried under a stream of nitrogen. 

To form a BIBB-APTES self-assembled monolayer on Cr surface, the samples were cleaned and 

oxidized in a cooled piranha solution for 3-5 min. Immediately after this, the samples were 

rinsed in deionized water eight times and rinsed in an alkaline water-ethanol solution (a 

solution of ethanol (10 mL) and 1 mL of 1 mM of NaOH solution under reflux condition for 30 

min. Subsequently, the samples were immersed in 5 mM solution of BIBB-APTES in toluene for 

24 h. After the reaction finished, the samples were cleaned and sonicated in toluene and 

ethanol, and finally, they were dried under a stream of nitrogen prior to use. 

7.2.5 Growing PCysMA Brushes Between Gold Features  

CysMA monomer was synthesized as described in section 3.5.1, the gold patterned samples 

were placed in a piranha cleaned carousel tubes, degassed and then filled with nitrogen (this 

step was repeated 5 times). To 12 mL of deionized water  placed in a round bottom flask, (5.0 g, 

15.0 mmol) CysMA added and sonicated for 15 min to make a clear monomer solution, which 

was degassed for 30 min at 20 oC. Cu(I)Br (71.4 mg, 0.5 mmol), bipy (234 mg, 1.5 mmol) and 

Cu(II)Br2 (55.6 mg, 0.25 mmol) were added to the solution and degassed for 10 min, then it was 

quickly sonicated (for 2-3 min). Finally, 2 mL of the reaction mixture was transferred to each 

carousel tube and the polymerization allowed to continue for 1.5 h. The polymerized samples 

were washed and sonicated with deionized water and rinsed with ethanol before blowing with 

N2. 
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7.2.6 Preparation of Supported Lipid Bilayers  

Supported lipid bilayers were formed on the patterned samples using the procedure described 

in section 3.8. The polymerized  samples took place in a custom-built flow  cell, then they  were  

first  soaked  with buffer solution for 10 min, subsequently, the  vesicles  were  injected  and  

incubated  for  24  h  at  50 °C.  Finally, the  samples  were rinsed  for  20  min  with degassed 

Milli-Q water at a flow rate of 2.6 ml min–1. 

7.2.7 Surface Characterization 

Contact angle, AFM, and fluorescence recovery after photobleaching (FRAP) were used to 

characterize the obtained surfaces. Details of each measurement technique were given in 

chapter 3. The contact angle measurements confirmed the changes of wettability of the surface 

after functionalization with SAMs. AFM tapping mode topography images in air were used to 

analyze the patterned samples, typically after etching and polymerization processes. The quality 

of supported lipid membrane was characterized by using FRAP. 

7.3 Result and Discussions 

7.3.1 Photopatterning and Etching of Alkanethiolate Functionalized Gold Films on Ti/Cr Layer 

The functionalization of gold surfaces with alkanethiol was carried out using the previously 

recorded protocol464. The octadecanthiol (ODT) and 11-mercaptoundecanoic acid deposited on 

the either glass or silicon wafers were characterized by using contact angle goniometer and XPS. 

The contact angle measurement for a clean gold surface was 83o±3, increasing to 108o±3 after 

deposition of ODT. This increase in contact angle is consistent with the formation of an ODT 

SAM and is in close agreement with the contact angle values reported in the literature465. Figure 

7.2a shows an XPS C1s high-resolution spectrum obtained for an ODT functionalized  Au surface. 

The spectrum is dominated by a large peak at 285.0 eV, attribute to the carbon atoms in the 

ODT alkyl chain. A small component also appears at 286.9 eV that is attributed to a carbon atom 

adjacent to sulfur. This also assigned to ODT self-assembled monolayer on Au surface. While the 

contact angle decreased to 6-8o for MUA functionalized gold surfaces, this is also attributed to 

the formation of MUA monolayer and is consistent with previously reported contact angle33.  
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Figure 7.2: Demonstrates high-resolution C1s spectra for a) ODT SAMs and (b) MUA SAMs on 

the Au surface. 

High-resolution C1s spectra were obtained after formation of a SAM of MUA. As expected, 

peaks were observed adsorbed on the Au surface, the C1s peaks at 285.0, 286.7 and 288.89 eV 

are attributed to C-C-C, -C-COOH, and -C-COOH respectively, figure 7.2b. This is good evidence 

for the formation of an MUV self-assembled monolayer on the Au surface.   

To characterize the thickness of the gold film on the Ti/Cr adhesive layer coated slides, a sample 

was functionalized with an ODT SAM and photopatterned by exposure through an electron 

microscope grid (2000 mesh) with a dose of 40 J cm-2. The photo-oxidation reaction leads to 

oxidation of the alkanetiolate to yield a weakly bond alkylsulfonate in the presence of oxygen, 

due to the formation of hot electrons at the gold surface as shown in the equation below241. 

𝐴𝑢 − 𝑆(𝐶𝐻2)𝑛 𝑋 +
3

2
 𝑂2 + 𝑒−  → 𝐴𝑢 + 𝑋(𝐶𝐻2)𝑛𝑆𝑂3

− 

Although alkanethiolates strongly adhere onto the gold surface, the alkylsulfonates are only 

weakly adsorbed that can be removed by washing it with a solvent. The micrometre patterned 

SAMs was etched in a solution of mercaptoethylamine hydrochloride in ethanol for 15-20 min 

depending on the thickness of the old film.  
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Figure 7.3: (a) Tapping mode AFM height image of a gold microstructure formed by exposure of 

an ODT SAM on Au to UV light through a mask, followed by subsequent etching with 

mercaptoethylamine hydrochloride for 15 min. (b) AFM sectional analysis shows that the gold 

film thickness is 20.718 nm.  

The etched sample was characterized using AFM. The thickness of the gold film was acquired by 

taking an AFM tapping mode image and measuring a line section through a region of the sample 

(figure 7.3b). 

Arrays of gold nanostructures were prepared by using two orthogonal exposures, of an ODT 

SAM in the Lloyd’s mirror interferometer. The exposure was 25 J cm-2 and the sample was  

rotated 90o between exposures. The exposed sample was washed to remove oxidized 

alkylsulfonate and dried under nitrogen, then it was etched in the solution of 

mercaptoethylamine hydrochloride for 15 min. AFM tapping mode images confirm that a very 

good quality patterned sample was formed  (figure 7.4a). Section analysis revealed FWHM 186 

nm, period 438 nm and height of 20-26 nm.  

Samples were also prepared using MUA SAM as the resist, dose of 10.0 J cm-2 was used in a first 

exposure followed by a second orthogonal exposure of  8.3 J cm-2. Subsequently, the oxidized 

thiol molecules were removed by washing with a proper solvent before drying under nitrogen. 

a) b) 
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The photopatterned sample was etched in mercaptoethylamine hydrochloride for 16 min that 

resulted in gold nanodots see figure 7.4b.    

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 7.4: The tapping mode height images of an array of gold nanostructures formed using IL 

to expose (a) an ODT SAM and (b) an MUA SAM. (c) and (d) shows sections through the images 

in (a) and (b), respectively. 

Figure 7.5 shows fabricated gold nanodots on a Cr substrate using the irradiation of of ODT and 

MUA SAMs, the fabricated samples were characterized using AFM. The irradiation and etching 

processes were performed in a similar way to Ti substrate. The characterized properties of the 

gold nanodots by using ODT SAMS exhibit FWHM of 170 nm, a period of 512 nm and the 

thickness of 20 nm. While the dots which resulted from the photodegradation of MUA SAMs 

and subsequent etching showed 19.9 nm thickness, 507 nm period and 178 nm FWHM. 

a b 
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Figure 7.5: The tapping mode height images of an array of gold nanostructures formed using IL 

to expose (a) an ODT SAM and (b) an MUA SAM. (c) and (d) shows sections through the images 

in (a) and (b), respectively.   

To characterise the composition of the regions between the gold nanostructures after etching, 

model samples were prepared by UV irradiation of a SAM of MUA without the use of either a 

mask or the interferometer. Subsequently, the patterned samples were etched and 

characterized by utilizing contact angle goniometer, AFM and XPS.  Figure 7.6a shows an AFM 

tapping mode topographical image of a fully exposed gold surface. The roughness was 2.01 nm 

and the contact angle was 83±3o. A strong Au4f peak was acquired figure 7.6b.  
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Figure 7.6: shows AFM height images for Au surface before and after etching (a) Au film before 

etching, 10 x10 µm2 (b) Ti film, 5 x 5 µm2 and (c) Cr film 3 x3 µm2 after etching. XPS                                                                                                                                                                                                                        

spectra for (d) Au4f before etching, (e) Ti2p and (f) Cr2p films after etching.  

After etching the contact angle reduced to 14±3o and 17±3o for samples formed on Ti- and Cr-

primed  substrates, etching respectively. Roughness was 0.65 for a primed Ti substrate (figure 

7.6c) and 0.83 for Cr-primed surface (figure 7.6e). Figure 7.6d and 7.6f shows XPS spectra for 

Ti2p and Cr2p respectively, which are a good indication of the presence of Ti and Cr after 20 min 

etching time.  In both cases, the signal for primer layer is strongly indicating that it is not 

removed by the etch solution. However, the loss of the Au4f peak confirms removal of the gold. 

7.3.2 Preparation of Initiator Silane-coated Surfaces 

To immobilize the BIBB-APTES initiator on the Ti or Cr adhesive layers of the etched samples, the 

patterned samples were cleaned in a cooled piranha solution (25 oC) for 3-5 The samples were 

washed with deionized water, and then dried at 100 oC prior to use. The Ti samples were 

immersed in 5 mM solutions of BIBB-APTES in toluene for 24 h.  

a b c 
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To make a control Ti sample, a gold functionalized Ti layer etched until all gold film removed and 

the remaining Ti surface was immersed in 5 mM solution of BIBB-APTES in toluene for 24 h. The 

contact angle of the TiO2 surface was 17±3o degree, which is increased to 67±3o after treatment 

with BIBB-APTES. XPS was performed to determine the chemical composition of the initiator, 

the C1s core level spectra (figure 7.7a) were fitted using three component binding energy of 

285.0, 286.729 and 288.7632 eV, corresponding to C-C-C, C-Br/C-NCO and O=C-N respectively.  

 

 

  

 

 

 

 

                                                                                                                                                                                                                                                                                                                                                     

 

 

 

  

Figure 7.7: Demonstrates XPS high-resolution spectra obtained for 2-bromo-2methyl-N-

(triethoxysilyl) propyl) propanamide (BIBB-APTES) adsorbed on Ti and Cr surfaces. (a) C1s high-

resolution spectra for the initiator on Ti surface, (b) C1s high-resolution spectra for the initiator 

on Cr surface, (C) Br3d high-resolution spectra for BIBB-APTES on Ti surface, and (d) Br3d high-

resolution spectra for BIBB-APTES on Cr surface. 
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The ratio between C-C-C, C-Br/C-NCO and O=C-N obtained here is 3.6:1.93:1 which is in close 

agreement with the theoretical ratio 4:2:1. Figure 7.7c shows high-resolution Br3d spectra, 

which consistent with the components of the BIBB-APTES initiator. 

BIBB-APTES was adsorbed onto the chrome layer using the method of Hild et al. They found that 

the siloxane group reacted with CrO-, which is formed after the oxide surface treated with 0.1 M 

NaOH in a water-ethanol solution under reflux466. The contact angle was 16±3 for a clean Cr 

surface, this was increased to 67o after the surface was treated with the BIBB-APTES initiator. 

Samples were characterized by XPS. The C1s spectra were fitted using three components  with 

binding energies of 285.0, 286.729 and 288.7632 eV, which were attributed to C-C-C, C-Br/C-

NCO and O=C-N respectively figure (7.7b). The calculated ratio of C-C-C:C-Br/C-NCO: O=C-N is 

4:2:1. The measured ratio here was 3.97:1.7:1, which means that a nearly complete monolayer 

has formed. The Br3d spectra were fitted using two components with binding energies 70.78 eV 

and 71.82 eV, attributed to Br3d5/2 and Br3d3/2. A single peak was observed at 74.88 eV 

corresponding to Cr3s (figure 7.7c and 7.7d). These results confirming that BIBB-APTES was 

successfully immobilized on the Ti and Cr surfaces as a prior to starting the polymerization 

reactions. 

7.3.3 Growing PCysMA Brushes Between Gold Nanodots 

The poly(cysteine methacrylate) brushes were grown from the Ti or Cr regions between gold 

nanodots using SI-ATRP. The oxide regions were functionalized with the ATRP initiator (BIBB-

APTES) before the polymerization reaction. The polymerization was performed under conditions 

of [CysMA]: [CuBr]: [CuBr2]: [Bipy] with a molar ratio of 30: 1.0 : 0.5 : 3, respectively, for 1.5h to 

yield a polymer with a dry thickness of 7-9 nm. Figure 7.8a shows an AFM tapping mode 

topographical image of a representative. The cross section analysis suggested that the height 

difference between gold and Ti regions reduced from 20 nm to ca. 11.23 nm (figure 6.8b) 

consisting the formation of a brush layer 8.77 nm thick between the gold nanostructures. This is 

attributed to the fact that the brushes were grown successfully in the fabricated regions. In a 

similar way, the polymer brushes were grafted on the Cr regions between the patterned gold 

structures, by immersion the samples into the polymerizationsolution of similar composition for 

1.5 h to grow brush with a dry thickness of about 7-9 nm.  
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Figure 6.8b shows that the brushes were successfully grown from the Cr area, as more evidence 

can be seen from the sectional analysis, where the height differences between gold nanodots 

and Cr regions reduced to 11.6 nm. 
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Figure 7.8: shows AFM tapping mode topographical images for binary patterned of gold 

nanodots/PCysMA brushes. (a) PCysMA brushes grown from Ti regions between gold nanodots, 

(b) PCysMA brushes grown from Cr regions between gold nanodots. (c) and (d) show the line 

section through the height images (a) and (b) respectively. 

a b 

c d 
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Alswiesh and et al. reported that PCysMA brushes swelled by 7-8 nm in water, so for the 

structures shown here, which were characterized dry, it is expected that the heights of the 

swollen brushes would be similar to the heights of the gold nanostructures. It has been shown 

in our lab, that the height of the PCysMA brushes becomes twice bigger in a good or PBS buffer 

compared to the dry thickness in the ambient conditions. Thus, the brush and gold nanodots 

may be at the same height after the brushes swollen in such kind of solvents. 

7.3.4 Formation of SLBs on The Binary Patterned Gold Nanodots/PCysMA Brushes 

The experiments of lipid bilayer formations were performed in co-operation with Leeds 

University as a part of the low-dimensional chemistry (LDC) project. As described in chapter 3.8 

the fabrication of lipid bilayer was investigated using positively charged lipids of DOTAP POPC in 

PBS. The fabricated samples were  first  soaked  with buffer solution for 10 min, subsequently, 

the  vesicles  were  injected  and  incubated  for  24  h  at  50 °C, in order to induce vesicles 

rupture and forming a mobile lipid bilayer on the polymer brush regions. The interaction 

between vesicles and the gold nanodot surface is expected to be very weak; hence no vesicle 

adsorption is observed on the gold surfaces. Before performing characterization steps the 

samples  were rinsed  for  20  min  with degassed Milli-Q water at a flow rate of 2.6 ml min–1. 

Figure 7.9a shows the FRAP images for the binary gold nanodots/PCysMA brush on Ti surfaces 

before and after bleaching at 3 min. Bright, uniform fluorescence could be seen on the surface 

which confirmed the successful rupture of the vesicles, leading to a uniform distribution of 

lipids, consistent with the formation of SLBs the absorption of the lipids onto the surface. A 

black spot appeared in the middle image (figure 7.9a) is attributed to the photobleaching 

region, which results from destruction of the fluorescence properties of the dye molecules 

under intense illumination. The figure 7.9b shows an image of the same region acquired 3 min 

after photobleaching. It can be seen from the images that the fluorescence intensity of the 

bleached spot recovered fully after the 3.0 min. The recoveries of the fluorescence confirm that 

the lipids are mobile in the SLB: after bleaching, the bleached lipids are replaced by lipids 

diffusing into the bleached region. The intensity of the bleaching region as a function of time 

has been plotted as shown in figure 7.9c. Analysis of the recovery curve indicates a diffusion 
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coefficient of 1.10 ± 0.15 μm2/s. The mobile fraction of the formed bilayer was calculated to be 

129% ± 5%, which confirms the vast majority of the lipid membrane was mobile.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.9: Fluorescence image  for photo-oxidised lipid bilayer on the binary gold 

nanodots/brush samples on Ti surface after incubation in POPC vesicles and heating in an oven 

at 50 °C. The images show the surface immediately (a) and 3.0 min after photobleaching (b). 

The fluorescence recovery curve for the recovery of the lipids (c). The FRAP data were fitted to a 

first-order curve by Peng Bao. 

t = 0 min after 

bleaching

t = 3 min after 

bleaching
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Figure 7.10 shows data acquired in a very similar experiment carried out using a sample formed 

on a substrate primed with Cr rather than Ti. Uniform bright  fluorescence was observed prior to 

bleaching, confirming successful vesicle fusion. After bleaching, a dark spot is observed (7.10a).  

 

Figure 7.10: Fluorescence image  for photo-oxidised lipid bilayer on the binary gold 

nanodots/polymer brushes on Cr surface after incubation in POPC vesicles and heating in an 

oven at 50 °C. The images show the surface immediately (a) and 3.0 min after photobleaching 

(b). The fluorescence recovery curve for the recovery of the lipids (c). The FRAP data were fitted 

to a first-order curve by Peng Bao. 

 

a b 
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Fluorescence was fully recovered in the bleached region (figure 7.10b) confirming that the lipids 

were mobile in the SLB. Figure 7.10c shows the intensity of the photobleaching as a function of 

recovery time. The diffusion coefficient  and the mobile fraction of the bilayer obtained from 

the analysis of the recovery curve  were  D = 0.71 ± 0.15 μm2/s and 84 ± 5%, respectively, which 

confirms the formation of good-quality lipid membrane on the surface. 

In the future work, the aim would be to integrate membrane protein structures into lipid 

bilayers resting on polymer cushions with integral gold nanostructures. This would help to 

realise the goal of being able to use plasmonic techniques to investigate membrane proteins in 

situ in biological membranes. The gold dots would be functionalised with nitrilotriacetic acid 

(NTA), enabling site-specific attachment of light-harvesting complexes from plants or bacteria. 

Recent work [Tsargorodska et al.]467 has shown that there is strong coupling between localised 

surface plasmons and excitons in light-harvesting complexes; with the result presented here, it 

seems possible to achieve strong coupling between LSPRs and an intact biological membrane, 

which would be a very useful advance. 
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7.4 Conclusion 

The thin gold film has been prepared on both Ti and Cr as an adhesive layer, ODT and MUA 

SAMs has been deposited on the gold films. Contact angle measurements and XPS 

characterization suggested the high quality of SAMs of both ODT and MUA on the surfaces. To 

determine the thickness of the gold layer, the ODT self-assembled monolayer was photo-

oxidized of a dose of 40 J cm-2 through a microscopic grid, using photomask technique. A 

micrometre gold structure fabricated by etching the photopatterned sample in the etchant 

solution for 20 min. The AFM tapping mode images suggested a very good agreement between 

the thickness obtained from patterned sample and the thickness suggested by the evaporator. 

Nanometer patterned of the SAMs (either ODT or MUA) on the gold film obtained by employing 

interference lithography (IL). Subsequently, the gold nanodots acquired after the IL patterned 

samples have been etched for 10-15 min. The AFM characterizations confirmed the high quality 

of the obtained gold nanodots on both Ti and Cr layers. An ATRP initiator (BIBB-APTES) has been 

synthesized and immobilized onto the regions (Ti or Cr) between gold nanodots, AFM, contact 

angle and XPS confirmed that the silane film was successfully formed on the targeted area. A 

new zwitterionic biocompatible brush (PCysMA) was grown from the initiated area by applying 

SI-ATRP method, the obtained binary gold nanodots/PCysMA brushes characterized by using 

AFM. The binary patterned samples were used to study supported lipid bilayers (SLBs) and the 

FRAP studies suggested a high quality of SLB on the patterned samples with a considerable 

diffusion coefficient and a mobile fraction.  
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Chapter 8: Summary of Thesis 

The goal of the work presented in this thesis was to develop a polymer-based system that can 

be used to organise biological interactions at the nanometre-scale. To achieve this, precise 

control is required of both the conformation and behaviour of the polymer chains at a 

molecular level and in physiological environments.  

8.1 Fabrication of PCysMA Micro – and Nanostructures and Characterisation of their 

Behaviour as a Function of Feature Size and Grafting Density in Different Environments 

Various nanometre and micrometre structures of PCysMA brushes were fabricated from photo-

patterned APTES-BIBB film. Micrometre-scale structures were fabricated by exposing the silane 

film using photomask lithography. Interference lithography at an angle of 10o, 15o, 20o and 30o 

was used to fabricate nanometre structures with periods of 690, 511, 450, 307 nm respectively. 

PCysMA brushes were grown from the unmodified regions of the surface using SI-ATRP. Friction 

force measurements by FFM revealed that the conformation of the brushes depends on the 

dimensions of the features and the nature of the medium. In a medium in which the polymer 

chain segments are strongly solvated the friction-load relationship was sublinear. Application of 

the DMT contact mechanics model provided a good fit to frictional-load plots. The contact 

mechanics parameters were calculated and found to vary in a way that was consistent with the 

explanation.  Therefore, the polymer chains are expected to be extended and forming brush 

structures. In contrast, the friction forces were linearly related to the load for those 

measurements that were carried out in a poor solvent. It is expected that the molecular 

deformation dominated the energy dissipation pathway in the contact area, due to the the 

collapsed nature of the polymer chains. The friction coefficient values decreased as the scale 

size of the footprints decreased.  

The impact of grafting density on the polymer brush conformation was investigated in different 

environments. The ATRP initiator was exposed to different doses of 244 nm UV light, using 

photolithography, the polymer brushes were grown from the unexposed regions of the initiator, 

using SI-ATRP.  
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The friction-load relationship was found to be nonlinear in a good solvent for the brushes with 

high grafting density. However, a linear relationship was observed as the grafting density 

decreased.  

The most reasonable explanation is that at a high grafting density the friction was dominated by 

dissipation in shearing while this changed to load dependent ploughing as the grafting density 

decreased. This suggested that the polymer chain provided brush structure at high density, due 

to the steric hindrance rose between the polymer chain segments. As the distance between two 

adjacent grafting points decreased the polymer chain started to be collapsed. This was further 

explored by using DMT mechanism and measuring the contact mechanic parameters. This 

transformation in the polymer chain conformation was not observed in a poor solvent. A linear 

friction-load relationship was obtained, regardless of the grafting density of the brushes. This 

may explained by suggesting that the polymer chains were collapsed and molecular ploughing 

dominated the interface between tip and sample surfaces. As the grafting density decreased the 

friction coefficients increased initially, and then decreased as the density further reduced. 

8.2 Mesenchymal Stem Cell Cultivation on Nanometer Patterned PCysMA Brushes 

2-nitrophenylpropyloxycarbonyl-protected aminosiloxane (NPPOC-APTES) was successfully 

synthesised, immobilised and characterised using contact angle measurements, XPS. 

(chloromethyl)phenyltrichlorosilane (CMPTS) and APTES-BIBB were also deposited on a silicon 

dioxide and characterised using XPS and contact angle. In order to know the chemical 

conformation of the exposed regions of the SAMs, a photo-patterning of the SAMs was carried 

out using photolithography.  The patterned surfaces were characterised by using AFM, XPS and 

contact angle measurements. It was found that photo-oxidation of CMPTS, photo-deprotection 

of NPPOC-protected silane and  photo debromination of APTES-BIBB yielded carboxylic acid, 

free amino and  some oxygen-containing functional group regions, respectively. To form 

nanometer structures, the SAM films were patterned, using IL at an angle of 10o and 30o. 

PolyCysMA brushes were grown on the patterned SAMs using SI-ATRP. For 10o samples, AFM 

tapping mode images showed that the period of the features depends on the type of SAMs. 

However, a close similarity in the period could be observed for the 30o samples.  
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Cells were seeded onto the nanometre patterned PolyCysMA brushes and cultured for seven 

days. Fluorescence microscopy imaging was used to study the alignments and organisation of 

MSCs on the nanostructured and uniform brushes. It was found that both chemistry and 

morphology play an important role in changes in the distribution of focal adhesions and in the 

directionality of the actin filaments.  

No cells were shown on the uniform brushes, suggesting a good resistance of the brushes to the 

cells. For 30o BIBB and CMPTS samples the cells were successfully attached, however, the stress 

fibres were long and thin and followed the direction of the features of the BIBB sample; this was 

less pronounced that was the case at the CMPTS sample. For 10o BIBB and CMPTS 

nanostructured, there was evidence of attachment and organisation of the cells, but the focal 

adhesions were less well defined and randomly distributed on the surfaces. For NPPOC 30o and 

especially 10o patterned samples the cells attached less successfully, suggesting that the 

chemical component of the sticky line played an important role in the disruption of the cell 

alignments. 

8.3 Formation of Supported Lipid Bilayers on The Binary Patterned Gold nanodots/PCysMA 

Brushes 

A binary structure consists of patterned gold nanodots/CysMA brush was fabricated that could 

be used as a substrate to recreate a cell membrane environment. A gold film on an adhesive 

layer was prepared and functionalized with a photosensitive SAM (MUA or ODT). Gold 

nanostructures were formed using IL, with two orthogonal exposures of the SAMs, followed by 

etching the SAM-free regions. The high quality of the fabricated gold nanodots was confirmed 

by AFM tapping mode images. An ATRP initiator (BIBB-APTES) was synthesised and immobilised 

onto the regions (Ti or Cr) between gold nanodots, AFM, contact angle and XPS confirmed that 

the silane film was successfully formed in the targeted area. A new zwitterionic biocompatible 

brush (PolyCysMA) was grown from the initiated area by applying SI-ATRP method, the obtained 

binary gold nanodots/PolyCysMA brushes characterised by using AFM.  
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The height difference between the dots and dry polymer brushes suggested both of them will 

be equal in thickness after immersing in the lipid bilayer medium. The binary patterned samples 

were used to study supported lipid bilayers (SLBs) and the FRAP studies suggested a high quality 

of SLB on the patterned samples with a considerable diffusion coefficient and a mobile fraction. 

8.4 Future Work 

It would be interesting to further explore the conformation of various micrometre and 

nanometer PolyCysMA brushes in a mixture of solvents.  The mixture could be made from both 

good and poor solvents with various concentrations. A transfer in the brush structure could be 

determined depending on the concentration of the solvents. It would also be useful to explore 

the effect of thickness on the brushes behaviour in different environments. This could be  done 

by fabricating various micrometre and nanometer structures of the brushes with different 

thickness, using FFM to obtain friction data, characterising the data by applying contact 

mechanic models. These studies may enhance the fundamental understanding of the behaviour 

of the patterned brushes and could be used as a base to the candidate the brush  be used in 

different physiological conditions. 

It would also be interesting to further investigate the morphology and chemistry effect of the 

nanometer patterned PolyCysMA brushes on alignment and organisation of MSCs, using 

different cultivation time. The cultivation times could start from a very short period of a very 

long period, including more than a week and month. Not only the stem cells but also different 

types of cells could be grown on the patterned brushes. Patterned polymer brushes with 

different thickness could also be fabricated, for instance, 2.0 nm -70.0 nm brushes, and their 

effects on the cell adhesion can be investigated. Bilayer brushes could also be used, by growing 

a sticky (fouling) brush between nanometer lines of PolyCysMA. The height difference between 

both brushes can be controlled by controlling polymerization times, also different morphology 

can be explored, using AFM, XPS and fluorescence microscopy to characterise  the surfaces. 

It would be useful to further investigate the mobility and diffusion behaviour of SLBs on a 

bilayer of gold nanometer lines/ PolyCysMA brushes.  
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Various gold nanostructures could be fabricated by changing the exposure angle in IL. This also 

is true for fabricating gold nanodots with different periodicity and widths. 

 The diffusion coefficient and moving of SLBs around the patterned lines or dots could be 

investigated using FRAM. The advantage of using nano lines is that the diffusion of the lipids on 

these structures could be limited and become unidirectional, this may help the formation of the 

high-quality lipid bilayer. Also, a bilayer of POEGMA/PolyCysMA brushes can be fabricated and 

used as a substrate to grow cell membrane. Interference lithography can be used to fabricate 

various nanometer and micrometre structures of the bilayer brushes, then the morphology and 

chemistry effect on the diffusion and mobility of the SLBs could be investigated. 
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