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Abstract 

The aim of this work was to develop engineered coatings for protein 

and cell patterning on a surface. Cell patterning is important for biomedical 

applications such as single-cell studies, cell microcolonies arrays for high 

throughput drug screening, and the growth of geometrically controlled cell 

co-cultures for tissue engineering. 

In this work, the patterning of cells relied on the controlled 

positioning of protein domains on a surface, on which the cells could adhere. 

This was done by dewetting a protein-repellent polymer film from a protein-

adsorptive one. Dewetting is the process by which an unstable thin liquid 

film (such as a polymer over its glass transition temperature) spontaneously 

breaks up, resulting in the formation of holes. The duration of dewetting 

controls the dimensions of the holes, from tens of nanometers to tens of 

microns. By tuning the thickness of the films and the molecular weight of the 

polymers it is possible to vary the type of pattern that is obtained. The result 

of the dewetting was a chemically and topographically patterned coating. 

Proteins in contact with such surface could only adsorb inside the dewetted 

holes, where the adsorptive polymer was exposed. 

The first system investigated was dewetted poly(N-vinylpyrrolidone) 

(PNVP) on polystyrene (PS). PNVP was found to cross-link upon annealing, 

as well as dewetting from PS. Insoluble cross-linked PNVP films were 

characterized by neutron reflectometry, infrared spectroscopy and 

ellipsometry, and found to be stable in water for many days, resistant to 

harsh solvents, and excellent in repelling proteins. The hole growth observed 

during concurrent dewetting and cross-linking was fully characterized by 

time elapsed optical microscopy, and a model was developed to predict it. 

The pattern obtained by dewetting PNVP could be controlled by selecting 
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the appropriate annealing temperature, in order to tune the ratio between 

the rates of dewetting and cross-linking. 

The PNVP/PS architecture was improved by substituting the PNVP 

film with a functional polymer brush, in order to achieve a more versatile 

system. A polymer was designed so as to be able to dewet from PS, as well 

as bear initiators for the grafting of a polymer brush. This macroinitiator was 

synthesised by reversible addition-fragmentation chain transfer 

polymerization (RAFT). A protein-repellent poly(poly(ethylene 

glycol)methyl ether methacrylate) (poly(PEGMA)) brush was grafted from 

the dewettable macroinitiator film using activators generated by electron 

transfer atom transfer radical polymerization (AGET ATRP). This type of 

polymerization allows growing brushes of controlled thickness, with 

“living” ends that may easily be post-functionalised with simple chemical 

reactions, to interact selectively with different biological molecules or cells. 

The grafting process was investigated by ellipsometry, size exclusion 

chromatography and X-ray photoelectron spectroscopy. The functional 

patterned coatings developed were able to effectively immobilise 

extracellular matrix proteins and cells in selected areas of the surface, as 

shown by fluorescence microscopy and atomic force microscopy. The cells 

could spread on the surface, showing good viability. 

The patterned coatings here described could be prepared on non-flat 

and large objects, offering a simple and cheap alternative to other patterning 

techniques, such as photolithography and micro-contact printing, and 

opening exciting prospects in biomedical applications. 
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1.1 Preamble 

The interaction of a synthetic surface with biological media is a very 

complex process. The material surface is interfaced with an extremely 

complex mixture of salts, proteins and cells. Proteins can adsorb onto the 

surface and change their structural configuration, depending on the 

structure and the chemistry of the surface and on the properties of the 

protein. They hence present different chemical cues to the surrounding cells, 

which react accordingly. The understanding and control of the interaction of 

a synthetic surface with biological media is crucial in modern biology and 

medicine, where artificial devices are commonly employed. 

A very important example is the case of medical implants. When 

these or similar medical devices are interfaced with a living tissue, they 

generally trigger an inflammatory reaction usually referred to as the foreign 

body reaction (FBR).1 This defence mechanism encompasses many different 

types of processes, the most common of which being the isolation of the 

foreign body in a fibrous capsule. The very first step of such response is the 

coverage of the unknown surface with proteins that allow it to be detected 

by macrophages and other cells, and direct their attachment. This complex 

layer is referred to as provisional matrix, and in Anderson et al.’s words, 

“may be viewed as a naturally derived, biodegradable sustained release 

system in which bioactive agents are released to control subsequent phases 

of wound healing.”1 The foreign body is eventually walled out by a thick 

layer of cells and proteins. This affects dramatically the performance of the 

in vivo device, that cannot be integrated or interact with the living body 

anymore, and may suffer from mechanical failure, e.g. due to pH effects 

inside the fibrous capsule. As well as the host cells, also bacteria can adhere 

on the foreign surface, forming an impenetrable biofilm that acts as a 

stronghold from which future bacterial infections can spread.2, 3 Modern in 
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vivo devices have to be designed so to avoid non-specific protein adsorption, 

which can play a role in both the FBR and bacterial infections. 

The understanding and control of the interaction of synthetic surfaces 

with cells in a biological medium is also extremely important in in vitro 

tissue engineering. Again, the support surface used to grow the tissue can 

trigger a specific response in the seeded cells. It is crucial that the synthetic 

substrate can guide the complex process of cells assembling in a functional 

tissue and suppress any unwanted cell response. 

The interaction between a cell and a surface is always mediated by 

proteins, which can be already present in the biological media, or can be 

secreted by the cell itself or surrounding cells.4 This is a very important piece 

of information: to control protein adsorption on a surface is the first step 

towards controlling the way that cells will interact with it. The protein-

surface interaction can be tailored for different purposes. A common 

strategy to control the FBR is to design surfaces that prevent any non-

specific protein adsorption. Such surfaces are commonly referred to as 

antifouling or bio-inert. In principle, antifouling materials can have an 

impact on the FBR by preventing the formation of the protein provisional 

matrix that directs the first stages of the process. Antifouling materials 

prevent protein adsorption as a result of their intrinsic surface properties, 

such as wettability, surface charge, swelling ability and compressibility. 

Such coatings do not require any chemical or topological heterogeneity to 

perform their task. A detailed description of antifouling surfaces, including 

protein-surface interactions, is presented in Section 1.4.  

In many applications, such as catheters, surgical tools and biosensors, 

completely avoiding the interaction of the device with the host proteins and 

cells is enough. Other applications require instead a controlled protein and 

cell adsorption on a substrate. For example, implants that require integration 

with the host cannot be inert to it. The device has to interact with the host 
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tissue, and promote the same type of wound healing process that would 

occur in any other damaged tissues. The microenvironment presented on the 

surface has to promote the natural cascade of events that brings from the 

wound to the healed tissue. 

Tissue engineering is another very pertinent example of creating 

surfaces that must interact controllably with biological media. The adhesion 

of multiple types of cells has to be allowed on the substrate, yet avoiding 

uncontrolled proliferation or, at the other extreme, cell death. The substrate 

has to control cell behaviour, guiding the adhesion and interaction of the 

cells towards the assembly of the final tissue.  

Control over protein adsorption and cell adhesion is also very 

important in fundamental biological studies, where the biochemical 

mechanisms of single cells or colonies of controlled size are of interest. Such 

studies are important to understand fully the basic mechanisms of cell-

surface interactions, in order to successfully design the next generation of 

medical implants. The substrate used has to induce the localized adhesion of 

a specific number of cells, often in large arrays for high throughput analyses. 

More details on the interaction of polymer coatings with cells can be found 

in Section 1.6. 

Organic polymer coatings have been extensively used in biomedical 

applications, because of ease of preparation, tuneable mechanical properties, 

and the possibility of easy modification and functionalisation to optimise 

their properties and potentially improve, for example, biocompatibility. 

Polymer coatings have a number of advantages when compared to bulk 

polymeric devices or materials. They allow the tailoring of the properties 

(e.g. biocompatibility) of any surface, bypassing the need to redesign 

instruments, implants, tools, which have already been optimized to meet a 

specific need, such as hardness, sharpness and flexibility. Polymer coatings 

are routinely used in devices such as stents, cardiac assist devices, 
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electrosurgical tools, catheters, needles and epidural probes, medical 

electronics (e.g. biosensors), where there is a need to reduce friction, impart 

chemical or thermal resistance, control infections and reduce the defensive 

reaction of the biological host. Polymer coatings also find application as 

tissue engineering substrates. 

1.2 Aim of this work 

The aim of this work was to design functional polymer coatings for 

biomedical applications. Two types of systems were investigated. The first 

was a very robust and easy to prepare coating with excellent antifouling 

properties, suitable for applications in which protein adsorption is 

undesirable, such as catheters, contact lenses and intravenous devices. The 

second was a coating consisting of a chemical and topographical 

micropattern. This coating was designed for applications where controlled, 

localized cell adhesion was required, as in fundamental biological studies or 

in tissue engineering. The pattern was obtained by the combination of 

polymer thin film dewetting and selective polymer brush grafting by 

surface-initiated reversible-deactivation radical polymerization. 

The underlying idea behind all this work was to develop low cost and 

easy to implement alternatives to the fabrication techniques currently 

available, and to investigate the capabilities of the newly designed coatings 

in selected biomedical applications. 
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1.3 Outline of this Thesis 

The first Chapter of this Thesis provides background information on 

the research undertaken. The basics of the interaction of proteins with 

polymer coatings are presented, with special emphasis on polymer brushes. 

Common techniques used to produce polymer brushes are introduced, with 

focus on the surface-initiated method used herein. Patterned surfaces and 

their ability to induce specific responses in cells are then described. Finally, 

common techniques to produce patterned surfaces are summarised, and the 

dewetting method used to create a pattern used in this work is described. 

Summarised in Chapter 2 are the main techniques and methodologies 

common to all the experimental work in this Thesis. 

Presented in Chapter 3 is the investigation on the cross-linking 

mechanism that spontaneously occurs in poly(N-vinylpyrrolidone) (PNVP) 

films upon thermal annealing. Cross-linked PNVP films are extremely 

robust and have excellent protein-repellent behaviour, so they are promising 

candidates in a range of biotechnological applications. In Chapter 4, the 

investigation on the competition between cross-linking and dewetting in 

these PNVP films is presented. The hole growth during dewetting was 

described with a newly developed model, which also allowed to extrapolate 

the cross-linking rate coefficient for PNVP. 

Presented in Chapter 5 is research on a micropatterned coating, 

produced by spontaneous polymer thin film dewetting and grafting of a 

highly protein-repellent poly(poly(ethylene glycol) methyl ether 

methacrylate) (poly(PEGMA)) brush in selected locations. The chemically 

and topographically patterned coating obtained showed excellent protein 

adsorption contrast. The studies on controlled adhesion of fibroblasts on the 

developed patterns are reported in Chapter 6. The shape and spreading of 
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the cells on the adhesive domains of the pattern was investigated to 

determine the cell viability. 

Finally, summarised in Chapter 7 are the general conclusions from the 

whole Thesis. 

1.4 Interaction of polymer coatings with proteins 

A protein approaching a surface experiences a number of repulsive 

and attractive forces, which will ultimately determine the interaction 

between the two. This Section focuses on the interaction of proteins with a 

grafted polymer brush, based on the extensive literature on the topic. The 

general conclusions are valid for any similar polymer coating which can 

swell with water, such as hydrophilic cross-linked polymers. The 

investigation of a thermally cross-linked poly(N-vinylpyrrolidone) film able 

to trap water and strongly repel protein molecules is reported in Chapter 3. 

In Chapter 5, a poly(poly(ethylene glycol) methyl ether methacrylate) brush 

was grafted from a substrate to reduce protein adsorption in selected 

locations. 

1.4.1 Polymer brushes 

The term “polymer brush” refers to a set of polymer chains end-

tethered to a surface with high graft density, i.e. high number of chains per 

surface unit, such that the surface-attached chains become crowded and are 

stretched away from the surface.5, 6 The dense packing of the chains in a 

brush gives it its unique properties. Examples are ultralow friction of 

surfaces coated in polymer brushes,7 autophobic dewetting, i.e. inability of a 

polymer melt to wet a polymer brush of the same chemical composition,8, 9 
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and low fouling properties of polymer brushes (discussed in detail in Section 

1.4.2). 

An isolated polymer chain tethered on a surface will have a 

conformation very similar to the one of an isolated chain in solution, 

assuming no interactions between the chain segments of the grafted polymer 

and its substrate. This is a simplistic generalization useful to describe the 

difference between chains in brushes with different steric hindrance, as 

discussed below. The grafted chain conformation will differ slightly from the 

one in solution because of the tethered end. Furthermore, if attractive 

interactions with the substrate are present, the chain is likely to completely 

collapse on the surface, while it is likely to moderately extend away from the 

surface if the interactions are repulsive. An unperturbed coil has a 

characteristic dimension defined by the Flory radius, RF (Equation 1.1):10 

 

𝑅𝐹 =  𝑅𝑔𝛼  (1.1) 

 

where α is the intramolecular expansion factor and Rg is the radius of 

gyration,10 defined in Equation (1.2). α is unity for an ideal solvent (or theta-

solvent), which has neither repulsive nor attractive interactions with the 

polymer. α is greater than one for good solvents (the polymer segments 

repel each other and the polymer swells) and smaller than one for poor 

solvents (the polymer segments attract each other and the polymer shrinks). 

 

𝑅𝑔 =
(𝑙√𝑁)

√6
 

 

(1.2) 

In Equation (1.2), l is the repeating unit length and N is the degree of 

polymerization (i.e. the number of monomers in the polymer chain). 
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A layer of isolated end-tethered polymer chains not interacting with 

their substrate will hence have thickness equal to the Flory radius of the 

polymer chain. Each chain is described as having a “mushroom” 

conformation. In a polymer brush, many polymer chains are immobilized in 

a small area, and they inevitably influence each other. More precisely, the 

distance between grafting points is smaller than the Flory radius of each 

chain, and excluded volume comes into play. The steric repulsion between 

adjacent chains forces them to stretch away from the surface to minimize 

their energy. Therefore, in a polymer brush the chains will have a perturbed 

conformation.10, 11 The equilibrium conformation of a chain in a brush, for a 

given grafting density, will be the result of the balance between steric 

hindrance from neighbouring chains (excluded volume) and the spring 

restoring force of the chain, which minimizes the entropic cost associated 

with stretching out (Figure 1.1).11 

 

 

Figure 1.1 Possible configurations of polymer chains in an end-tethered layer at different grafting 

densities (i.e. degrees of stretching). At low grafting densities, the chains lie on the substrate in a 

“mushroom” shape. When the chains start to overlap, they extend away from the substrate, and the 

brush thickness is described by Alexander’s scaling law (“semi-dilute brush”).12 When the grafting 

density becomes very high, the polymer chains stretch much further, and the scaling law describing 

the brush thickness changes accordingly (“concentrated brush”). 
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Now, only the case of a brush swollen in a good solvent will be 

considered, since it is the system most used in biological applications. 

According to the Alexander model,12 the thickness of such a brush will scale 

linearly with the polymer length (Equation 1.3): 

 

𝐿 ∝ 𝑁𝜎1/3 (1.3) 

 

where σ is the grafting density defined as surface coverage fraction, 

and N is the degree of polymerization of the polymer (number of monomers 

per chain). This relationship is valid over an extended range of grafting 

densities, provided that N > 50.13 The scaling law is different for dry brushes, 

as a polymer is considered to be a θ-solvent for itself. The brush chains are 

therefore less extended, and the scaling law is defined by Equation 1.4: 

 

𝐿 ∝ 𝑁𝜎1/2 (1.4) 

 

More recently, a distinction has been made between the “semi-dilute 

brush” regime, where the Alexander scaling law (Equation 1.3) is valid, and 

the “concentrated brush” regime, where the brush length scaling would 

change to σn, with n > 1/3 and equal to 1 for the theoretical limit of σ = 1.14, 15 

This behaviour has been observed experimentally.16-18 The regime cross-over 

occurs over a wide range of grafting densities, and depends strongly on the 

system.19 A concentrated brush has higher resistance to compression than a 

semi-dilute one.14-16 Also, a semi-dilute brush has a density profile that is 

poorly described by the step-like function assumed by the Alexander model, 

and is rather parabolic,11 while the stretching away from the substrate of a 

concentrated brush is so great that its density profile approaches 

Alexander’s step-like behaviour.14 
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There are two main strategies which have been used to prepare 

polymer brushes, namely the “grafting-to” and the “grafting-from” 

techniques. They will be described in Section 1.5. 

1.4.2 Interaction of proteins with hydrophilic polymer brushes 

Currie et al.20 have published an extensive review on the modelling of 

interactions between spherical particles and polymer brushes. They describe 

three types of adsorption (Figure 1.2): a particle can diffuse through the 

brush and adhere to the grafting substrate (primary adsorption), can adhere 

at the brush-solvent interface (secondary adsorption), or diffuse within the 

brush and adhere to the grafted chains without reaching the grafting 

substrate (tertiary adsorption).  

 

 

Figure 1.2 Modalities of protein adsorption on a polymer brush, as described by Currie et al.20 

Proteins can (a) penetrate into the brush and adhere on the substrate, (b) adhere on top of the brush or 

(c) partly penetrate into the brush and adsorb onto it. 

The predominant type of particle adsorption on the surface is dictated 

by the size of the particle relatively to the inter-chain distance, in 

combination with the interaction between the particle and the polymer chain 

segments. A small particle can diffuse within a loosely packed brush and 
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reach the substrate. A larger particle cannot diffuse through a densely 

packed brush, and will hence adsorb to the outermost of the polymer brush 

(provided the net interaction is attractive). It may strongly adsorb only if it 

can compress the brush enough to overcome the repulsive steric interactions 

between polymer chains and effectively interact with the coated substrate. 

These two scenarios were previously modelled by Halperin.21 Tertiary 

adsorption comes into play when the particles are small relative to the inter-

chain distance, i.e. are able to diffuse into the brush to some extent, and have 

an affinity to the grafted chains themselves. Tsujii and co-workers22 

reviewed Halperin’s work and others, and highlighted the importance of (I) 

grafting density and (II) molecular weight of the brush in effective particle 

repulsion. High grafting density prevents primary adsorption by steric 

repulsion, and combined with high MWs, it provides a brush with very low 

compressibility, which can prevent secondary adsorption.23 

The model described above of rigid particles interacting with a brush 

is a very important starting point to begin to understand the interaction 

between proteins and polymer brush layers, and ultimately to design 

antifouling coatings. In the following, a more comprehensive scenario is 

depicted, which includes considerations on the role of water, ubiquitous 

solvent in biological environments. 

A hydrophilic brush that can swell in water will have strong protein-

repellent properties. This can be explained from a thermodynamic point 

view. A swollen brush is more favourable energetically because it has higher 

entropy; such brush is less confined and the chains are freer to move than in 

a collapsed configuration. In order to adsorb on a polymer brush layer, large 

protein molecules would have to compress the chains, which would reduce 

the entropy and thus be unfavourable. Again, a high grafting density is 

desirable both to exclude the protein molecules and to reduce the 

compressibility of the brush (because of higher steric repulsion between the 
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chains). A more complete picture is given when the adsorbed water is taken 

into account. Swollen hydrophilic brushes tightly bind water molecules, to 

the point that the adsorbed water often behaves differently from the bulk 

water; such water may freeze well below 0 °C, or not freeze at all, because of 

very strong hydrogen bonds with the grafted chains. The effect is greater the 

stronger the water-polymer interaction, as seen when comparing neutral 

hydrophilic brushes to charged (e.g. zwitterionic) brushes, where 

electrostatic interactions help confine more “non-freezable” water.24-26 The 

compression of a brush in a secondary adsorption scenario would displace 

the water in the brush, similarly to squeezing a damp sponge, which is 

enthalpically unfavorable.27 A similar conclusion can be given for primary 

and tertiary adsorption, where small proteins able to penetrate the brush 

would displace the water molecules and may increase the enthalpy. It is 

important to notice in this description that the displacement of water 

molecules from the brush to the bulk solution increases their entropy, and 

stabilizes the system. The antifouling properties of a coating hence arise 

from the delicate balance of enthalpy and entropy of the entire system. An 

outstanding consequence of this is that counter intuitively, too high grafting 

density may produce poorer antifouling properties in a brush.28 

Finally, the behaviour of the protein itself adds to the complexity of 

the picture. The first step in irreversible protein adsorption is the 

dehydration of the protein and of the upmost layer of the surface: the gained 

entropy reduces the energetic barrier of the protein-surface interaction and 

brings the two in close proximity. The protein undergoes a partial 

irreversible denaturation when it loses the water. The presence of adsorbed 

water in and above the brush creates an environment in which the protein 

can retain its stable configuration. A protein in its stable state is likely to 

adsorb only reversibly on a surface and hence be easily detachable by small 

shear force.28-30 
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The force of the interaction of bovine serum albumin (BSA) with a 

polymer brush in water has recently been investigated by Inoue et al.31 The 

work shows how the protein strongly adsorbed on a hydrophobic material, 

but not on a hydrophilic swollen brush. Chemically different brushes would 

repel proteins with slightly different efficiency, but this effect became almost 

undetectable when the brushes were thicker than a critical value. This 

confirms the importance of the brush thickness in reducing protein 

adsorption. 

The considerations made so far assume an ideal brush composed of 

monodisperse chains. It is generally believed that good control over the MW 

distribution in polymer antifouling brushes is advantageous. Controlled 

polymerization gives a brush with high packing, i.e. high size exclusion 

capability, which is more effective in repelling biomolecules. Recently 

though, de Vos et al.32 published a very interesting computer simulation on 

the interaction of proteins with mono- and polydisperse brushes. They 

analysed a comprehensive set of scenarios, with small and large particles 

which could interact or not with the brush itself. They described a 

monodisperse brush as having a constant local grafting density throughout 

its thickness (N.B. not brush density, which has a parabolic profile, but 

density of chains per area unit at any given distance from the substrate), 

while a polydisperse brush as having a local grafting density that decreases 

with the distance from the grafted substrate. In a polydisperse brush the 

inner layer is very dense because of the presence of short chains, while the 

outer layer is less dense, and is composed mainly of ends from the longer 

chains (Figure 1.3). Because of this configuration, small proteins can better 

penetrate the more loosely packed top layer of the polydisperse brush, while 

they cannot penetrate the monodisperse brush at all, which is densely 

packed even at the interface. The polydisperse brush though can outperform 

the monodisperse one when it comes to large particles such as very large 
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proteins or bacteria, which interact with the polymer by secondary 

adsorption. In this case, the repulsion on the particle is higher. This 

difference arises from the fact that the polydisperse brush can be compressed 

more than a monodisperse brush, thus giving a greater entropy loss. 

According to the model, this would overcome the enthalpic effect of lower 

steric repulsion between chains in a polydisperse brush. The model does not 

take into consideration any solvent (e.g. water) that may permeate the brush, 

so it is not the best representation of an antifouling surface. It gives though a 

new perspective to the use of grafted polymers in biological applications, 

indicating that having high MW polydispersities might not always be 

deleterious. 

 

 

Figure 1.3 Schematic representations of (a) a monodisperse and (b) a polydisperse brush. 

1.5 Grafting of polymer brushes 

In Section 1.4, two main methods to prepare polymer brushes were 

mentioned. The attachment of fully grown polymer chains to a surface, i.e. 
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“grafting-to”, and the growth of polymer chains from the surface, i.e. 

“grafting-from”, will be described in this Section. 

1.5.1 Attaching polymers onto surfaces: Grafting-to 

The “grafting-to” strategy consists of two simple steps. In the first 

step polymer chains of the desired molecular weight (MW), bearing an 

anchoring group, are synthesized. This group may interact with the surface 

via non-covalent interactions, in which case it physisorbs on the surface, or 

form covalent bonds with the surface, in which case it chemisorbs. The 

second step consists of the deposition of the polymer monolayer on the 

selected surface from solution, and reactive attachment to it.  

In physisorption, the anchoring group is chosen for its high affinity to 

the selected surface.33 The solvent is chosen so to be a good solvent for the 

polymer chain, but a bad solvent for the anchoring group. In this scenario, 

the anchoring group spontaneously adsorbs on the surface, and a brush is 

formed. Physisorption relies on weak van der Waals or electrostatic 

interactions, and is therefore reversible. Examples are the case of Pluronics 

(triblock copolymers of polyethylene glycol and polypropylene glycol PEO-

PPO-PEO) on hydrophobic surfaces, where the PPO section acts as the 

anchoring section,34 and the case of polylysine-polyethylene glycol brushes, 

where the positively charged lysine backbone interacts strongly with 

negatively charged oxide surfaces.35 

In chemisorption, the anchoring group is chosen for its ability to form 

a chemical bond with the surface. The most studied chemistries are the gold-

thiol36 and the silane-silicon oxide ones.37 Chemisorbed layers are much more 

stable than physisorbed layers, allowing the use of different solvents and 

temperatures. 
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The grafting-to technique allows grafting of polymers with very well 

controlled MWs and polydispersities, because they can be synthesized in 

solution prior to adsorption. The technique though has also a number of 

intrinsic limitations, well described by Ruhe and Knoll.38 First of all, the 

choice of functional polymers available is restricted by the need to have a 

highly reactive anchoring group. This reactivity is necessary to force the 

formation of a polymer layer on the surface. The anchoring group though 

can interact or form bonds (depending on its nature) with functional groups 

on the polymer chain, rather than the surface. For example, a chlorosilane 

functionality would readily react with any amine, hydroxyl or carboxylic 

acid moieties. Furthermore, the polymer’s functional groups can interact 

with the surface, effectively competing with the anchoring group and 

forming layers on the surface that do not necessarily have the desired brush 

conformation. Finally, the grafting densities obtainable with the grafting-to 

technique are fairly low.10, 39 This is because the polymer chains will tend to 

deposit on the surface in their most stable conformation, i.e. maintaining 

their unperturbed radius of gyration as much as possible. The consequence 

of this is that the surface will be rapidly covered in mushroom-like 

structures, which will prevent more polymer chains coming into contact 

with the surface. Additional chains from solution would have to diffuse 

through a high concentrated layer of polymer, which is a highly 

unfavourable process. In general, the higher the MW of the polymer, the 

lower will the grafting density achievable be because of the greater steric 

hindrance from polymer chains already grafted onto the surface. Because the 

anchored polymer chains do not need to stretch into the solvent to avoid 

each other, the layer thicknesses obtained by grafting-to are also limited. 

A variety of techniques have been developed in the last decade to 

successfully increase the grafting densities obtainable with the grafting-to 

technique, including “cloud point” grafting, where a relatively poor solvent 



Andrew M. Telford  CHAPTER 1 

 

18 

 

is used to reduce the volume occupied by the molecules in solutions, 

allowing for higher grafting densities. Simply changing to a good solvent 

after the grafting process changes the conformation from collapsed to 

extended.40-42 

1.5.2 Polymerizing chains from the substrate: Grafting-from 

The “grafting-from” technique is also referred to as “surface-initiated 

polymerization”. The surface is modified with a monolayer bearing a 

polymerization initiator. As in the grafting-to case, the monolayer can be 

immobilized via physical interaction or chemical bonds. The latter is widely 

preferred due to its stability. Because the initiator molecule is much smaller 

than a polymer chain, the grafting densities achievable are much higher than 

in the grafting-to approach. Once the initiator is immobilized on the surface, 

a polymerization is carried out, growing polymer chains from the initiating 

sites. The diffusion of the monomer to the initiator is not hindered in this 

system, and densely packed polymer chains can be grown from the surface. 

In good solvent conditions, the grafted chains will stretch out from the 

surface, making the growing ends readily available for more monomer to be 

added.  

The high grafting densities achievable by grafting-from result in 

unique properties in the resulting brush, which are described by a 

concentrated regime (see Section 1.4.1). The close packing of tethered chains 

produces a polymer layer that is highly resistant to compression, which is 

very important in, for example, nanoparticle dispersability.20 The limited free 

volume between chains can also be used for their size exclusion properties 

towards solutes, in chromatography22, 43 and in biomedical applications. This 

latter field was discussed in Section 1.4.2. 
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The surface-initiated polymerization can be performed by different 

methods, but the general preference is towards reversible-deactivation 

polymerization techniques. Uncontrolled polymerizations, such as free 

radical polymerization, can achieve high grafting densities and brush 

thicknesses, but the resulting brush is highly polydisperse, and its 

mechanical and physicochemical properties are strongly influenced by the 

longer chains, which may form a semi-dilute outer fringe and mask the 

underlying densely packed brush.22 

In this Thesis, a reversible-deactivation polymerization approach was 

taken because it allows high control of the molecular weight distribution of 

the polymer chains, and the retention of an active (“living”) site at the chain 

end. This living end can be used to extend the polymer backbone with new 

monomer, to elongate the homopolymer chain or to create block copolymers, 

to functionalize it or to perform branching reactions. These features are the 

main distinctions between a reversible-deactivation radical polymerization 

and a free radical polymerization. In a free radical process, the radical 

lifetime is very short, and ends by a radical-radical combination 

(termination). In a reversible-deactivation radical polymerization, the radical 

species reversibly react with certain additives. If this equilibrium is much 

faster than termination, the radical effective lifetime (i.e. non terminated 

radicals) can be extended to the duration of the experiment. 

In the following, two types of reversible-deactivation polymerization 

will be discussed: reversible addition-fragmentation chain transfer 

polymerization (RAFT) and atom transfer radical polymerization (ATRP). 

RAFT and ATRP have been widely investigated in the preparation of 

brushes of controlled MW.22, 44, 45 The main advantage of a reversible-

deactivation technique is that theoretically all the chains grow at the same 

time, giving dense, well defined brushes. Additionally, each chain bears a 

“living” end that can be post-functionalized, i.e. react further at a second 
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stage by adding different functional groups. The main limitation of grafting-

from is the somewhat limited control on the polymer MW compared to 

grafting-to. The example of surface-initiated ATRP will be considered here, 

but similar conclusions can be applied to all reversible-deactivation radical 

polymerizations. 

1.5.3 Reversible addition-fragmentation chain transfer (RAFT) 

RAFT was developed by Moad and co-workers46, 47 at the 

Commonwealth Scientific and Industrial Research Organization (CSIRO). 

Zard and co-workers, in collaboration with Rhodia,48 independently 

developed a technique which they christened macromolecular design via the 

interchange of xanthates (MADIX). This reaction is mechanistically identical 

to RAFT, but differs in the type of chain transfer agent used (xanthates 

instead of non-oxygenated thiocarbonyl-thio derivatives). Shown in Figure 

1.4 are a RAFT chain transfer agent and a xanthate. The leaving group R 

allows the formation of a radical species on the sulphur, and determines the 

kinetics of initiation, while the Z group determines the stability of such a 

radical. 

 

 

Figure 1.4 Structures of (a) a generic RAFT agent and (b) a xanthate. 

Summarised in Figure 1.5 is the mechanism of RAFT polymerization. 

In the initiation step (I), the monomer is forced to form a radical (thermal or 

chemical initiation), which reacts with other monomers to form a short 
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macroradical. A conventional free radical polymerization would proceed 

this way until two macroradicals couple and no further growth is possible.  

 

 

Figure 1.5 Reversible addition-fragmentation chain transfer (RAFT) polymerization mechanism. (I) 

A radical initiator starts the growth of macroradicals.(II) All the macroradicals are captured by a 

RAFT agent to form metastable radical species, which eventually fragments to release the R group. 

(III) The radical R group can initiate the growth of more macroradicals. (IV) A new addition-

fragmentation equilibrium is established, among free and RAFT capped oligomers. (V) Eventually, 

the concentration of polymer chains is high enough to promote termination. 

In RAFT, the more reactive di-thiocarbonate (instead of the monomer) 

combines with the macroradical, to form a more stable radical species (II). 

The RAFT agent has here the crucial role of being reactive enough to quickly 

catch and stabilize all the oligomeric radicals, but to eventually fragment to 

release the R group. The now free R group can then act as an initiator (III), 

and add monomers to form yet more macroradicals. The addition and 

asymmetric fragmentation equilibria between radical oligomers and RAFT 
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capped oligomers repeat themselves over and over (IV) until all the 

monomer is consumed, and the chains can only react among themselves in 

the termination stage (V). In brief, all the macroradical chains are able to add 

only a few units at a time, before forming a “dormant” species with a RAFT 

agent. This oscillating equilibrium leads to the formation of chains of very 

similar molecular weight. 

RAFT was used in this work to produce a polymer of controlled MW 

bearing ATRP initiators on each monomer. Control over the MW of this 

macroinitiator was needed because of the influence of the polymer MW on 

the pattern obtained upon dewetting. The work is described in detail in 

Chapter 5. 

1.5.4 Atom transfer radical polymerization (ATRP) 

ATRP was developed independently by Matyjaszewski and co-

workers49 and Sawamoto and co-workers.50 A recent review on ATRP 

techniques has been published by Ayres.51 As in RAFT, a high degree of 

control over the polymerization kinetics is achieved in ATRP by introducing 

a species that can quickly and reversibly react with the growing oligomeric 

chains. In ATRP, such species is a metal complex bearing a halide ligand. 

Again, the choice of this species is very critical: it has to be very reactive in 

the initiation step, but allow reversible fragmentation for chain propagation. 

Presented in  Figure 1.6 is the mechanism of ATRP. The initiator species has 

a labile halide that can easily detach via homolytic bond cleavage. The metal 

complex extracts the halide from the initiator in a redox process which 

oxidizes the metal, and leaves the initiator with a radical on which a few 

monomers can add. The halide on the metal complex then quickly reacts 

with the growing oligomer and stops monomer addition.  
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 Figure 1.6 Atom transfer radical polymerization (ATRP) mechanism. The carbon-halogen bond in 

the halogen-containing initiator (R-X) is cleaved by the metal catalyst coordinated to the appropriate 

ligand (L). The resulting radical species can add a few monomers before being re-capped by the 

halogen (X). The equilibrium continuously un-caps and re-caps the growing chain adding only a few 

monomers at each cycle. Eventually the polymer concentration becomes high enough to promote 

termination. 

 

Figure 1.7 Common ligands for copper in atom transfer radical polymerization ATRP, adapted from 

reference 52. The ligand used in this work, tris-(pyridyl methyl) amine, is circled in red. 
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In brief, the halide quickly “un-caps” and “re-caps” the growing 

chain, allowing all the radicals to add only a few monomers at a time. The 

catalyst complex continuously switches between its activator (reduced) and 

deactivator (oxidized) form. 

The polymerization equilibrium constant, Katrp, is given by the ratio 

between the rates of activation and deactivation of the catalyst (Kact/Kdeact). A 

small Katrp gives a very slow polymerization, a large Katrp gives a 

concentration of radicals which is too high, facilitating termination and 

resulting in poor control over the polymer molecular weight. Fine tuning of 

the Katrp is possible by choosing the appropriate ligand for the catalyst.  

Presented in Figure 1.7 is a selection of ligands for copper, and their 

respective Katrp values. Copper is one of the most commonly used catalysts in 

ATRP, because it is inexpensive and allows for the polymerization of a wide 

range of monomers in a wide range of solvents.53, 54 In this Thesis, 

tris(pyridyl methyl)amine (TPMA) was used because of its high ATRP 

activity and low susceptibility to side reactions and displacement from the 

copper ion. 

1.5.5 Low catalyst concentration ATRP 

One of the main drawbacks of ATRP is the instability of the copper 

catalyst. The control of the process is obtained by a careful balance between 

activation and deactivation. The concentrations of the activator and 

deactivator forms of the catalyst are therefore critical. Copper (I) is 

susceptible to oxidation during storage, as well as in solution during 

polymerization, especially in aqueous solutions, which can be difficult to 

completely deoxygenize. Matyjaszewski and co-workers have solved this 

problem in their technique named activators generated by electron transfer 

(AGET).55 The idea is to utilize only the stable oxidized form of the catalyst 
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in the experimental set up, and to eventually reduce a portion of the 

oxidized form in situ, using a reducing agent. The process then proceeds 

following the conventional ATRP mechanism. Careful choice of the amount 

of reducing agent used in the reaction allows obtaining the desired 

activator/deactivator ratio, as well as scavenging any oxygen left in solution 

after deoxygenating. The electron transfer process does not interfere with 

any other aspect of the polymerization. Presented in Figure 1.8 is the 

mechanism of AGET ATRP. 

In this Thesis, AGET ATRP was used to graft a protein-repellent 

polymer brush from a substrate. The system was used because of its 

robustness and ease of use. 

 

 

Figure 1.8 Mechanism of activators generated by electron transfer atom transfer radical 

polymerization (AGET ATRP). Only the deactivator species is added to the reaction mixture. The 

deactivator is then partly reduced in situ to give the optimal activator/deactivator ratio. The process 

then proceeds as conventional ATRP. 

A second major issue in ATRP is that when a termination event 

occurs, two molecules of the oxidized metal catalyst accumulate in the 

system. As the deactivator accumulates, the polymerization equilibrium is 

shifted to the left, proceeding to the point where the reaction stops 

completely. In order for the reaction to proceed to completion, a large 

amount of catalyst (e.g. catalyst to initiator ratio = 1:1) has to be used. The 

metal must be removed from the reaction mixture containing the product, 
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which is difficult and expensive. This limitation was overcome after 

Matyjaszewski and co-workers, who were working with a copper bromide 

complex, discovered that the ATRP polymerization rate does not depend on 

the absolute catalyst concentration, but rather on the ratio of the 

concentrations of activator and deactivator species.56 Therefore, if the 

deactivator is constantly regenerated into the activator, the initial catalyst 

concentration can be very low. One of the main techniques developed on 

this basis is named activators regenerated by electron transfer (ARGET).56, 57 

The regeneration mechanism used in ARGET ATRP is shown in 

Figure 1.9. The choice of the compound used for regeneration is critical, 

because it will directly affect the ratio between the catalyst activator and 

deactivator species. Continuous reduction allows for polymerizations to be 

conducted in the presence of limited amounts of oxygen, i.e. without 

deoxygenating the mixture. In a sealed vessel, the reducing agent will first 

consume all the oxygen present, and then reduce the catalyst. After 

consumption of the oxygen in the sample, which appears as an induction 

period, the polymerization will proceed.58 

 

 

Figure 1.9 Activators regenerated by electron transfer atom transfer radical polymerization (ARGET 

ATRP) mechanism. Similar to AGET ATRP, the deactivator is the only species added to the reaction 

mix. A reducing agent is used to reduce the deactivator to the activator specie, and continuously 

reduce any excess deactivator species formed. 
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ARGET ATRP was at first employed in the present work to attempt 

the preparation of a polymer brush by grafting-from. The reaction could not 

be properly controlled, so the choice of polymerization method was shifted 

to AGET ATRP. Details on the attempts to use ARGET ATRP are reported in 

Chapter 5. 

1.5.6 Surface-initiated atom transfer radical polymerization (SI-ATRP) 

Surface-initiated graft polymerizations are processes confined to a 

small surface area. In SI-ATRP, the concentration of initiator and capping 

(deactivator) species are much lower than what would be used in a solution 

polymerization. Once all the initiators present on the surface have reacted 

with an activator, a minute amount of deactivators is formed. The 

polymerization can only be controlled if such species can quickly re-cap the 

growing polymer chains in the ATRP equilibrium. However, in this scenario, 

it is likely that a number of the deactivating species will diffuse away from 

the surface. The likelihood of a deactivating species encountering the surface 

again is greatly reduced compared to a homogeneous ATRP reaction in 

solution, and this strongly affects control of the polymerization from the 

surface. Matyjaszewski and co-workers improved the control in SI-ATRP of 

styrene and methylacrylate by adding a certain amount of deactivator in the 

reaction mixture, to ensure a reasonable concentration of this species at the 

surface.59 Fukuda and co-workers60 were able to obtain control in surface-

initiated ATRP of methylmethacrylate by adding an excess of free initiator in 

the reaction mixture. This technique has two main advantages: it improves 

the control over the MW, because many deactivators are formed in solution, 

and it provides a large amount of free chains in solution. The formation of 

these free polymer chains in solution can give important information about 
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the chains grafted on the surface, assuming that the solution and the surface 

polymerizations progress in the same way. 

The validity of this assumption has been highly debated, particularly 

because of the experimental difficulty of analysing the MWs of the surface-

initiated grafted chains. A few groups have reported controlled SI-ATRP on 

colloidal particles.61-63 The grafted chains were cleaved from the particles and 

analysed by size exclusion chromatography, and showed low polydispersity 

and MWs close to those obtained in homogeneous solution polymerizations 

under the same conditions. It should be noted though, that in the studies of 

Pyun et al.62 and von Werme et al.,63 the MWs of the grafted chains were 

observed to be higher than those obtained in solution at low degrees of 

polymerization (N). The two sets of data converged for higher values of N. 

Ohno et al.61 did not report data for low N, and did not observe differences 

between the MWs of chains prepared in solution and on surfaces. The 

difference in MW between grafted and free polymer can be explained by low 

initiation efficiencies in the early stages of the polymerization, due to 

overcrowding of the initiators present on the surface. The effect becomes less 

significant for higher values of N, because the effective surface area of the 

grafted colloid increases, reducing the radical density on the surface. This is 

consistent with computer simulations recently reported by Turgman-Cohen 

and Genzer,64 which predict higher polydispersities in surface-initiated 

“controlled” radical polymerization for higher grafting densities. This being 

said, the dynamics of surface confined polymerizations are far from being 

fully understood. A number of different groups65-67 have focused their 

attention on grafting from porous materials. They reported that the MW of 

grafted chains was lower than those obtained for free chains formed in 

solution, and explained the results by claiming that the confinement of the 

growing chains within the pores limited their growth rate, but did not affect 

the polydispersity of the grafted chains. This is in contradiction with the 
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scenario described above, since the convex shape of the grafting surface 

should produce higher crowding of initiating sites compared to flat surfaces. 

This, according to Turgman-Cohen and Genzer’s model, should produce 

high MW, polydisperse polymer chains. The assumption that free and 

grafted chains behave in a similar way must therefore be taken with caution, 

and might be valid only in some systems. All things being considered, the 

presence of solution initiators during surface-initiated polymerizations is a 

powerful stratagem for both enhancing level of control over MW and 

polydispersity in surface-initiated polymerizations, as well as providing 

some insights into the properties of the grafted chains. 

As well as providing a certain degree of control over the grafting 

reaction, surface-initiated ATRP produces “living” chains, which can be 

easily extended or post-functionalized via their living end. ATRP produces 

polymers with a halide end cap, typically a chlorine or bromine atom. The 

halide cap can be modified to add a terminal functional group on the 

polymer chains. A very common choice is the use of an azide salt to obtain 

an azide functionalized end group. This can then be used for alkyne-azide 

“click” reactions.68 Other strategies include the reaction of the bromine cap 

with a thiol terminal functional group,69, 70 the radical addition of an allyl-

terminal functionality71 and the transformation of the halide end group to a 

thiol group using thiourea; the thiol end can then be used in thiol-ene click 

couplings.72 

The main advantage of the grafting-from technique is its applicability 

to any type of substrate. As long as initiators are present on the surface at a 

sufficient surface concentration, a polymer brush can be grown. In Chapter 

5, the combination of grafting and patterning by dewetting will be described. 

The patterned polymer coating utilised was engineered so to bear the 

initiator moieties that are required to graft a polymer brush from the surface. 

The grafted polymer was used to post-modify the dewetted pattern in order 
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to reduce the non-specific adsorption of protein molecules in the areas 

surrounding the protein-adsorptive domains. This provided surfaces that 

contained localised domains on which cell-adhesive proteins could be 

selectively adsorbed. 

1.6 Interaction of polymer coatings with cells  

In Section 1.1, the concept of controlled protein adsorption on a 

surface in order to control cell response was introduced. As mentioned, the 

microenvironment presented on a surface can direct cellular response. 

Recent reviews on cell behaviour on micro- and nanopatterned surfaces 

were published by Tay et al.,73 Choi et al.,74 and Tanaka.75 

A significant proportion of surfaces that actively interact with cells 

possess patterns that can provide a heterogeneous set of cues. Often extra 

cellular matrix (ECM) proteins, which are component of the biological 

environment with which cells interact in a living organism (or a substitute 

which provides similar cues to the cells), are immobilized on a surface in 

patterns with different geometries and length scales. A detailed introduction 

to patterning techniques can be found in Section 1.7. 

Cues provided on patterns with different length scales can influence 

cells differently. A pattern with dimensions much smaller than the size of 

the cell under study, typically with features of hundreds of nanometers to 

several microns, can interact with a variety of receptors within a single cell. 

For example, Chen et al.76 observed that patterns of ordered pillars of 

different sizes had a different effect on the behaviour of a single cell, which 

would either adhere and spread, or die. Detailed reviews on similar 

experiments were published by Flemming et al.77 and Lehnert et al.78  
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Tensegrity theory explains the response of a cell to its 

microenvironment using cell mechanotransduction.79-82 In brief, one of the 

ways in which cells interact with their environment is via proteins called 

integrins. These receptors are expressed by the cell as membrane proteins 

that can act as probes when the cell comes in contact with a surface. If ECM 

proteins that have exposed cell-binding domains are present on the surface, 

the integrins will bind to them, and create tension in the cell actin 

framework (actin is a structural protein often found in cells). Such 

mechanical input is transduced in chemical inputs within the cell, which 

ultimately determine its behaviour. A cell often has a rounded shape when 

suspended in a medium. If the cell adheres on a surface it tends to spread, 

creating focal adhesion points where clusters of integrins and other proteins 

attach to the surface. These focal adhesion points are used as “tactile” 

peripherals to sense the properties of the surface, such as elasticity and 

chemical cues.83, 84 Once this information has been acquired, the cell can pull 

itself from the focal point, to spread further or migrate.85 The process is 

bidirectional: the cell often creates tension on an adhesion point to modify 

the ECM to suit its needs.83 By controlling the localization of ECMs on a 

surface via patterning, it is therefore possible to control the position of 

possible focal adhesion points, and subsequently induce a specific cell 

response. 

The response of a cell to the interaction with a surface is a very 

complex and largely unknown process, and varies from no adhesion 

whatsoever (which often means cell death, if the particular cell type needs to 

adhere to exploit its functions; e.g. tissue cells like fibroblasts) to normal 

proliferation, to over proliferation and formation of an uncontrolled mass.86 

Many examples can be found in the recent literature. Arnold et al.87 

demonstrated control over the spreading of osteoblasts, i.e. cells that 

produce bone tissue, on patterns of nanoparticles deposited on a surface, 
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having a gradient of interparticle distance. They demonstrated that the cell 

spreading was greater where the distance between the cell-adhesive particles 

was larger. Dalby et al.88 worked with mesenchymal stem cells (MSCs), 

which are multipotent cells that can differentiate in bone, cartilage muscle, 

connective tissue and fat cells. They introduced MSCs in bone marrow as 

being able to often react to metal implants by producing soft tissue rather 

than bone, which leads to mechanical failure of the implant-bone joint. They 

investigated the effect of nanoscale topographical features on the 

differentiation of MSCs. They were able to obtain bone formation 

(mineralization) on an array of randomly displaced square pits, while 

reduced cell adhesion was observed on the same square pits but arranged in 

a hexagonal packing. This effect demonstrates the level of complexity of the 

cell-substrate interaction, and how nanopatterns have the potential to solve 

such puzzles. Mendoça et al.89 also worked towards a better integration of 

metal implants with bone tissue. They reported that the introduction of a 

nanoscale roughness on an otherwise flat titanium surface increased the 

differentiation of MSCs in bone tissue. They also investigated the 

introduction of different chemical cues, and observed that alumina 

impurities combined with nano-roughness gave the highest production of 

bone tissue on the metal surface. More examples of nanopatterned surfaces 

for cell response control include nanowire arrays,90 nanodot arrays91 and 

films of phase separated block copolymers.92 A recent review on the effect of 

nanopatterns on cell attachment was published by Shekaran and Garcia.93 

In a different manner to a nanoscale pattern, a microscale pattern can 

immobilize whole cells in each domain. The patterns can be used as an 

analytical tool for single-cell studies, or for colony size dependent studies, 

depending on the area of the pattern domains. In this sense, microwells are 

more effective than patches, as they can trap the cells as a result of their 

three-dimensional shape,94 but both two-dimensional and three-dimensional 
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patterns are widely employed. Mei et al.95 used a robotic stage to print 

micrometric patches of different monomers on a surface, which were 

eventually polymerized by exposure to UV radiation. These massive arrays 

were then used to investigate the effect of each monomer type on cell 

adhesion and proliferation with very high throughput. In a similar fashion, 

Ceriotti et al.96 printed patches of different proteins with different surface 

coverage to investigate the effect of protein type and density on cell 

behaviour. They reported, for example, that fibronectin promoted neural 

stem cell spreading, laminin allowed adhesion but only small degrees of 

spreading, and the use of albumin resulted in no adhesion. Studies like this 

are very important for optimizing cell culture conditions. High throughput 

testing and analysis are possible thanks to the miniaturization accessible 

with microarrays. 

Micro-patterned surfaces can also be used to grow cell co-cultures 

with controlled homotypic (same type) and heterotypic (different type) cell 

interactions.97 The behaviour of a cell is strongly influenced by the signals 

that it receives from the substrate as well as the signals it receives from 

neighbouring cells. A significant example of patterned cell co-cultures was 

reported by Hannachi et al.98 They were able to produce sheets of patterned 

cell co-cultures, which could be detached from the culture substrate by the 

use of thermoresponsive polymer graft layers. Below the lower critical 

solution temperature (LCST), a thermoresponsive polymer is soluble in a 

solvent. Increasing the temperature to above the LCST results in desolvation 

of the polymer, which becomes insoluble. In the work of Hannachi et al.,98 

poly(N-isopropyl acrylamide) brushes were in a collapsed, hydrophobic 

state above the LCST, so that the proteins which mediate cell attachment 

could adsorb, resulting in cell attachment. Rehydration of the polymer layer 

and subsequent swelling below the LCST resulted in release of the cells. 

Using a pattern of two polymers with different LCSTs allowed the authors to 
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selectively pattern two types of cells, and eventually detach the entire cell 

sheet. The authors emphasised the fact that the cells were harvested along 

with the ECM proteins they secreted during the seeding stage. This is 

important in order to maintain the viability of the harvested sheet. The cell 

sheets can be stacked to create three-dimensional constructs for tissue 

replacement, as in the example reported by Sekine et al.99 The authors 

employed three-dimensional constructs of endothelial cells and 

cardiomyocites to replace damaged cardiac tissue. Endothelial cells 

constitute the internal layer of all the blood vessels, while cardiomyocites 

constitute part of the cardiac muscle wall. The authors not only observed 

vascularisation of the grafted tissue, but also that these newly formed blood 

vessels bridged to connect with capillaries of the host heart. The degree of 

vascularisation of the graft could be controlled by changing the density of 

endothelial cells in the co-culture cell sheets.  

Otsuka et al.100 reported the use of arrays of plasma etched holes in a 

poly(ethylene glycol) background to grow co-cultures of hepatocytes and 

endothelial cells. Hepatocytes are a major component of the liver and are 

widely used to screen compounds for toxicity in the pharmaceutical 

industry. The authors were able to grow three-dimensional spheroids that 

behaved like miniaturize artificial livers. They suggested that the array of 

spheroids could be used as a biosensor to detect biologically active threats, 

or that the free spheroids could potentially be seeded on a three-dimensional 

scaffold to engineer a full scale liver. 

The work described so far was possible only through the control of 

the homotypic and heterotypic interaction achievable in patterned cell co-

cultures. Cell-cell interactions seem to be a fundamental parameter in the 

control of cell behaviour. Tang et al.101 investigated the influence of cell-cell 

contact on stem cell differentiation, using patterns of holes with different 

degrees of contact. They observed an enhanced differentiation with 
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increased cell-cell contact, as well as a linear relationship between 

differentiation and coordination number per cell, i.e. the number of partners 

a cell is in contact with at any given time. This study helped the 

understanding of the dynamics that take place in a topographically 

controlled co-culture, where the cell-cell contact could be finely tailored. 

A separate approach to tissue engineering involves the use of three-

dimensional scaffolds to mimic the extra cellular matrix found in vivo.102, 103 

Three-dimensional scaffolds are commonly prepared by stereolithography,104 

electrospinning,105 and cross-linking to form hydrogels,106 and their 

mechanical and chemical properties can be tailored to induce cell growth to 

produce implantable tissue replacements. Although three-dimensional 

scaffolds may mimic the architecture of extra cellular matrices in ways that 

two-dimensional patterns my never do, they have a few intrinsic limitations. 

The spreading of cells in an intricate scaffold cannot be readily controlled, 

while this is easily achievable on two-dimensional patterns with cell-

adhesive geometries of defined shape and size. Spreading, as already 

explained, directly influences cell behaviour. Furthermore, the degree of 

homotypic and heterotypic contact between two different types of cells in a 

co-culture can be finely controlled in a two-dimensional pattern, while it is 

challenging to achieve in a three-dimensional scaffold. Cell-cell contact also 

strongly influences cell behaviour. Finally, three-dimensional scaffolds are 

not designed for applications such as single-cell studies and high 

throughput essays. 

1.7 Patterning of surfaces 

As discussed in Section 1.6, patterned surfaces are often used as 

substrates for controlled cell response. A surface bearing a chemical and/or 
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topographical pattern offers a set of signals to cells, which can induce a 

specific response. 

A number of techniques have been used to pattern surfaces for 

biomedical applications.107, 108 The most widely applied technique for 

patterning biological molecules and cells is micro-contact printing (µ-CP), 

developed by Whitesides and co-workers.109, 110 The technique employs an 

elastomeric mould (usually made of poly(dimethylsiloxane), PDMS) to 

stamp patterned self-assembled monolayers (SAMs) on a surface. Typically, 

the mould is wetted with a solution of thiol-terminal molecules; the stamp is 

then put in contact with a flat gold substrate, where the thiols bind 

covalently in a pattern dictated by the shape of the mould (Figure 1.10). 

 

 

Figure 1.10 Schematic of patterning of thiol self-assembled monolayers by micro-contact printing. 

Adapted from reference 111. A PDMS stamp was used to print a pattern of thiol-terminated 

molecules on a gold-coated glass surface.  

This technique meets the needs of the biology community in a 

number of ways: it has a lateral resolution of up to 30 nm, which is small 

enough for any cell application, it can be used to pattern large areas (up to 50 

cm2), and it uses non toxic reagents and mild conditions. A review from 
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Whitesides and co-workers describes in detail the numerous applications 

that this technique has in biological studies.111 A downside of µ-CP is that 

although the process itself is based on very inexpensive materials, it still 

suffers from high costs arising from the fabrication of the PDMS moulds. 

These stamps are usually prepared by curing the PDMS precursors on a 

master etched by electron beam or ion beam lithography, techniques that 

require expensive equipment and highly skilled personnel. It is also very 

difficult to pattern non-flat surfaces using µ-CP.112 

 

 

Figure 1.11 Schematic of patterning by photolithography. (a) The substrate to be patterned is coated 

with a UV sensitive polymer film (photoresist). (b) The photoresist is exposed to UV light through a 

patterned mask. The photoresist can either be cured by the UV or degraded by the UV. Upon 

washing, uncured or degraded polymers are eliminated. (c) An etching solution is used to selectively 

etch the substrate where no photoresist is present. (d) After the etching, the photoresist is removed 

with an appropriate solvent, and the substrate is left with a topographical pattern. 

A second very popular patterning technique is photolithography. A 

layer of UV reactive material (the photoresist) is cast on the desired flat 

substrate, and then irradiated with UV light through a mask. A “positive” 

photoresist will be cured in the areas where the UV light is not blocked by 

the mask. After the exposure, the photoresist is developed, i.e. the un-cured 

material is washed away, leaving a pattern replicated from the one on the 
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mask. A “negative” photoresist will not be cured but degraded in the areas 

where the UV light is not blocked by the mask. The degraded material is 

washed away, leaving a pattern which is complementary to the one on the 

mask. At this point the substrate can be selectively etched through the 

pattern (Figure 1.11). Modern equipment can achieve 65 nm resolution 

patterns on one hundred wafers in one hour (wafer diameter 300 mm). 

Again, this technique suffers from high costs involved in both the 

manufacturing of the mask and the extremely expensive equipment used. 

Conformal patterning is also not achievable by photolithography.112 

In this Thesis, a novel patterning approach was developed, based on 

self-assembly of polymer thin films to produce coatings for the control of 

cellular responses. Such coatings could easily be applied on non-flat 

surfaces. 

1.7.1 Thermodynamics of liquids: wetting and dewetting 

In most studies on the thermodynamics of wetting and dewetting 

films, polymers are used. In synthetic oil-derived polymers a common form 

is a glass state. The transition between a low viscosity (liquid-like) and a 

high viscosity (solid-like) form happens in a small temperature range. A 

glass transition temperature (Tg) is defined to identify the mean transition 

point from solid to liquid melt. Polymers above their Tg behave like liquids, 

and if the chains are long enough to entangle in a melt, viscoelastic, non-

Newtonian behaviour is often observed. The entanglement of polymer 

chains is possible only if the chain length is above a critical value; one may 

think of it like the minimum length necessary to form a loop rather than a 

semi-stiff rod. The molecular weight of a polymer chain that can entangle is 

referred to as entanglement molecular weight or entanglement length, Ne. 
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Polymer melts are the candidate of choice for dewetting experiments 

because their viscosity, and hence the timescale of the dewetting process, can 

be easily controlled by tuning the annealing temperature. Polymers can be 

easily spin coated as thin films, and are non-volatile. Finally, polymers such 

as atactic polystyrene are heavily used because they are readily available, 

inert and do not crystallise. 

It is common experience to observe different wetting phenomena in 

everyday life. Water will cover clean glass to form a film, but it will retract 

from the bottom of a Teflon pan, and form droplets. The behaviour of a 

liquid on a solid surface can be predicted by the spreading parameter S, 

which measures the difference in surface energy per unit area between the 

dry and wet substrate. The spreading parameter can be related to the surface 

tensions at the three interfaces (solid/liquid, liquid/vapour, solid/vapour) by 

Equation 1.5: 

 

𝑆 = 𝛾𝑆𝑉 − (𝛾𝑆𝐿 + 𝛾) (1.5) 

 

where the surface tension at the liquid/vapour interface has no 

subscript.113 

The sign of the spreading parameter describes the wetting regime. A 

positive value of S indicates that the liquid spreads completely. The film will 

spread and continue thinning until its thickness reaches a critical value. At 

this point the film will stop spreading and form a flat “pancake-like” film, 

which coexists with the dry substrate. A negative value of S indicates partial 

wetting or non-wetting, where the dry substrate coexists with large droplets 

of the liquid.  

The wetting properties of a surface are macroscopically defined by 

the contact angle of a droplet of a given liquid, usually water, placed on it. 

Described in Figure 1.12 is the contact angle of a liquid in three different 
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wetting regimes. A liquid that completely wets the surface has a contact 

angle of zero. If the liquid cannot wet the surface at all, the contact angle is 

180°. In real systems, the most common state is that of partial wetting, with 

contact angle 0° < θ < 180°. Surfaces on which the contact angle of water is θ 

> 90° are called hydrophobic, and those with θ < 90° are hydrophilic. 

 

 

Figure 1.12 Schematic of three situations of wetting of a liquid on a solid surface. (a) In complete 

wetting, the liquid spreads to cover the surface, and the contact angle is zero. (b) In partial wetting, 

the liquid collects in droplets with contact angle between zero and 180°. (c) In complete non-wetting, 

the liquid does not spread at all and has a contact angle of 180°. 

The equilibrium contact angle of a liquid on a solid can be determined 

using Young’s equation, as described below: 

 

𝑐𝑜𝑠 𝜃 =
(𝛾𝑆𝑉 − 𝛾𝑆𝐿)

𝛾
 (1.6) 

 

Equation (1.6) can be rewritten in light of Equation (1.5): 

 

𝑆 = 𝛾(𝑐𝑜𝑠 𝜃 − 1) (1.7) 

 

The interaction of a liquid with a solid surface, and the resulting 

macroscopic effects, i.e. wetting, arise from the combination of long and 
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short range forces, mainly steric repulsion, van der Waals and electrostatic 

interactions.10 In this discussion the liquid and solid are considered neutral, 

so electrostatic interactions are neglected to simplify the description of the 

system. This approximation is not valid when the liquid can charge the 

solid/liquid interface, such as in the case of water. 

Steric repulsion is a short range force, which arises from the 

superimposition of electronic shells. In the case of two planar surfaces it 

varies as 1/r8. Van der Waals forces arise from induced dipole-dipole 

interactions, and are instead long range forces. They decay as 1/r2, and affect 

significantly the stability of liquid films with thicknesses up to 

approximately 100 nm.114 

The effective interfacial potential, φ(h), describes wettability in terms 

of both short and long range forces, effectively predicting the liquid 

macroscopic behaviour based on the forces that act on the microscopic scale. 

The potential describes the free energy per unit area necessary to bring two 

surfaces from infinity to a certain distance h apart. This means that the 

potential describes liquid films of thickness h, sandwiched between the solid 

surface and the vapour phase. The second derivative of the interfacial 

potential (φ(h)”) indicates wether a liquid film is stable or not on a solid 

surface. When φ(h)” > 0, the film is stable and wets the surface, while when 

φ(h)” < 0, the film is unstable and dewets from the surface. 

In Figure 1.13 the interfacial potential is plotted as a function of the 

film thickness, i.e. the separation between solid and vapour interfaces for a 

polystyrene (PS) thin film onto a silicon wafer.114-116 Curve (a) shows the 

potential profile for a PS film on a silicon wafer with no silicon oxide layer. 

The minimum interfacial potential is achieved at infinite thickness, hence no 

dewetting occurs. In case (b), the silicon wafer is coated with a 1.7 nm thick 

silicon oxide layer, while in case (c) the silicon wafer is coated with a 190 nm 

thick silicon oxide layer. The presence of the silica affects dramatically the 
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stability of the liquid film on the substrate. In cases (b) and (c), the liquid 

film is unstable on the solid surface because the minimum potential is 

reached when the separation between the vapour and the solid is a finite 

value h*. This means that films of thickness greater than h* will 

spontaneously thin down to this critical value. In practical scenarios, where 

the starting point is a flat liquid film of finite thickness h, the film will dewet 

from the solid surface. The liquid will do this by nucleating holes in random 

positions, according to a Poisson distribution, that will grow in time and 

eventually coalesce. The resulting network of liquid cylinders will then 

break down into isolated droplets with equilibrium contact angle θ, leaving 

on the solid surface only a very thin residual film of thickness h*.113 

 

Figure 1.13 Calculated interfacial potential for a polystyrene film deposited on silicon substrates with 

silicon oxide layers of different thicknesses, which alter the film stability. Curve (a) represents the 

case of a stable film, curve (b) represents the case of a metastable film and curve (c) represents the case 

of an unstable film. The equilibrium film thickness, h*, is indicated with stars for curves (b) and (c). 

The legend reports the thickness of the SiOx layer for each system. 
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The main difference observable between curves (b) and (c) is that in 

the first case, a potential barrier must be overcome in order for dewetting to 

occur. This barrier can only be overcome if holes are nucleated, e.g. around a 

film defect or a dust particle. In the second case instead, the dewetting 

proceeds spontaneously. The hole formation here is induced by 

perturbations in the film thickness, with a characteristic wavelength, which 

are amplified and lead to disruption of the liquid film. This dewetting type is 

termed spinodal.117 

The brief description that follows explains in more detail the 

experimental dewetting process, which can be separated in three stages: 

nucleation, hole growth and hole coalescence. It should be stressed that at 

any moment the dewetting of a metastable or unstable thin polymer film can 

be stopped, and the produced pattern of holes fixed by simply reducing the 

temperature of the film below the Tg of the polymer. 

1.7.2 Stage one: nucleation 

As described above, hole formation in a dewetting liquid film can 

occur by heterogeneous nucleation or spinodal dewetting (Figure 1.14). 

Heterogeneous nucleation is caused by local chemical or physical 

heterogeneities in the liquid film. Typically, this can be a dust particle or a 

strain point within the film. 

Where the interfacial potential is negative, capillary waves arise on 

the surface of the film in a wide range of wavelengths. Among all 

wavelengths, some modes are selected whose amplitude grows 

exponentially with time as exp(t/τ), where τ is the characteristic growth time 

of the mode in consideration. This produces a pattern that is characterized 

by a spinodal wavelength λ. The growth time τ varies with the fifth 

exponent of the liquid film thickness, so it becomes longer and longer as the 
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film gets thicker. In practice, in polymer films thicker than about 4 nm 

spinodal dewetting is so slow that heterogeneous nucleation comes into 

play, and dominates the developing dewetting pattern. 

 

   

Figure 1.14 Examples of different types of dewetting. (a) Optical micrograph of a poly(methyl 

methacrylate) film of thickness 36 nm dewetting by heterogeneous nucleation on a polystyrene film 

and (b) atomic force microscopy image of a polystyrene film of thickness < 10 nm dewetting by 

spinodal mechanism on silicon. Figure 1.14(b) was adapted from reference 115. 

1.7.3 Stage two: hole growth 

Once holes have been nucleated in a liquid film, the three phase 

contact line between solid, liquid and air moves so to increase the dry solid 

area. The holes therefore grow with time until their dewetting fronts meet, 

and coalescence of holes occurs. Brochard-Wyart et al.118 characterised the 

growth of a dewetting hole in a polymer melt, defining three distinct 

regimes. The dewetting region grows exponentially in the first regime, and a 

homogenous thickening of the liquid film around it is observed. In the 

second regime, when the hole radius becomes bigger than a critical value, 

the liquid starts to accumulate in a rim around the hole. Here, energy is 

dissipated by friction within the liquid (viscous dissipation) as well as at the 
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liquid/solid interface (slip). When viscous friction within the liquid film is 

predominant, the rim is hemispherical, and the dewetting velocity is 

constant. When instead slippage is involved, the liquid film behaves as a 

solid sliding on the substrate, and the rim is asymmetrical, stretched towards 

the “wet” side. The most common scenario is given by the superimposition 

of viscous flow and slip, such as the velocity is initially proportional to t-1/3 (t 

= time), and eventually switches to a linear growth (Figure 1.15).114, 119 

 

 

Figure 1.15 Cross-sectional profile of a rim in a dewetting thin liquid film over a solid surface, in the 

two extreme cases of (a) full viscous flow and (b) full slip. In case of viscous flow the rim is 

symmetric, while if slip occurs, the rim is asymmetric and its profile decades exponentially towards 

the “wet” side. 

The critical radius at which the rim is born is defined as: 

 

𝑅𝑐 = (ℎ𝑏)1/2 (1.8) 

 

where h is the film thickness and b is the slip length.  

When enough material is accumulated in the rim, at long dewetting 

times, the surface tension rounds the rim. If the height of the rim is much 

larger than the slip length, viscous flow dominates and slip is negligible. 
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The dewetting kinetics and the rim shape in polymer melts are 

strongly influenced by slippage, which in turn depends on both the solid 

substrate and the dewetting melt. Jacobs and co-workers have extensively 

studied the dewetting of polystyrene melts on different substrates.120-122 They 

investigated the dewetting dynamics and morphology of polystyrene melts 

of low molecular weight on silicon wafers coated with either a monolayer of 

octadecyltrichlorosilane (OTS) or with dodecyltrichlorosilane (DTS), while 

keeping all other properties of the substrate and the liquid fixed. This way 

they were able to investigate the influence of only the liquid/substrate 

interactions on the slip. They showed that for small slip lengths the rim is 

symmetrical, while it becomes more and more asymmetrical the bigger the 

slip length becomes. 

The entanglement of the polymer chains in a melt also affects its slip 

length. According to de Gennes’ model,113 the slip length in a polymer melt 

dewetting on a non adsorbing solid substrate is: 

 

𝑏 = 𝑎 𝑁3 𝑁𝑒
2⁄  (1.9) 

 

where a is the repeating unit length, N is the degree of polymerization 

(number of monomers per chain) and Ne is the entanglement length. The slip 

length increases drastically above the entanglement length of the polymer. 

Again Jacobs and co-workers have proven this experimentally, by 

characterising the shape of the rim for polymer melts of different molecular 

weights.123, 124 

For high molecular weight melts (i.e. above the entanglement length), 

the transition from the intermediate regime of hole growth, where slip 

dominates, to the final regime, where viscous flow dominates, depends on 

the ability of the polymer chains to slide on each other. The reptation time is 

the time necessary for a polymer chain to “slither” within a polymer melt. 
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Reiter and co-workers found that the characteristic transition time from 

slippage to viscous flow in high molecular weight polymer melts in fact 

coincides with the reptation time under the same conditions.125 

1.7.4 Stage three: formation of isolated droplets 

When a hole grows enough to meet its neighbours, it cannot grow any 

further. The rims of the holes overlap to form ribbons. The film is now 

reduced to a network of ribbons, which decay to form droplets because of 

the Rayleigh-Plateau instability.113 The droplets are hemispherical, with 

Young’s equilibrium contact angle. This is an equilibrium configuration of 

the system, which can no longer evolve, although the true final equilibrium 

configuration for the system would require all droplets to coalesce into one. 

Summarised in Figure 1.16 are the three stages of dewetting. 

 

 

Figure 1.16 Optical micrographs of the three stages of dewetting: (a) nucleation, (b) hole growth and 

(c) hole coalescence and formation of droplets. 

1.7.5 Dewetting in stressed polymer films 

As described above, metastable polymer thin films nucleate holes 

because of localized alterations of the effective interfacial potential. One of 

the possible causes of such alterations is the presence of stresses generated 

during the preparation of the film. In many solvent-assisted film preparation 
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techniques, such as spin-coating, the polymer chains may be deposited in a 

non-equilibrium state, i.e. with an entanglement density lower than the 

equilibrated melt. In such films, the polymer chains are stretched and stress 

facilitates greatly the nucleation process.126, 127 The stress increases with the 

molecular weight of the polymer.128 It was demonstrated that these stresses 

spontaneously relax with the aging of the film, on the timescale of the 

reptation time of the polymer chains. This means that polymer chains can 

slowly move to minimize the stresses, even below their Tg. The reduction of 

stress is greater the higher the temperature of aging.127 This has major 

consequences in the dewetting of spin-cast polymer films. The number of 

holes nucleated upon annealing depends on the stress within the film, hence 

it increases with increasing molecular weight of the polymer and with 

decreasing aging time of the film. 

1.7.6 Patterning by dewetting 

As mentioned above, dewetting by nucleation leads to many holes 

located at random positions all over the substrate. However, a certain degree 

of control can be exercised over a dewetting system. In a polymer thin film 

dewetting by heterogeneous nucleation holes form all within a very short 

interval, typically 100 s, and grow at the same rate. This leads to holes with 

controlled and uniform size, which can be varied by simply varying the 

annealing time. 

A second aspect of control on the random pattern is related to the 

hole density on the surface. A film with high internal stress (i.e. with high 

molecular weight, well above the entanglement length, prepared by non-

equilibrium techniques such as spin-coating), will nucleate a high number of 

holes to relieve stress by polymer chain re-entanglement. A smaller density 

of holes can be achieved by letting the film age (i.e. anneal it below its Tg), to 
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reduce the internal stress without nucleation occurring, and eventually 

dewetting the film. As discussed in the previous Section, the nucleation 

probability, and hence the hole density, decreases with aging of the non-

equilibrated polymer film. 

For many applications, this kind of control over the pattern is 

sufficient. In others, an ordered organization of the pattern is required. 

External factors can be introduced to locally modify the interfacial potential 

of the system, and force the dewetting to occur in ordered manner. A brief 

discussion of this follows, and includes patterning induced by 

physically/chemically heterogeneous substrates and patterning induced by 

topographical structures above the film. For a more comprehensive 

description see the review by Xue and Han.129 

1.7.7 Patterning induced by physically and chemically heterogeneous 

substrates 

Physical and chemical heterogeneities on the substrate introduce local 

changes in the interfacial potential energy barrier. Lowering the interfacial 

potential favours the nucleation of holes in specific locations. If the 

heterogeneity is ordered, then the film will dewet in an ordered pattern 

(Figure 1.17 ). One of the first examples of this was reported by Higgins and 

Jones in 2000.130 They imprinted a pattern of parallel grooves in a polymer 

film by spin-coating it on a glass slide which was pre-rubbed with a lens 

tissue. The polymer film was then detached and deposited on a flat 

substrate. Upon annealing the film dewetted in parallel ribbons. This work 

opened a vast investigation in the field. Kargupta and Sharma described in 

detail the theory of dewetting on chemically and physically striped 

substrates.131 They showed that, on a substrate containing many potentially 

destabilizing sites (i.e. stripes), only the ones separated by a characteristic 
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length scale of the order of the spinodal wavelength, were effective in 

causing the film rupture. Nucleation on the remaining sites would result in 

an increase of the overall surface energy. 

 

 

Figure 1.17 Dewetting of a liquid film on (a) a topographically and (b) a chemically heterogeneous 

substrates. The film is initially flat, in a metastable state. The heterogeneity on the substrate nucleates 

features in the liquid film, which eventually accumulates (a) in the substrate holes or (b) on affine 

chemical areas. 

Geoghegan et al.132 investigated the dewetting of polystyrene on 

corrugated silicon/silica substrates. They showed how the polystyrene 

collected within the grooves upon dewetting. If a chemical heterogeneity 

was also introduced (e.g. one facet of the ridges was coated in gold), then the 

polystyrene not only dewetted from the corrugation’s tips, but accumulated 

on the gold covered side, towards which polystyrene had more affinity. 

Similar studies have been published by many groups, presenting a 

wide variety of pattern geometries.133-139 A study that stands out in particular 

is the one by Park and Cheng,140 where the patterning technique was used to 

fabricate three-dimensional scaffolds. A series of polymers, including the 

ones used for transistors and LEDs, was spin coated on a flat surface, then 

transferred on a striped mould and dewetted to form stripes. The stripes 

could then be detached from the mould and imprinted on a new flat 

support. By repeating the last step, they could stack layers of stripes with 
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different orientations to produce a three-dimensional architecture. The 

ability to transfer polymer stripes from a mould to a flat substrate (a sort of 

dewetting/contact printing combination technique) has been extensively 

exploited to produce a variety of patterns with potential for up-scaling.141-143 

1.7.8 Patterning induced by topographical structures above the film  

As seen in the previous Section, an ordered pattern can be obtained 

by dewetting a polymer film on a pre-patterned substrate. A second way to 

obtain similar patterns is to force a topographical structure on the surface of 

the film, which is supported on a flat substrate. This can be achieved by 

using a mould. The literature is rich in interesting works where a mould is 

mechanically forced on the polymer film, which then dewets in an ordered 

pattern mirroring the one of the mould.144-149 The mould locally alters the film 

thickness, and offers vertical surfaces on which the polymer melt can 

“climb” by capillary forces (Figure 1.18). 

Chou et al.150 presented an interesting process to develop a pattern in a 

polymer film using a mould which does not need to come in contact with the 

film. The process is called lithographically induced self-construction (LISC) 

and is described as follows: a thin polymer film is cast on a flat substrate, 

then a mask with protruding patterns is placed at a specific distance above 

the polymer film. During a heat-and-cool cycle, the polymer film self-

constructs into mesas under the mask protrusions. The mesas have lateral 

dimension identical to that of the mask protrusion, height equal to the 

distance between the mask and the substrate, and steep side walls. The 

phenomenon derives from the presence of a temperature gradient between 

the film and the mould, which amplifies the spontaneous capillary waves in 

the film. Eventually the lateral disjoining pressure in the film becomes bigger 

than the Laplace pressure generated by the curvature of the film, and a 
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patterned dewetting occurs. The protrusions on the mould influence the 

temperature gradient and drive the pattern formation. A similar 

phenomenon was observed by Schaffer et al.,151 in a set up involving an 

electric field applied between the substrate holding the polymer film and the 

protruded mask. In this case, the formation of mesas was mainly due to 

electrostatic interaction between the polymer melt and the patterned 

capacitor plate. 

 

 

Figure 1.18 Schematic of patterning by dewetting using a mould. Adapted from reference 144. (a) 

The mould is brought in contact with the polymer film, (b) the film is annealed above its Tg, and 

dewets where the asperities of the mould induce the nucleation. (c) Upon removal of the mould and 

cooling down below the Tg of the polymer, a pattern is obtained in the polymer film. 

1.7.9 Advantages of patterning by dewetting 

Dewetting is a powerful tool to obtain patterns.152, 153 Although 

patterning by dewetting cannot achieve the lateral resolution and variety of 
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shapes obtainable by techniques such as photolithography, it presents a 

number of advantages, which make it suitable for device fabrication. First of 

all, the dewetting technique is very inexpensive, because it does not involve 

expensive machinery or components, particularly when no pre-pattern is 

involved, and the process is completely self-guided. A second advantage is 

the simplicity of the method. Only a few pieces of equipment are needed for 

film preparation and film annealing, along with some care in preparing dust 

free samples. Because of its simplicity, this patterning process is very easily 

up-scalable. Surfaces of any size can be patterned, provided that a uniform 

coating can be prepared. In this work, it was found that spin-coating 

uniform films onto substrates 100 mm in diameter was much more 

challenging than onto 10 mm ones, yet dip coating is expected to make up-

scaling more accessible. The whole film will dewet in the same way if 

annealed in a uniformly heated environment. This is expected to be 

reasonably easy for large scale coatings, as modern ovens can achieve high 

heat uniformity. Patterning by dewetting is very flexible, because the size of 

the patterns can be tuned from a few hundred nanometers to a few hundred 

microns by simply varying the annealing time. Finally, one of the greatest 

advantages of patterning by dewetting over other techniques is that it can be 

used on non-flat surfaces. This technique is truly conformal, because any 

shape with smooth topographical features can be coated with a film and 

annealed, in no different way than a flat surface (sharp edges though may 

represent a challenge, as they may induce dewetting). This is an easy task 

when using techniques such as dip-coating, where the surface is immersed 

in a polymer solution and slowly extracted to produce a dry film. 

In this Thesis, patterning by dewetting was employed to produce a 

heterogeneous surface starting from a polymer thin film bilayer. In such a 

system, the top polymer is chosen so to form a metastable film on the bottom 

film, which is stable on the underlying silicon wafer. Upon annealing, the 
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top polymer dewets exposing the underlying bottom polymer, which 

remains unchanged. The result is a topographical and chemical pattern 

which presents the functionalities of both the polymers used. In Chapter 5, 

this approach was used in combination with grafting of a polymer brush to 

pattern proteins and cells on a surface. 
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2.1 Sample preparation 

Sample preparation was performed in clean conditions, i.e. all the 

procedures were carried out in a class-100 laminar flow cabinet. Tweezers 

and all glassware were thoroughly cleaned with distilled ethanol, using 

Kimberly-Clark Kimwipe® tissues, and blown dry with pure nitrogen. 

The substrates used to support the polymer films were silicon wafers 

with a native oxide layer (MMRC Pty Ltd, Malvern VIC Australia), typically 

1.5 x 1.5 cm2. The surfaces had to be thoroughly cleaned to remove chemical 

and particulate contaminants. In order to remove organic and large 

particulate contaminants, the silicon substrates were sonicated in distilled 

ethanol and then in distilled acetone. After blowing dry with pure nitrogen, 

they were cleaned with a custom built CO2 snow jet to remove any residual 

small particles,1 and treated further using a plasma cleaner (Harrick Plasma, 

Itacha NY, model PDC-002) to remove small traces of remaining organic 

contaminants. 

Polymer films were cast on the silicon substrates by spin-coating 

(instrument: Laurell Technologies Co., PA, model WS400B-6NPP-LITE). 

During the spin-coating procedure, a drop of polymer solution in a volatile 

solvent is deposited on the substrate, which is then spun at a selected speed. 

The drop of polymer solution spreads on the sample due to centrifugal 

forces, while the solvent quickly evaporates leaving a smooth thin polymer 

film on the substrate. The thickness of the prepared film is directly 

proportional to the polymer solution concentration and the polymer 

molecular weight, and inversely proportional to the rotation speed. 

Given the small thickness, the polymer films prepared in this work 

were easilly scratched by sharp tweezers. 
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2.2 Protein adsorption tests on polymer films 

Protein adsorption tests were performed on the coatings developed in 

Chapters 3 and 5, to establish their protein adsorption/repulsion properties. 

The protein solutions were all prepared in phosphate buffer saline (PBS). 

The buffer was prepared by mixing NaH2PO4 · 7H2O (10 mM), KCl (3 mM) 

and NaCl (140 mM) in Milli-Q water and adjusting the pH to 7.4 using 1 M 

NaOH solution. The buffer solution was filtered using 0.45 μm cellulose 

acetate filters to eliminate potential bacterial contamination that could 

interact with the proteins. In Chapter 3, a quartz crystal microbalance was 

used to accurately determine the amount of adsorbed protein on cross-

linked poly(N-vinylpyrrolidone), polystyrene and gold films. In Chapter 5, 

the presence of adsorbed proteins on patterned surfaces was determined by 

fluorescence optical microscopy and atomic force microscopy. Refer to the 

relevant chapters for details on the protein adsorption tests. 

2.3 Atomic force microscopy (AFM) 

The atomic force microscope is a type of scanning probe microscope 

that can be used to image the topography and surface properties of surfaces 

with high resolution, i.e. down to atomic resolution.2 A sharp tip (in the 

order of 20 nm), positioned at the end of a spring cantilever, is scanned over 

the sample surface (Figure 2.1). In the simplest set up, namely contact mode, 

a sharp tip mounted on a flexible cantilever scans the surface of the sample 

in a raster fashion. The sample is mounted on a piezoelectric actuator, which 

adjusts its position so to maintain a constant distance (or force) between the 

probe and the surface. The XYZ movement of the piezoelectric is translated 

in a three-dimensional map of the sample’s surface. The deflection of the 
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cantilever due to interaction with the sample is monitored through a laser 

reflected off the back surface of the cantilever and onto a photodiode. If the 

cantilever deflects by a larger or smaller amount than the nominated 

setpoint, the position of the laser reflected onto the photodiode will vary. A 

feedback loop adjusts the piezoelectric element height to restore the 

cantilever deflection to the nominated setpoint.3, 4 

 

 

Figure 2.1 Schematic of the mechanism of the light lever in an atomic force microscope. The spring 

cantilever probes the surface, while the piezoelectric that holds the sample moves in a raster on the XY 

plane, and adjusts the Z distance thanks to the feedback loop and guided by the laser position on the 

photodiode reflected by the cantilever. The feedback loop works to keep the tip-surface distance (or 

force) constant. 

State of the art AFMs can provide much more information than a 

simple topography image. In intermittent mode (defined Tapping Mode™ by 

Digital Instruments©), the cantilever oscillates at a given frequency and 

amplitude, “tapping” the surface lightly.5, 6 This technique is widely used to 
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image soft samples such as polymer films or biological specimens. Tapping 

Mode™ AFM can provide additional information over contact mode: the 

amplitude of the cantilever oscillation can vary depending on the hardness 

of the surface, providing a map of its mechanical properties. This imaging 

mode can be used to identify biological matter on a hard surface, or different 

domains in topographically flat, phase-separated block-copolymer films.7 In 

this Thesis, Tapping Mode™ AFM was used extensively to image flat poly(N-

vinylpyrrolidone) films, and to determine their surface roughness (Chapter 

3). The same technique was used to image micropatterned polymer films 

prepared by dewetting and grafted with PEG-like brushes (Chapter 5). The 

imaging was useful to determine the presence of proteins adsorbed in the 

dewetted holes on the surface. In this work, the instrument used was an 

Asylum Research (San Francisco CA) model MFP-3D-SA. 

2.4 Ellipsometry 

Ellipsometry is an optical technique that allows the characterization 

of the thickness and dielectric properties of thin films.8 Shown in Figure 2.2 

is a schematic of a typical set up. A beam is emitted from a light source (a 

monochromatic laser or a polychromatic source in the UV, visible or 

infrared) and linearly polarized before interacting with the sample. The 

light, with known linear polarization, penetrates the film, reflects from the 

underlying substrate and escapes the sample carrying information in the 

form of amplitude and phase changes in the polarized light. Because of these 

changes, the light is now elliptically polarized, hence the name of the 

technique. The second polarizer, called analyser, allows a certain amount of 

light to pass depending on its orientation relative to the elliptical electric 

field of the reflected beam. The light is finally captured by a detector. The 
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instrument records the complex reflectance ratio 𝜌, which is the ratio 

between the Fresnel reflection coefficients for the p- and s- polarized light 

(electric fields parallel and perpendicular to the plane of incidence, 

respectively), and is a function of the relative amplitude change Ψ and the 

phase shift Δ (Equation 2.1).9 

 

𝜌 = 𝑡𝑎𝑛(𝛹) 𝑒𝑖∆ (2.1) 

 

 

 

Figure 2.2 Schematic diagram of a reflection ellipsometer. The light source, in this work a multi-

wavelength source in the UV-visible range, is linearly polarized before interacting with the sample. 

Once the light is reflected by the sample, it carries information in the form of amplitude and phase 

offsets, which cause the polarization of the light to change to elliptical. These parameters can be fitted 

with an appropriate model to extrapolate the film thickness and optical constants. Monolayered and 

multilayered films can be easily modelled. 

In a second step, a model must be compiled in order to generate 

theoretical Ψ and Δ values based on the known composition of the sample 

(i.e. number and composition of layers, roughness and estimated refractive 
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indices), using Fresnel’s equation. The model is then used to fit to the 

experimental data in an iterative minimum square deviation algorithm. The 

fitting provides accurate values for the layer thicknesses and refractive 

indices. 

 

 

Figure 2.3 Experimental Ψ and Δ data acquired for wavelengths in the range 370-1000 nm for a 

PNVP/PS bilayer on a silicon wafer, at an angle of incidence of 75°. The thickness of the silicon base 

layer was assumed to be 1 mm, which is very large compared to the studied layers. The thickness of 

silica (1 nm) was determined in a previous step, as well as the thickness (56.65 nm) and refractive 

index (1.562) of the PS layer, using the Cauchy formula. The PNVP film refractive index was also 

modelled with the Cauchy dispersion formula. The fitting parameters in the overall model were the 

PNVP film thickness and Cauchy coefficients. The model scenario is shown in the inset. 

Shown in Figure 2.3 are experimental curves of Ψ and Δ at different 

wavelength for a multilayer obtained by sequential spin-coating of poly(N-

vinylpyrrolidone) (PNVP) on top of polystyrene (PS), on a silicon wafer 
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coated with a thin layer of silicon oxide. The study on dewetting and cross-

linking of PNVP on polystyrene is discussed in Chapter 4. Also shown in 

Figure 2.3 is the fitting of the experimental data. The Cauchy dispersion 

equation was used to model the refractive index of the PNVP layer 

(Equation 2.2): 

 

𝑛(𝜆) = 𝐴𝑛 +
𝐵𝑛

𝜆
+

𝐶𝑛

𝜆4+... (2.2) 

 

The contributions of the 4th term and above in the equation are 

irrelevant for most applications. The overall model fitting parameters were 

the PNVP thickness and the Cauchy refractive index coefficients An, Bn and 

Cn. The results are summarised in Table 2.1, along with the minimum square 

error (MSE). 

Table 2.1 Fitted thickness and Cauchy coefficients obtained from the modelling of the optical data for 

a PNVP film on a PS film. The experimental data is reported in Figure 2.3. 

MSE = 5.87   

PNVP thickness 44.845 ± 0.026 

An 1.5030 ± 0.0007 

Bn 0.00248 ± 0.00033 

Cn 0.00027 ± 0.00004 

 

In this work, a J.A. Woollam Co. Inc. model M-2000 V was used to 

determine the thickness of the prepared polymer films on silicon, using an 

angle of incidence of 75° in a wavelength range of 370 – 1000 nm. In 

preliminary experiments, the angle of incidence was scanned in the range 

60° - 80°, to identify the optimal value that produced the best data quality. 

The data were processed and fitted using the software WVASE32® provided 

with the instrument. Details on the fitting procedures for the polymer films 
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prepared in this work are reported in the Methods sections in each relevant 

chapter (Sections 3.2, 4.2 and 5.2). 

2.5 Neutron and X-ray reflectometry 

Reflectometry is a technique that uses radiation of different 

wavelengths to investigate the internal structure of thin films on a substrate. 

The types of radiation used in this Thesis were X-rays and neutrons. 

X-rays interact with the electron clouds in matter. They are very 

weakly penetrating, as electron clouds occupy much of the volume of 

matter. X-rays interacting with matter may scatter, with higher atomic 

numbers scattering by a greater amount. The scattering is related to the 

refractive index of a given material n, via the scattering length density (SLD) 

(Equation 2.3 and 2.4). SLD is a parameter that describes the scattering cross 

section of a given material towards a given radiation (Equation 2.5). 

 

𝑛 = 1 − (𝛿 + 𝑖𝛽)  (2.3) 

  

𝛿 =
𝜆2

2𝜋
𝑆𝐿𝐷  (2.4) 

  

𝑆𝐿𝐷 = 𝑟𝑒𝑁𝑎𝜌
∑ 𝑍𝑖𝑖

∑ 𝑀𝑖𝑖
   (2.5) 

 

In Equation 2.3, δ is the deviation of the refractive index from 1 and β 

is the absorption index. In Equation 2.4, λ is the radiation wavelength. In 

Equation 2.5, re is Bohr’s radius, Na is Avogadro’s number, 𝜌 is the mass 

density, and Zi and Mi are the atomic number and the molar mass of the ith 

atom. 
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Neutrons on the other hand are extremely penetrating, as they 

interact only with nuclei. Nuclei are about 1/5th of the total atom size, hence 

the cross section of a material to neutrons, described by the SLD, is much 

smaller than for X-rays. The SLD for neutrons is reported in Equation 2.6. 

 

𝑆𝐿𝐷 = 𝑁𝑎𝜌
∑ 𝑏𝑖𝑖

∑ 𝑀𝑖𝑖
  (2.6) 

 

where bi is the neutron scattering length of the ith atom. 

As neutrons interact only with the nuclei, they can give much better 

contrast than X-rays. The downside to this technique is that because they are 

scarcely scattered, a very long acquisition time is required to obtain a 

reasonably intense signal. 

Neutron reflectometry (NR) and X-ray reflectometry (XRR) were used 

in this Thesis to investigate the structure and composition of polymer thin 

films on flat silicon wafers. In standard NR or XRR experimental set ups, 

samples are irradiated by a collimated beam at a given angle, θ. The 

radiation is reflected and collected by the detector, positioned at the same 

angle as the radiation source, in a mirror configuration. The intensity of the 

reflected radiation is called reflectivity, R, and is plotted against the 

momentum transfer vector, Q, a parameter that contains the radiation angle 

of incidence, θ and its wavelength, λ (Equation 2.7). 

 

𝑄 = 4𝜋 sin
𝜃

𝜆
    (2.7) 

 

Reflectivity is related to Q as described in Equation 2.8. 

 

𝑅(𝑄) =
16𝜋2(∆𝑆𝐿𝐷)2

𝑄4    (2.8) 
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In the instruments accessible at the Australian Nuclear Science and 

Technology Organization (ANSTO) facilities located at Lucas Heights, 

Sydney NSW, Q is varied by varying the incidence angle in XRR. In NR 

instead, Q is varied by varying the radiation wavelength, using a time of 

flight detector combined with a set of choppers, which separate neutrons of 

different speed (i.e. wavelength). The radiation is completely reflected for 

low angles of incidence. Once a critical angle, θc, is overcome, the radiation 

penetrates the sample, and the reflectivity decays as Q4 (Equation 2.8). 

Shown in Figure 2.4 are X-ray and neutron reflectivity profiles for a 

multilayer of poly(methyl methacrylate) (PMMA) over deuterated 

polystyrene (d-PS), supported on a silicon wafer. This example is 

representative of the structures investigated in this Thesis. The NR and XRR 

data are fitted with a model where the variables are the thickness, the SLD 

and the roughness of the layers. The data modelling includes SLD profiles 

versus sample depth, to easily visualise the SLD contrast between the layers 

(insets in Figure 2.4). The profiles show Kiessing fringes, which arise by the 

constructive and destructive interaction of waves scattered by the different 

layers. The distance between the fringes is inversely proportional to the film 

thickness. In XRR the SLD contrast between the two polymer films is very 

low, as indicated by the SLD profile against sample depth (inset in XRR 

graph, Figure 2.4). The curve can only be fitted with a 20 nm thick 

monolayer. By using neutron reflectivity, the contrast between the polymer 

layers makes it easier to measure the thickness of the d-PS film. However, 

the PMMA film has very little contrast with air and it is not detected, and all 

that is possible to measure is a 10 nm thick d-PS film. This could be solved 

by substituting air with D2O, a strategy often used in neutron reflectometry 

experiments.10 

XRR is often used as a preliminary investigation to obtain accurate 

values of the film thickness and roughness. As roughness dampens the 
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Kiessing fringes and hides much of the information in the data, only 

relatively flat samples can then be studied by NR.  

The technical specifications of the instruments used at ANSTO are 

reported in the following. X-ray reflectivity profiles were measured on a 

Panalytical Ltd X’Pert Pro Reflectometer using Cu Kα X-ray radiation (λ = 

1.54056 Ǻ). The X-ray beam was focused using a Göbel mirror and 

collimated with 0.2 mm pre- and post-sample slits. 

 

 

Figure 2.4 Example of X-ray and neutron reflectivity curves showing Kiessing fringes for a 

multilayer of poly(methyl methacrylate) (PMMA) over deuterated polystyrene (d-PS), supported on 

a silicon wafer. The substitution of hydrogen with deuterium, as in PS here, is often used to enhance 

the contrast between components, because deuterium has a much higher SLD than hydrogen. The 

film thicknesses and the scattering length densities (SLD) are indicated in the schematic. Picture 

adapted from data kindly provided by Prof. Michael James, ANSTO Lucas Heights NSW. 
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Neutron reflectivity data were measured using the Platypus time-of-

flight neutron reflectometer and a cold neutron spectrum (3.0 Å  λ  18.0 Å) 

at the OPAL 20 MW research reactor at ANSTO, Lucas Heights.10 23 Hz 

neutron pulses were generated using a disc chopper system (EADS Astrium 

GmbH) in the medium resolution mode (Δλ/λ = 4%), and recorded on a two-

dimensional helium-3 neutron detector (Denex GmbH). 

Structural parameters were refined using the MOTOFIT reflectivity 

analysis software with reflectivity data as a function of the momentum 

transfer vector, Q.11 In the fitting routines, the Levenberg-Marquardt method 

was selected to minimize χ2 values by varying the films thickness, roughness 

and scattering length density (SLD). 

2.6 Thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC) 

TGA and DSC were used in this Thesis to determine the thermal 

properties of the polymers used. In TGA, the mass change of the polymer 

sample is monitored while the temperature is changed according to a pre-

defined program. In a basic experiment the temperature was ramped over a 

certain range, to identify the mass loss due to impurities such as water, and 

the temperature at which degradation occurred. In the work presented in 

Chapter 3, TGA was used to ascertain that poly(N-vinylpyrrolidone) was 

stable at the temperatures used for cross-linking, in air and in nitrogen 

atmospheres. 

DSC is used to monitor the heat flow in and out of a sample. For 

example, to identify phase transitions of endothermic nature, such as glass 

transitions or meltings, and of exothermic nature, such as crystallizations. 
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For polymers, DSC curves can be quite complex, and provide much 

information about the polymer structure, impurities and molecular weight 

polydispersity. In Chapter 3, DSC was used to identify the glass transition 

temperature of poly(N-vinylpyrrolidone), and in Chapter 5 it was used to 

determine the thermal transitions of the synthetised macroinitiator polymer. 

The instruments used in this work were a Hi Res TGA 2950 (TA Instruments, 

New Castle, DE) and a DSC 2920 (TA Instruments, New Castle, DE). 

2.7 Size exclusion chromatography (SEC) 

SEC is a member of a vast family of physical methods used to 

separate and analyse complex mixtures.12 SEC separates macromolecules 

such as polymers depending on their hydrodynamic volume in the chosen 

solvent. This volume can be related to the polymer molecular weight, given 

an appropriate calibration curve.13, 14 

In the general experimental set up, an eluent is pumped at a constant 

flow through a column packed with porous beads, with which the polymer 

does not interact. This makes SEC different to other chromatographic 

techniques such as high performance liquid chromatography (HPLC). The 

eluent carries the analyte through the column and to the detector; the 

different components of the sample are separated solely because of their size 

difference. Small molecules can penetrate in all the pores of the column 

packing, and hence spend a longer time in the column, while larger 

molecules cannot penetrate most of the pores, and elute more quickly. The 

data collected by the detector are plots of signal intensity against elution 

time. In the common case of a differential refractive index detector (DRI), the 

signal arises from the difference in refractive index between a cell filled with 

pure eluent and one containing the analyte solution eluted from the column. 
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These data plots show peaks for each component of the separated mixture. 

The peaks always exhibit a Gaussian shape, due to the unavoidable 

distribution of elution times for a given analyte size. In the case of polymers, 

the broadening of a chromatographic peak is mainly due to their molecular 

weight distribution. Once the SEC system is calibrated by eluting polymers 

of known molecular weight, the analyte molecular weight can be determined 

from its elution time, and its molecular weight distribution can be 

determined from the width of the peak. It is important to notice that the 

relationship between hydrodynamic volume and mass is not the same for all 

the polymers, so in theory calibration curves should be built using standards 

of the same polymer that is being analysed. Often this is not possible due to 

unavailability of such standards, so in the case of DRI only approximate 

molecular weight can be measured, using the same standard (generally 

polystyrene) for the characterization of many different polymers. It is 

possible to improve the accuracy of the molecular weight values determined 

using polystyrene standards by employing appropriate Mark-Houwink-

Sakurada parameters for the polymer analysed in the software calculation 

routine. An even more accurate molecular weight may be obtained using the 

combination of multiple detectors.15 Details on the instruments and 

conditions used in the work reported in this Thesis can be found in Section 

5.2.4. 

2.8 Nuclear magnetic resonance spectroscopy (NMR) 

NMR spectroscopy is widely used to characterize organic compounds 

such as polymers.16 It is able to discriminate nuclei based on their chemical 

environment, and can therefore give precious information on the chemical 

structure of a molecule. In brief, any given nucleus with an odd number of 



Andrew M. Telford  CHAPTER 2 

 

81 

 

protons and/or neutrons has an intrinsic magnetic moment and angular 

momentum, which ultimately gives it non-zero spin. Both the magnitude 

and orientation of this momentum are quantised. For example, the most 

commonly used nucleus in NMR is 𝐻1
1 , which has spin = ±1/2. These two 

states are degenerate, i.e. have the same energy. If such nuclei are placed in a 

magnetic field, they interact differently with it, and become separated in two 

states with different energy. 

An electromagnetic radiation of the correct frequency, typically a 

radio frequency radiation, can induce a transition of the low energy nuclei to 

the high energy state. Such transition can be recorded by the instrument. In 

this scenario, the data would consist of a single peak, because all the nuclei 

would give the same transition. In a real molecule though, the electrons 

surrounding the resonating nuclei can shield them from the magnetic field in 

different ways, effectively reducing the energy gap between spin states, and 

hence the resonating frequency, of each nucleus. The offset from the 

unshielded frequency is called chemical shift, and is characteristic for a 

given chemical functionality. To avoid solvent interference in 𝐻1
1  NMR, 

polymer samples are dissolved in a deuterated solvent, as deuterium has a 

zero spin. In this work, samples of the synthesised polymers were routinely 

analysed by NMR to confirm the reaction chemistry. 

2.9 Quartz crystal microbalance (QCM) 

A QCM measures the mass adsorbed on a quartz crystal acoustic 

resonator. Quartz is a piezoelectric material, and can hence vibrate if an 

alternate voltage is applied to it. The frequency of the resonator changes 

proportionally to the adsorbed mass, according to the Sauerbrey equation17 

(Equation 2.9): 



Andrew M. Telford  CHAPTER 2 

 

82 

 

 

∆𝑚 = ∆𝑓√(𝑝𝑞𝜇𝑞) 2𝑓0⁄  
(2.9) 

 

where Δm is the adsorbed mass (g cm-2), Δf is the frequency shift, pq is 

the density of quartz (2.648 g cm-3), μq is the shear modulus of quartz for the 

specific type of crystal used, and f0 is the fundamental resonant frequency of 

the crystal. The equation is theoretically valid only for rigid thin films that 

behave as solids, with masses much smaller than that of the crystal, evenly 

distributed on the surface, and where no viscoelastic dissipation occurs upon 

vibration. In the case of proteins adsorbed from a solution onto the crystal 

surface this is often not the case, yet the equation gives fairly accurate values 

of adsorbed mass.17 It should also be noted that often hydration water in the 

sample, which can move with the crystal, is included in the measured 

adsorbed mass. 

In this work, the crystals used were AT-cut gold coated crystals, with 

a shear modulus, µ0 = 2.947x1011 g cm-1 s-1 and a fundamental resonant 

frequency, f0 = 5 MHz. The third overtone of this frequency was used for the 

calculations because of the reduced noise and baseline drift. 

2.10 Fourier transform infrared spectroscopy (FTIR) 

Infrared spectroscopy utilizes infrared (IR) radiation to gain 

information on the identity and structure of molecules. IR radiation has 

wavelengths typically in the range 0.8 – 1000 µm. The radiation energy is 

conventionally expressed in wavenumbers (cm-1), so the range would be 

14000 – 25 cm-1. Molecules can absorb IR radiation to undergo rotational-

vibrational transitions. As energy absorption due to bond vibrations and 
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rotations of a molecule, or of functional groups within large and complex 

molecules, have distinct frequencies that depend on the bond strength and 

the mass of the atoms involved, they can be identified readily in an IR 

spectrum. 

In the present study, a Bruker Vertex 80v FTIR spectrophotometer 

with a Hyperion 3000 FPA microscope system was employed to acquire data 

on polymer thin films. The microscope piece allowed focusing of the IR 

radiation on the thin film, so to maximize its absorption signal. The data 

were analysed using the OPUS® software provided by the manufacturer. 

Each spectrum was corrected for CO2 and H2O absorption, which are 

ubiquitous in IR experiments in air. 

2.11 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a quantitative 

spectroscopic technique that uses X-rays to obtain information on the 

composition of a material.18 In an ultra-high vacuum chamber, used to avoid 

scattering interference of photoelectrons from air molecules, the sample is 

bombarded with high energy, typically monochromatic X-rays (~103 eV). The 

energy involved allows the extraction of electrons from the inner, core 

valence shells of an atom. The photoelectrons ejected are collected by a 

detector, which records their kinetic energy and number. The kinetic energy 

of a photoelectron depends on its binding energy. Every chemical element 

has a unique electronic structure; hence they emit photoelectrons with 

specific kinetic energies, which are tabulated.  

In molecules, the electron binding energies of an atom are strongly 

influenced by the surrounding chemical species, so the kinetic energies of 

such photoelectrons carry information on the nature of the functional group 
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they arise from. The number of photoelectrons emitted, normalized against a 

reference, is related to the concentration of each chemical species in the 

sample. X-rays can penetrate the sample to a depth of a few microns, but 

only the photoelectrons from the top 1-10 nm can escape into the vacuum. 

Electrons from deeper within the material are both elastically and in-

elastically scattered and do not escape the surface of the material. 

XPS is widely used to characterize polymers. The carbon 

photoelectron peak contains signals from carbon based species such as 

alcohols, esters, ethers, and carboxylic acids. The complex peak can be 

deconvoluted into a number of components using appropriate software, so 

that the functional groups in the polymer can be identified by photoelectrons 

with distinct binding energies. In this work, XPS was used to investigate the 

chemical changes arising during cross-linking of PNVP in Chapter 3, and the 

chemical compositional changes associated with the growth of 

poly(PEGMA) brushes, synthesised using surface initiated reversible-

deactivation radical polymerisation reactions, in Chapter 5. 

In polymer thin film characterisation, XPS offers the possibility to 

map a certain area of a sample by analysing for specific elements. The 

detector can be set to record data only for a specific element, and the sample 

surface can be probed in a raster to produce an image that corresponds to a 

chemical map. The image will show a contrast based on the amount of the 

targeted element in each pixel. This technique was employed in this work to 

characterize the chemical patterns obtained upon dewetting of polymer thin 

bilayer films (Chapter 5). Details on the instruments and acquisition setting 

used in this work can be found in the experimental details of the relevant 

chapters (Chapters 3 and 5). 



Andrew M. Telford  CHAPTER 2 

 

85 

 

2.12 References 

1. Sherman, R., Carbon dioxide snow cleaning. Particulate Science and 

Technology: An International Journal 2007, 25 (1), 37 - 57. 

2. Binnig, G.; Quate, C. F.; Gerber, C., Atomic force microscopy. Physical 

Review Letters 1986, 56 (9), 930-933. 

3. Giessibl, F. J., Advances in atomic force microscopy. Reviews of Modern 

Physics 2003, 75 (3), 949-983. 

4. Alessandrini, A.; Facci, P., AFM: a versatile tool in biophysics. 

Measurement Science & Technology 2005, 16 (6), R65-R92. 

5. Martin, Y.; Williams, C. C.; Wickramasinghe, H. K., Atomic force 

microscope mapping and profiling on a sub 100-A scale. Journal of Applied 

Physics 1987, 61 (10), 4723-4729. 

6. Zhong, Q.; Inniss, D.; Kjoller, K.; Elings, V. B., Fractured polymer 

silica fiber surface studied by tapping mode atomic-force microscopy. 

Surface Science 1993, 290 (1-2), L688-L692. 

7. Garcia, R.; Perez, R., Dynamic atomic force microscopy methods. 

Surface Science Reports 2002, 47 (6-8), 197-301. 

8. Neal, W. E. J.; Fane, R. W., Ellipsometry and its applications to surface 

examination. Journal of Physics E-Scientific Instruments 1973, 6 (5), 409-416. 

9. Fujiwara, H., Spectroscopic ellipsometry: principles and applications. John 

Wiley & Sons Ltd: Chichester, 2007. 

10. James, M.; Nelson, A.; Holt, S. A.; Saerbeck, T.; Hamilton, W. A.; 

Klose, F., The multipurpose time-of-flight neutron reflectometer "Platypus" 

at Australia's OPAL reactor. Nuclear Instruments and Methods in Physics 

Research Section A: Accelerators, Spectrometers, Detectors and Associated 

Equipment 2011, 632 (1), 112-123. 

11. Nelson, A., Co-refinement of multiple-contrast neutron/X-ray 

reflectivity data using MOTOFIT. Journal of Applied Crystallography 2006, 39, 

273-276. 

12. Moore, J. C., Gel permeation chromatography. I. New method for 

molecular weight distribution of high polymers. Journal of Polymer Science 

Part A-General Papers 1964, 2 (2PA), 835-843. 

13. Wang, Y.; Teraoka, I.; Hansen, F. Y.; Peters, G. n. H.; Hassager, O., A 

theoretical study of the separation principle in size exclusion 

chromatography. Macromolecules 2010, 43 (3), 1651-1659. 

14. Grubisic, Z.; Rempp, P.; Benoit, H., A universal calibration for gel 

permeation chromatography. Journal of Polymer Science Part B-Polymer Letters 

1967, 5 (9PB), 753-759. 

15. Holding, S. R.; Meehan, E., Molecular weight characterization of synthetic 

polymers. Rapra Technology Ltd: GBR, 1995. 



Andrew M. Telford  CHAPTER 2 

 

86 

 

16. Bovey, F. A.; Mirau, P. A., NMR of polymers. Academic Press: San 

Diego, 1996. 

17. Sauerbrey, G., Verwendung von schwingquarzen zur wagung dunner 

schichten und zur mikrowagung. Zeitschrift Fur Physik 1959, 155 (2), 206-222. 

18. Briggs, D.; Grant, J. T., Surface analysis by Auger and x-ray photoelectron 

spectroscopy. IM Publications LLP: Chichester, 2003. 

 
 



Andrew M. Telford  CHAPTER 3 

 

87 

 

 

 

 

CHAPTER 3   

 

Thermally cross-linked poly(N-

vinylpyrrolidone) films as bio-inert 

coatings  
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3.1 Introduction 

Surgical implantation procedures such as artificial cochlea 

implantation1 and stent implantation2 have become more and more 

widespread in medicine and are now routinely performed. In vivo 

biosensing to continuously monitor the concentration of analytes in the 

blood stream, such as glucose in diabetic patients, is also common.3-5 The 

performance of biomaterials and biosensing devices however can be 

hampered by biofouling, i.e. the non-specific adsorption of proteins and 

biomolecules from solution,6 as introduced in Chapter 1. Briefly, when a 

foreign material comes in contact with a tissue, it is rapidly coated by 

proteins in the first instance, and then platelets and immune cells. In some 

cases a fibrous capsule can develop which can severely limit the ability of 

the device to function properly. This is collectively known as foreign body 

reaction (FBR). Non-specific protein adsorption on the surfaces of 

biomedical devices can also allow attachment of bacteria, and the formation 

of a biofilm which can be very difficult to treat with antibiotics.7-10 Once 

injected in the blood stream, drug delivery particles or magnetic particles for 

medical imaging are quickly covered with plasma proteins before they can 

perform their function.11, 12 In vivo devices such as biomedical implants 

inserted in the human body may provoke a dramatic cascade of events that 

eventually causes surface-induced thrombosis.13 The accumulation of 

proteins on the surface of contact lenses can also lead to infections.14 An 

effective strategy to overcome the non-specific adsorption of proteins is to 

use a bio-inert coating, which limits the interaction of the foreign body with 

the host. 

Hydrophilic polymers, such as poly (ethylene glycol)s,15, 16 poly (N-

vinylpyrrolidone),17 and polymers containing zwitterionic functionalities,18 

are widely used as antifouling coatings for medical devices, since their 
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properties can be finely tailored and surfaces can relatively easily be coated 

with them.19-21 The general mechanism of antifouling of polymer coatings has 

been described in Chapter 1 for polymer brushes. As stated earlier, similar 

mechanisms come into play for any hydrophilic polymer coating that has the 

ability to swell in water, or adsorb a tightly bound layer of water at the 

interface. This is the case of poly (N-vinylpyrrolidone) (PNVP, top of Figure 

3.13). PNVP is well known for its antifouling properties, widely used and 

readily available.22-25 PNVP is non-toxic, water-soluble and completely 

biocompatible in humans.26, 27 It is used as a binder in many pharmaceutical 

tablets,28 in dental care and wound care products,29, 30 in cosmetics,31 in 

contact lenses,32 and as a plasma expander.33 In its bulk cross-linked form (as 

a hydrogel) it is used in drug delivery systems.34, 35 However, because of its 

solubility in water, PNVP coatings are only useful for contact with body 

fluids after treatment or modification to make the polymer insoluble. PNVP 

brushes have been used as antifouling coatings.17, 25 The grafting technique, 

although effective, requires a number of synthetic chemical steps. 

As noted above, PNVP coatings are also commonly prepared in the 

form of hydrogels. A hydrogel is a loosely cross-linked polymer swollen 

with a large volume of water (i.e. contains a high water volume fraction). 

PNVP hydrogels can be prepared by using either an electron beam,36 redox 

reactions,37 or UV-activated molecules38 as cross-linking mechanisms. In the 

case of radiation-induced cross-linking it is believed that the water in the 

hydrogel is necessary to allow chain mobility and produce an effective cross-

linking39, 40 so homopolymeric PNVP thin films have rarely been 

investigated.41 The generation of radicals in PNVP by thermal annealing has 

been previously proposed,42 but thermally-induced cross-linking has never 

been characterised in thin films, nor have such films been employed in 

biomedical applications. 
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In the work described in this Chapter, for the first time a method is 

introduced to prepare cross-linked PNVP antifouling coatings on surfaces of 

any geometry and size by simple and cost effective techniques such as spin- 

or dip-coating and thermal annealing, without the use of cross-linking 

agents or high energy radiation. Under specific annealing conditions, PNVP 

films spontaneously cross-link, becoming insoluble in water and many other 

solvents, whilst maintaining the antifouling properties of unmodified PNVP. 

The degree and the rate of the process can be tuned by controlling the 

temperature. This work has been recently published.43 

3.2 Materials and Methods 

3.2.1 Surface preparation 

The silicon wafers used as substrates and their cleaning procedure 

were described in Section 2.1. 

PNVP films were prepared by spin coating a 10 mg mL-1 filtered 

ethanol solution of PNVP (29000 g mol-1, 95%, Sigma-Aldrich) at 3000 rpm 

for 1 minute. Polystyrene (PS) films were prepared in a similar manner from 

a 10 mg mL-1 toluene solution of PS (96000 g mol-1, PDI 1.04, PSS Germany) 

at 4000 rpm for 1 minute. The average thickness of the PNVP films obtained 

was 40 ± 1 nm, as determined by spectroscopic ellipsometry (J.A. Woollam 

Co.). Annealing of PNVP films was performed on a hot plate with fine 

temperature control (ATV Technologie GmbH Muenchen, model TR-124) in 

air. Non-cross-linked PNVP was eliminated by rinsing the films with 150 mL 

of Milli-Q® water. After rinsing, the films were blown dry with a pure 

nitrogen stream and dried on a hot plate at 100 °C for 30 minutes to remove 

residual water. Ellipsometry was described in Section 2.4. 
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3.2.2 Bulk polymer characterization 

The PNVP in powder form was characterized by thermogravimetric 

analysis in air and in nitrogen and by differential scanning calorimetry. The 

techniques and equipment were described in Section 2.6. The measurements 

were carried out by Dr. Hank deBruyn at the University of Sydney. 

3.2.3 Thin Film characterization 

The thickness of the PNVP/PS films was characterized by 

ellipsometry (see Section 2.4). The thickness of the SiO2 layer (1 nm) on top 

of the silicon wafer was determined on the bare silicon wafer first, using the 

relevant model provided with the software. The system was treated as a 

monolayer. Then the PNVP film was spin-cast onto the silicon wafer. The 

system was modelled as a bilayer, where the SiO2 thickness was fixed, and 

the polymer film was modelled using the Cauchy equation. The polymer 

thickness, and the constants A and B for the Cauchy equation, were 

measured. The constant C for the Cauchy equation was fixed to zero. The 

constant A, which is by far the largest contribution to the refractive index 

value, was about 1.50. 

PNVP films were characterized using X-ray and neutron 

reflectometry at the Australian Nuclear Scientific and Technology 

Organization (ANSTO) Lucas Heights facility in Sydney, under the direction 

of Prof. Michael James. Four films were characterized after different 

annealing and washing procedures. Reflectivity data were collected over the 

angular range 0.05  λ  5.00, with a step size of 0.01 and counting times 

of 10 s per step. 

Neutron reflectivity data was obtained from these polymer films 

using the Platypus time-of-flight neutron reflectometer. Reflected beam 

spectra were collected for each of the as-prepared and modified PNVP films 
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at 0.5˚ for 2 hours (0.5 mm slits) and 2.0˚ for 6 hours (2 mm slits) respectively. 

Neutron reflectivity data were also collected for one film at 4.0˚ for 8 hours 

(4.0 mm slits). Direct beam measurements were collected under the same 

collimation conditions for 1 hour each. 

Structural parameters for these PNVP films were refined using the 

MOTOFIT reflectivity analysis software. One or two layer models were 

used, and single-layer models were chosen when no significant 

improvement in the fitting quality was observed upon the introduction of an 

additional layer. Due to the lack of X-ray scattering contrast between silicon 

(SLD = 2.01×10-5 Å-2) and the native silicon oxide layer (SLD = 1.89×10-5 Å-2), 

the silicon oxide layer was omitted from structure refinements using X-ray 

reflectivity data. In the case of models refined using neutron reflectivity 

data, an additional ~10 Å layer was included adjacent to the silicon (SLD = 

2.07×10-6 Å-2), representing the native oxide layer (SLD = 3.47×10-6 Å-2). More 

details on neutron and X-ray reflectivity can be found in Section 2.5. 

Investigations of the chemical composition of untreated and annealed 

films were carried out by transmission Fourier transform infrared 

spectroscopy (Section 2.10), at the vibrational spectroscopy unit at the 

University of Sydney. 

Further information about the elemental make-up of the as-prepared 

and annealed (but not rinsed) PNVP thin films was obtained from X-ray 

photoelectron spectroscopy (XPS) data. The XPS analysis and data fitting 

were performed by Dr. Bill Gong at the surface analysis facility at the 

University of New South Wales. In the work described in this Chapter, the 

data was collected using an Escalab 220i-XL spectrometer (VG, UK) with 

monochromatic Al Kα exciting radiation (energy 1486.6 eV). Typical 

operating conditions were: power 120 W (10 kV, 12 mA) and spot size 1 

mm2. Survey spectra were collected with a step width of 1 eV and high 

resolution spectra with a step width of 0.1 eV. 



Andrew M. Telford  CHAPTER 3 

 

93 

 

The wetting properties of the PNVP films were investigated by 

measuring the static contact angle of 5-10 μL sessile droplets of Milli-Q® 

water with a KSV CAM200 Contact Angle System (KSV Instruments Ltd., 

Helsinki, Finland). 

Due to the fact that cross-linked PNVP was insoluble in water, the 

percentage of cross-linked film could be related to the residual film thickness 

after rinsing with Milli-Q water. The cross-linking dependence on 

annealing time and temperature was investigated using spectroscopic 

ellipsometry (Section 2.4). The films were annealed at different temperatures 

and for different times (160 °C, 170 °C, 180 °C, 200 °C for 30 minutes, 1 hour, 

and 3 hours) and the thickness of the films was measured. The films were 

then rinsed with Milli-Q water, dried as described above, and the thickness 

re-measured. Two samples were analysed for each annealing time and 

temperature. Ellipsometry was also used to investigate the stability of PNVP 

films annealed at 200 C for 3 hours, after soaking in water for extended 

periods. Film thickness was measured after annealing and again after 

soaking in water for specified periods of time and drying.  

The topography and surface roughness of the PNVP films were 

investigated using atomic force microscopy in Tapping Mode™. 

3.2.4 Protein adsorption 

A quartz crystal microbalance with dissipation (QCM-D) was used to 

investigate the adsorption of two proteins, fibrinogen (FGN, Sigma -Aldrich) 

and immunoglobulin G (IgG, Sigma-Aldrich), on PNVP films, PS films, and 

gold. The PS and the PNVP films were prepared by spin coating onto these 

sensors as described above. The PNVP film was annealed at 200 °C for 3 

hours to obtain complete cross-linking. 
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Before each measurement, the QCM crystals were all initially 

equilibrated in phosphate buffer saline (PBS, prepared as described in 

Section 2.2). Protein adsorption experiments were then carried out in parallel 

using a 1 mg mL-1 FGN solution in PBS on one set of crystals, and a 1 mg mL-

1 IgG solution in PBS on another set. The protein solutions were passed over 

the sensor at a flow rate of 100 μL min-1 for 20 minutes, the flow stopped, 

and the surfaces left in contact with the protein solution for about 1 hour. 

Finally the surfaces were rinsed with PBS. The whole analysis was 

performed under temperature control at 37 ± 1 °C. 

3.3 Results 

3.3.1 Thermogravimetric analysis (TGA) 

The TGA was performed by Dr. Hank deBruyn at the University of 

Sydney. The PNVP powder used to prepare all the samples was 

characterized by TGA to determine the mass loss under the annealing 

conditions used in the preparation of the coatings, as well as to ensure that 

no significant decomposition of the polymer was taking place. The powder 

was quickly heated (in less than 2 minutes) to 200 °C and left at this 

temperature for 3 hours, both in air and in nitrogen. The TGA profiles in 

Figure 3.1 present a small decrease in mass (about 8-9%) in the first minutes 

of the annealing, both in air and in nitrogen. This initial mass loss was due to 

a small quantity of water retained by PNVP (up to 5% according to the 

manufacturer product description, given that PNVP is a hydrophilic 

polymer), as well as impurities such as unreacted monomer. After the first 

few minutes in a nitrogen atmosphere, the mass of the PNVP sample 

remained constant for the rest of the measurement time (3 hours), while in 
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air the sample mass increased by about 0.1%, which could be interpreted as a 

sign of mild oxidation. Apart from this, the polymer did not decompose nor 

gain substantial mass after three hours thermal annealing at 200 °C both in 

air and in nitrogen.  

Previous studies have revealed that thermal treatment of PNVP in an 

oxygen atmosphere gave rise to volatile degraded products at lower 

temperatures than in an inert atmosphere, with degradation of the polymer 

occurring above 250 °C, which is considerably higher than the 200 °C used in 

this study. At these elevated temperatures, as high as 400 °C, the presence of 

an oxygen atmosphere has been shown to lead to the formation of peroxide 

residues, which decompose and give rise to the formation of active radicals.42 

The mechanism of photooxidation of PNVP films under UV light irradiation 

has also been investigated before and leads primarily to the formation of 

insoluble fractions.41 

 

Figure 3.1 Termogravimetric analysis profile of the PNVP employed. The polymer in its powder form 

was heated to 200 °C for 3 hours in air and in nitrogen. 
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3.3.2 Differential scanning calorimetry (DSC) 

The DSC analysis was performed by Dr. Hank deBruyn at the 

University of Sydney. The PNVP powder was characterized by DSC to 

identify its glass transition temperature (Tg). The sample was heated from 

110 °C to 197 °C over 18 minutes (Figure 3.2). The DSC data show a single 

sharp transition in the heat flow profile. The mid-point of the transition 

corresponds to the Tg of the polymer, at about 160 °C. This is slightly lower 

than the Tg of 175 °C reported in the literature,44, 45 yet comparable. 

 

Figure 3.2 Differential scanning calorimetry profile of PNVP. The polymer in its powder form was 

heated from 110 °C to 197 °C in 18 minutes. The glass transition temperature is indicated. 

3.3.3 Atomic force microscopy 

Shown if Figure 3.3 are Tapping Mode™ AFM topography images of 

an as-prepared PNVP film (a) and a PNVP film that was annealed for 3 
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hours at 200 °C (b). The morphology of the films remained featureless, and 

did not change significantly upon thermal annealing. Root mean square 

(RMS) roughness values, before (203 ± 1 pm) and after (252 ± 8 pm) 

annealing indicate that these thin films were very smooth, and with 

roughness similar to that of the underlying silicon substrate (typically below 

200 pm). 

 

Figure 3.3 Tapping Mode™ AFM topography images for (a) an untreated PNVP film and (b) an 

annealed PNVP film (200 °C for 3 hours). 

3.3.4 X-ray photoelectron spectroscopy (XPS) 

The XPS analysis and data fitting were performed by Dr. Bill Gong at 

the surface analysis facility at the University of New South Wales. XPS data 

were collected on an untreated film and on a film annealed at 200 °C for 3 

hours, prior to rinsing with water. Presented in Figure 3.4 are survey XPS 

spectra of the untreated and treated films (a) as well as high resolution C 1s 

(b), N 1s (c) and O 1s (d) spectra. In the Figure the data for the untreated film 

was offset up the y-axis by 20000 counts s-1 in part (a), and by 2000 in parts 

(b)-(d) to highlight differences before and after the treatment. The C 1s 

spectra (Figure 3.4(b)) were fitted with 5 different components: component 

C1 was due to the presence of aliphatic hydrocarbon (C-C, C-H), component 
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C2 was due to secondary shifted aliphatic carbon, component C3 was due to 

the presence of C-N/C-O groups, component C4 was due to the presence of 

C=O/O-C-O/N-C=O groups, and component C5 was due to the presence of 

O-C=O groups such as carboxylic acids and esters.  

 

 

Figure 3.4 X-ray photoelectron spectroscopy data collected on an untreated PNVP film (upper 

curves, offset for clarity), and on a PNVP film annealed at 200 °C for three hours (lower curves, 

including fits). (a) Survey spectra and high resolution spectra for (b) C 1s,(c) N 1s , and (d) O 1s. 

The presence of component C5 in the untreated film indicates that the 

polymer as-received was already slightly oxidized. This peak was more 

intense in the annealed sample data, suggesting that the polymer underwent 

some degree of oxidation as a result of the thermal treatment. The N 1s 

spectra obtained before and after annealing did not show any remarkable 
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differences, except for the appearance of component N2 in the spectrum, 

likely due to a mild oxidation on the pyrrolidone ring (Figure 3.4(c)). 

Analysis of the O 1s spectrum for the annealed film (Figure 3.4(d)) suggested 

an increase in component O2, which was due to the presence of oxygen 

bound to carbon with a higher oxidation state (O=C-O), supporting the 

possibility of slight oxidation of the polymer. 

Table 3.1 XPS elemental composition data for an untreated PNVP film and a thermally modified 

PNVP film following annealing at 200 °C for 3 hours. 

As-prepared film 

Label 
Peak binding 

energy [eV] 

Atomic 

content [%] 

Total atomic content 

[%] 

C1 285.0 15.1 

C1s = 77.0 % 

C2 285.3 18.7 

C3 286.1 28.5 

C4 287.8 13.7 

C5 289.0 0.9 

N1 399.9 10.0 
N1s = 11.7 % 

N2 401.0 1.7 

O1 531.3 9.7 
O1s = 11.3 % 

O2 532.5 1.7 

After Annealing 200 C, 3 hours 

Label 
Peak binding 

energy [eV] 

Atomic 

content [%] 

Total atomic content 

[%] 

C1 285.0 21.9 

C1s = 72.8 % 

C2 285.4 10.0 

C3 286.2 24.3 

C4 287.8 13.2 

C5 288.8 3.4 

N1 399.9 9.6 
N1s = 11.4 % 

N2 401.1 1.7 

O1 531.5 11.9 
O1s = 15.8 % 

O2 532.9 4.0 

 

Summarised in Table 3.1 are the carbon, nitrogen and oxygen content 

in the two samples. The carbon content is slightly higher than what expected 
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for the theoretical C:N:O atomic ration of 6:1:1, and this is explained by the 

presence of unavoidable contamination of the polymer with hydrocarbons. 

The oxygen atomic content in the polymer increased by about 30% upon 

annealing, the carbon content decreased by 5% and the nitrogen content was 

essentially unchanged. These data were used to obtain the hydrogen content 

in the two types of film (untreated and annealed), when used in combination 

with the neutron reflectivity data (see below). No repeated experiment was 

performed in this study, but the fit deviation on a typical XPS analysis, 

evaluated by Monte Carlo simulations, lies between 1% and 5%.46 

3.3.5 X-ray and neutron reflectometry 

X-ray and neutron reflectometry analysis were carried out under the 

direction of Prof. Michael James at the Australian Nuclear Scientific and 

Technology Organization (ANSTO) Lucas Heights facility in Sydney. All the 

data fitting was performed by Prof. James. 

The degree of cross-linking of PNVP films induced by thermal 

annealing was characterized by X-ray and neutron reflectometry, by 

investigating films after increasing annealing times (5 minutes, Film 1; 30 

minutes and 60 minutes, Film 2; and 180 minutes, Film 3). 

Shown in Figure 3.5(A) are X-ray reflectivity profiles for a PNVP 

coating (Film 1) in the as-prepared state (trace (a)), after annealing for 5 

minutes at 200 C (trace (b)), and after rinsing with 30 mL Milli-Q water 

(trace (c)). Shown in Figure 3.5(B) are neutron reflectivity data for the same 

untreated PNVP film (film 1) (trace (a)), after annealing for 5 minutes at 200 

°C (trace (b)) and after rinsing with 30 mL of Milli-Q water (trace (c)). 
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Figure 3.5 (A) X-ray reflectivity and (B) neutron reflectivity data for (trace (a)) an untreated PNVP 

film, (trace (b)) after annealing for 5 minutes at 200 °C, and (trace (c)) after rinsing with 30 mL 

Milli-Q water and drying. The data have been offset by a factor of 0.01 for traces (b) and 0.0001 for 

traces (c) for clarity. Observed data (points) and calculated data (solid lines) are reported. 
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Refined structural parameters for these films are given in Table 3.2. 

The structure of the untreated film was refined using a single layer model 

for both the X-ray and neutron reflectivity data, indicating a film of ~44 nm 

in thickness and a surface roughness of less than 1 nm. Based on the 

monomer composition C6H9NO and the observed SLD values, the mass 

density of this film was found to be 0.79 g cm-3. 

Following the annealing of Film 1 at 200 C for 5 minutes, X-ray 

reflectivity data were fitted by a single layer model (Figure 3.5(A), trace (b)). 

Comparison between these data and that for the as-prepared film (trace (a)) 

shows more pronounced Kiessig fringes with wider spacing, indicating a 

slightly thinner (43 nm), denser film after annealing. An adequate fit to the 

neutron reflectivity data was not possible using a single layer model. A two 

layer model was then used to fit these data (Figure 3.5(B), trace (b)), 

indicating a 9.9 nm less dense upper layer (SLD of 0.89×106 Å-2) and a 33.4 

nm more dense lower layer (SLD of 1.02×106 Å-2) (Table 3.2). 

The uppermost surface of the film was found to be relatively smooth 

(0.8 nm), although the interfacial region between the two layers was found to 

be quite diffuse (5.8 nm) indicating a gradient in composition. 

Rinsing with a small amount of water (30 mL) produced a further 

reduction in film thickness and a substantial increase in surface roughness, 

which was evident in the damping of fringes at high Q. Both X-ray (Figure 

3.5(A), trace (c)) and neutron (Figure 3.5(B), trace (c)) reflectivity profiles 

required a two layer model in order to produce an adequate fit. The refined 

structural data (Table 3.2) indicate a partial removal of the upper non-cross-

linked polymer layer, a diffuse interfacial layer and a denser lower layer 

adjacent to the silicon wafer. 
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Figure 3.6 (A) X-ray reflectivity and (B) neutron reflectivity data for (trace (a)) an untreated PNVP 

coating (Film 2), (trace (b)) after annealing the sample for 30 minutes at 200 °C, and (trace (c)) 60 

minutes at 200 °C. Data have been offset be a factor of 0.01 for traces (b) and 0.0001 for traces (c) for 

clarity. Observed data (points) and calculated data (solid lines) are reported. 
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Presented in Figure 3.6(A) are observed (points) and calculated (solid 

lines) X-ray reflectivity profiles for a PNVP coating (Film 2) in the as-

prepared state (trace a), after annealing for 30 minutes at 200 C (trace b), 

and after subsequent annealing for 60 minutes at 200 C (trace c). Prior to 

measurement, the annealed surfaces were rinsed with Milli-Q water and 

then dried. Analogous neutron reflectivity data after each stage of 

processing are shown in Figure 3.6(B). Refined structural parameters for Film 

2 based on single layer models are given in Table 3.2. 

The PNVP film was found to decrease in thickness from 37.7 nm in 

the as-prepared state, to 33.3 nm, and 29.9 nm upon subsequent annealing 

for 30 and 60 minutes, respectively (a decrease in thickness of about 11% 

after 30 minutes, and of about 21 % after 60 minutes). Annealing of this film 

also led to a small increase in surface roughness (from 0.4 nm to 0.6 nm) as 

indicated by the damping of the Kiessig fringes for datasets (b) and (c) in 

Figure 3.6(A). Based on these X-ray reflectivity data, relatively little change 

was observed for the scattering length density upon annealing. 

The neutron reflectivity data for these films indicate a slightly 

different picture. Refinement of the neutron data for the as-prepared film 

(trace (a)) in Figure 3.6(B) gave essentially the same model as used for the X-

ray measurements on the as-prepared film of Figure 3.5(B): a smooth 

uniform film with a mass density of 0.81 g cm-3. 

Refinement of the neutron reflectivity data (traces (b) and (c)) for the 

annealed samples revealed significantly increased SLD values: 1.48×106 Å-2 

(after 30 minutes) and 1.65×106 Å-2 (after 60 minutes). The combination of 

little variation in X-ray SLD and increases in the neutron SLD suggest that 

the mass density of the annealed films remained relatively constant, while 

the hydrogen content decreased compared to the as-prepared film. 
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Figure 3.7 (A) X-ray reflectivity and (B) neutron reflectivity data for (trace (a)) an untreated PNVP 

coating (Film 3) and (trace (b)) after annealing the sample for 180 minutes at 200 °C and rinsing. 

Data have been offset be a factor of 0.01 for traces (b) for clarity. Observed (points) and calculated 

(solid lines) data are reported. 
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Presented in Figure 3.7(A) and Figure 3.7(B) are X-ray and neutron 

reflectivity profiles, respectively, for an as-prepared coating (Film 3) (trace 

(a)), and the film after annealing at 200 C for 3 hours and rinsing (trace (b)) 

with the refined structural parameters reported in Table 3.2. These 

refinements reveal that the film thickness decreased from 50.6 nm for the as-

prepared film, to 37 nm for the annealed film. This densification was 

reflected in an increase in scattering length density: from 7.62 to 10.35×106 Å-2 

for X-rays, and from 0.94 to 1.98×106 Å-2 for neutrons. In the case of the 

neutron reflectivity data (Figure 3.7B, trace (b)) the Kiessig fringes showed 

much weaker oscillations for the annealed film compared to the as-prepared 

film (Figure 3.7(B), trace (a)); this is an indication of the poor scattering 

length density contrast between the annealed film and the silicon substrate, 

as the mass density, and hence the SLD of the film, increased greatly upon 

annealing. 

In summary, analysis of these reflectivity data on films annealed for 

increasing amounts of time indicate a gradual cross-linking, starting from 

the bottom of the film (side closer to the heating source), and then extending 

with time to the rest of the film. Thermal annealing led to a slight increase in 

mass density of these films, with a consequent increase in X-ray scattering 

length density. The scattering length density of the non-cross-linked portion 

of these films was the same as the un-treated polymer, indicating that cross-

linking was indeed the main phenomenon occurring, and no other 

degradation or chemical modification were observed. 

In addition, the residual non-cross-linked polymer that was present 

after short annealing times retained a high degree of solubility in water. The 

combined neutron and X-ray reflectivity data for the annealed samples 

suggest that at intermediate annealing times (30 and 60 minutes) the mass 

density of the annealed films remained relatively constant, while the 

hydrogen content decreased compared to the as-prepared film. 
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Table 3.2 Refined structural parameters from X-ray and neutron reflectivity data for as-prepared 

PNVP films, and for films annealed at 200 °C for 5, 30, 60 and 180 minutes, with estimated standard 

deviations on the last significant figure in parentheses. 

 Film 1 Film 2 Film 3 

Annealing 

Temperat. 

As-

Prep. 
200 C 200 C 

As-

Prep. 

200 

C 

200 

C 

As-

Prep. 

200 

C 

Annealing Time 

[min] 
- 5 5 - 30 60 - 180 

Rinsed with water - - 30 mL - 
150 

mL 
- - 

150 

mL 

X-rays 

Film Thickness 

[nm] 

44.1 

(1) 

43.0 

(1) 

U: 

1.8(3)a 

L: 

4.3(1) 

37.7 

(1) 

33.3 

(1) 

29.9 

(1) 

50.6 

(3) 

37.0 

(2) 

SLD [×106 Å-2] 
7.21 

(2) 

8.45 

(2) 

U: 

4.59(2) a 

L: 

8.43(3) 

7.48 

(2) 

7.68 

(2) 

7.54 

(2) 

7.62 

(2) 

10.35 

(3) 

Surface Roughness 

[nm] 

0.6 

(1) 

0.6 

(1) 

U: 

1.4(2)a 

L: 

0.8(1) 

0.4 

(1) 

0.6 

(1) 

0.6 

(1) 

0.9 

(1) 

0.8 

(1) 

Neutrons 

Film Thickness 

[nm] 

44.6 

(3) 

U:  

9.9(2)a 

L: 

33.4(3) 

U:  

9.0(2)a 

L:  

26.7(3) 

38.2 

(3) 

33.6 

(2) 

30.5 

(2) 

50.3 

(4) 

37.5 

(3) 

SLD [×106 Å-2] 
0.92 

(3) 

U: 

0.89(3) 

L: 

1.02(4) 

U: 

0.68(3) a 

L: 

0.90(3) 

0.93 

(3) 

1.48 

(2) 

1.65 

(2) 

0.94 

(1) 

1.98 

(2) 

Surface Roughness 

[nm] 

0.7 

(2) 

U: 

0.8(2) 

L:   

5.8(3) 

U: 

2.3(2)a 

L:   

3.6(3) 

0.5 

(1) 

0.8 

(2) 

0.8 

(1) 

1.1 

(1) 

0.7 

(2) 

a “U” indicates the upper layer of the film, and “L” the lower layer. 

3.3.6 Transmission Fourier transform infrared spectroscopy (FTIR) 

Presented in Figure 3.8 are the transmission FTIR spectra for a 40 nm 

thick untreated PNVP film and for a PNVP film annealed at 200 °C for 3 

hours. The assignment of the peaks from these spectra is summarised in 
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Table 3.3. Direct comparison between the two spectra is not quantitative, 

since the thickness (and therefore the path length) of the two films was 

slightly different, due to the shrinking of the film upon annealing. It is 

obvious though that the width of the amide carbonyl peak (1755-1590 cm-1) 

increased after the heat treatment. This is indicative of an overlapping of 

contributions from amide groups lying in at least two different 

environments (see Figure 3.13 for the chemical structure of PNVP), 

suggesting the partial modification of bonds involving carbon atoms close to 

the amide group in the pyrrolidone ring. It may also indicate a partial 

oxidation of the amide group to form a carboxylic group that typically 

absorbs in the range 1780-1710 cm-1 in the solid state. The amide 

functionality (and hence intact pyrrolidone groups) remained abundant after 

annealing. 

 

 

Figure 3.8 Fourier transform infrared (FTIR) spectra of an untreated PNVP film (black) and PNVP 

film annealed at 200 °C for 3 hours (red). 
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These spectra also indicate a change in the C-H composition before 

and after annealing. The areas of the C-H bending peaks in the ranges 1475-

1410 cm-1 and 1305-1260 cm-1 were calculated. In order to have a 

measurement independent on the thickness of the film and to be able to 

compare data from the two different sets of samples, the areas of the peaks 

were normalized by the area of the amide carbonyl peak (1755-1590 cm-1) 

within each spectrum. The values were then averaged over five different 

samples for each set. Assuming the amide carbonyl peak area to be constant, 

the normalized areas were different in the annealed film, with a 38% 

reduction in the C-H peak areas after annealing. 

Table 3.3 FTIR data for untreated and annealed PNVP films. The selected C-H peak areas were 

normalized against the amide peak area in each spectrum. 

  Normalized peak areas 

Mode Range [cm-1] Untreated PNVP Annealed PNVP 

CH bending 1475-1410 0.185 ± 0.013 0.099 ± 0.009 

CH bending 1305-1260 0.141 ± 0.007 0.061 ± 0.006 

Amide C=O 

stretching 
1755-1590 Used as reference Used as reference 

 

3.3.7 Cross-linking process: dependence on annealing time and temperature 

The degree of PNVP cross-linking was investigated by spectroscopic 

ellipsometry in the temperature range between 160 °C and 200 °C for 

periods of annealing time between 30 minutes and 3 hours. This was done 

by measuring the percentage of the initial PNVP film that remained after 

thermal annealing at different annealing times and temperatures, and after 

rinsing the film in 150 mL of Milli-Q® water. 
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Figure 3.9 Percentage of PNVP film thickness change as a function of annealing time and 

temperature, and as a function of rinsing. The initial film thickness measured by spectroscopic 

ellipsometry is compared to the thickness after annealing at temperatures of 170 °C, 180 °C and 200 

°C, and then again after rinsing with 150 mL Milli-Q water. Each ellipsometric thickness 

measurement was taken two or three times. The error in the measurements is between 0.3 % and 2.4 

%, except for the sample annealed at 170 °C for 1 hour, where the error is 11.6 %, and the sample 

annealed at 180 °C for 30 minutes, where the error is 10.4 %. 

At the lower annealing temperature tested (160 °C) no cross-linking 

occurred for up to 3 hours annealing, evidenced by the fact that the PNVP 

films could be entirely washed away by 150 mL of Milli-Q water. Similarly 

after annealing at 170 °C for 30 minutes the PNVP films were still entirely 

soluble in water. The data presented in Figure 3.9 demonstrate that the films 

underwent a gradual compaction as a consequence of cross-linking which 



Andrew M. Telford  CHAPTER 3 

 

111 

 

led to an initial slight decrease in film thickness (confirming X-ray and 

neutron reflectivity results). After this compaction, a film thickness decrease 

could be seen upon rinsing only if there was incomplete cross-linking, i.e. 

after annealing at the lower temperatures (170 °C and 180 °C), or after 

annealing at 200 °C for times shorter than one hour. After annealing for one 

to three hours at 200 °C the film was completely insoluble in water, so within 

experimental error, no thickness change was observed upon rinsing. 

Reflectivity data showed clearly that the film density and composition 

changed continuously upon annealing at 200 °C between 30 minutes and 3 

hours (Figure 3.6, Figure 3.7 and Table 3.2). This indicates that although the 

films became insoluble after just 60 minutes at 200 °C, complete cross-linking 

occurred after 3 hours. Partial cross-linking was only obtained for 

intermediate values of both annealing time and temperature. A trend was 

clearly visible on analysis of the data: increasing the annealing time and/or 

the annealing temperature increased the degree of cross-linking throughout 

the film. 

3.3.8 Film stability in solvents 

Annealed PNVP films were found to be highly resistant to a range of 

solvents, including water, ethanol and a solution of peroxide in concentrated 

sulphuric acid (see below). Changes in the solubility of the PNVP film in 

water as a result of cross-linking could be easily estimated by eye (Figure 

3.10), as the fully annealed films could not be dissolved by immersion in 

water. 

The difference in wettability of the clean silica-coated silicon 

substrates (water contact angle around 7°) and of annealed PNVP films 

(water contact angle around 20°) was used to evaluate the effect of different 

solvents on annealed PNVP films. From these wettability measurements, it 



Andrew M. Telford  CHAPTER 3 

 

112 

 

could be deduced that annealed PNVP films were stable in boiling water for 

up to 10 minutes, NoChromix® solution (Sigma-Aldrich, inorganic peroxide-

based oxidizing agent in concentrated sulphuric acid, similar to the well 

known “piranha solution”) for up to 10 minutes at room temperature, and 

after rinsing with ethanol. The only effective treatment found to completely 

remove the film from the wafer was treatment with an air plasma cleaner at 

a power of 29 W for more than 1 hour. 

 

 

Figure 3.10 Pictures of (a) an untreated PNVP film and (b) a PNVP film annealed at 200 °C for 3 

hours, both immersed in water for half their length for 10 seconds and then blown dry with pure 

nitrogen. 

Shown in Figure 3.11 is the thickness, as measured by ellipsometry, of 

PNVP films annealed for 3 hours at 200 °C, following immersion in water at 

37 °C for different periods of time. These measurements indicate that the 

film thickness was unchanged after immersion in water for up to three 

weeks. The slight variability in the normalized thickness was most likely due 

to residual adsorbed water on the hydrophilic surface of the polymer after 

drying. 
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Figure 3.11 Stability of a PNVP film (annealed at 200 °C for 3 hours) after immersion in 37 °C 

Milli-Q® water for up to 3 weeks. The normalized thickness represents the measured thickness value 

after immersion, divided by the measured value before immersion, and averaged over three points on 

one sample for each immersion time. The error bars in the ellipsometric thickness measurements are 

typically 0.2 %, except for the measurement at 1 day immersion time where the error is ± 3%. 

3.3.9 Protein adsorption on poly(N-vinylpyrrolidone) coatings 

The quartz crystal microbalance (QCM) is a very sensitive technique 

for the detection of adsorbed mass on a surface. Shifts in the resonant 

frequency of a QCM crystal are proportional to the change in its mass, with a 

negative shift indicating an increase in mass (see Section 2.9). Shown in 

Figure 3.12 are QCM profiles obtained for the adsorption of FGN and IgG on 

completely cross-linked PNVP films, as well as on PS films and on bare gold 

surfaces (uncoated QCM crystal).  
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Figure 3.12 Quartz crystal microbalance analysis of (a) immunoglobulin G and (b) fibrinogen 

adsorption on PNVP films, PS films, and bare gold QCM crystal. The arrows indicate the flushing of 

the surface with fresh PBS to remove weakly adsorbed protein. 



Andrew M. Telford  CHAPTER 3 

 

115 

 

IgG and FGN were chosen because of their different structure and net 

charge at neutral pH values. IgG, as all antibodies, has a typical “Y” shape, 

and is more compact than FGN. IgG has an isoelectric point, i.e. the pH at 

which it has zero charge, between 6.4 and 9.95,47 often in the basic part of the 

range, hence it is preferentially negatively charged in the buffer used. FGN is 

elongated, and has an isoelectric point of 5.5,48 hence it has a net positive 

charge in the pH 7.4 buffer used. FGN was also chosen because it is one of 

the proteins that trigger an inflammatory response to foreign bodies in 

mammals.49 The protein solution concentrations were both 1 mg mL-1, a 

value close to that present in human plasma.50 The analysis was performed 

at 37 °C to mimic protein adsorption under physiological conditions. 

As shown in Figure 3.12, FGN and IgG adsorbed strongly on the two 

control surfaces (PS and gold) as evidenced by the strong negative frequency 

shift measured upon injection of the protein solution. The frequency shift 

increased rapidly in the first 10 minutes of exposure of the surfaces to the 

protein solution. With time, the number of available adsorption sites on the 

surface decreased and the adsorbed mass reached a plateau value. When the 

surfaces were rinsed with PBS (indicated in Figure 3.12 by the arrows) a 

small positive frequency shift was observed, indicating that a small amount 

of protein desorbed from the PS and gold surfaces. However, the bulk of the 

adsorbed protein remained on the surface, indicating a strong interaction 

between the proteins and the two substrates. 

In the case of the annealed PNVP film, the frequency shift observed 

was minimal and barely detectable in comparison with the control surfaces. 

This indicates that almost no protein adsorbed onto the annealed PNVP 

surface. Using the Sauerbrey equation (Equation 2.9) the frequency shift can 

be converted into the adsorbed protein mass. The results were slightly 

overestimated because the adsorbed protein layer was not rigid and 

included water inside the adsorbed layer. The results are summarised in 
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Table 3.4: the adsorbed mass per unit area of IgG and FGN on the PNVP 

films was 21 ng cm-2 and 34 ng cm-2, respectively, values close to those 

obtained on well known anti-fouling coatings such as PEG-based systems 

(cf. 10 - 30 ng cm-2 in reference 51). 

Table 3.4 Frequency shifts and proteins adsorbed mass on different QCM sensors. 

 Δf [Hz] Δm [ng cm-2] 

IgG on PS -73.1 1312 

IgG on Gold -57.2 1028 

IgG on PVNP -1.1 21 

FGN on PS -120.4 2162 

FGN on Gold -105.0 1876 

FGN on PNVP -1.9 34 

3.4 Discussion 

The above results illustrate the cross-linking behaviour of PNVP thin 

films following thermal treatment. The thermal and radiation treatments of 

PNVP have been investigated before, but a thermal cross-linking mechanism 

has never been investigated in detail before. It is known that the thermal 

treatment of PNVP in oxygen atmosphere gives rise to volatile degraded 

products at lower temperatures than in inert atmosphere,42 but most 

degraded products occur at temperatures above those considered in this 

study (200 °C - 400 °C). At these higher temperatures the presence of an 

oxygen atmosphere gives rise to the formation of peroxide residues, which 

easily decompose, and give rise to the formation of active radicals.42 The 

mechanism of photooxidation of PNVP films under UV light leads primarily 

to the formation of insoluble fractions.41  

Our experimental observations indicate that the main chemical 

reaction occurring upon thermal annealing is a cross-linking process. This 
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process involves the CH groups on the pyrrolidone ring and on the 

backbone chain, without breaking the ring or involving the amide group 

(Figure 3.13). The thermal energy allows the formation of radicals by 

homolytic cleavage of some of the C-H bonds. Radicals from different chains 

can then react to form interchain C-C bonds and thus create a network that is 

insoluble in water. The hydrogen radicals formed can couple together or 

react with oxygen in the atmosphere. A similar mechanism has been 

suggested previously for chemically activated processes.37 The coupling of 

radicals from different chains, which ultimately affects the cross-linking 

degree, is here facilitated by the fact that the polymer is liquid at 200 °C, 

since its Tg is about 160 °C. The chains are more mobile in the molten phase 

and the probability of two radicals reacting is higher than in the solid state.  

Both the Tg and the liquid phase viscosity of a polymer increase with 

its molecular weight, so it could be postulated that the cross-linking process 

in the conditions used would be less efficient for much higher molecular 

weights. This would possibly lead to a network that retained some degree of 

solubility in water, making it a less desirable material to be used in a coating 

for biomedical applications because of leaching and deterioration issues. 

The FTIR data support such a reaction scheme, showing that the 

amount of C-H groups in the PNVP film decreased significantly after 

annealing. Moreover, the amide peak showed an increase in width after 

annealing, suggesting the presence of amide groups with different 

environments (different neighbouring functional groups). Both results are in 

agreement with the cleavage of C-H bonds during the cross-linking process. 

Reflectivity data also confirm the decrease in hydrogen content 

associated with the cleavage of C-H bonds during cross-linking. The 

combination of X-ray and neutron reflectometry measurements, in concert 

with the XPS data, could provide details of the composition and mass 

density of these annealed PNVP films. XPS measurements of the annealed 
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film (3 hours at 200 °C) suggested a C:N:O ratio of 73:11:16 (the hydrogen 

content for this film could not be determined using XPS).  

 

 

Figure 3.13 PNVP radical formation scheme proposed, similar to that for a chemically activated 

process.37 The radicals that can be formed are shown. 

The neutron and X-ray scattering length density values for the PNVP 

film both depend on the mass density and the composition of the modified 

polymer. These two unknowns (mass density and H content) could thus be 

extracted from the refined X-ray and neutron reflectivity data (Table 3.2), 

leading to a mass density of 1.15 g cm-3 (significantly denser than the as-

prepared film) and a hydrogen content of 78 relative to the above C:N:O 

ratio. Thus, in comparison to the composition of the as-prepared film 

(C6H9NO, having a mass density of 0.79 g cm-3), the film that was annealed 

for 3 hours has an approximate composition of C6H6.4N0.9O1.3. As mentioned 
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in the infrared spectroscopy results, the slight increase in the oxygen content 

was related to a mild degree of oxidation of the amide group. 

The pyrrolidone ring, being neutral and hydrophilic, is mostly 

responsible for the low interaction between protein molecules and the 

polymer coating (see Section 1.4) and appeared not to be cleaved or altered 

during annealing to any significant degree, which explains conservation of 

the low protein adsorbing properties of the polymer film after annealing. 

The QCM data clearly demonstrates the low protein adsorbing properties of 

the cross-linked PNVP films compared to control surfaces such as gold and 

polystyrene. The calculated adsorbed mass can be compared to other types 

of antifouling coatings, such as those prepared by Zhang et al.52 These 

authors prepared five thiol self-assembled monolayers on gold and three 

surface-initiated polymeric brushes; on the latter as little as 0.3 ng cm-2 of 

FGN adsorbed. The PNVP films prepared in this study did not perform 

quite as well as the grafted polymer brushes prepared by Zhang et al.,52 but 

have the advantage that they do not require multistep processes often 

technically difficult to achieve and expensive to implement on a large scale 

or for large surface areas. Moreover, self-assembled monolayers on gold are 

unstable in the long term and are therefore likely only to be used in niche 

applications.53 The thermally-annealed PNVP coatings prepared here are 

easily obtainable and have excellent repellent properties towards FGN and 

IgG, compared with similar PEG-based systems.51, 54, 55 In fact, the cross-

linked PNVP film studied here had better FGN repellent properties than 

grafted PNVP coatings obtained by surface initiated polymerization.17 

The influence of annealing time and annealing temperature on the 

cross-linking process was also investigated. The cross-linking process did 

not occur at 160 °C within the annealing times investigated, while cross-

linking was observed throughout the film after annealing at 200 °C for as 

little as 30 minutes. The degree of cross-linking increased gradually with 
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time, leading to densification of the film starting from the side closer to the 

heating source, and occurred rapidly at higher temperatures. 

PNVP films prepared by the method proposed in this study are stable 

for long periods of time in contact with water at the average human body 

temperature, making them suitable applications where low protein 

adsorption is required. For example, these PNVP coatings could easily be 

adapted to the fabrication of microfluidic devices for biotechnological 

application, as the microfluidic channels could be made protein-repellent 

simply by flushing them with PNVP solutions, drying and annealing them. 

The simplicity of the coating technique allows access to highly protein-

repellent surfaces in a cost effective and convenient manner. 

3.5 Summary 

In the work presented in this Chapter, a thermally-induced cross-

linking mechanism for PNVP coatings was investigated for the first time. 

The cross-linking process was thoroughly characterized by neutron and X-

ray reflectometry, which showed that the film density increased and the film 

thickness decreased with annealing temperature and time. The combination 

of neutron reflectivity data with XPS data produced information on the 

chemical composition of PNVP films before and after annealing, confirming 

that cross-linking was occurring. The process most likely takes place via 

radical reactions at C-H bonds, and does not require the breaking of the 

pyrrolidone ring. This was confirmed further by IR spectroscopy. The cross-

linking rate could be controlled, as it increased with the annealing 

temperature, occurring within just a few hours at the highest temperature 

investigated (200 °C). Ellispometry data revealed that the cross-linking 

process was taking place from the bottom of the film upwards (i.e. from the 
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side closer to the heating source). The excellent protein-repellent properties 

of the PNVP were fully maintained after cross-linking, as shown by QCM 

data, and make these coatings valid alternatives to grafted PEG coatings, 

widely used for their antifouling properties but more complicated to 

prepare. The cross-linked films were insoluble in water and other harsh 

solvents, and were stable in water at body temperature (37 °C) for weeks, 

opening a wide range of applications for anti-fouling PNVP coatings for 

biomedical applications. Simple and cost-effective techniques such as dip-

coating could be implemented to prepare the films, potentially allowing the 

coating of objects of large surface area and complex geometries. As 

mentioned in Chapter 1, the described bio-inert coatings could be suitable 

for reducing the inflammatory response to devices that are designed to be in 

contact with biological tissues for relatively short times, such as catheters 

and intravenous devices. Bio-inert coatings in such systems could avoid the 

formation of biofilms, which inevitably leads to dangerous infections, and 

the prevention of clogging from protein and cell aggregation. 
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4.1 Introduction 

In Section 1.7 of this Thesis, the dewetting phenomenon was 

described. It was seen that a liquid that does not wet a surface completely, 

due to unfavourable intermolecular forces at the solid-liquid interface, can 

be forced to form uniform films on the substrate by techniques such as spin-

coating. In this case though, the films are generally not stable. Unstable or 

metastable thin films of low viscosity liquids, such as polymer films heated 

above the glass transition temperature, Tg, will transform, via dewetting, 

into their equilibrium state, i.e. a series of isolated droplets with a finite 

contact angle given by Young’s equation. The dynamics of dewetting is 

dominated by the viscosity of the film, and by the profile of the interface 

potential that determines the instability.1, 2 The dewetting process results in 

the formation of holes in the film that grow in time, with a rate that is 

inversely proportional to the film’s viscosity. The material removed from the 

holes accumulates at the boundary of the holes, forming a rim. Both the rim 

and the diameter of the hole grow with time, until the hole impinges on 

adjacent holes, resulting in the formation of a network of liquid cylinders, 

which eventually break up into isolated droplets due to Rayleigh instability.3 

The majority of the research on dewetting has been dedicated to 

single polymer films on smooth, solid substrates such as hydrophobised 

silicon. Less attention has been dedicated to investigating dewetting in 

bilayers of two immiscible polymers films, which is more complex (see 

reference 4 and references within). Whether the bottom film behaves as a 

rigid solid or as a highly viscous liquid depends on the relative viscosities of 

the two films.5, 6 If the bottom film is not completely rigid (i.e. the viscosity of 

the top film is greater than the bottom film), it may deform at the 

liquid/liquid interface to minimize the total free energy of the system, and 

viscous dissipation may take place in both films. 
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In the work reported in this Chapter, the dewetting of poly(N-

vinylpyrrolidone) (PNVP) films on polystyrene (PS) films was investigated. 

As described in Chapter 3, PNVP undergoes radical cross-linking upon 

thermal annealing. In this particular polymer film bilayer therefore, the 

viscosity of the top dewetting PNVP film increased (because of the increase 

in molecular weight) as the film dewetted on the bottom PS film. In Chapter 

3, the significant potential for biological applications of cross-linked PNVP 

films was discussed; cross-linked PNVP films were found to have excellent 

protein-repellent properties, they were insoluble and stable in water for 

many weeks, as well as resistant to harsh solvents. Due to their ease of 

preparation, cross-linked PNVP films could potentially be used to coat 

objects of large surface area and complex geometries, and could be 

promising candidates as antifouling coatings for biomedical devices such as 

catheters. It is therefore of practical importance, as well as of fundamental 

interest, to fully understand the stability and dynamics of PNVP films as 

they undergo thermal cross-linking on different substrates, including 

substrates that they do not wet. The understanding of the dewetting 

dynamics of PNVP on PS may also be important for the development of 

micropatterned coatings for the localised immobilization of biomolecules 

and cells, as PS in moderately protein-adsorptive and PNVP in strongly 

protein-repellent (see Section 3.3.9). The patterning of proteins and cells on a 

surface was discussed in Section 1.6. 

The competition between concurrent dewetting and cross-linking has 

not been previously investigated in any polymer bilayer system. Al-Akhrass 

et al.7 studied the dewetting of photocross-linkable PS films, finding that the 

cross-linking of the polymer film restricted its ability to dewet. In their work, 

however, the UV irradiation used to achieve a desired cross-linking density 

was performed in a separate step to the dewetting process. In the study 

reported here, the dewetting and cross-linking of PNVP were both driven by 
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thermal annealing and were hence interdependent. Using time-lapse optical 

microscopy, the dewetting of PNVP films on PS films of two different 

molecular weights (and hence different melt viscosity) was investigated. 

Neutron reflectometry was used to study the inner bilayer structure in order 

to probe the importance of the relative viscosities of the two films, which 

change as a function of time due to the PNVP cross-linking mechanism. A 

model was developed in order to interpret the results. The model predicted 

the dynamics of dewetted hole growth in this system, whereby the cross-

linking process impacted on the final dewetted morphology. Through this, 

reliable estimates of thermodynamic parameters for the cross-linking 

process, such as the apparent activation energy, were obtained. 

4.2 Materials and methods 

4.2.1 Preparation of thin film bilayers 

The silicon wafers used as substrates and their cleaning procedure 

were described in Section 2.1. 

In the following the samples are referred to as PNVP/PS6850K for the 

bilayer containing the high molecular weight PS (Mn 6850000 g mol-1, PDI 

1.04, PSS, Germany), and PNVP/PS96K for the bilayer containing the low 

molecular weight PS (Mn 96000 g mol-1, PDI 1.04, PSS, Germany). The PS 

films were spin-cast at spin rate of 3000 rpm from a 8-15 mg ml-1 solution in 

anhydrous toluene (>99.9%, Sigma-Aldrich) on silicon wafers with a 2 nm 

native oxide film (MMRC Pty Ltd., Malvern VIC Australia). The average 

thickness of the PS films obtained was 58 ± 1 nm, as determined by 

spectroscopic ellipsometry (J.A. Woollam Co. Inc.), at an angle of incidence 

of 75°. The as-prepared films were smooth and featureless (RMS roughness = 
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220 ± 24 pm as measured by atomic force microscopy). The PNVP (Mn 29000 

g mol-1, 95%, PDI > 4, Sigma-Aldrich) was then spin-cast from a 10 mg ml-1 

solution in ethanol on the PS film at a spin rate of 3000 rpm, to produce films 

of thickness 45 ± 1 nm. The as-prepared films were smooth and featureless 

(RMS roughness = 253 ± 8 pm as measured by atomic force microscopy). 

The thickness of the PNVP/PS films was characterized by 

ellipsometry (see Section 2.4). The thickness of the SiO2 layer (1 nm) on top 

of the silicon wafer was determined on the bare silicon wafer first, using the 

relevant model provided with the software. The system was treated as a 

monolayer. Then the PS film was spin-cast onto the silicon wafer. The 

system was modelled as a bilayer, where the SiO2 thickness was fixed, and 

the polymer film was modelled using the Cauchy equation. The polymer 

thickness, and the constants A and B for the Cauchy equation, were 

measured. The constant A, which is by far the largest contribution to the 

refractive index, was approx. 1.56. The constant C for the Cauchy equation 

was fixed to zero. Finally, the PNVP film was spin-cast onto the PS film, and 

the polymer thickness, and the constants A and B for the Cauchy equation, 

were measured. The system was modelled as a multilayer (3 layers). The 

data collected for SiO2 and PS were fixed, and the Cauchy parameters A and 

B, and film thickness for PNVP, were determined. The constant A was 

approx. 1.50. 

The viscosity of the PS films was estimated using a combination of 

experimental data and a 3.5 scaling law with respect to molecular weight 

(MW). Melt state viscosity, η0, values were calculated using the data 

presented in Kang et al.8 and the temperature and MW dependence of the 

viscosity of polymers in the melt state (Equation 4.2).9 The estimated values 

for the two different MW used, at the different temperatures investigated, 

are summarised in Table 4.1. 
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Table 4.1 Estimated values of viscosity for PS 96 Kg mol-1 and PS 6850 Kg mol-1 at the different 

temperatures employed in this investigation. The two PS films employed as substrates for the 

dewetting of PNVP films had very different viscosities, and this affected markedly the dewetting 

behaviour of PNVP. 

 
Viscosity [Pa s] 

Temperature [°C] PS96K PS6850K 

160 3.50 x 105 1.07 x 1012 

170 1.10 x 105 3.38 x 1011 

175 6.30 x 104 1.93 x 1011 

177 5.05 x 104 1.55 x 1011 

180 3.65 x 104 1.12 x 1011 

182 2.94 x 104 9.03 x 1010 

185 2.14 x 104 6.56 x 1010 

187 1.73 x 104 5.31 x 1010 

190 1.27 x 104 3.89 x 1010 

200 4.60 x 103 1.41 x 1010 

210 
 

5.35 x 109 

220 
 

2.11 x 109 

230 
 

8.62 x 108 

240 
 

3.65 x 108 

 

4.2.2 Dewetting and cross-linking of PNVP films 

Thermal annealing of the films was performed on a hot plate with 

fine temperature control (ATV Technologie GmbH, Muenchen, model TR-

124) in air, under a reflection optical microscope (Nikon Instruments Inc, 

Melville NY). Microscope images of the dewetting films were collected for 

up to seven hours, with a variable capture interval, which was dependent on 

the speed of the process (typically between 15 and 60 seconds). The radius of 

the dewetted holes as a function of time was measured using the Nikon NIS 

Elements software. 
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4.2.3 Neutron reflectometry 

PNVP films were characterized using X-ray and neutron 

reflectometry at the Australian Nuclear Scientific and Technology 

Organization (ANSTO) Lucas Heights facility in Sydney, under the direction 

of Prof. Michael James. Five films were characterized after different 

annealing procedures. Reflected beam spectra were collected at two different 

angles (0.5, 2.0) for 1 and 4 hours respectively. Direct beam measurements 

were collected under the same collimation conditions for 1 hour each. 

Structural parameters associated with the investigated films were 

refined using the MOTOFIT package, with X-ray or neutron reflectivity data 

as a function of momentum transfer normal to the surface (Q = 4π(sinθ)/λ). 

Initial structural models were prepared based on a three film system on a 

silicon substrate: the top PNVP film, the bottom PS film, and a native silicon 

oxide (SiO2) film adjacent to the silicon substrate. In refining this structural 

model, the thickness, scattering length density (SLD) and interfacial 

roughness of each polymer film were varied. The thickness of the SiO2 film 

was refined, while the SLD was set at 3.47×10-6 Å-2. The genetic optimisation 

method was used within MOTOFIT to minimize χ2 values. 

More details on neutron and X-ray reflectivity can be found in Section 

2.5. 

4.3 Results  

4.3.1 Two competing processes: dewetting and cross-linking 

The work in this Chapter focuses on the competition between two 

spontaneous processes in thin polymer bilayers consisting of a film of PNVP 
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on top of a film of PS. The first process observed in the experiments reported 

here was the dewetting of the top PNVP film. PNVP and PS are immiscible 

and strongly segregate, e.g. form micelles in block copolymers.10 The Flory-

Huggins interaction parameter χ for PS and PNVP was estimated by a group 

contribution using von Hildebrand solubility parameters,11, 12 and was found 

to be 0.24 at room temperature and 0.16 at the lowest annealing temperature 

used (170 °C). The equilibrium contact angle θ of a droplet of PNVP on the 

PS film was measured by AFM to be approximately 75° ± 3°, and the 

equilibrium contact angle of PS on silicon oxide is 7.5°.13 The argument here 

is in terms of Young’s contact angle, even though if the PS film is a liquid, 

the PNVP/PS interface is not strictly constrained to be a plane; PNVP can 

form a lens to minimize the interfacial free energy, and the Neumann 

construction should be used.3 However, in both cases the main conclusions 

are the same. In these experiments the spreading coefficient S for PNVP on 

PS was negative, ensuring that PNVP films were expected to dewet from PS 

films (Equation (4.1)): 

 

𝑆 = 𝛾𝑃𝑆 − 𝛾𝑃𝑁𝑉𝑃 − 𝛾𝑃𝑆 𝑃𝑁𝑉𝑃⁄ = 𝛾𝑃𝑁𝑉𝑃(𝑐𝑜𝑠 𝜃 − 1) = 

= −3.86 ± 0.18 𝑚𝑁 𝑚−1 
(4.1) 

 

where γPS, γPNVP, and γPS/PNVP are the surface tension values of 

polystyrene and poly(N-vinylpyrrolidone) and the interfacial tension of 

polystyrene and poly(N-vinylpyrrolidone), respectively. The spreading 

parameter for PNVP on PS was calculated using γPNVP14 = 49.36 mN m-1 and 

the contact angle determined experimentally. The spreading coefficient is 

also negative for PS on silicon (S ≈ -0.262 mN m-1), so in principle PS films 

could dewet from the silicon substrate. However, the thermodynamic 

driving force for dewetting is much stronger in PNVP, and this was reflected 

in the experiments presented here, where complete dewetting of the bottom 
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PS film from the silicon substrate was not observed over the timeframes of 

the experiments. 

The second process occurring was the thermally-induced cross-

linking of PNVP. In the work reported in Chapter 3, this process was 

characterized by neutron reflectometry, infrared spectroscopy, X-ray 

photoelectron spectroscopy and ellipsometry in PNVP films prepared on 

silicon wafers, a substrate on which the PNVP films were stable and did not 

exhibit dewetting. PNVP films shrunk and became denser as a consequence 

of cross-linking. In the work presented in this Chapter, a range of 

temperatures were used, which achieved a controlled competition between 

the dewetting of the top PNVP film on the bottom PS film and the cross-

linking of the PNVP chains within the top film. As will become clear, there 

was only a narrow range of temperatures where both processes proceeded at 

similar rates. 

In principle, the additional process of layer inversion could affect 

PNVP/PS bilayers. Layer inversion is a phenomenon observed when a high 

surface energy polymer film is prepared on a low surface energy polymer 

film. When annealed above the Tg of both polymers, the two tend to 

rearrange to minimize the energy of the entire system, so the hydrophobic 

polymer migrates towards the air interface, and the hydrophilic polymer 

migrates towards the hydrophilic silica substrate. Layer inversion was 

recently investigated in poly(4-vinylpyridine)/polystyrene bilayers,4 which 

are similar systems to the one investigated here, with the exception that 

poly(4-vinylpyridine) cannot undergo thermal cross-linking. The possible 

occurrence of layer inversion, as well as the internal structure of the bilayer 

before and after cross-linking, were investigated by neutron reflectometry. 
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4.3.2 Neutron reflectivity data 

Neutron reflectometry (NR) was used to investigate the PNVP cross-

linking process. The PNVP film was more likely to undergo layer inversion 

on low MW PS (PS96K) than on high MW PS, as long chain polymers are 

less mobile and have much slower reptation dynamics.4 Because of this, the 

PNVP/PS96K system was chosen for investigation by NR, but the results can 

be extended to the PNVP/PS6850K system. 

Shown in Figure 4.1 are neutron reflectivity curves for an as-prepared 

PNVP/PS96K bilayer (trace (a)) and for a bilayer annealed for 160 C for 7 

hours (Sample 1, trace (b)). The calculated reflectivity profiles in each case are 

given by the solid lines. A slight modulation in the Kiessig fringes is evident 

in the profile from the as-prepared film, indicating a significant difference in 

scattering length density (SLD) between the two polymer bilayer films. This 

modulation is less evident in the data from the annealed sample. Refined 

structural models from both of these films are given in Table 4.2. In both 

samples the SLD of the PS96K films was comparable to that observed for PS 

in the literature (1.3-1.5×10-6 Å-2),15, 16 and remained unchanged after 

annealing. This is a strong indication that the PS was not mixing with the 

PNVP, and the films maintained their integrity. 

The SLD of the PNVP film spin-coated on the PS96K film in the as-

prepared film (1.05×10-6 Å-2) was slightly larger than that previously reported 

for a PNVP film prepared directly on silicon (0.93×10-6 Å-2).17 Upon annealing, 

the PNVP film shrunk in thickness, cross-linked and became denser. 

Annealing at 160 C for 7 hours led to a decrease in thickness of 12% and an 

increase in SLD to 1.40×10-6 Å-2 (Sample 1, Table 4.2 ). Analysis of optical 

micrographs of the annealed sample showed that at this annealing 

temperature no dewetting was occurring, and the film remained smooth and 

continuous, as previously observed on the wettable silicon wafer (see Section 
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3.3.5).17 An important implication of this is that by carefully selecting the 

annealing temperature it is possible, via thermally initiated cross-linking, to 

stabilize the PNVP film against dewetting on poorly wettable substrates 

such as PS. 

Table 4.2 Refined structural parameters for as-prepared and annealed PNVP/PS96K bilayers, with 

errors on the last significant figure shown in parenthesis. 

 Film as-prepareda 

Sample 1 

160 C, 

7 hours 

Sample 2 

175 C, 

30 min 

Sample 3 

175 C, 

1 hour 

Sample 4 

175 C, 

3 hours 

PNVP film 

Thickness [Å] 411(2) 362(2) 392(3) 359(5) 375(9) 

SLD [×106 Å-2]b 1.05(1) 1.40(1) 1.27(1) 1.32(1) 1.42(1) 

Surface Roughness [Å] 9(1) 6(1) 6(1) 9(1) 7(1) 

PS96K film 

Thickness [Å] 423(2) 426(3) 409(3) 397(6) 382(8) 

SLD [×106 Å-2] 1.47(1) 1.49(1) 1.51(1) 1.48(1) 1.49(1) 

Interfacial Roughness 

[Å] 
15(1) 12(1) 10(1) 8(1) 9(1) 

SiO2 film 

Thickness [Å] 11(1) 8(1) 7(1) 7(1) 6(1) 

SLD [×106 Å-2] 3.47 3.47 3.47 3.47 3.47 

Roughness [Å] 4(1) 4(1) 4(1) 4(1) 4(1) 

Si Roughness [Å] 4(1) 4(1) 4(1) 4(1) 4(1) 

 

a The as-prepared sample information only directly relates to Sample 1 (annealed at 160 C). 

Information on other as-prepared samples relating to Samples 2-4 is not reported in this table. 

b The refined values of SLD for the PNVP film annealed at 175 C have been corrected for the 

observed area of dewetted film. 

 

Upon annealing at a higher temperature (175 °C, Samples 2-4, Table 

4.2), the top PNVP film dewetted on the bottom PS96K film, while 

simultaneously undergoing cross-linking. The dewetted holes in the PNVP 

film increased in area with annealing time. Even at long annealing times, the 

maximum area occupied by the holes was relatively small (around 3 - 6% of 
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the total area of the film), indicating that at this temperature the dynamics of 

the cross-linking process dominated over that of dewetting. The reported 

value of area coverage by holes is an average over different areas of the 

sample, which had very different areas occupied by holes (between 0% - 15% 

of the total area of the film). The large samples used in NR (100 mm in 

diameter) presented regions with different density of dewetted holes 

throughout the film. 

 

Figure 4.1 Neutron reflectivity data  for (a) an as-prepared PNVP/PS96K bilayer, and (b) for a 

bilayer annealed for 160 °C for 7 hours. Observed data (points) and calculated data (solid lines) are 

reported. 

Shown in Figure 4.2 is the evolution in neutron reflectivity with 

annealing time at 175 C. After annealing for 30 minutes (Sample 2, trace (a)) 

the observed reflectivity showed similar features to the as-prepared films 

(Figure 4.1); however examination of the fitted structure showed a decrease 
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in the thickness of the PNVP film and an increase in SLD to 1.27×10-6 Å-2 

(Sample 2, Table 4.2). Continued annealing for 1 hour (Sample 3, trace (b)) and 

3 hours (Sample 4, trace (c)) gave rise to gradual increase in the degree of 

cross-linking, as revealed by larger SLD values (1.32×10-6 Å-2 and 1.42×10-6 Å-2 

respectively; Samples 3 and 4, Table 4.2 ). Direct comparison between the as-

prepared film (data not shown), and the bilayer film annealed at 175 C for 3 

hours, indicated a 10% shrinkage in the thickness of the upper PNVP film 

(from 417(3) Å to 375(9) Å). Although a small amount of dewetting took 

place while the PNVP film was cross-linking, the overall surface roughness 

of these bilayer films remained essentially the same and comparable with 

that of as-prepared films (Table 4.2). 

 

Figure 4.2 Neutron reflectivity data  from PNVP/PS96K bilayers after annealing at (a) 175 °C for 30 

minutes, (b) 1 hour, and (c) 3 hours. Observed data (points) and calculated data (solid lines) are 

reported. 
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Overall, the neutron reflectivity analysis showed that the SLD of 

PNVP films prepared on PS films increased with annealing time due to the 

gradual cross-linking of the PNVP, similarly to the behaviour observed for 

PNVP films on wettable silicon wafers (see Section 3.3.5).17 The SLD of the PS 

films did not change throughout the annealing, as expected for a single and 

uniform film of an inert polymer, suggesting no interpenetration of the 

PNVP and PS films, hence no layer inversion. 

4.3.3 Optical microscopy 

Illustrated in Figure 4.3 row (a) is the dewetting of a PNVP film on a 

PS96K film at 200 °C. Dewetted holes formed in the top PNVP film via 

heterogeneous nucleation, and their diameter grew with annealing time 

until the holes begun to coalesce. Eventually the films reached a final 

dewetted state consisting of liquid cylinders of PNVP on top of the PS96K 

background phase, indicating that the initial rate of dewetting exceeded that 

of the cross-linking process, allowing the dewetting process to progress 

extensively. In all the experiments reported in this Section, the final breakup 

of the cylinders of PNVP into droplets was not observed, expected due to 

Rayleigh instability, possibly due to viscous friction at the liquid/liquid 

interface. The behaviour of PNVP dewetting on PS96K was significantly 

different at lower annealing temperatures. Shown in Figure 4.3 row (b) are 

time-lapsed optical images of PNVP/PS96K annealed at 182 °C: the PNVP 

film began to undergo dewetting, however the holes never became large 

enough to coalesce. Instead, the holes reached a maximum size, and then 

stopped growing. After this stage was reached, the size of the holes did not 

change significantly between 30 min and 6 hours of annealing. 
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Figure 4.3 Time-lapse series of optical micrographs of a PNVP film of thickness 45 ± 1 nm dewetting 

on row (a) PS96K at 200 °C, row (b) PS96K at 182 °C, and row (c) PS6850K at 200 °C. The time 

from the start of annealing is shown in each micrograph. The scale bar in all the images equals 50 

µm. The bright halos around the holes are rims of material collected on the dewetting front. 

The dynamics of dewetting of PNVP films on PS6850K films were 

much slower. Shown in Figure 4.3 row (c) are time-lapse optical images of 

PNVP/PS6850K annealed at 200 °C, to be compared to the results for the 

dewetting of PNVP/PS96K at the same temperature (Figure 4.3 row (a)). 

While PNVP reached an advanced state of dewetting on low viscosity PS, it 

only formed small holes on the high viscosity substrate, after which hole 

growth ceased entirely. This behaviour was attributed to the fact that on the 

PS6850K substrate the viscous dissipation at the polymer/polymer interface 

is much higher, as reported previously.4, 18 The lower mobility of the PS 

chains results in higher friction, hence loss of kinetic energy. 
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A large number of dewetting experiments were performed to 

investigate the dynamics of the growth of dewetted holes in the PNVP films 

by time-lapse optical microscopy. Shown in Figure 4.4 are the growth of 

dewetted holes (i.e. the hole radii as a function of time) in bilayer systems 

consisting of PNVP on top of PS96K (a) and PS6850K (b). In both cases the 

holes grew rapidly at the beginning of the annealing process, but later their 

growth slowed down and almost stopped; the hole radii reached a plateau 

value which stayed constant in the case of PNVP/PS6850K, and changed 

only slightly after many additional hours of annealing in the case of 

PNVP/PS96K. In both systems the plateau value, i.e. the maximum 

achievable hole size, increased strongly with increasing annealing 

temperature; the plateau value depended also on the nature of the bottom PS 

film used, as discussed in Section 4.4.  

The dewetting dynamics for PS/PNVP bilayer systems presented here 

differ strongly from the well established dewetting behaviour for single 

polymer films on a non-wettable substrate. Typically, the growth of a 

dewetted hole is expected to be close to linear in liquid/solid systems19 (i.e. 

the velocity of the dewetting front is constant) and non-linear in 

liquid/liquid systems.20 The significant reduction in dewetting velocity 

observed here was attributed to a gradual increase in the viscosity of the 

PNVP melt, which is consistent with the simultaneous cross-linking of this 

film. The competitive effect of the PNVP cross-linking process prevented the 

PNVP film from achieving complete dewetting, even after many hours of 

annealing (typically 5 to 7 hours), due to this increase in melt viscosity. 
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Figure 4.4 Hole radius as a function of annealing time at different temperatures for (a) 

PNVP/PS96K, and (b) PNVP/PS6850K. The hole radii initially grew rapidly, but after some time 

slowed down and reached a plateau value. 
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The two processes being considered here, namely dewetting and 

cross-linking, are both temperature dependent, therefore the relative rates of 

the two processes affect the final achievable morphology, and in particular 

the maximum achievable dewetted hole size. A model was developed that 

explains the dynamics of hole growth very well for the PNVP/PS6850K 

system, and for the PNVP/PS96K at short times (see Section 4.3.4).  

 

Figure 4.5 Maximum dewetted hole size as a function of temperature obtained in PNVP films on top 

of PS96K (squares) and PS6850K (triangles). Each data point is the average of 2-5 samples, and the 

error bars represent the 95% confidence interval. 

Presented in Figure 4.5 is the maximum dewetted hole size as a 

function of temperature for the two systems investigated and two aspects of 

the hole growth are highlighted. Firstly, the maximum hole size achievable 

in the PNVP/PS bilayers strongly increased with annealing temperature. 

This observation is in agreement with the study of the dewetting of a 
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photocross-linkable polystyrene film by Al Akhrass et al.7 The authors 

investigated hole growth dynamics in PS films containing azide groups that 

could be cross-linked with UV radiation, by inducing different degrees of 

cross-linking prior to dewetting. They observed that the higher the degree of 

cross-linking, the smaller was the maximum hole size achievable by 

dewetting. The PNVP/PS system behaved in a very similar way, but here the 

cross-linking was thermally initiated and was concurrent with the 

dewetting. 

Secondly, the data in Figure 4.5 shows a marked difference in the 

maximum hole size achievable in the two systems under investigation. 

PNVP on PS96K could achieve a much higher degree of dewetting than on 

PS6850K before the cross-linking drastically slowed it down, despite the 

lower annealing temperatures employed. 

Optical microscopy was also used to estimate the average density of 

the holes nucleated over time in the PNVP/PS96K system at different 

temperatures, as shown in Figure 4.6. There was a distinct break in the data 

at around 180 °C, with an average hole density around 400-500 holes mm-2 

above 180 °C and an average hole density around 150-200 holes mm-2 below 

180 °C. At temperatures below 180 °C, the holes grew slowly, and annealing 

times above 300 s were required to obtain holes big enough to be visible 

under the optical microscope with a 20x objective. The hole density was 

constant throughout the annealing process at each temperature, except at 

177 °C and 180 °C, where the hole density increased moderately in time (by 

about 29 %). At temperatures above 180 °C, the average hole density values 

at different temperatures were similar to each other, and were constant in 

time. At high annealing temperatures, the holes all nucleated at very short 

annealing times, and were visible under the optical microscope after just 20 

s. 
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Figure 4.6 Average hole density formed on PNVP films of thickness 54 ±1 nm dewetting on PS96K 

films of thickness 74 ±1 nm at different annealing temperatures. The average hole density showed 

relatively no change for temperatures below 180 °C, and then drastically increased at 180 °C. For 

temperatures above 180 °C, the hole density showed again little change. 

To reveal stress or deformation at the PS/PNVP interface, the PS film 

was selectively removed by washing the bilayers with toluene, which is a 

good solvent for the PS film, but a non-solvent for the cross-linked PNVP 

film. Firstly, a PNVP/PS96K bilayer was washed, which contained a PNVP 

film that was fully cross-linked before any dewetting occurred (annealed for 

7 hours at 160 C), and the result is shown in Figure 4.7. Upon washing with 

toluene the surface of the PNVP film, which initially appeared dark blue, 

uniform and featureless, showed many brown-black asterisk-shaped 

fractures on its surface, surrounded by light blue areas, were the film 

thickness had changed, as highlighted by the interference colour. It was 

believed that the toluene could penetrate through the cross-linked PNVP 

layer, through small pores or points of lower film density, and in doing so 
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dissolved circular sections of the bottom PS film, as shown by the change in 

colour from dark blue to light blue. Also, the washing process induced 

fractures and wrinkling of the top PNVP film, which probably highlighted 

regions of stress due to cross-linking in the film. 

 

 

Figure 4.7 PNVP/PS96K bilayer annealed at 160 °C for about 7 hours and washed in toluene to 

selectively remove the PS film. 

Shown in Figure 4.8(a) is a PNVP/PS96K sample annealed at 180 °C 

for about 7 hours, which contained several dewetted holes of approximately 

23 micrometres in radius. In these conditions, as discussed in Section 4.4, the 

PNVP/PS96K bilayer had a chance to both dewet and cross-link during 

annealing, before being washed with toluene. The nucleation of holes in the 

dewetted PNVP exposed the underlying PS film, which was readily 

removed by the toluene, exposing the underlying silicon substrate (mirror-
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like finish inside the holes). The cross-linked PNVP film developed extensive 

patterns of wrinkling, ridges and gullies, both radiating from the edges of 

the holes and zigzagging in the remainder of the film. 

 

 

Figure 4.8 PNVP/PS96K bilayer annealed at (a) 180 °C and (b) 187 °C for about 7 hours and washed 

in toluene to selectively remove the PS film. The top cross-linked PNVP film collapsed on the silicon 

wafer forming a wrinkled structure. 
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Shown in Figure 4.8(b) is a different bilayer sample, annealed at 187 

°C for about 7 hours, and then washed with toluene. This micrograph was 

taken in a portion of PNVP film between three holes, and showed extensive 

wrinkling as well. In both cases it is likely that the cross-linked PNVP films 

collapsed on the silicon substrate, after the complete removal of the PS, and 

wrinkled because of non-homogeneous stresses induced by the thermal 

cross-linking, which could relax into a pattern once the constraint of the 

underlying PS films was removed. 

Similar observations were made in the work of Bonaccurso et al.,21 

where polystyrene sheets were cross-linked with plasma irradiation and 

developed with toluene vapours. The authors attributed the wrinkling effect 

to the presence of mechanical anisotropies in the extruded PS sheet, due to 

both the cross-linking with plasma, and a non-homogeneous material 

preparation. 

4.3.4 Theoretical model 

The behaviour was described of a polymer bilayer system where the 

top polymer film could undergo dewetting when heated above its Tg, while 

its ability to dewet was retarded by a thermal cross-linking process that 

occurred simultaneously. The cross-linking process was characterized by a 

first-order rate coefficient, denoted kXL. The continual cross-linking of the 

polymer film increased the MW (and hence melt viscosity) of the polymer 

film, which altered the dewetting dynamics of the system. The model 

developed here is described as follows. 

Based on the theory of the reptation of a polymer chain,22-24 the 

viscosity of a polymer melt above the chain entanglement length follows an 

Arrhenius-type expression: 

 



Andrew M. Telford  CHAPTER 4 

 

149 

𝜂𝑚𝑒𝑙𝑡 = 𝜅𝑒
𝐸0

𝑘𝐵𝑇 (4.2) 

 

where E0 is the energetic barrier to viscous flow, kB is the Boltzmann 

constant, T is the temperature, and the coefficient k is the product: 

 

𝜅 = 0.34𝑁𝐴𝜌√𝜅𝐵𝑇(𝑎0𝐿0𝑀𝑒
6)−2 3⁄ 𝑀3.5 (4.3) 

 

where NA is Avogadro’s number,  the density of polymer in the melt, 

Me the critical entanglement MW, L0 the length of the polymer chain at the 

critical entanglement length and a0 the diameter of the “reptation tube” at 

the critical entanglement length. The most significant term in Equation (4.3) 

is the dominant M3.5 term, which indicates that at a given temperature, the 

viscosity of a polymer melt scales significantly with an increase in the 

polymer MW. For this purpose, the melt viscosity equation was re-written 

by collecting the constants into one parameter A: 

 

𝜂𝑚𝑒𝑙𝑡 = 𝐴𝑀3.5 (4.4) 

 

While the cross-linking of a polymer film during thermal annealing is 

a chemical process with a chemically controlled rate coefficient (denoted kXL), 

it was not mapped as a chemical change, but instead as the physical change 

that occurred when two chains in the melt cross-linked. It was assumed that 

when two chains cross-link, the MW of the resultant chain is the sum of the 

two MWs of the component chains. For these purposes, it was assumed that 

the MW (assuming the likelihood of cross-linking is uniform throughout the 

film) is an exponentially growing function in time: 

 

𝑀(𝑡) = 𝑀0𝑒𝜅𝑋𝐿𝑡 (4.5) 
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where M0 is the MW of the un-cross-linked film (i.e. time t = 0). This 

simple exponential function has been used before as a reasonable 

approximation to describe the rapid increase of the polymer MW upon 

random cross-linking.25 In this work, the same PNVP used in the 

investigation reported in Chapter 3 was employed, which was polydisperse 

(PDI > 4); the polydispersity of this sample complicated the understanding 

of this system but, according to Tobita et al.,25 the MW of randomly cross-

linked polymers can be described by an exponential function regardless of 

their polydispersity. The only difference resides in the MW distribution of 

the resulting sol, which will be multimodal in the case of low polydispersity 

polymers and broad and smooth in the case of high polydispersity polymers. 

The combination of Equations (4.4) and (4.5) predicts that the melt viscosity 

is a function of time: 

 

𝜂𝑚𝑒𝑙𝑡(𝑡) = 𝐴𝑀0
3.5𝑒3.5𝜅𝑋𝐿𝑡 (4.6) 

 

where the pre-coefficient A is given by 𝐴 =

0.34𝑁𝐴𝜌√𝜅𝐵𝑇(𝑎0𝐿0𝑀𝑒
6)−2 3⁄ 𝑒

𝐸0
𝜅𝐵𝑇. 

Equation (4.6) is a simple model that can be used to describe the melt 

viscosity of a PNVP film that undergoes cross-linking, based on the initial 

polymer average MW, the rate of cross-linking and a series of constants. 

Equation (4.6) suggests that the viscosity of the dewetting, cross-linking 

PNVP film significantly increases as a function of time. The implications are 

immediate for dewetting, as the velocity of a dewetting rim will be retarded 

by the significant increase in the viscosity of the polymer that is being 

displaced. 

The expression for the time-dependent melt viscosity of a cross-

linkable polymer film in Equation (4.6) was used to model the dewetting 
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behaviour (i.e. the growth of dewetted holes as a function of time) on liquid-

like and solid-like substrates. There exists no literature on the melt viscosity 

of PNVP thin films. However, the assumption was that given the low 

average MW of the PNVP used (29K) relative to either of the PS films (PS96K 

and PS6850K), the initial melt viscosity of the top un-cross-linked PNVP film 

was lower than the melt viscosity of the bottom PS film, a situation known as 

“liquid/solid” dewetting.6 The PNVP/PS96K system may well switch to a 

liquid/liquid dewetting regime as the melt viscosity of the top PNVP film 

continues to increase, potentially to values greater than the viscosity of the 

bottom PS film.18 Based on the model of Brochard-Wyart et al.26 (also 

described in detail in Wang et al.27), the dewetting velocity of a liquid film 

from a solid substrate can be described by the equation: 

 

𝑣(𝑡) =
1

12𝜅√2
  

𝛾𝑃𝑁𝑉𝑃

𝜂𝑃𝑁𝑉𝑃(𝑡)
𝜃3 (4.7) 

 

where PNVP is the surface tension of PNVP,  is a numerical 

dissipation factor (~ 10, see Brochard-Wyart et al.28 and Wang et al.27) and  is 

the contact angle of PNVP on PS. If the melt viscosity of the top PNVP film 

was constant, this model would predict a constant dewetting velocity in this 

regime, which has been demonstrated experimentally for holes with fully 

developed rims.1, 29, 30 However, by combining Equations (4.6) and (4.7) the 

model developed here predicts an exponentially decaying dewetting 

velocity as a function of time: 

 

𝑣(𝑡) =
𝛾𝑃𝑁𝑉𝑃

12𝜅√2
  

𝜃3

𝐴𝑀0
3.5  𝑒−3.5𝜅𝑋𝐿𝑡 (4.8) 

 

The integration of Equation (4.8) gives the expression for the radius of 

a dewetted hole as a function of time, which is given by: 
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𝑅(𝑡) =
𝛾𝑃𝑁𝑉𝑃

42𝜅𝑋𝐿𝜅√2
  

𝜃3

𝐴𝑀0
3.5

(1 −  𝑒−3.5𝜅𝑋𝐿𝑡) (4.9) 

 

Equation (4.9) is therefore a simple description of the growth in time 

of a dewetted hole in a polymer film that can simultaneously undergo 

thermal cross-linking, such as PNVP. The hole growth was described by the 

parameter of interest (kXL), known or experimentally measurable parameters 

(surface tension, contact angle and initial average MW) and coefficients or 

numerical factors such as A and . The majority of the terms that describe A 

can be estimated from theoretical values relating to the polymer. The fit of 

experimentally determined hole growth data for PNVP/PS systems at 

different temperatures with the model in Equation (4.9) provided 

thermodynamic information on the cross-linking process. 

Equation (4.9) predicts that at long annealing times (t  ) dewetting 

should cease and a maximum achievable hole size (denoted Rmax) should be 

reached. This can be theoretically described as: 

 

𝑅𝑚𝑎𝑥 =
𝛾𝑃𝑁𝑉𝑃

42𝜅𝑋𝐿𝜅√2
  

𝜃3

𝐴𝑀0
3.5 (4.10) 

 

It is important to notice that the model described by Brochard-Wyart 

et al.26 assumes linear chains which are able to reptate, which allows for the 

flow of viscous polymer melts. In the system here investigated this 

assumption was only an approximation, because the development of a cross-

linked network within the dewetting PNVP film not only increased 

dramatically the polymer viscosity, but introduced an elastic force which 

prevented the reptation of the chains and immobilised the polymer film, 

once the cross-linking density became greater than a critical value. 
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4.3.5 Data fitting with the developed model 

Using the developed model (Equation (4.9)), the hole growth data 

previously displayed in Figure 4.4 was fitted. Due to the difficulty in 

obtaining experimental values or meaningful estimates of many of the 

parameters in the pre-exponential term within Equation (4.9), a simple two 

parameter fitting model was developed to describe the variation of dewetted 

hole radius as a function of time, namely: 

 

𝑅(𝑡) =
𝑐

3.5 𝑘𝑋𝐿
(1 − exp(−3.5𝑘𝑋𝐿𝑡))  (4.11) 

 

where c is the collection of parameters described above. Shown in 

Figure 4.9 is the comparison between experimental data and the developed 

model for PNVP/PS96K (a) and PNVP/PS6850K (b). The model provided an 

excellent fit to the experimental data in Figure 4.9(b) across the entire 

temperature range and time range studied (up to 5 hours of annealing, 

which were previously demonstrated to be sufficient to cross-link the whole 

PNVP film, see Chapter 3),17 modelling the high initial dewetting velocity 

and cessation of hole growth. Mechanistically, these results could be 

interpreted as a confirmation that the PNVP melt flowed on the solid 

PS6850K film, until the cross-linked network was rigid enough to oppose the 

dewetting driving force. In the case of PNVP/PS96K (Figure 4.9(a)), the 

model described the growth profile of a dewetting hole at early and 

intermediate annealing times, and captured the concept that the dewetting 

velocity was greatly retarded as dewetting proceeded. 
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Figure 4.9 (a) Hole growth data (points) in a dewetting PNVP film on PS96K, fitted with the 

developed cross-linking model (lines), fitted for short annealing times (t < 5400 sec). The model was 

extrapolated for long annealing times. (b) Hole growth data (points) in a dewetting PNVP film on 

PS6850K system, fitted with the developed cross-linking model (lines). 



Andrew M. Telford  CHAPTER 4 

 

155 

The model however did not predict the very slow hole growth at long 

annealing times (above about 5400 seconds). It was observed that the hole 

radius slowly drifted towards higher values compared to the plateau that 

the model predicted, as shown in Figure 4.9(a). This deviation was likely due 

to the peculiar behaviour of the cross-linked PNVP film on liquid PS, and is 

discussed in Section 4.4.  

To account for the competition between dewetting and cross-linking 

of PNVP, the model is dependent on the cross-linking rate coefficient kXL, 

and as a result the modelling provided direct access to this rate coefficient 

via comparison to experiment. Values for kXL were obtained for all the 

different temperatures studied in this work, enabling the temperature 

dependence of this rate coefficient to be mapped. The simplest model to 

describe a pseudo-first order chemical reaction like a radical cross-linking 

reaction is the Arrhenius model: 

 

−𝑙𝑛 𝑘𝑋𝐿 = −𝑙𝑛 𝐴 +
𝐸𝑎

𝑅𝑇
 (4.12) 

 

where kXL is the cross-linking rate coefficient, A is a pre-exponential 

factor and Ea is the apparent activation energy. 

 

An Arrhenius plot (Figure 4.10) was created to chart the variation of 

the cross-linking rate coefficient as a function of temperature. The linearity 

of the Arrhenius plot enabled the determination of the apparent activation 

energy, Ea, of the cross-linking process. The model predicted Ea to be 99 ± 6 

kJ mol-1, which is comparable with data for the radical thermal cross-linking 

of similar polymers. As an example, Madbouly et al. found an Ea of 60 - 74 kJ 

mol-1 for the cross-linking of poly(vinyl methyl ether).31 Importantly, the rate 

coefficients determined for the cross-linking of PNVP obtained from the two 
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different systems investigated (PNVP/PS96K and PNVP/PS6850K) collapsed 

onto the same linear trend in Figure 4.10. This demonstrated that the cross-

linking process, which is a chemically controlled reaction via hydrogen atom 

abstraction along the PNVP backbone to form radicals that can undergo 

cross-linking,17, 32 was unrelated to the physical environment where the film 

was located, namely the nature of the PS substrate. The observed differences 

in the hole growth profiles of the two systems were solely related to the 

viscoelasticity of the PS substrate, which affected the hole growth and 

ultimately the competition between the two processes. 

 

 

Figure 4.10 Arrhenius behaviour of the PNVP cross-linking rate coefficient. The cross-linking 

coefficients for both PNVP/PS96K and PNVP/PS6850K are displayed in different regions of the same 

graph as squares and triangles respectively, while a least squares linear fit is shown as a line. 
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4.4 Discussion 

The competition between dewetting and cross-linking in PNVP/PS 

bilayer systems was investigated. It was anticipated that there would be two 

dominant regimes in these bilayer systems: one where dewetting was 

substantially influenced by cross-linking and one where it was not. The 

temperature at which the annealing was performed provided the key control 

parameter over the competition. In simple polymer bilayers, the higher the 

annealing temperature the faster the dewetting, and at any given 

temperature the rate of dewetting is inversely proportional to the viscosity 

of the top film and of the bottom film.4, 18 In the experiments presented here, 

this general trend was counteracted by the fact that the rate of cross-linking 

in PNVP increased with increasing annealing temperature,17 and the cross-

linking slowed down the dewetting by both increasing the viscosity of 

PNVP, and by forming a network that locked-in stresses and prevented 

nucleation of the holes. 

In these experiments, the cross-linking of PNVP affected especially 

the later part of the dynamics of the dewetting: an initial fast rate was 

followed by a very slow rate, and eventually a complete halt of hole growth 

occurred. For PNVP on PS96K, dewetting could only occur above 

approximately 165 - 170 °C, as below this temperature dewetting was 

completely prevented by cross-linking. Below 180 °C, dewetting occurred 

but with a significantly lower density of holes, due to the hampering of 

nucleation by cross-linking.  

As the dewetting of the top film also depends on the viscosity of the 

bottom layer,4, 18 it was anticipated that the two PNVP/PS systems would 

dewet to differing extents, with the PNVP/PS6850K case being slower and 

the closer to a true liquid/solid dewetting system. The observations reported 

confirmed the expectations. 
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The most interesting observations in this work derive from 

comparing the relative rates of the two competing processes, dewetting and 

cross-linking. The first significant observation was that the maximum 

achievable hole size depended on the system studied, being much smaller in 

the PNVP/PS6850K system than in the PNVP/PS96K system, across a wide 

temperature range. This was most likely due to two different viscous 

dissipation mechanisms. Using a simple scaling law relating the melt 

viscosity of a polymer to its MW,22-24 the viscosity of the PS6850K film was 

estimated to be over 3×106 times greater than that of the PS96K film at a 

given temperature. This means that films of the low MW PS, PS96K, were 

more liquid and deformable at any given temperature than the high MW PS 

and as a result, during dewetting of the PNVP/PS96K bilayer, dissipation of 

energy could occur in both the dewetting film and in the PS substrate. This is 

equivalent to a lower friction at the PNVP/PS96K interface, so this 

phenomenon in turn results in a higher dewetting velocity, as reported 

previously.4, 18, 33, 34  

While the dewetting of PNVP was much slower on PS6850K than on 

PS96K, the rate of the cross-linking process was independent of the MW of 

the PS film and was only dependent on the annealing temperature, being 

faster at higher temperatures. At the temperatures used for dewetting of the 

PNVP/PS6850K system, between 210 °C and 240 °C, cross-linking was much 

faster than dewetting, therefore dewetting was inhibited in its very early 

stages, leading to small holes. If temperatures below 200 °C were used for 

the PNVP/PS6850K system, no dewetting was observed at all as the friction 

at the PNVP/PS interface was too high, and the PNVP cross-linked as a 

uniform film. 

On the other hand more advanced stages of dewetting could be 

obtained in the PNVP/PS96K system, which was annealed at temperatures 

between 170 °C and 190 °C, where cross-linking was relatively slower, and 
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dewetting was faster because of the low friction at the liquid/liquid 

interface.35 If temperatures above 200 °C were used for the PNVP/PS96K 

system, dewetting proceeded to the highly advanced state of liquid cylinders 

before cross-linking was significant.  

The second interesting observation was that the rate of growth of 

holes in PNVP films decreased sharply at long annealing times 

(approximately over 5400 s) (Figure 4.4). On PS6850K substrates, the size of 

dewetted holes in the PNVP film reached a plateau and then stopped 

entirely, a feature that was well captured by the simple molecular model 

reported in Section 4.3.4 (Figure 4.9(b)). On PS96K substrates, the hole 

growth slowed down drastically around 5400 s, but continued slowly over 

an extended period of time, with a small but constant increase in size from 

the plateau. The simple molecular model developed here fitted well the data 

for the PNVP/PS96K up to around 5400 s, but underestimated the 

subsequent very slow growth of holes (Figure 4.9(a)). It was believed that 

the difference was due again to the large difference in melt viscosity, as the 

PNVP/PS6850K system was likely to be similar to a liquid/solid system, and 

upon the complete cross-linking of the PNVP film, no movement of the hole 

rims could occur due to the rigidity of the underlying PS film. In the 

PNVP/PS96K bilayer, the PS96K was more similar to a liquid substrate: as 

the PNVP continued to cross-link, the film continued to shrink and became 

denser as the cross-linking process continued, which pulled on the hole rims, 

and the low viscosity of the liquid-like PS substrate allowed the holes to still 

grow very slowly. The rupture of a solid-like film induced by the motion of a 

liquid substrate was previously rationalized in simulations by Matar et al.33 

In their simulations the authors showed that if van der Waals forces were 

not explicitly included in the model of the solid top film, this would break 

up solely as a consequence of the forces governing the motion of the 

underlying liquid film. Similarly, the mobility in the liquid PS96K film may 
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have allowed the holes to slowly increase in size as the cross-linked PNVP 

film continued to shrink, even within a generally rigid network of PNVP.  

A third and most interesting aspect of the competition between 

dewetting and cross-linking is highlighted by the hole density data for the 

PNVP/PS96K system (Figure 4.6). For annealing temperatures below 180 °C, 

when cross-linking was dominant with respect to dewetting, the probability 

of hole nucleation was low, since the stresses in the PNVP film that drove 

the nucleation process were locked in place by the cross-linking between 

polymer chains. Above the critical temperature of 180 °C, dewetting was the 

dominant process, and many more holes were nucleated before the cross-

linking could lock the film stresses in place. It is very interesting to observe 

that the transition from a cross-linking-dominated regime to a dewetting-

dominated regime was not gradual, but rather abrupt, with a three-fold 

increase in hole density within three degrees (177 °C to 180 °C). A careful 

analysis of the data though showed slight differences in the dewetting 

behaviour around the regime transition temperature of 180 °C. Both the data 

sets for 177 °C and 180 °C showed evidence of a thermally initiated 

nucleation, i.e. an increase in the number of nucleated holes over time at 

short annealing times, unlike the data sets for temperatures well above (> 

190 °C) and well below (< 175 °C) the regime transition temperature, where 

all the holes nucleated roughly at the same time.1 Thermal nucleation has 

been observed to occur in systems described by an interfacial potential 

intermediate between that of an unstable and that of a metastable film.1 In 

the PNVP/PS system, the thermal nucleation process might have been 

observable only when dewetting and cross-linking balanced each other, at 

the transition between the cross-linking-dominated regime and the 

dewetting-dominated regime. At lower temperatures, the hole nucleation 

was heavily affected by the cross-linking, while at higher temperatures the 

holes nucleated without restriction. 
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The model developed here has limitations, which could affect the 

quality of the fit to the experimental data. This simple model ignores the 

effect of chain branching on viscosity, the potential difference between 

number and weight-average MW of the cross-linked polymer,36 the effect of 

the initial polydispersity of PNVP on cross-linking, and the fact that cross-

linking is initially more pronounced near the bottom surface of the film.17 

Despite these limitations, this model certainly captured the main features of 

the competition between dewetting and cross-linking, and allowed to make 

predictions on the dynamics of hole growth in PNVP films on both high and 

low MW PS. It also allowed to estimate a value for the activation energy for 

cross-linking, which was in good agreement with the literature on polymers 

similar to PNVP. 

The cross-linking was further characterised quantitatively by NR and 

qualitatively by selective removal of the bottom film. NR on the bilayer 

systems confirmed earlier results in single layers (see Chapter 3),17 indicating 

a decrease in film thickness and increase in density upon cross-linking of 

PNVP . The NR characterization also confirmed that no layer inversion took 

place in the PNVP/PS systems investigated, which might be expected in a 

bilayer where a high surface energy polymer is cast upon a low surface 

energy substrate. Layer inversion, however, would require the two layers to 

be able to flow freely in the melt state.4 The increase in viscosity of the PNVP 

film with time, due to cross-linking, drastically reduced the mobility of the 

PNVP melt and hence prevented the layer inversion with the PS film. 

The cross-linking process was highlighted qualitatively by selectively 

removing the PS film with toluene. The cross-linked PNVP remained 

insoluble in toluene, but allowed the toluene to penetrate through and 

dissolve the bottom PS film. This led to the lift-off and then resettling of the 

cross-linked film, a process which highlighted the presence of mechanical 

anisotropies in the film through extensive wrinkling patterns. 
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4.5 Summary 

The dewetting of thin films of PNVP on top of PS films of two 

different molecular weights, 96000 g mol-1 and 6850000 g mol-1, was 

investigated. Upon thermal annealing, the PNVP was capable of cross-

linking as well as dewetting from the PS surface. Using a cross-linkable 

PNVP and bottom PS films of two different viscosities allowed us to gain a 

deeper understanding of the dewetting dynamics in polymer thin film 

bilayers with variable viscosity ratios. At the annealing temperature of 160 

°C, the PNVP films cross-linked entirely before dewetting could occur. At 

higher annealing temperatures, but below the critical temperature of 180 °C, 

the rate of cross-linking was shown to be high enough to significantly 

hamper hole nucleation, reducing the final hole density. Above the critical 

temperature of 180 °C, the hole density was higher and approximately 

constant, and the competition between dewetting and cross-linking affected 

dynamics of hole growth, which was rapid in the early stages of the 

dewetting, but dramatically slowed down at long annealing times. At 

advanced stages of cross-linking, the PNVP stopped dewetting completely 

on the high viscosity PS, while it continued at a very low rate on the low 

viscosity PS. This was likely due the ability of the cross-linked PNVP film to 

slowly move on the liquid-like PS, while the high friction at the interface 

with the solid-like PS prevented any movement. 

A model was developed to fit the hole growth in the dewetting PNVP 

film during cross-linking, based on the assumptions that the viscosity of 

PNVP increased exponentially as a result of the cross-linking process, and 

that the bilayer dewetted as a liquid/solid system. The model was excellent 

in fitting the data for PNVP dewetting on the high viscosity PS, and good in 

fitting the data for PNVP dewetting on low viscosity PS at short annealing 

times. At long annealing times, when the viscosity of the PNVP approached 



Andrew M. Telford  CHAPTER 4 

 

163 

that of the low MW PS films and the bilayer behaved more similarly to a 

liquid/liquid system, the model slightly underestimated the final hole size. 

The model allowed to derive the activation energy on the chemical process 

of cross-linking by mapping the physical process of hole growth. 

As seen in Chapter 3, cross-linked PNVP films have excellent anti-

fouling properties, and could be used as antifouling coatings in biomedical 

devices. The insight presented in this work will benefit the adaptation of 

such coatings to a number of materials used in medical devices which might 

be poorly wettable by PNVP. Moreover, the ability to produce patterns on 

protein-adsorptive PS holes in a cross-linked, protein-repellent PNVP film, 

with controllable hole size and density may be useful in the micropatterning 

of proteins and cells on a surface, as described in Section 1.6. Further work 

towards this end is presented in the following Chapters. 
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5.1 Introduction 

The development of cell biology has allowed deep insight into the 

behaviour of cells, how they interact with a surface and with neighbouring 

cells, and how they respond to environmental factors. Cell biology is at the 

foundation of the ability to engineer human tissues in vitro and to control the 

integration of artificial parts (e.g. prosthetics) with a biological host. 

Conventional cell studies are performed on flat substrates, typically Petri 

dishes or polystyrene flasks or plates comprising of a number of holes. The 

culture substrates are often coated with extra cellular matrix (ECM) proteins, 

to which cells easily adhere. This set up has proven to be efficient in the 

culturing of large numbers of cells, but suffers from a number of limitations, 

which are becoming obvious with the increasing knowledge of the 

important interactions, complexity and down-scaling of cell studies. 

A flat culture substrate does not allow the performance of single cell 

studies, since the cells are not confined to a trackable area. Even if an 

isolated cell was seeded on such surface, it would be difficult to follow its 

development with an optical microscope, because of its mobility. 

Furthermore, the throughput of such system would be very poor.1 

A second limitation of conventional cell culture substrates is that they 

do not allow studies on colonies of controlled size. The number of cells in a 

colony and the contact between them influences their behaviour, particularly 

in the case of embryonic stem cells (ESC). The smallest conventional culture 

substrate has an area of a few square millimetres (e.g. a 96-well plate), which 

is far too large to seed and observe aggregated colonies of tens of cells or 

less.1 

A third limitation is the lack of control over cell localization on a 

surface. Cell proliferation may be influenced by the initial seeding cell 

density and separation, which cannot be controlled in a conventional cell 
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culture. Furthermore, accurate spatial control over cell immobilization is 

fundamental to the controlled growth of cell co-cultures. A flat surface 

coated with multiple types of cells does not allow for the ready 

manipulation of the degree of homotypic and heterotypic contact between 

cells. These conditions are fundamental in the study of the engineering of 

tissues in vitro.2 

In the last decade, one of the most promising strategies to overcome 

these limitations and open a wide range of new possibilities has been the use 

of micropatterned surfaces.1-3 These substrates are more or less ordered 

arrays of homogeneous domains surrounded by regions that are chemically 

different. They represent the ultimate miniaturization of conventional 

culture dishes in a device that allows for a much higher throughput. 

Patterned substrates can consist of two-dimensional or three-dimensional 

domains (wells or holes) on which the cells attach and spread. The bottom 

and (in the case of wells or holes) the walls of the domains can be coated 

with specific functionalities to influence the cells. Due to the micrometer 

scale of the pattern, single cells or small colonies can be immobilized in each 

domain. Furthermore, the area surrounding these domains may be modified 

to allow attachment of a second type of cell, to produce spatially controlled 

cell co-cultures. 

Conventionally, microwells are produced by using microfabrication 

techniques such as photolithography, where a pattern is imprinted on a 

photoresist through a micro-engraved mask,4 or soft lithography, where a 

micropatterned mould is used to stamp chemical functionalities on a 

surface.5, 6 These techniques can achieve a wide range of geometries with a 

high lateral resolution and reproducibility. However, they suffer from high 

costs in equipment and in fabrication of highly detailed components (e.g. 

masks or moulds), and are able to pattern only flat surfaces. 
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In this work a novel method to obtain a micropattern on a surface for 

protein and cell immobilization is presented. This method is based on 

polymer thin film dewetting and polymer grafting, which are both cost 

effective techniques. 

Dewetting was described extensively in Section 1.7. Briefly, dewetting 

is the process by which a liquid film, such as a polymer heated above its 

glass transition temperature (Tg), spontaneously breaks up, forming holes 

that grow with annealing time. The dewetting liquid retracts from the 

substrate exposing the underlying substrate, and accumulates in a raised rim 

around the holes. This effectively produces a chemically and topographically 

patterned surface. The size of the holes can be controlled by tuning the 

annealing time and temperature. The system here investigated consisted of a 

bilayer of polymer thin films: protein-adsorptive polystyrene (PS) on the 

bottom, and an engineered poly(methylmethacrylate) (PMMA)-like 

polymer, which bore ATRP initiators, as a second layer on top of the PS film. 

Once the pattern of holes was obtained by dewetting, the top 

“macroinitiator” layer was grafted with protein-repellent poly(poly(ethylene 

glycol) methyl ether methacrylate) (poly(PEGMA)) using surface-initiated 

activators generated by electron transfer atom transfer radical 

polymerization (AGET ATRP) (Section 1.5.5). The engineered surface 

obtained was an array of randomly distributed protein-adsorptive holes in a 

highly protein-repellent background. The pattern was characterized by 

optical microscopy, and investigated by X-ray photoelectron spectroscopic 

mapping to confirm the chemical contrast between the PS holes and the 

poly(PEGMA) brush. 

In the work presented in Chapter 6, the pattern of polystyrene holes 

in the functional brush-coated background was used to control the 

localization of adsorbed ECM proteins. The pattern of protein-coated holes 

was then used to control cell attachment and spreading. 
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5.2 Materials and methods 

5.2.1 Synthesis of the macroinitiator 

A dry 4 mL glass tube was charged with 2-(2-

bromopropanoyloxy)ethyl methacrylate (0.7 mL, 3.77 mmol) (kindly 

provided by Ms. Suzanne Pereira, CSIRO Clayton VIC), toluene (0.7 mL) 

(>99.9%, Sigma-Aldrich), doubly recrystallised azobis(isobutyronitrile) 

(AIBN; 0.6 mg, 3.6 μmol) (kindly provided by Sébastien Perrier’s group, 

University of Sydney, NSW) and 2-cyanopropan-2-yl dithiobenzoate (CPDB; 

8.0 mg, 36.3 µmol) (kindly provided by Dr. San Thang, CSIRO Clayton VIC). 

The tube was sealed with a rubber septum, and the mixture was 

deoxygenated by bubbling nitrogen for 5 minutes at 0 °C. The glass tube was 

then immersed in an oil bath at 65 °C and left to react with stirring for 22 

hours. The reaction was stopped by cooling the vial to room temperature 

and exposing the contents to air. The viscous product was diluted in toluene 

and recrystallised from cold methanol. The polymer powder was dried 

under vacuum at room temperature. Size exclusion chromatography (SEC) 

calibrated with poly(methyl methacrylate) standards in THF was used to 

characterize the product. The conversion of the reaction was determined by 

NMR. 

5.2.2 Preparation of thin film bilayers 

The silicon wafers used as substrates and their cleaning procedure 

were described in Section 2.1. 

PS (Mn 96000 g mol-1, PDI 1.04; Polymer Standards Germany) was 

spin-cast in films on the clean silicon wafers from a 15 mg mL-1 filtered 

toluene solution (3000 rpm for 1 min). Macroinitiator films were then spin-
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cast on top of the PS films from a 10 mg mL-1 acetonitrile (>99.9%, Merck) 

solution (4000 rpm for 1 min), acetonitrile being a non-solvent for PS. The 

average thickness of the films obtained was 58 ± 1 nm for PS and 28 ± 1 for 

the macroinitiator, as determined by spectroscopic ellipsometry (J. A. 

Woollam Co.). 

The thickness of the PNVP/PS films was characterized by 

ellipsometry (see Section 2.4). The thickness of the SiO2 layer (1 nm) on top 

of the silicon wafer was determined on the bare silicon wafer first, using the 

relevant model provided with the software. The system was treated as a 

monolayer. Then the PS film was spin-cast onto the silicon wafer. The 

system was modelled as a bilayer, where the SiO2 thickness was fixed, and 

the polymer film was modelled using the Cauchy equation. The polymer 

thickness, and the constants A and B for the Cauchy equation, were 

measured. The constant C for the Cauchy equation was fixed to zero. The 

constant A, which is by far the largest contribution to the refractive index, 

was approx. 1.56. Then the macroinitiator film was spin-cast onto the PS 

film, and its thickness was determined using a PMMA model provided with 

the software. The system was modelled as a multilayer (3 layers), where the 

data for SiO2 and PS were fixed. Finally, the poly(PEGMA) brush was 

grafted, and the polymer thickness, and the constants A and B for the 

Cauchy equation, were measured. The constant A was approx. 1.45. The 

system was modelled as a multilayer (4 layers), where the data for SiO2, PS 

and macroinitiator were fixed. 

Where required, the bilayers were dewetted by annealing on a hot 

plate with fine temperature control (ATV Technologie GmbH Muenchen) in 

air to obtain the desired pattern of holes. The annealing temperature used 

was 100 °C. 
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5.2.3 Surface-initiated polymerization of PEGMA from macroinitiator 

films 

Flat bilayers (macroinitiator on PS), as well as patterned samples, 

were grafted with poly(ethylene glycol)methyl ether methacrylate (PEGMA; 

Mn about 475 g mol-1) (Sigma-Aldrich), using AGET ATRP. PEGMA was 

passed over basic alumina prior to use to remove the inhibitors. In a typical 

run, PEGMA (1.425 g, 3 mmol), CuCl2·H2O (3.4 mg, 0.02 mmol), tris-(pyridyl 

methyl) amine (TPMA; 5.8 mg, 0.02 mmol) (Sigma-Aldrich and in part 

kindly provided by Ms. Aeysha Hussein, University of Sydney, NSW), ethyl 

2-bromopropanoate (3.6 mg, 0.02 mmol) and isopropyl alcohol/water 50% 

(12.7 mL) were thoroughly mixed in a 22 mL glass vial. Isopropyl alcohol 

(IPA; >99.5%), CuCl2·H2O (>99%), and ethyl 2-bromopropanoate were 

purchased from Merck. A silicon wafer, pre-coated with a macroinitiator/PS 

bilayer, was immersed in the mixture, and the vial was sealed with a rubber 

septum. The solution was deoxygenated with nitrogen for 30 min in an ice 

bath, and then equilibrated at room temperature (ca 23 °C). A nitrogen 

purged ascorbic acid (Sigma-Aldrich) solution (60 mM, 50 µL, 3 µmol) was 

added to the reaction mixture with a micro-syringe, in order to start the 

polymerization by reducing part of the Cu(II) complex to the activator Cu(I) 

complex. The vessel was kept under gentle agitation for the time required. 

The reaction was stopped by exposing the catalyst to air, and samples of the 

reaction mixture were taken for SEC analysis. The substrate was rinsed in 

fresh IPA 50% for 30 min, and blown dry with nitrogen. The grafted film 

thickness was measured by ellipsometry. 

In chain extension experiments, the grafted substrate was re-

immersed in the same reaction mixture and after degassing, a fresh ascorbic 

acid solution was added to reinitiate the polymerization. The same 

procedure described above was then followed. 
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5.2.4 Characterization of synthesised polymers 

In the synthesis of poly(PEGMA), SEC was used to determine the 

reaction conversion and the polymer MW and polydispersity. The SEC of 

poly(PEGMA) was performed on a Polymer Laboratories Ltd. GPC-50-Plus 

SEC system with a Polar-Gel 8M guard column and two Polar-Gel columns 

(Polymer Laboratories Ltd.). The system was equipped with a PL-RI 

differential refractive index detector (DRI). The eluent was DMF + 0.1% LiBr 

at 50 ºC at a flow rate of 0.5 mL min-1. The system was calibrated using 

poly(methylmethacrylate) standards in the range 690-790000 g mol-1, using 

Mark-Houwink-Sakurada parameters or k = 14.1 and  = 0.697. All analysis 

was performed using the Cirrus® software. 

To calculate the reaction conversion, the area of the peak 

corresponding to the unreacted monomer was divided by the sum of the 

areas of the monomer and polymer peaks. The method has been used 

previously in this system,7 and its validity was checked by comparing 

selected data in preliminary experiments with data obtained by NMR 

analysis of the crude reaction mixture in deuterated DMSO. In the NMR 

method, the concentration of monomer [m] was calculated from the area of 

one of its vinyl proton peaks. The total concentration of polymer + monomer 

[m+p] was calculated from the area of the overlapping peaks relative to the 

ether protons in the ethylene glycol side chain of PEGMA. The conversion 

was then calculated as shown in Equation 5.1: 

 

𝐶𝑜𝑛𝑣 =
[𝑚 + 𝑝] − [𝑚]

[𝑚 + 𝑝]
 (5.1) 

 

In the synthesis of the macroinitiator, NMR was used to determine 

the conversion and SEC to determine the polymer MW and polydispersity. 

The 𝐻1
1  NMR analysis was performed on a Bruker® Avance 300 MHz 
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instrument, and analysed with the software MestRE-C® from Mestrelab 

research. 

The SEC analysis of the macroinitiator was performed at 40 °C with a 

system equipped with a guard column and two PL-Gel Mixed-B columns 

(Polymer Laboratories Ltd.) with a Shimadzu RID-10A DRI detector. THF 

was used as the eluent with a flow rate of 1 mL min-1, with toluene used as a 

flow rate marker. The system was calibrated with polystyrene standards 

ranging from 162 to 6035000 g mol-1 using Mark-Houwink-Sakurada 

parameters of k = 14.1 and  = 0.697. 

5.2.5 X-ray photoelectron spectroscopy (XPS) 

XPS analysis and data fitting was performed by Dr. Thomas 

Gengenbach at the facilities in CSIRO Clayton VIC. XPS analysis was 

performed using an AXIS Ultra DLD spectrometer (Kratos Analytical Inc., 

Manchester, UK) with a monochromated Al K source at a power of 150 W 

(15 kV  10 mA), a hemispherical analyser operating in the fixed analyser 

transmission mode and the standard aperture (analysis area: 0.3 mm × 0.7 

mm). The total pressure in the main vacuum chamber during analysis was 

typically 10-8 mbar. Each specimen was analysed at an emission angle of 0° 

as measured from the surface normal. Assuming typical values for the 

electron attenuation length of relevant photoelectrons in organic 

compounds, the XPS analysis depth (from which 95 % of the detected signal 

originates) was between 5 and 10 nm. 

Data processing was performed using CasaXPS processing software 

(Casa Software Ltd., Teignmouth, UK). All elements present were identified 

from survey spectra (acquired at a pass energy of 160 eV). To obtain more 

detailed information, such as chemical structure and oxidation states, high 

resolution spectra were recorded from individual peaks at 40 eV pass energy 
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(yielding a typical peak width for polymers of 1.0 – 1.1 eV). These data were 

quantified using a Simplex algorithm in order to calculate optimised curve 

fits and thus to determine the contributions from specific functional groups. 

The atomic concentrations of the detected elements were calculated using 

integral peak intensities and the sensitivity factors supplied by the 

manufacturer. Binding energies were referenced to the aliphatic 

hydrocarbon peak at 285.0 eV. The accuracy associated with quantitative 

XPS is about 10% - 15%. Reproducibility depends on the signal/noise ratio, 

but is usually < 5%. The latter is relevant when comparing similar samples. 

XPS imaging was performed by Dr. Chris Easton at the facilities in 

CSIRO Clayton VIC. XPS images were acquired at a pass energy of 160 eV 

using the field of view (FOV) 2 lens (~400 µm x 400 µm) in high resolution 

mode. For each image recorded, a corresponding background image was 

collected at approximately 15 eV away from the peak under investigation 

and subsequently used for background correction within the Vision 2.0 

acquisition software. Specifically, an image for O 1s was collected at 530 eV 

and the background image collected at 515 eV. The stitched image routine 

was employed to record an image over a larger area whilst maintaining the 

same high resolution scanning parameters as a single image. 

5.3 Results 

5.3.1 Synthesis of macroinitiator by RAFT 

The macroinitiator was designed to have a structure similar to 

PMMA, for which the dewetting behaviour on PS is well understood.8 The 

macroinitiator had a bromo-ester functionality capable of initiating ATRP 

(Figure 5.1). 
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Figure 5.1 RAFT reaction scheme for the preparation of the macroinitiator. Each polymer chain 

contains the phenyl group from the RAFT agent, which was used in NMR analysis to evaluate the 

Mn. 

The macroinitiator was synthesized by RAFT polymerization to 

obtain a well defined molecular weight (MW) as shown in Figure 5.1. The 

number average MW of the polymer (Mn) was 20700 g mol-1, with a PDI of 

1.28, as determined by SEC measurements. The polymer used was composed 

solely of 2-(2-bromopropanoyloxy)ethyl methacrylate, to maximize the 

grafting density of the poly(PEGMA) brush. In previous experiments, 

statistical copolymers of 2-(2-bromopropanoyloxy)ethyl methacrylate and 

methyl methacrylate were synthesized. The presence of methyl methacrylate 

(MMA) dilutes the initiator density in the copolymer film, likely decreasing 

the brush grafting density, and increases the glass transition temperature, Tg, 

of the copolymer. This synthetic strategy would most likely be useful for the 

tuning of the dewetting and polymerization initiation capabilities of the 

macroinitiator film, but it is beyond the scope of this work and the 

possibility was not investigated further. 
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Figure 5.2 NMR spectrum of the macroinitiator, with peak assignment shown. An enlargement of the 

two downfield signals from the protons of the dithiobenzoate end-group is shown in the inset. 

Presented in Figure 5.2 is a proton NMR spectrum of the purified 

macroinitiator. The analysis confirmed the identity of the polymer, as well as 

its average MW, determined by end-group functionality analysis. The 

distinct signals from the aromatic functionality in the RAFT agent were used 

to determine the degree of polymerization achieved in the reaction. The 

polymer was soluble in good solvents for PMMA, such as acetonitrile. 

The macroinitiator was also characterized by differential scanning 

calorimetry (DSC) (Figure 5.3), to determine its Tg, which was needed for the 

subsequent dewetting experiments, as the polymer had to be a liquid in 

order to dewet. The DSC trace shows a glass transition at about 27 °C. Glass 

transitions appear as sudden changes in the trace slope. The slopes of the 

regions prior and after the transition are different (red lines). The Tg is the 

median point between these two regions. The DSC trace also shows a 
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melting at about 51 °C. In this setting, endothermic transitions are 

represented by negative heat flows. The finding suggests that the polymer is 

partly crystalline, and as such is not completely mobile for temperatures 

below the melting point, though it starts to soften above its Tg. The presence 

of both a melting point and a glass transition is discussed in Section 5.4, pg 

215. 

 

 

Figure 5.3 DSC trace of the macroinitiator collected between -50 °C and 100 °C, at the rate of 5 °C 

min-1. The data collection was repeated for 3 cycles on the same sample, to check for sample 

degradation in the temperature range used. All the curves overlapped showing no degradation of the 

material with repeated cycles (data not shown). The DSC trace shows a glass transition at around 27 

°C. The trace also shows a melting around 51 °C, which appears as a sharp endothermic peak 

(negative heat flow in this setting). 
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5.3.2 Optimization of the polymerization of poly(PEGMA) by activators 

regenerated by electron transfer atom transfer radical polymerization 

(ARGET ATRP) 

The polymerization of PEGMA in water/alcohol mixture was first 

attempted by ARGET ATRP. This system was expected to be very robust 

because it is insensitive to the presence of small amounts of radical 

scavengers such as oxygen, which inhibit the radical polymerization, and 

uses stable copper species, so that the activator/deactivator ratio can be 

strictly controlled. A more detailed explanation of the advantages of ARGET 

ATRP over conventional ATRP was reported in Section 1.5.5. The qualities of 

ARGET ATRP match well one of the fundamental principles of this work, 

which was to design simple fabrication processes to meet the requirements 

of low cost and manufacturing ease for the biological and medical 

communities. 

The optimization of the reaction followed different stages. In the first 

stage, poly(PEGMA) was polymerized from a macroinitiator film via ARGET 

ATRP, following basic principles of the technique: use low catalyst 

concentration and large excess of reducing agent. The macroinitiator initially 

used was not the one described in Section 5.3.1, but a statistical copolymer of 

MMA (85% mol) and 2-(2-chloropropanoyloxy)ethyl methacrylate (Cl-MMA, 

15% mol), with Mn = 23800 g mol-1. The MW distribution was narrow but 

bimodal, yet this was not considered to be an issue for the grafting 

optimization. The bimodal MW distribution would only affect the 

dewetting, which was not studied in this first part of the investigation. This 

copolymer was chosen as it is structurally similar to PMMA, the dewetting 

of which has been well studied on PS.8 The investigation reported in Sections 

5.3.2 and 5.3.3 indicated that a bromo-initiator, rather than a choro- one, was 

to be preferred in order to improve the control over the polymerization of 
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PEGMA. Also, a homopolymer was advantageous in order to maximize the 

initiator sites density on the surface, whilst being able to dewet from PS. By 

the end of the optimization of the grafting reaction, the macroinitiator 

described in Section 5.3.1 was selected. In the optimized grafting of 

poly(PEGMA), the term “macroinitiator” always refers to the bromine 

methacrylate homopolymer described in Section 5.3.1. In this first stage, 

degassing of the reaction mixture was performed in order to work in 

standardized conditions, i.e. same oxygen concentration, and no sacrificial 

initiator was used. The reducing agent employed was ascorbic acid, which is 

inexpensive and non-toxic. The change in pH caused by the addition of 

ascorbic acid to the solution can affect amine-containing ligands. Ligands 

which have high base dissociation constants, such as the commonly used 

PMDETA and Me6TREN, are quite sensitive to protonation, which leads to 

catalyst complex instability.  

Table 5.1 Stage one of the optimization. Reaction conditions for the grafting of poly(PEGMA) from a 

Cl-MMA/MMA copolymer macroinitiator film by ARGET ATRP. No sacrificial initiator was used 

at this stage. Note that the molar ratios are relative to the catalyst concentration, as it was not 

possible to easily estimate the true amount of initiator groups on the surface. 

Reagent Name 
MW  

[g mol-1] 
mmol 

conc  

[%w] 

Molar 

ratio 

Monomer PEGMA475 475 4.155 30 6000 

Catalyst CuCl2 · H2O 170.48 0.000693 
 

1 

Ligand TPMA 290.36 0.002078 
 

3 

Reducing agent Ascorbic Acid 176.12 0.020775 
 

30 

Solvent MeOH 70% 
    

Temperature 30 °C 
    

Reaction time 60 min 
    

 

Here, TPMA was chosen because it is a weak base and is hence less 

susceptible to protonation. This ligand combines high activity and stability, 

which make it the optimal choice for this system.9 The reaction conditions, 
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summarised in Table 5.1, were chosen based on conditions reported in the 

literature by other groups with various ATRP systems.7, 10, 11 

The reaction progressed at a very fast rate, and after just 30 minutes 

the poly(PEGMA) chains had grown to a sufficiently high MW to delaminate 

the macroinitiator film from the underlying PS, because of the high solubility 

of the poly(PEGMA) in the reaction media. 

To better control the brush growth, the monomer concentration was 

reduced from 30% w/v to 20% w/v and finally to 10% w/v, keeping the other 

conditions unchanged. For the higher monomer concentrations, the reaction 

was too fast to control the poly(PEGMA) brush growth. Only at the lower 

concentration was no delamination of the macroinitiator film observed. The 

poly(PEGMA) brush film thickness could be measured by ellipsometry, and 

showed a steady increase with time (Figure 5.4).  

 

Figure 5.4 Ellipsometric data of poly(PEGMA) layer thickness as a function of the reaction time 

obtained by surface-initiated ARGET ATRP from a Cl-MMA/MMA copolymer macroinitiator film. 

The reaction conditions are summarised in Table 5.1. The errors on the measurements were in the 

range 0.14%-2.2%. 
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The shape of the curve seems to suggest that there was a small 

induction time at the beginning of the reaction, and that the brush thickness 

increased linearly thereafter. In addition, the curve does not plateau in the 

timeframe studied, as expected from a reaction reaching completion, 

indicating that unconsumed monomer was still present after 45 min. This 

result was consistent with the theoretical behaviour of this system, as the 

ATRP reaction rate is governed by the monomer concentration.12 

Table 5.2 Stage two of the optimization. Reaction conditions for grafting of poly(PEGMA) from a Cl-

MMA/MMA copolymer macroinitiator film by ARGET ATRP. A sacrificial initiator was used to 

better control the polymerization. The molar ratios are relative to the sacrificial initiator 

concentration. The x for the initiator quantities indicates that the concentration of this species on the 

surface was unknown. 

Reagent Name 
MW 

 [g mol-1] 
mmol 

conc 

[%w] 

Molar 

ratio 

Monomer PEGMA475 475 3 10 150 

Initiator Cl-MMA copolymer film x x x x 

Sacrificial 

initiator 
ethyl 2-chloropropanoate 136.58 0.02 

 
1 

Catalyst CuCl2 · H2O 170.48 0.001 
 

0.05 

Ligand TPMA 290.36 0.003 
 

0.15 

Reducing 

agent 
Ascorbic Acid 176.12 0.03 

 
1.5 

Solvent MeOH 70% 
    

Temperature 30 °C 
    

Reaction time 45 min 
    

 

In the second stage of the optimization process, once the 

poly(PEGMA) brush thickness could be controlled (i.e. the polymerization 

rate was slow enough obtain a defined brush thickness without 

delamination), the focus moved to the control of the polymer MW and 

polydispersity. Ethyl 2-chloropropanoate was introduced as a sacrificial 

initiator; this molecule is analogous to the ATRP initiator side chain in the 

macroinitiator. The hypothesis was that identical polymers would be grown 

from the surface and in solution. This hypothesis was discussed in Section 



Andrew M. Telford  CHAPTER 5 

 

184 

1.5.6. This means that the analysis of the free chains in solution could give 

indirect information on the MW and polydispersity of the grafted chains. 

Furthermore, the presence of the sacrificial initiator improved the control of 

the chain growth on the surface, because of a higher concentration of 

deactivator formed in solution. The use of sacrificial initiators in surface 

grafting reactions was discussed in detail in Section 1.5.6. The reaction 

conditions used are summarised in Table 5.2. 

These conditions however, produced a highly polydisperse brush, as 

revealed by analysis of the SEC data obtained from the free chains grown in 

solution, which showed broad, multimodal peaks after only 15 minutes of 

polymerization (Figure 5.5). 

 

 

Figure 5.5 SEC trace of the products of ARGET ATRP of PEGMA in solution, initiated by ethyl 2-

chloropropanoate. The trace shows the narrow peak of the unreacted monomer and a very broad peak 

for the polymer, with multiple contributions from populations of different MWs. The conversion was 

very high after only 15 minutes of reaction, and the reaction was clearly uncontrolled. 
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In the third stage of the optimization process, the polymerization 

dynamics were then investigated in solution, in order to gain control on the 

chain growth. The main issue when using a copper catalyst in aqueous 

solvent is the occurrence of side reactions such as ligand substitution of the 

halogen or the chelating ligand with water.13 In low catalyst concentration 

systems, these side reactions reduce the already limited concentration of the 

deactivator species, which is the more labile of the catalyst forms. Assuming 

that this was the main issue causing lack of control in the polymerization in 

the system under study, the first strategy to improve the control over the 

reaction was to increase the TPMA ligand concentration. Summarised in 

Table 5.3 are the reaction conditions for these tests. The higher TPMA 

concentration improved the MW polydispersity of the product. The SEC 

data showed monomodal peaks after 7, 15, 30, 45 and 75 minutes, with PDIs 

steadily growing from 1.45 to 2.90. This was still considered to be relatively 

poor control over the polymer growth, as good control is indicated by PDIs < 

1.2. Yet, the increase of ligand concentration seemed to have a positive effect 

on the control over the polymerization reaction. 

Table 5.3 Stage three of the optimization. Reaction conditions for polymerization of PEGMA in 

solution by ARGET ATRP. The TPMA ligand concentration was increased to 10 times the catalyst 

concentration. Note that the molar ratios are relative to the sacrificial initiator concentration. 

Reagent Name 
MW  

[g mol-1] 
mmol 

conc 

[%w] 

Molar 

ratio 

Monomer PEGMA475 475 3 10 150 

Sacrificial 

initiator 
ethyl 2-chloropropanoate 136.58 0.02 

 
1 

Catalyst CuCl2 · H2O 170.48 0.001 
 

0.05 

Ligand TPMA 290.36 0.01 
 

0.5 

Reducing agent Ascorbic Acid 176.12 0.03 
 

1.5 

Solvent MeOH 70% 
    

Temperature 30 °C 
    

Reaction time 75 min 
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In the fourth stage of the optimization process, increasing the 

concentration of the reducing agent was employed as second strategy to 

control the polymerization and obtain narrowly distributed polymer MW. 

As explained in Section 1.5.4, termination can occur in ATRP when two 

growing radicals meet, and this produces an excess of deactivator species, 

which can eventually alter the ATRP equilibrium and stop the reaction by 

reducing the concentration of active radicals. The increased concentration of 

deactivator also increases the likelihood of side reactions with the solvent 

occurring. The increase of ascorbic acid in this experiment was aimed at 

readily reducing the oxidized copper in order to withdraw it from undesired 

equilibria and maintain the activator/deactivator ratio. Such a large excess of 

ascorbic acid was used in these experiments that deoxygenation of the 

reaction mixture was considered unnecessary. The limited amount of oxygen 

in the sealed vessel would be scavenged by the reducing agent, which would 

still be present in high concentration compared to that of the catalyst.  

Table 5.4 Stage four of the optimization. Reaction conditions for polymerization of PEGMA in 

solution by ARGET ATRP. The ascorbic acid concentration was increased to 300 times the catalyst 

concentration, to reduce side reactions at the metal centre, which reduce its ability to control the 

reaction. The molar ratios are relative to the sacrificial initiator concentration. 

Reagent Name 
MW 

 [g mol-1] 
mmol 

conc 

[%w] 

Molar 

ratio 

Monomer PEGMA475 475 3 10 150 

Sacrificial 

initiator 
ethyl 2-chloropropanoate 136.58 0.02 

 
1 

Catalyst CuCl2 · H2O 170.48 0.001 
 

0.05 

Ligand TPMA 290.36 0.003 
 

0.15 

Reducing agent Ascorbic Acid 176.12 0.3 
 

15 

Solvent MeOH 70% 
    

Temperature 30 °C 
    

Reaction time 90 min 
    

 



Andrew M. Telford  CHAPTER 5 

 

187 

The result of increasing the ascorbic acid concentration, while leaving 

all other quantities unchanged (compare Table 5.4 with Table 5.3), was to 

slightly improve the polydispersity of the final product, giving a 

monomodal peak with PDI of 2.1 (from the SEC data) after 90 minutes. 

An attempt was eventually made to reduce side reactions of the 

copper catalyst with water by using pure alcohol as the solvent. Ethanol was 

used instead of methanol to reduce the amount of toxic chemicals used. The 

reaction led to no conversion after 6 hours and only a few percent after 23 

hours. The product after this time had a very broad MW distribution. 

The fifth and last stage of the optimization process dedicated to 

improving the control over the product MW, was to increase the catalyst 

concentration. Although this partly defeats the purpose of using ARGET 

ATRP, which allows the use of extremely small quantities of catalyst, it is a 

straightforward solution. When the catalyst concentration is high enough, 

the side reactions that occur have little effect on the activator/deactivator 

ratio, which controls the broadening of the MW polydispersity. The 

conditions employed are summarised in Table 5.5. In these experiments a 

moderate excess of ligand was used to ensure catalyst stability, and the 

reaction mixture was degassed for consistency in oxygen concentration 

through the different experiments. 

Presented in Figure 5.6 is the polydispersity of poly(PEGMA) 

synthesized using different concentrations of copper catalyst. The PDI of the 

final product after 45 minutes reaction, extracted from the SEC data, 

dramatically decreased with increasing catalyst concentration, confirming 

the hypothesis described above. The conversion after 45 minutes for the 

lower polydispersity was 29.3%. 
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Table 5.5 Stage five of the optimization. Reaction conditions for polymerization of PEGMA in 

solution by ARGET ATRP. The catalyst concentration was increased to 0.15, 0.2, 0.5 and 1 

compared to the sacrificial initiator, to render negligible the side reactions that affect the 

activator/deactivator ratio. The TPMA to copper ratio was kept at 10:1 for all the experiments. 

Reagent Name 
MW 

[g mol-1] 
mmol 

conc 

[%w] 
Molar ratio 

Monomer PEGMA475 475 3 10 150 

Sacrificial 

initiator 

ethyl 2-chloro 

propanoate 
136.58 0.02 

 
1 

Catalyst CuCl2 · H2O 170.48 
0.003, 0.004, 0.01, 

0.02  
0.15, 0.2, 0.5, 1 

Ligand TPMA 290.36 0.03, 0.04, 0.1, 0.2 
 

1.5, 2, 5, 10 

Reducing 

agent 
Ascorbic Acid 176.12 0.09, 0.12, 0.3, 0.6 

 
4.5, 6, 15, 30 

Solvent MeOH 70% 
    

Temp. 30 °C 
    

Reaction 

time 
45 min 

    

 

 

Figure 5.6 MW polydispersity of poly(PEGMA) synthesised by ARGET ATRP, using different 

concentrations of catalyst. The PDI decreased with increasing catalyst concentration, indicating 

improved control. A reasonable estimation for the error on the PDI values is 0.03%. 



Andrew M. Telford  CHAPTER 5 

 

189 

The optimization conditions obtained from the tests described above 

are summarised below, and were combined to perfect the ARGET ATRP of 

PEGMA: 

High ligand concentration 

High reducing agent concentration 

High catalyst concentration 

No deoxygenation was used, so as to fully employ the ease of use of 

ARGET ATRP. The final optimized set of reaction conditions are 

summarised in Table 5.6. 

Table 5.6 Final optimized reaction conditions for polymerization of PEGMA in solution by ARGET 

ATRP. The catalyst, ligand and reducing agent concentrations investigated independently in the 

various stages were combined to obtain a set of optimal conditions to produce a polymer with low 

MW polydispersity. 

Reagent Name 
MW  

[g mol-1] 
mmol 

conc 

[%w] 

Molar 

ratio 

Monomer PEGMA475 475 2 10 100 

Sacrificial 

initiator 
ethyl 2-chloropropanoate 136.58 0.02 

 
1 

Catalyst CuCl2 · H2O 170.48 0.02 
 

1 

Ligand TPMA 290.36 0.2 
 

10 

Reducing 

agent 
Ascorbic Acid 176.12 2 

 
100 

Solvent MeOH 70% 
    

Temperature 30 °C 
    

Reaction time 45 min 
    

 

The targeted degree of polymerization was decreased to obtain 

shorter chains, which would be expected to have a weaker delamination 

effect on the macroinitiator film when used in grafting experiments. The 

reaction gave poly(PEGMA) with comparably lower polydispersity (PDI = 

1.34 from SEC in Figure 5.7). The maximum conversion obtainable though 

was poor, being 39.1% after 90 minutes, suggesting that the catalyst must 



Andrew M. Telford  CHAPTER 5 

 

190 

still participate in side reactions resulting in poisoning. A possible 

explanation for the low conversion could be that a very high concentration 

of ascorbic acid can begin to affect even the weakly basic TPMA ligand, 

destabilizing the catalyst complex. 

 

 

Figure 5.7 SEC trace of the products of ARGET ATRP of PEGMA in solution, initiated by ethyl 2-

chloropropanoate. The trace shows the narrow peak of the unreacted monomer and a narrow peak for 

the polymer. The calculated PDI was 1.34, which indicated that the reaction had a moderate degree of 

control. The conversion reached a maximum of 39.1% after 45 minutes, after which the reaction 

stopped. 

5.3.3 Optimization of the polymerization of poly(PEGMA) by activators 

generated by electron transfer atom transfer radical polymerization 

(AGET ATRP) 

The controlled polymerization of PEGMA in water/alcohol using 

ARGET ATRP was overall only partly successful. The system under study 
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was very susceptible to side reactions involving the copper catalyst. Possible 

side reactions included the ligand exchange of the halogen or the TPMA 

with water or PEGMA on the more susceptible deactivator form of the 

catalyst; this effectively resulted in the reduction of the concentration of 

deactivator in the system, and hence of the control over the ATRP process. 

This is consistent with the observation that when an excess of TPMA ligand, 

an excess of ascorbic acid, or a high catalyst concentration were used, the 

polydispersity of the synthesized polymer was reduced, implying more 

control over the polymerization. 

The investigation moved then to a similar system: AGET ATRP, 

described in Section 1.5.5. This system is still quite robust because, like 

ARGET ATRP, it is insensitive to the presence of small amounts of oxygen. 

Initially, the system was not degassed, and a sufficient amount of reducing 

agent was added to consume all the oxygen present in the sealed vessel and 

partly reduce the copper(II) to initiate the polymerization. 

The reaction control was firstly improved by using a bromo-ester 

rather than a chloro-ester as both free initiator and macroinitiator (film for 

surface-initiated polymerization). Upon the ATRP uncapping and recapping 

process (Section 1.5.4), the halogen exchange between the initiator and the 

catalyst allows for a higher degree of control over the poly(PEGMA) MW. 

The more labile carbon-bromine bond cleaves easily in the initiation step, 

giving high initiation efficiency. The bromine is then replaced by chlorine in 

the recapping step, which forms a stronger halogen-carbon bond, reducing 

the reaction rate and allowing all the chains to grow together.14 

Showed in Figure 5.8 is the comparison of PEGMA polymerizations 

carried out in two experiments under the same reaction conditions (Table 

5.7), except that in one case the initiator was ethyl 2-bromopropanoate and 

in the other it was ethyl 2-chloropropanoate. The bromo-initiator (curve (a)) 

gave better control over the polymer MW at low conversions (Figure 5.8(A)), 
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and showed a bimodal distribution at higher conversions (Figure 5.8(B)), 

suggesting that termination by disproportionation was occurring. In such 

process, two propagating tertiary carbon radicals disproportionate by 

exchanging a proton, to form a vinyl-capped chain and a saturated methyl-

capped chain. The chloro-initiator instead (curve (b)), gave a broader MW 

distribution, which hindered the expected bimodal MW distribution at high 

conversions. In both cases, the MW increased with conversion, which was an 

additional indication that the reaction was controlled. The SEC data is 

summarised in Table 5.8. 

Table 5.7 Reaction conditions for polymerization of PEGMA in solution by AGET ATRP. The 

reaction was initiated in one case by ethyl 2-chloropropanoate, and in the other by ethyl 2-

bromopropanoate. 

Reagent Name 
MW  

[g mol-1] 
mmol 

conc 

[%w] 

Molar 

ratio 

Monomer PEGMA475 475 2 10 150 

Sacrificial 

initiator 

ethyl 2-chloropropanoate OR 

ethyl 2-bromopropanoate 
136.58 0.02 

 
1 

Catalyst CuCl2 · H2O 170.48 0.02 
 

1 

Ligand TPMA 290.36 0.02 
 

1 

Reducing agent Ascorbic Acid 176.12 0.08 
 

4 

Solvent MeOH 70% 
    

Temperature 30 °C 
    

Reaction time 120 min 
    

 

Table 5.8 SEC data for AGET ATRP of PEGMA in solution. The bromo-initiator gave better control 

over the MW, as showed by the lower values of PDI compared to the chloro-initiator. 

Halogen in 

initiator 
Reaction time [min] Conversion [%] Mn [g mol-1] PDI 

Cl 
30 24.0 26700 1.25 

120 48.5 37600 1.59 

Br 
30 35.1 21800 1.12 

120 51.8 32900 1.43 
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Figure 5.8 Comparison of SEC traces for AGET ATRP of PEGMA carried out under the same 

reaction conditions, but with different types of initiator, which was ethyl 2-bromopropanoate in curve 

(a) and ethyl 2-chloropropanoate in curve (b), after (A) 30 min and (B) 120 min. Conversions and 

PDIs are reported in Table 5.8.The monomer peaks in the curves present a slight misalignment due to 

the fact that their MWs were at the very limit of the SEC calibration range in these experiments. 

Such difference is negligible at higher MWs. 
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The ratio of sacrificial initiator to monomer to catalyst to ligand was 

retained from the previous studies on ARGET ATRP. Instead the amount of 

reducing agent was varied to experimentally establish the ideal 

concentration to obtain good control over the polymerization. Because of 

variability in the polymer MW versus reaction time obtained in different 

experiments, the deoxygenation step was reintroduced. The hypothesis was 

that the oxygen concentration in different samples was variable, because it 

depended on temperature, pressure and vigorous solvent mixing; this 

resulted in different induction times during which the oxygen was 

consumed, and changed the reaction time required to obtain a targeted 

conversion. 

In the absence of radical scavengers such as oxygen, theoretically the 

amount of reducing agent to be added could be calculated based on the 

targeted activator/deactivator ratio, though practically the reaction mixture 

is difficult to completely deoxygenate. Moreover, the ascorbic acid used as 

reducing agent, though it has the advantages of being inexpensive and non-

toxic, is fairly unstable towards UV photodegradation once in solution. This 

process can slightly reduce the effective concentration of reducing species. 

Degassing the mixture did improve the reproducibility of the synthetic 

method, but the amount of ascorbic acid to be added had to be determined 

empirically, through a systematic study. Because of the high concentration of 

catalyst, there was no need here to use an excess of ligand. 

The solvent used was changed from 30/70 methanol/water to 50/50 

isopropanol/water, to improve the macroinitiator film stability and reduce 

its swelling during the surface-initiated reaction. More detail on this topic is 

reported in the following Section, where various conditions were employed 

in the surface-initiated AGET ATRP of PEGMA from a macroinitiator film. 
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Table 5.9 Reaction conditions for grafting of poly(PEGMA) from a bromo-macroinitiator film 

(described in Section 5.3.1) by AGET ATRP. The concentration of reducing agent was varied to 

determine the optimal value for good MW control. 

Reagent Name 
MW  

[g mol-1] 
mmol 

conc 

[%w] 
Molar ratio 

Monomer PEGMA475 475 2 10 150 

Sacrificial 

initiator 

ethyl 2-

bromo 

propanoate 

136.58 0.02 
 

1 

Catalyst CuCl2 · H2O 170.48 0.02 
 

1 

Ligand TPMA 290.36 0.02 
 

1 

Reducing 

agent 

Ascorbic 

Acid 
176.12 

0.003, 0.006, 0.009, 

0.04  
0.15, 0.3, 0.45, 2 

Solvent IpOH 50% 
    

Temperature 
RT (about 

23°C)     

Reaction 

time 
30 min 

    

 

Table 5.10 SEC data for the free chains grown in solution during the grafting of poly(PEGMA) from 

a bromo-macroinitiator film (described in Section 5.3.1) by AGET ATRP. For the reducing agent to 

catalyst ratio of 2, the reaction was very poorly controlled. The highlighted ratio (underlined) was 

chosen because it was the minimum value for which polymerization occurred whilst making sure that 

the deactivator concentration remained high. 

Reducing agent : catalyst Conversion Mn [g mol-1] PDI 

0.15 37% 20469 1.16 

0.3 41% 22287 1.14 

0.45 35% 19927 1.15 

2 -- -- 1.7 

 

Summarised in Table 5.9 are the reaction conditions tested, and in 

Table 5.10 the conversions, polymer MWs and PDIs obtained. From this 

systematic series of experiments, the optimal reaction conditions were 

selected (highlighted in Table 5.9). Among the ascorbic acid concentration 

conditions, the lowest was selected to account for some variability in the 

reaction mixture oxygen content, so to be sure to avoid the formation of high 
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concentrations of activator. In Section 5.3.4 the surface-initiated AGET ATRP 

of PEGMA from flat macroinitiator films is described. 

Table 5.11 General summary of the different approaches employed to attain control over the 

polymerization of PEGMA by ARGET and AGET ATRP. 

 

Reagents molar ratio 

[PEGMA]:[Initiator]: 

[CuCl2]:[TPMA]:[AscA] 

[PEGMA] 

[%w/v] 
Solvent Observations 

ARGET 

Stage 1 

6000:x:1:3:30 30 
MeOH 

70% 
Film detachment 

4000:x:1:3:30 20 
MeOH 

70% 
Film detachment 

4000:x:1:3:30 10 
MeOH 

70% 

Good film growth in 

time. Improved film 

formation by reducing 

[PEGMA] 

ARGET 

Stage 2 
150:1:0.05:0.15:1.5 10 

MeOH 

70% 

First attempt to grow 

free chains in solution. 

Multimodal MW 

distribution with high 

dispersity 

ARGET 

Stage 3 
150:1:0.05:0.5:1.5 10 

MeOH 

70% 

PDI = 1.45-2.90. 

Improved control with 

TPMA excess 

ARGET 

Stage 4 
150:1:0.05:0.15:15 10 

MeOH 

70% 

PDI = 2.1 Improved 

control with AscA 

excess 

ARGET 

Stage 5 
150:1:0.15-1:1.5-10:4.5-30 10 

MeOH 

70% 

PDI = 1.8-1.35. 

Improved control with 

CuCl2 excess 

ARGET 

Stage 6 
100:1:1:10:100 10 

MeOH 

70% 

PDI = 1.34. Combined 

findings. CuCl2, AscA 

and TPMA excess 

AGET 

Stage 1 
150:1:1:1:4 10 

MeOH 

70% 

Br initiator gave betetr 

PDI than Cl initiator 

(1.12-1.43 compared to 

1.25-1.59) 

AGET 

Stage 2 
150:1:1:1:0.15-2 10 

IpOH 

50% 

PDI = 1.16-1.7. Lowest 

[AscA] gave better 

control 
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Finally, Table 5.11 summarises in one glance the different approaches 

used to gain control over the polymerization of PEGMA by ARGET and 

AGET ATRP, and the related outcomes. 

5.3.4 Grafting of protein-repellent poly(poly(ethylene glycol) methyl ether 

methacrylate) brushes from macroinitiator films 

Homogeneous and flat macroinitiator films on PS were grafted with 

PEGMA brushes, and the kinetics of the process were characterized using 

ellipsometry. In the following sections, the term “macroinitiator” refers to 

the bromine methacrylate homopolymer described in Section 5.3.1. The 

grafting was carried out using AGET ATRP. The grafting of a brush on a 

polymer film composed of physically entangled chains is not an easy task. 

As the bilayer was required to dewet prior to the grafting reaction, the top 

film (i.e. the macroinitiator film) could not be modified (e.g. by cross-linking) 

to stabilize it towards solubilisation in good solvents or swelling. The 

macroinitiator was soluble in the monomer PEGMA, and it swelled in low 

MW alcohols (particularly methanol and ethanol). Therefore, the grafting 

conditions had to be finely tailored to avoid film damage or delamination. 

As discussed later, some swelling of the macroinitiator film was unavoidable 

in this particular system, though it did not affect the final functional 

properties of the grafted bilayer. Nevertheless, the grafting reaction was 

designed to have the highest degree of control possible. The best reaction 

conditions were found to be a low monomer concentration (10% w/v) and a 

50% mixture of isopropyl alcohol and water as a solvent. The low monomer 

concentration prevented the dissolution of the macroinitiator film. Water is a 

non-solvent for the macroinitiator, and stabilized it. Pure water could not be 

used here because it did not completely dissolve PEGMA at room 

temperature, giving a faintly turbid solution. When PEGMA was not 
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completely dissolved, the attack of the macroinitiator film and formation of 

microscopic holes was observed. An alcohol was the best choice as a co-

solvent, because it could solubilise all the components of the reaction 

mixture without dissolving the macroinitiator film. To reduce the film 

swelling to a minimum, isopropanol was chosen, because its larger 

molecular volume was likely to limit its penetration in the film. 

Summarised in Figure 5.9 are the kinetics of the grafting process. 

Presented in Figure 5.9(a) are the SEC traces obtained for the free polymer 

grown in solution, at increasing conversions. Each chromatogram contains a 

peak from the unreacted PEGMA monomer at low MW (converted from 

elution time), and a peak for the poly(PEGMA) at higher MW. 

The curves were all normalized by the monomer peak intensity, for 

ease of comparison. Analysis of the data suggests that as the polymerization 

proceeded, the polymer concentration increased, as well as its MW. It is 

important to emphasize that the polymer peak width remained narrow 

throughout the reaction, indicating control over the MW distribution of the 

product.  

Presented in Figure 5.9(b) are the average MWs of the free polymer 

estimated by SEC, plotted against conversion. The data shows a slight 

deviation from theory (which assumes 100% initiation and chains growing 

all at the same rate),12 though this might have been due to the difference in 

hydrodynamic volume of poly(PEGMA) and PMMA, with which the SEC 

was calibrated. Nonetheless, the average MW increased with conversion in a 

linear fashion, confirming that the system was in fact a controlled radical 

polymerization. In Figure 5.9(b) are also the PDI values against conversion 

for the poly(PEGMA) chains in solution, and indicated that the MW 

polydispersity remained very low throughout the reaction. The SEC data are 

summarised in Table 5.12. 
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Figure 5.9 (a) SEC traces at different conversions, for the free poly(PEGMA) grown in solution from 

the sacrificial initiator during surface-initiated AGET ATRP from a macroinitiator film. (b) First 

order kinetics of the polymerization. The estimated Mn (SEC) of the free polymer is plotted against 

conversion (filled squares). The theoretical trend is shown as a straight line. The PDI values 

measured as a function of conversion are shown as empty circles, and use the right vertical axis. 
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Table 5.12 Experimental data extracted from the SEC analysis of the free poly(PEGMA) grown in 

solution from the sacrificial initiator during surface-initiated AGET ATRP from a macroinitiator 

film. 

Conversion [%] Mn [g mol-1] PDI 

0 0 
 

6.1 12400 1.14 

10.6 10800 1.09 

14.9 12000 1.11 

22.1 15100 1.10 

26.6 16500 1.11 

29.2 18800 1.09 

33.0 19100 1.11 

41.6 22600 1.12 

44.3 24800 1.10 

53.8 31800 1.17 

63.1 35000 1.16 

69.9 37900 1.16 

 

Presented in Figure 5.10 is the variation of grafted poly(PEGMA) film 

thickness against the estimated Mn obtained by SEC (red symbols and line). 

A theoretical trend for the thickness was also reported, calculated from the 

experimental Mn, assuming fully stretched configuration of the 

poly(PEGMA) chains (black symbols and line). The repeating unit length in 

such a configuration is roughly 0.25 nm.15 The theoretical thickness 𝐿𝑡ℎ was 

hence given by Equation 5.2: 

 

𝐿𝑡ℎ = 𝐷𝑃 × 𝑐𝑜𝑛𝑣 × 0.25 𝑛𝑚 (5.2) 

 

where DP is the maximum degree of polymerization and conv is the 

conversion. The observed thickness trend deviated significantly from the 

expected one, and the reason for this difference is discussed in Section 5.4. 
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Figure 5.10 Thickness of grafted poly(PEGMA) film against MW of free polymer estimated by SEC 

(red circles). The data was fitted with a second order polynomial function, which allowed prediction of 

the thickness for a given conversion (i.e. theoretical MW) (red line). The least square error (R2) is 

reported. The theoretical thickness against conversion (i.e. theoretical MW) is shown (black squares 

and line). The graph includes the results of two independent chain extension experiments. The first 

reaction (a) was stopped at 22.1% conversion, which gave a poly(PEGMA) layer thickness of 19.4 

nm, and then reinitiated and allowed to proceed to 39.3%% conversion, which gave a thickness of 

50.5 nm. The second reaction (b) was stopped at 14.9% conversion, which gave a poly(PEGMA) 

layer thickness of 11.1 nm, and then reinitiated and allowed to proceed to 26.8% conversion, which 

gave a thickness of 22.2 nm. 

The “living” nature of the brush was investigated by chain extension 

tests. The polymerization was allowed to proceed to a given conversion, and 

then the sample was exposed to oxygen to stop the chain growth. The 

substrate was washed and characterized by ellipsometry to determine the 

poly(PEGMA) layer thickness, and the free polymer was analysed by SEC to 
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determine its MW. The substrate was then immersed again in the reaction 

media, which was deoxygenated again. The polymerization was restarted by 

adding more ascorbic acid, and it was found that the free polymer had a 

higher MW, and the substrate showed an increased poly(PEGMA) thickness, 

confirming the chain extension of the brush. These chain extension tests are 

indicated by the arrows in Figure 5.10.  

5.3.5 Characterization of the grafted poly(PEGMA) layer 

The topography of the grafted poly(PEGMA) brush on the 

macroinitiator film was characterized by Tapping Mode™ AFM imaging in 

air. Presented in Figure 5.11 are AFM images of the ungrafted macroinitiator 

film, along with images of the grafted poly(PEGMA) layer for different 

thickness values. All of the poly(PEGMA) brush surfaces appeared smooth, 

with root mean square (RMS) roughness values below 1 nm (table in Figure 

5.11), which was comparable to that of the bare macroinitiator film. 

The values of the RMS roughness were obtained as an average over 

one sample in 3 different positions on the surface. The few topographical 

features visible in Figure 5.11were low in vertical scale, with a maximum tip-

to-valley height of 4 nm. By comparison, the average expected length of 

isolated poly(PEGMA) chains was much larger in all cases. The smooth 

surfaces were a strong indication that the brush had a high grafting density, 

and the chains were compressed together. 

The multilayer containing the grafted poly(PEGMA) brush was also 

characterized by XPS analysis. XPS analysis and data fitting were performed 

by Dr. Thomas Gengenbach at the facilities in CSIRO Clayton VIC. Shown in 

Figure 5.12 are reference survey spectra obtained from the surface of the 

three main components of the analysed multilayers: PS, macroinitiator and 

poly(PEGMA). 
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Figure 5.11 Tapping Mode™ AFM topography images in air of (a) the bare macroinitiator film, and 

poly(PEGMA) brushes of different thicknesses grafted on the macroinitiator: (b) 2.3 nm, (c) 7.5 nm, 

(d) 25 nm, (e) 50 nm. The RMS roughness values for the different samples are reported in the table. 

The PS spectrum (curve (a)) showed a very small signal for oxygen, 

and contained a strong C 1s signal, while oxygen was a main component of 

poly(PEGMA), from its ester and ether groups (curve (c)). In the 

macroinitiator film (curve (b)) oxygen was present as well, from its ester 
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groups, together with bromine, from the ATRP initiator moiety, and 

sulphur, from the RAFT agent used to synthesise the macroinitiator.  

 

 

Figure 5.12 Survey XPS spectra obtained for single layers of (a) PS, (b) macroinitiator and (c) 

poly(PEGMA), spin-coated on silicon wafers. The spectra were offset by 45000 cps (trace (b)) and 

75000 cps (trace (c)) for clarity. 

Presented in Figure 5.13 are high resolution C 1s XPS spectra obtained 

from the same films. In Figure 5.13(a) the spectrum of the PS film showed 

contributions from aliphatic carbons C-C and C-H (C1) and aromatic carbons 

C=C (C6, or “shake up” peaks). As-received PS is often slightly oxidised, and 

this is the reason for the presence of ether and alcohol carbons C-O (C3) and 

secondary shifted aliphatic carbons C*-C-O connected to those (C2). In 

Figure 5.13(b), the spectrum of the macroinitiator film showed contributions 

from aliphatic carbons (C1), ether and alcohol carbons (C3) and second 

shifted aliphatic carbons connected to those (C2), carbonyl carbons C=O (C4) 
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and ester carbons C*-O-C=O (C5). Finally, in Figure 5.13(c) the spectrum of 

the poly(PEGMA) brush showed similar contributions to those obtained for 

the macroinitiator film, i.e. C1-C5, however, with a much more pronounced 

peak corresponding to the ether carbon from the PEG side-chains (C3). 

XPS analysis was also used to characterise the composition of the 

poly(PEGMA) brush at different stages of grafting. The first sample of the 

series was a macroinitiator/PS bilayer, while the rest of the samples were 

poly(PEGMA) brushes grafted from such bilayers, at different conversions 

(i.e. brush thickness). 

 

 

Figure 5.13 High resolution XPS C 1s spectra of (a) PS, (b) macroinitiator and (c) poly(PEGMA). 

The graphs show the experimental data (open circles), and the envelope fit (solid line) given by the 

combination of the individual carbon contributions (dotted lines). The numbering system is described 

in the text. 
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Presented in Figure 5.14 is a collection of high resolution XPS C 1s 

spectra for the sample series at increasing thickness of the brush. The spectra 

were normalized to the component peak with the highest intensity in each 

spectrum, which was component C1 when the brush thickness was low, and 

component C3 when the brush thickness was high (above 7.5 nm), and the 

poly(PEGMA) contribution was dominant over the macroinitiator one. 

With increasing brush thickness, component C3 (red) became 

increasingly intense, and quickly dominated the XPS profile. Component C5 

(green) in turn became less intense the more PEGMA was grafted on the 

macroinitiator, because of the smaller number of ester groups in 

poly(PEGMA) compared to the macroinitiator. Such XPS profiles are typical 

for PEG-containing films.16, 17  

 

 

Figure 5.14 High resolution XPS C 1s spectra of poly(PEGMA) brushes grafted on macroinitiator 

films, at different brush thickness. Component C3, mainly from poly(PEGMA) (green), and 

component C5, mainly from the macroinitiator (red), are highlighted in each spectrum. 
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The changes in the contribution of components C3 and C5 over the 

total carbon concentration in each sample were plotted against the brush 

thickness in Figure 5.15. 

This figure shows clearly the increasing intensity of component C3 

from the poly(PEGMA) and the decreasing intensity of component C5 

arising mainly from the macroinitiator, with increasing brush thickness. An 

important feature of this plot is that even when the poly(PEGMA) brush was 

much thicker than the XPS sampling depth (typically 10 nm), component 

C5/C was much higher than what would be expected from the brush alone 

(around 4.55%), and remained higher than the expected value up to the 

thickest brush analysed. This is a strong indication of a thick intermixed 

interface between the macroinitiator film and the poly(PEGMA) brush.  

 

 

Figure 5.15 C1s high resolution XPS C3 and C5 contributions over the total concentration of carbon 

in poly(PEGMA) brushes grafted from macroinitiator/PS bilayers at different brush thickness. 
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Collected in Table 5.13 are the total carbon, oxygen and bromine 

atomic compositions of the different samples in the series, including the 

theoretical values expected for the macroinitiator alone and for the thickest 

poly(PEGMA) brush, assuming initiation efficiency of 100% and no living 

groups buried deeper than the detection depth of the instrument (about 10 

nm). The thickest brush had a lower bromine concentration than the 

theoretical value. The errors on the measurements represent the standard 

deviations from the average on 3 different positions on each surface. 

Table 5.13 XPS elemental composition data obtained via XPS analysis for poly(PEGMA) brushes 

grafted from the macroinitiator surface to different conversions (i.e. with different thickness values), 

compared to the compositions obtained for the macroinitiator surface (both experimental and 

theoretical) and that obtained for a theoretical brush of thickness 71 nm. The errors on the theoretical 

values for this poly(PEGMA) brush are calculated based on the polydispersity of the PEG side-

chains. 

poly(PEGMA) brush 

thickness [nm] 
C 1s [%] O 1s [%] Br 3d [%] 

0 67.0 ± 0.2 28.5 ± 0.5 4.4 ± 0.3 

0 (theor.) 68.24 28.57 7.14 

2.3 ± 1.7 67.2 ± 0.1 29.6 ± 0.1 3.1 ± 0.1 

7.5 ± 1.5 67.92 ± 0.06 30.13 ± 0.01 1.96 ± 0.05 

17.1 ± 0.5 67.28 ± 0.03 30.31 ± 0.06 2.29 ± 0.02 

24.9 ± 2.4 68.11 ± 0.01 31.0 ± 0.3 0.9 ± 0.3 

35.9 ± 0.4 67.7 ± 0.1 30.80 ± 0.05 1.41 ± 0.03 

54.0 ± 2.1 67.37 ± 0.08 31.6 ± 0.1 0.77 ± 0.01 

71.00 ± 0.16 67.5 ± 0.1 31.8 ± 0.1 0.53 ± 0.02 

71.00 (theor.) 65.67 ± 0.05 31.34 ± 0.09 3.0 ± 0.1 

 

It is important to notice that because of the dynamic rearrangement of 

the chains in a brush, the end-groups were likely to be distributed 
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throughout the brush film, and not all present at the outer extremities of the 

blush layer.  

Table 5.14 XPS C1s elemental composition data for the poly(PEGMA) brushes at different 

thicknesses on top of the macroinitiator film, compared to the compositions obtained for a reference 

sample of pure poly(PEGMA). 

poly(PEGMA) brush 

thickness [nm] 
C1 [%] C2 [%] C3 [%] C4 [%] C5 [%] 

0 
26.8  

± 0.9 

21.7  

± 0.9 

30.0  

± 0.6 

0.75  

± 0.7 

20.8  

± 0.2 

2.3 ± 1.7 
25.9  

± 0.1 

21.2  

± 0.1 

33.0  

± 0.2 

0.45  

± 0.08 

19.51  

± 0.09 

7.5 ± 1.5 
22.93  

± 0.06 

17.61  

± 0.08 

42.0  

± 0.1 

0.93  

± 0.05 

16.58  

± 0.06 

17.1 ± 0.5 
20.6  

± 0.8 

14.2  

± 0.2 

49.3  

± 0.7 

1.6  

± 0.3 

14.3  

± 0.2 

24.9 ± 2.4 
20.3 

 ± 0.3 

11.0  

± 0.2 

53.7  

± 0.7 

2.16  

± 0.08 

12.9  

± 0.2 

35.9 ± 0.4 
16.2  

± 0.5 

11.25  

± 0.07 

59.3  

± 0.6 

1.9  

± 0.2 

11.28  

± 0.07 

54.0 ± 2.1 
13.66  

± 0.08 

9.18  

± 0.08 

65.56  

± 0.05 

2.41  

± 0.03 

9.20  

± 0.08 

71.00 ± 0.16 
11.9  

± 0.2 

8.18  

± 0.08 

69.42  

± 0.09 

2.28  

± 0.01 

8.20  

± 0.08 

Pure poly(PEGMA) ref. 
9.6  

± 0.9 

8.0  

± 0.6 

66.1  

± 1.2 

8.4  

± 0.8 

8.0  

± 0.6 

 

Collected in Table 5.14 are the atomic compositions of the different 

carbon components for the same samples. The different ratios between the 

carbon components give accurate information on the composition and 

growth of the brush. The errors on the data represent the standard deviation 

from the average over 3 positions on each surface. These are generally good 

estimates of the deviation between the experimental data and the fitting, as 

well as other sources of errors such as variability on the surface of the 

sample. The fitting quality on a typical XPS measurement can vary greatly, 
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depending on the number of components included in the fitting of a 

spectrum. For the measurements reported here for the C 1s spectra, the error 

arising from the fitting was estimated by Monte Carlo simulations, which 

suggested that although the error on the major components was low (1% - 

4%), the error on the very small component C4 was quite high (61%).18 The 

precision of the measurements reported in Table 5.13 and Table 5.14 hence, 

have to be considered with caution. 

5.3.6 Patterning by dewetting 

The roughness of the substrate can influence the patterns obtained by 

dewetting, as asperities may nucleate a large hole density in addition to that 

caused by stresses within the polymer film. The substrate chosen as a 

support for the films was a flat silicon wafer, coated with about 1 nm of 

silicon oxide with a low roughness (RMS roughness typically below 0.3 nm). 

The silicon wafer was spin coated with a thick polystyrene (PS) film, which 

provided the hydrophobic substrate on which the macroinitiator film could 

dewet. Molten PS did not dewet from the silica coated silicon surface in the 

timescale of these experiments, because of the weak dewetting driving 

force.19 Moreover, the macroinitiator film was liquid at temperatures above 

about 50 °C, which is much lower than the Tg of PS (about 110 °C), so the 

bottom PS film remained unchanged upon annealing. The macroinitiator 

film quickly dewetted when the system was annealed at 100 °C. Presented in 

Figure 5.16 are optical micrographs of a macroinitiator film (28 ± 1 nm) 

dewetting on a PS film (58 ± 1 nm), at different annealing times. As observed 

in simple polymer bilayer systems,8 the top layer rapidly formed holes 

(Figure 5.16(a)) that grew in time (Figure 5.16(b-e)) and eventually coalesced, 

forming a pattern of dewetted droplets (Figure 5.16(f)). The desired pattern 

could be easily fixed by cooling down the film to room temperature. 
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Figure 5.16 Optical micrographs of a macroinitiator film dewetting from a PS substrate, upon 

annealing at 100 °C. The annealing times were (a) 1 min 50 s, (b) 4 min 5 s, (c) 8 min 40 s, (d) 11 

min 50 s, (e) 16 min 45 s, (f) 46 min 25 s. 

The dewetted polymer film was then grafted with protein-repellent 

poly(PEGMA) using AGET ATRP, as described in Section 5.3.4. Shown in 

Figure 5.17(a, b) is a dewetted pattern before and after grafting about 60 nm 

of poly(PEGMA) brush. The pattern retained its appearance, since 

poly(PEGMA) was selectively grafted on the macroinitiator alone, and not 

inside the holes. The presence of the brush gave the rims on the top 
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dewetted layer a birefringence that could not be observed in the 

macroinitiator alone, and made the colour of the film change from purple to 

blue, because of the increased thickness. 

 

 

Figure 5.17 Optical micrographs of (a) a dewetted, ungrafted macroinitiator film and (b) a dewetted 

macroinitiator film after grafting approximately 60 nm of poly(PEGMA). Picture (b) shows a 

different colour of the film and a birefringent effect on the rims of the dewetted holes. 

 

Figure 5.18 XPS map of a dewetted macroinitiator film on a PS film, grafted with about 60 nm of 

poly(PEGMA). The O1s signal of  poly(PEGMA) was targeted, and the surface was scanned in a 

raster. 
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The grafted patterns were imaged using XPS, to confirm the chemical 

contrast between the holes and the background. XPS mapping was 

performed by Dr. Chris Easton at the facilities in CSIRO Clayton VIC. The 

detector was fixed on the O1s signal of poly(PEGMA), and the surface of the 

sample was scanned in a raster. The XPS map (Figure 5.18) showed bright 

areas where the poly(PEGMA) signal was strong, and dark round areas in 

correspondence of the dewetted holes. 

5.4 Discussion 

This work describes a novel functional coating for protein and cell 

patterning on a surface. The study combines polymer brush grafting and 

polymer thin film bilayer dewetting to produce a pattern of protein-

adsorptive holes in a protein-repellent background. Patterning of proteins is 

important to control cell attachment on a surface, for applications such as 

single-cell studies and geometrically controlled cell co-cultures for tissue 

engineering. Photolithography,20-22 electron beam lithography,23 or soft 

lithography24 have been used to either directly etch a pattern in a flat brush 

or to pattern an initiator from which the brush was eventually grafted. A 

detailed review on the patterning of brushes was published by Ducker et al.25 

The process presented here does not suffer from high cost and/or 

requirement for advanced fabrication skills, since the pattern is obtained by 

a self-assembled process that simply requires heating. This approach has the 

advantage of being able to produce patterns on non-flat surfaces, because 

substrates with different shapes may be dip-coated with polymer thin films, 

giving it wide applicability. Finally, this approach is flexible because 

different types of patterns and patterns of different sizes, between a few tens 
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of nanometres and a few tens of micrometers, can be easily produced by 

tailoring film thickness and MW of the macroinitiator, and dewetting time. 

The use of polymer films as anchoring layers for brush grafting is not 

common in the literature, and the combination of this approach with 

patterning by dewetting has not been reported before. In their recent work, 

Rodriguez-Emmenegger et al.26 coated a variety of substrates with an amino-

rich nylon 6,6 polymer film by means of radio frequency magnetron 

sputtering, reacted the amine groups with bromo-isobutyrate and finally 

grafted antifouling oligo(ethylene glycol) methacrylate and carboxybetaine 

acrylamide via surface-initiated ATRP. The method reported in this work is 

simpler, because the film may be applied by spin-coating or dip-coating, 

which require inexpensive and easy to use equipment, and the ATRP 

initiating moiety is already present in the polymer used to cast the film, 

hence does not need to be added in a separate step. A similar approach can 

be found in the work of Edmondson and co-workers, where the 

macroinitiator film is produced either by layer-by-layer deposition of 

polyelectrolyte polymers containing ATRP initiators,27, 28 or by deposition of 

bio-inspired polydopamine films containing ATRP initiators.29 

Polydopamine was also very recently employed by Tsai et al.30 as an 

anchoring film incorporating PEG and other antifouling macromolecules for 

biomedical applications. Ohno et al. published work on a system very similar 

to the one presented here.11 They prepared a macroinitiator film by 

uncontrolled random copolymerization, which contained cross-linkable 

azide groups. The polymer was cast in a film on different substrates, and a 

pattern of cross-linked initiator film was prepared by exposure to UV 

through a mask. The pattern was then grafted with protein-repellent 

poly(PEGMA). The work presented here differs mainly in the patterning 

approach, which here was by spontaneous thin film dewetting. 
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The macroinitiator in this work was designed not only as an 

anchoring substrate for the brush, but as a layer capable of dewetting from 

the base PS film, in order to form the desired pattern. A methacrylate 

backbone was chosen because of the known ability of PMMA to dewet on 

PS. The PMMA/PS system was previously investigated by Neto,8 and 

represents the basis on which this work was built. The macroinitiator has a 

lower Tg than PMMA, and has a melting point which PMMA lacks, as 

evident from the DSC characterization in Figure 5.3. This behaviour is likely 

to be related to the long bulky side chains of the polymer, which can form a 

mesophase with different characteristics from the methacrylate backbone.31 

Nevertheless, the macroinitiator was capable of dewetting from PS, and was 

in a glassy state at room temperature, so that the pattern formed was stable. 

The macroinitiator was here synthesised by RAFT polymerization, to 

obtain a product with controlled MW. This is important because the 

polymer’s MW affects the hole density in a dewetting pattern, as discussed 

in Section 1.7.6. Highly disperse or multimodal MWs are likely to still 

produce patterns of holes with low size distribution (e.g. see work in 

Chapter 4), but the hole density would be poorly controlled. RAFT 

polymerization was also chosen because it relies on different chemistry from 

ATRP, hence it was not affected by the presence of ATRP-initiating moiety in 

the monomer. The macroinitiator was able to dewet on PS by heterogeneous 

nucleation, achieving patterns of randomly distributed holes which grew 

with annealing time, as shown in Figure 5.16. The dewetted pattern was 

retained after grafting of the poly(PEGMA) brush (Figure 5.17), as the brush 

is attached selectively to the macroinitiator and does not affect the PS holes. 

The marked chemical contrast between the patterned brush and the PS 

present in the dewetted holes was obvious from the XPS mapping, where the 

presence of oxygen, characteristic of the poly(PEGMA) brush, was 

highlighted (Figure 5.18). 
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The brush grafting from the macroinitiator films was performed by 

surface-initiated AGET ATRP. Once optimized, this system is more user-

friendly than conventional ATRP, because only the stable oxidized form of 

the copper catalyst is used, and the presence of a reducing agent makes it 

less susceptible to the presence of small amounts of oxygen. As a result, the 

equipment necessary is reduced to simple glassware and a nitrogen line, 

instead of a Schlenk line and rigorous deoxygenating procedures. AGET 

ATRP, as conventional ATRP, is a very fast process when water is used as 

solvent or co-solvent, because the copper catalyst forms more active 

complexes in polar media.32 In our system, 50% conversion was obtained 

after only 45 minutes at room temperature. The initial attempt to use ARGET 

ATRP was unsuccessful, because side reactions on the catalyst, such as 

ligand exchange with water and monomer, are important when the catalyst 

concentration is very low. The investigation of ARGET ATRP to polymerise 

PEGMA was nonetheless fruitful to guide the following optimization of 

AGET ATRP. The results indicated that the control over the polymer MW 

could be improved by using small excesses of TPMA and/or catalyst. 

The use of a reversible-deactivation polymerisation method such as 

AGET ATRP allowed control over the thickness of the growing brush, which 

was proportional to the reaction conversion in solution. The brush growth 

(i.e. the thickness of the macroinitiator plus graft layer, minus the thickness 

of the macroinitiator layer determined before the grafting reaction) did not 

show the expected linear evolution with conversion, but followed a defined 

second order polynomial trend (Figure 5.10). This was likely due to swelling 

of the macroinitiator film and growth of poly(PEGMA) chains from deep 

within the film, as well as on its surface. The ability of monomer to penetrate 

the macroinitiator film and polymerise from within it has been observed in 

the case of polyelectrolyte multilayers containing ATRP initiators.27 Unlike 

other systems,11 the macroinitiator film could not be cross-linked to prevent 
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swelling, because it had to retain its ability to dewet. During grafting, the 

very polar poly(PEGMA) brush stretches into the polar solution, due to the 

combination of steric hindrance and swelling with water to reduce the 

enthalpy. The increase in entropy of such a configuration though, exerts a 

pulling force on the macroinitiator chains, which relax, loosen up and release 

from entanglement. This allows buried units of the macroinitiator chains to 

come in contact with the monomer and catalyst, initiating new 

poly(PEGMA) chains. The bromo-ester initiation sites in the macroinitiator 

react more readily than the chloro-capped propagating poly(PEGMA) 

chains. The process resulted in an intermixed layer of macroinitiator and 

poly(PEGMA) that grew faster and faster with conversion. Once the 

poly(PEGMA) chains had grown to over about 40000 g mol-1, the 

macroinitiator film plus graft layer detached altogether from the PS 

substrate. The delamination effect of grafted PEG chains grafted on 

entangled polymers has been recently employed by Ruhs et al.33 to 

disassemble amyloid fibrils. A similar delamination effect was observed by 

Tugulu et al.34 for poly(PEGMA) brushes grafted from silane-anchored ATRP 

initiators on silica. 

The XPS data for poly(PEGMA) brushes of different thicknesses, i.e. 

different stages of growth, show clearly that macroinitiator chains were 

always present very close to the brush surface, supporting the hypothesis of 

the formation of a thick intermixed layer of macroinitiator and 

poly(PEGMA). The theoretical atomic concentration for the ester (C5) 

component for pure poly(PEGMA) is 4.55% ± 0.21%, taking into account the 

monomer polydispersity (equal likelihood of having 8 or 9 ethylene oxide 

units in the side chain). The experimental atomic concentration was far 

greater than this when the brush was theoretically thicker than the XPS 

maximum probing depth (10 nm), and no macroinitiator should have been 

observed. For the thickest brush grown (71 nm) the C5/C component was 
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still about double the theoretical value, indicating the presence of 

macroinitiator chains, which bore more ester functionalities than 

poly(PEGMA). 

A minor contribution to the thickness deviation from the theory could 

be due to a lower initiation efficiency on the surface compared to that in 

solution, possibly due to high radical density on the surface in the initiation 

step, which could lead to higher degree of polymerization than expected, as 

well as a higher polydispersity. As discussed in Section 1.5.6, the assumption 

that the free chains are identical to the grafted chains is still debated, and 

may not be valid for any substrate geometry. The XPS data summarised in 

Table 5.13, which shows that the bromine concentration detected in the 

thickest poly(PEGMA) brush was much lower than expected from the 

polymer formula, must be considered with caution. The data may indicate 

that many living ends were buried inside the brush because of chain collapse 

and spatial rearrangement, which is more likely when the grafted chains are 

long and loosely grafted. This is the type of brush obtainable when low 

initiation occurs. This though is not a conclusive proof of low initiation 

efficiency, since the dynamics of chains within a brush allow for the burial of 

chain ends also in densely grafted brushes grown with initiation efficiency of 

100%. Moreover, the X-rays employed in XPS could potentially cleave some 

of the labile C-Br bonds, ultimately affecting the reliability of quantitative 

analysis, although this is unlikely over the timeframe that the analysis was 

carried out. Finally, some bromine may be lost by termination events during 

the polymerization of PEGMA. In our work, the main goal was to design a 

system that could be used to pattern proteins and cells, hence obtaining 

perfectly monodisperse brushes was not a major concern.  

As each of the repeating units in the macroinitiator contained a halo-

ester functionality, and the grafting was not limited to the surface, but 

involved initiators from deep within the film, the effective ATRP initiator 
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density was very high in this approach. Estimates of the grafting density 

(data not shown), in combination with the estimated degrees of 

polymerisation and comparisons between the distance between molecules 

and the radii of gyration of the grafted molecules suggest that the graft layer 

was in a highly stretched brush conformation. Further evidence that this was 

the case is provided in Chapter 6, where the protein-repellent properties of 

the grafted surfaces were explored through adsorption experiments with 

fluorescently tagged proteins, as well as atomic force microscopy analysis. 

Wang et al.35 characterised poly(N-isopropylacrylamide) brushes grafted 

from self assembled monolayers of thiol-terminated initiators on gold, at 

different grafting densities. In their AFM images, collected on the same scale 

as the present work (5x5 µm2), low and high grafting densities could be 

distinguished. At low grafting densities, the dry brush appeared as isolated 

domes corresponding to single collapsed chains. At higher grafting 

densities, the chains were compressed together, so they retained some 

degree of stretching even when dry, and showed a flat, featureless surface. A 

similar qualitative approach was taken here, assuming a similar behaviour 

of the poly(PEGMA) brush. The surface of the brushes here prepared 

appeared smooth (Figure 5.11), and no isolated mushroom-like chains could 

be found. This is consistent with a high grafting density of the brush. 

The use of AGET ATRP, besides allowing control on the brush 

thickness, produced brushes with post-functionalisable “living” ends, as 

shown by the ability of the brushes to reinitiate the polymerisation in chain 

extension experiments (Figure 5.10). This gives the system high versatility in 

biomedical applications: the brush surface may be easily functionalised to 

meet different specific needs, for example it could be reacted with a peptide 

able to immobilise a specific type of cell, or with a bactericidal moiety to 

prevent bacterial biofilm formation. 
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5.5 Summary 

A novel method to obtain a chemical and topographical pattern on a 

surface was presented. The pattern was obtained by the combination of 

dewetting, to produce a pattern of PS holes, and surface grafting with a 

poly(PEGMA) brush, to impart strong antifouling properties around the 

holes. 

The macroinitiator film used as the anchoring substrate for the 

growth of the poly(PEGMA) brush was designed so to have a high 

concentration of ATRP initiators, as well as to be able to dewet on the 

underlying PS film, to produce a pattern of holes that exposed the protein-

adsorptive PS. The macroinitiator was proven to quickly dewet on PS by 

annealing at 100 °C, forming the expected pattern of holes. 

The poly(PEGMA) brush was produced using reversible-deactivation 

radical polymerization techniques. The first attempt was ARGET ATRP, 

which was only partially successful because of the strong influence of side 

reactions involving the catalyst, which reduced the control over the reaction. 

Nevertheless, the investigation on the ARGET ATRP system was useful in 

determining a set of optimal conditions for the grafting of poly(PEGMA) 

using AGET ATRP, a similarly robust technique. The employment of AGET 

ATRP led to high control over the MW and polydispersity of poly(PEGMA) 

in solution, using a simple experimental set up. 

The brush growth was predictable for any given conversion, though 

not linear as expected by theoretical assumptions. In this system, the brush 

was likely to grow on top as well as within the macroinitiator layer. The 

result of the grafting was a pure poly(PEGMA) brush on top of a heavily 

intermixed layer of macroinitiator and poly(PEGMA). The brush produced 

satisfied all the requirements for the applications it was designed for: its 

thickness was predictable and controllable, its grafting density was high 



Andrew M. Telford  CHAPTER 5 

 

221 

enough for protein-repellence applications, as seen by AFM and by 

theoretical calculations, and its surface presented “living” ends that were 

able to re-initiate the polymerization reaction in chain extension 

experiments. The poly(PEGMA) brush was grafted on macroinitiator films 

patterned by dewetting, and XPS mapping confirmed that the grafting was 

selective to the top dewetted film, and did not affect the PS holes. 

The patterned functional coatings here developed are suitable for 

protein and cell patterning, in applications where control over attachment 

and spreading of cells is required. This work presents an inexpensive, easy 

and versatile way to produce microwells on a surface for biomedical 

applications, as an alternative to other established patterning techniques. 
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CHAPTER 6   

 

Control of cell adhesion and growth 

on patterned functional surfaces  
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6.1 Introduction 

The ultimate aim of this work was to achieve control over cell 

patterning on a surface. The first step towards this aim was to achieve 

patterning of cell-attachment-mediating proteins, after which cells could 

attach onto the protein-coated domains. In the work reported in this 

Chapter, these two steps were investigated. 

The cell is an elaborate unit designed to perform its functions in 

concert with other cells. This strict dependency is at the base of cell 

organisation in the human body. Cells can only grow and differentiate when 

in the correct environment, i.e. they form a tissue when surrounded by 

appropriate neighbouring cells, and conversely they remove themselves 

from an unsuitable environment. Cell death occurs via a process called 

apoptosis. 

In vivo, cells are surrounded by neighbouring cells as well as a 

complex matrix of proteins, which are specific for each tissue, and soluble 

signalling molecules (cytokines) that cells use to communicate. Most types of 

cells are programmed to undergo apoptosis unless they can attach to and 

receive signalling cues from the interaction with appropriate extra cellular 

matrix (ECM) molecules and other biological molecules (e.g. growth factors) 

adsorbed onto the ECM. This specific type of apoptosis is termed anoikis 

(from the Greek “homelessness”).1-3 Blood cells are an exception to this 

generalisation, since they are part of a special connective tissue (i.e. the 

blood). 

Cells attach to ECM molecules via cell-surface-expressed proteins 

called integrins. Humans have a collection of 24 different integrins, which 

bind to specific regions, or epitopes, on ECM proteins. Attachment via these 

receptors not only provides a physical attachment to the home tissue, but 

also establishes a mechanical stress-dependent signalling framework 
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involving numerous proteins and kinases (enzymes which regulate signal 

transduction in cell processes). The stress exerted on the cell skeleton as a 

result of the anchoring through the integrins may activate certain 

downstream pathways which are the base of cell death and proliferation. 

This mechanotransduction mechanism is described in detail in Section 1.6. 

Integrins independently activate many of the same chemical pathways as 

growth factor receptors (GFRs) do; these receptors are responsible for the 

activation of downstream pathways which lead to cell proliferation. 

Integrins can even directly cross-talk with GFRs, to the extent that the cell 

can interact efficiently with the soluble growth factors (signalling molecules) 

in the biological medium only when they are attached to the correct ECM 

molecules.4-6 

Anoikis malfunction in vivo has been reported to enhance tumour 

metastasis.7 Cells normally undergo anoikis in order to prevent uncontrolled 

growth of cell masses in foreign locations. Instead, cells with malignant 

potential are capable of developing mechanisms to resist anoikis, and 

thereby survive after detachment from the home ECM and become 

migratory.8 Furthermore, malignant tumour cells can re-design their 

chemical pathways to express the integrins they require to attach to a hostile 

ECM, thereby becoming invasive and proliferating in foreign tissues.2 A 

typical example of anoikis resistance in tumour cells can be found in 

melanomas. Melanocytes are cells designed to produce melanin, the natural 

pigment in our skin, eyes and hair. Melanocytes located in the epidermis, the 

outer layer of the skin, cannot normally penetrate the underlying dermis and 

migrate because they do not express integrins capable of binding to collagen, 

which is the main component of the ECM of the dermis. Malignant 

melanocytes are capable of expressing collagen-binding integrins to survive 

in the dermis and migrate to the blood stream, becoming metastatic.9 
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Anoikis may be controlled in vitro by seeding a cell on a surface 

patterned with appropriate ECM proteins (i.e. the cells express integrins 

which can interact with specific epitopes on the ECM molecules), where cell 

attachment and spreading are guided, as described in detail in Section 1.6. 

The cells can attach only onto the domains which contain adsorbed ECM 

proteins. Hence, in order to achieve controlled patterned cell attachment 

using this approach, cell attachment proteins must adsorb only in the 

desired domains. The cell-attachment domains in the adsorbed proteins 

must also be presented to the cell in a bioactive conformation, in order to 

exhibit the appropriate integrin-binding sites on the surface. If the scale and 

geometry of the pattern is appropriate to generate the correct signalling and 

concordant mechanical stresses within the cell, anoikis can be avoided. 

Furthermore, the set of chemical and mechanical stimuli provided by a 

patterned surface can induce cell proliferation. A viable adherent cell on a 

surface exhibits a flattened shape, often with appendices extending away 

from the centre. A non-viable cell generally exhibits a rounded shape and no 

spreading.10-12 As described in Section 1.6, state of the art cell patterning 

might allow for the control of the behaviour of multiple cell lines within an 

organised co-culture, to produce tissue-like materials. 

In this Chapter, a variety of patterns obtained by polymer thin film 

dewetting were used for localised protein adsorption on surfaces. A 

primitive PMMA/PS dewetted pattern was first investigated, and the results 

compared to that obtained for the more effective brush-grafted patterns 

described in Chapter 5. Such patterns present protein-adsorbtive polystyrene 

holes in a background of highly densely packed, protein-repellent 

poly(poly(ethylene glycol) methyl ether methacrylate) (poly(PEGMA)) 

grafted chains. In this study, fibroblasts were seeded on the patterns to 

investigate their ability to provide controlled cell attachment. Two sets of 

patterns of holes with different diameters were studied. The presence or lack 
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of cell attachment and spreading was monitored, and the viability of the 

adhered cells was investigated by selective staining of an attached cell 

population. 

6.2 Materials and methods 

6.2.1 Protein tagging with fluorescent dye for visualisation 

Fluorescein isothiocyanate (FITC, Sigma Aldrich) was used to tag 

bovine serum albumin (BSA, Sigma-Aldrich) and human fibrinogen (FGN, 

Sigma-Aldrich) as per the procedure recommended by Invitrogen Molecular 

Probes™. The isothiocyanate reacts readily with amine-containing amino acid 

sidechains within the protein molecules. Briefly, 10 mg of protein were 

dissolved in 1 mL of 0.1 M sodium bicarbonate buffer. Separately, 5 mg of 

FITC were dissolved in 0.5 mL of DMSO. 20 μL of the dye solution were 

slowly added to the protein solution with stirring at room temperature, 

which was then incubated at the same temperature for 1 hour. Finally, the 

conjugate was separated from the unreacted dye using a column packed 

with Sephadex® G-25 gel filtration media and 10 mM phosphate buffer saline 

(PBS; 140 mM NaCl, 3 mM KCl, pH 7.4) as eluent. The resulting protein 

solutions were estimated to be 1-2 mg mL-1 in concentration, depending on 

the volume of eluent used for each batch. The solutions were divided into 

500 µL aliquots, wrapped in aluminium foil and frozen. 

6.2.2 Protein adsorption experiments 

The adsorption of protein molecules (collagen-I) and poly(amino acid) 

molecules (poly-L-lysine) on the dewetted PMMA/PS samples was 
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established by atomic force microscopy (AFM). The surfaces were incubated 

with either a 15 μg mL-1 solution of poly-L-lysine (Sigma-Aldrich) in PBS for 

1 minute, or a 50 μg mL-1 solution of collagen-I (from rat tail, Sigma-Aldrich) 

in 0.02 M acetic acid for 1 h. They were then rinsed with 2 mL PBS and 2 mL 

Milli-Q® water and blown dry with nitrogen. 

In the case of the patterns grafted with poly(PEGMA) brushes, 

fluorescently tagged BSA and FGN were used to observe qualitative 

differences between protein adsorption on different domains of the 

dewetted, grafted samples. In all protein adsorption experiments the protein 

solutions were thawed and used immediately, taking care not to expose the 

product to light, which may cause photobleaching. Any remaining solution 

was frozen again, but discarded after the second thawing if not used 

completely. Repeated freezing and thawing cycles can denature proteins. A 

drop (about 100 µL) of the 1-2 mg mL-1 solution was deposited on each 

patterned surface, and left to incubate for 3-4 hours at room temperature in 

the dark. The surfaces were then rinsed by immersing them a few times in 

fresh PBS buffer to remove the non-adsorbed protein, and then in Milli-Q 

water to remove excess salts from the buffer used. Finally, the samples were 

gently blown dry with nitrogen. The presence of adsorbed protein was then 

established by optical fluorescence microscopy within 24 hours, and then via 

imaging of the surface using Tapping Mode™ AFM in air. 

Characterisation via optical microscopy was performed using an 

Olympus BX61 optical microscope in differential interference contrast (DIC) 

mode. Visualisation of the patterns was carried out using both visible light, 

and in fluorescence mode (excitation wavelength 494 nm, emission 

wavelength 518 nm) in order to identify the areas where the fluorescently-

tagged proteins had adsorbed. 
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6.2.3 Cell attachment experiments 

Cell attachment onto the micropatterned surfaces was performed by 

Ms. Veronica Glattauer in the CSIRO laboratories in Clayton VIC. L929 

mouse fibroblasts (cell line ATCC-CCL-1, Rockville, MD) were used to 

investigate attachment and spreading on samples. Cells were cultured in 

minimum essential medium (MEM) containing 10% foetal bovine serum and 

1% non-essential amino acids. The samples were analysed with and without 

pre-adsorption of bovine vitronectin (kindly supplied by Ms Penny Bean, 

CSIRO North Ryde, VIC). Where pre-coating was required, the samples 

were covered with 50 µL of bovine vitronectin solution in PBS (600 µg mL-1) 

and incubated at 37 °C for 4 hours. Subsequently the samples were washed 

three times with fresh PBS. Pre-coated and non pre-coated samples were 

then soaked in phosphate buffer saline (PBS) containing double strength 

antibiotic-antimycotic reagent (Invitrogen) for 2 hours at room temperature 

prior to cell culture. 

Where pre-staining of cells was performed, a suspension of cells at a 

density of 1x105 cells mL-1 was reacted with a fluorescent DiLC12 membrane 

stain (Molecular Probes) at 1µg mL-1 for 1 hour at 37 °C. Cells were then 

seeded at 2.8x104 cells cm-2 in a non-treated tissue culture plate (Nunc, 

Denmark) containing the sample, which was then incubated at 37 °C, 5% 

CO2 in air for 24 hours.  

For the live/dead assay (Molecular Probes), cells were seeded at 

2.8x104 cells cm-2 for 24 hours as above, and the assay carried out using 

staining with calcein (live cells, green) and ethidium homodimer (dead cells, 

red) at concentrations of 2 µM and 4 µM, respectively. 

Samples were imaged using a fluorescent Nikon inverted microscope 

(Eclipse T2000-U). Cell counts were performed on four different areas of 
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each image, and the resulting value reported as the average within a 95% 

confidence interval. 

6.3 Results 

6.3.1 Protein attachment on patterned surfaces 

The first and most basic pattern investigated was a dewetted 

poly(methylmethacrylate) (PMMA) on polystyrene (PS). This basic model 

was expected to exhibit some protein adsorption contrast at low protein 

concentration.13 Presented in Figure 6.1 is an AFM image of a dewetted hole 

in a PMMA/PS bilayer after incubation with a 15 μg mL-1 solution of poly-L-

lysine for 1 min. The poly(amino acid) adsorbed only on the PS domain 

(white dots), and was not observed on the smooth PMMA surface. 

This result indicated the presence of a difference in the relative 

poly(amino acid) adsorption onto the PMMA surface (lower) and the PS 

surface (higher) in the dewetted films at relatively low poly(amino acid) 

solution concentrations. 

After the promising test with poly-L-lysine, the dewetted PMMA/PS 

model system was tested for collagen-I adsorption. Collagen-I is an ECM 

protein commonly found in connective tissue, adsorbed layers of which have 

been shown to mediate cell attachment in vitro.14 Shown in Figure 6.2 are the 

inside of a dewetted hole (a), where the PS was exposed, and the area 

outside the hole (b), where the PMMA was present, after incubation with a 

50 μg mL-1 solution of collagen-I for 1 hour. The conditions used for 

collagen-I were suggested by Prof. Jenny Gamble at the Centenary Institute 

(Sydney) as being optimal for the formation of a thick collagen layer on 

tissue culture PS, which is ideal for cell attachment. In Figure 6.2(a) it can be 
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seen that collagen-I adsorbed strongly on the untreated PS, in a similar way 

to tissue culture PS, resulting in a thick layer of microfibrils. Under these 

conditions, there was not a large observable difference between collagen-I 

adsorption on PMMA and PS, although collagen-I was clearly present on the 

PMMA layer at a reduced surface concentration, i.e. at a lower fibril density 

(Figure 6.2(b)). Interestingly, the microfibrils formed by the collagen-I on 

PMMA were thicker than those formed on the PS surface. This simple test 

highlighted that although PMMA and PS did show differences in their 

protein adsorption properties, the contrast was not strong enough to create 

clear protein patterning under realistic biological working conditions, i.e. 

protein concentration of 50 μg mL-1 to a few mg mL-1. 

 

 

Figure 6.1 AFM topography image of the edge of a dewetted hole in a PMMA/PS bilayer incubated 

with a 15 μg mL-1 solution of poly-L-lysine in PBS. The poly(amino acid) adsorbed only on the PS 

domain (white dots), and not on the PMMA (smooth surface). 
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The investigation was then focused on the poly(PEGMA) grafted 

patterns, which were expected to have enhanced protein adsorption contrast 

compared to PMMA/PS. The samples were incubated with fluorescein 

tagged protein solutions. As in Section 3.3.9, two different proteins (BSA and 

FGN) were chosen because of their different structure, in order to evaluate 

the adsorption behaviour of a range of proteins. FGN is elongated and may 

form fibrils, while BSA has a more compact globular shape. Both proteins 

have a net positive charge in the pH 7.4 buffer used, since their isoelectric 

points are 4.515 and 5.516 respectively. The protein solution concentrations 

used were 1-2 mg mL-1 and the incubation periods were 3-4 hours. 

 

 

Figure 6.2 AFM topography images of (a) the PS domain inside a dewetted hole and (b) the PMMA 

background outside the dewetted holes, after incubation of the surface with a 50 μg mL-1 solution of 

collagen-I. The protein collected in microfibrils, and densely coated the PS surface. The adsorption on 

the PMMA surface was much lower, as indicated by the lower number of microfibrils present on the 

surface. 

Presented in Figure 6.3(a,b) and Figure 6.4 are optical micrographs of 

macroinitiator films at different stages of dewetting, grafted with a 60 nm 

thick poly(PEGMA) layer, along with fluorescence micrographs of the 

samples incubated with the fluorescent protein solutions. The strong 
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contrast in the green fluorescent signal demonstrated that FGN (Figure 6.3) 

and BSA (Figure 6.4) were only adsorbed where the underlying PS was 

exposed, and that the adsorption was undetectable in the areas where 

poly(PEGMA) graft layers were present. 

 

 

Figure 6.3 (a) Optical micrographs and (b) fluorescence micrographs of a dewetted pattern grafted 

with a 60 nm thick poly(PEGMA) brush, incubated with a 2 mg mL-1 solution of FITC tagged human 

fibrinogen. The protein adsorbed only where the underlying polystyrene was exposed. The exposure 

time in fluorescence mode was 10 s. Micrographs (c) and (d) show, respectively, an optical and a 

fluorescence micrograph of a control sample of patterned macroinitiator on PS without grafted 

poly(PEGMA), incubated with a 200 μg mL-1 solution of FITC-fibrinogen for 10 min and rinsed with 

PBS and water. No fluorescence contrast was apparent on the pattern. The exposure time in 

fluorescence mode was 600 ms. 

Analysis of the data showed that the grafting was successful on all of 

the different dewetted patterns, and clearly demonstrated that the presence 
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of a graft layer allowed for the localisation of different types of proteins in 

the dewetted domains. 

 

 

Figure 6.4 (a, c, e) Optical micrographs and (b, d, f) fluorescence micrographs of dewetted patterns 

grafted with a 60 nm thick poly(PEGMA) brush, incubated with a 1 mg mL-1 solution of FITC tagged 

bovine serum albumin in PBS, for increasing dewetting times. The protein (green fluorescent) 

adsorbed only where the underlying polystyrene was exposed. The exposure time in fluorescence 

mode was 10 s. 

Further support for this is demonstrated in Figure 6.3(c,d) in which 

micrographs are presented from a control experiment carried out with a 



Andrew M. Telford  CHAPTER 6 

 

237 

non-grafted macroinitiator dewetted on PS, incubated with a 200 μg mL-1 

solution of FITC-fibrinogen for 10 min. It is clear from the fluorescence 

micrograph (Figure 6.3(d)) that without the presence of the poly(PEGMA) 

graft layer, the protein molecules adsorbed all over the surface. This control 

experiment confirmed that the poly(PEGMA) brush was effective in 

significantly reducing the adsorption of protein molecules. 

The localised protein adsorption in the holes was characterised 

further using AFM imaging. Presented in Figure 6.5 is a three-dimensional 

AFM image of a dewetted hole in a pattern grafted with a poly(PEGMA) 

brush with a dry thickness of approximately 60 nm. 

 

 

Figure 6.5 AFM three-dimensional topography image of a dewetted hole in a pattern grafted with a 

60 nm thick poly(PEGMA) brush. The image shows the difference between the very smooth brush 

and the polystyrene surface, which contained an adsorbed albumin layer and was therefore 

significantly rougher. The hole is surrounded by the characteristic rim of accumulated polymer on the 

dewetting front. 
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The sample was imaged after the fluorescence microscopy 

characterisation (see above). The surface was smooth outside the hole, where 

the brush was present. However, inside the hole, where the underlying 

polystyrene was exposed to the protein solution (BSA), the surface 

roughness was much greater. The topography of this surface was very 

different from that of a clean PS film, which is featureless. The difference in 

topographies indicated that indeed protein molecules were adsorbed inside 

the holes on the dewetted poly(PEGMA) grafted samples. The RMS 

roughness for a flat PS film, estimated by analysis of the AFM images, was 

220 ± 24 pm. The value obtained for the poly(PEGMA) grafted surface was 

960 ± 140 pm, whilst for the protein-coated PS surface, a value of 1700 ± 50 

pm was obtained. This quantitative measurement showed that the 

roughness of the protein-coated PS was much higher than both the flat PS 

and the protein-repellent poly(PEGMA) brush. 

6.3.2 Cell attachment on patterned surfaces 

Cell attachment experiments on the micropatterned surfaces were 

performed by Ms. Veronica Glattauer in the CSIRO laboratories in Clayton 

VIC. The first experiments using L929 fibroblasts were performed on the 

three separate components of the poly(PEGMA) grafted patterned 

multilayer, in order to confirm the expected behaviour. Presented in Figure 

6.6 are fluorescence micrographs of fibroblasts attached onto PS (a-b), 

macroinitiator (c-d) and poly(PEGMA) 60 nm thick brush (e-f) films, 

respectively with and without vitronectin pre-adsorption. In both cases, the 

poly(PEGMA) brush was very effective in reducing the attachment of 

fibroblasts. In Figure 6.6(a), some loosely adhering cell aggregates were 

visible. The presence of aggregates of this type is typical for surfaces for 

which cell attachment is very low, such as commercial Thermofisher 
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Hydrocell™ and Corning® Ultralow Cell Attachment surfaces. On these 

surfaces, cells tend to aggregate in colonies that easily detach from the 

surface. 

 

 

Figure 6.6 Images obtained for L929 fibroblast attachment on the different components of the 

patterned multilayer. Cell attachment was carried out on (a) a flat poly(PEGMA) brush with 

vitronectin pre-coating, (b) a flat poly(PEGMA) brush without vitronectin pre-coating, (c) a PS film 

with vitronectin pre-coating, (d) a PS film without vitronectin pre-coating, (e) a macroinitiator film 

with vitronectin pre-coating and (f) a macroinitiator film without vitronectin pre-coating. The cell 

membranes appear in red as a result of DiLC12 staining. Cell attachment was carried out over 24 

hours. 
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The few single cells visible on the poly(PEGMA) brush had a rounded 

shape, indicating no functional adhesion onto the surface. The low cell 

attachment properties of the poly(PEGMA) brush becomes even more 

obvious when Figure 6.6(a) and Figure 6.6(c) are compared. Under the same 

conditions, strong cell attachment and spreading was observed on the PS 

film with a pre-adsorbed vitronectin coating, while little attachment was 

observed where no pre-adsorption was employed. The average number of 

attached fibroblasts on vitronectin-coated PS, 470 ± 80 cells mm-2, far 

exceeded that on uncoated PS, 26 ± 5 cells mm-2. 

The cell attachment on the macroinitiator film was also greater than 

on poly(PEGMA), particularly when no vitronectin pre-coating was 

employed. The average number of attached cells was 360 ± 80 cells mm-2 with 

vitronectin pre-coating and 590 ± 40 cells mm-2 without pre-coating. From 

these observations, the best cell attachment contrast on the patterned coating 

was expected for vitronectin pre-coating. This procedure was expected to 

dramatically improve the cell attachment on the underlying PS surface in the 

holes whilst having little impact on the low cell attachment properties of the 

poly(PEGMA) grafted regions of the pattern. 

The fibroblast attachment experiments were performed on two 

different patterned substrates, both grafted with a poly(PEGMA) brush of 

approximately 60 nm thickness (dry), but with different hole sizes: 20 μm 

diameter and 40 μm diameter. Presented in Figure 6.7 is a fluorescence 

micrograph of fibroblasts seeded onto a dewetted pattern with 20 μm holes. 

After 24 hours, no selective cell attachment was observed, i.e. rounded cells 

could be found all over the surface, both on the poly(PEGMA) brush and on 

the vitronectin-coated PS domains. A rounded cell shape indicates non-

functional adhesion. Fibroblasts were able to spread only when they could 

bridge over adjacent 20 μm holes (red arrows).  
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Figure 6.7 Fluorescence micrograph showing fibroblasts adhesion on a brush-grafted pattern with 20 

μm diameter holes, pre-coated with vitronectin. The image was converted to grey scale to better 

visualise both the hole rims and the fluorescent cells. The red arrows indicate cells spreading over 

multiple holes. 

The situation was very different on the patterns with larger holes. 

Presented in Figure 6.8 is a fluorescence micrograph of fibroblasts attached 

onto a dewetted pattern with 40 μm holes. The fibroblasts were not only 

localised almost exclusively inside the PS holes, but also showed obvious 

signs of spreading (red arrows) within the holes to cover the vitronectin 

coating: most cells showed a bright centre and darker regions which 

stretched over the bottom of the holes. The darker regions were likely podia, 

appendices used for spreading and moving through the establishment of 

focal adhesion points. Cell spreading is a strong indication of interaction 

with the surface, and of good viability. Only a small number of cells were 
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present on the poly(PEGMA) brush area surrounding the holes and showed 

a rounded morphology, consistent with non-functional adhesion. 

 

 

Figure 6.8 Fluorescence micrograph showing fibroblast adhering onto a brush-grafted pattern with 40 

μm diameter holes, pre-coated with vitronectin. The image was converted to grey scale to better 

visualise both the hole rims and the fluorescent cells. The red arrows indicate the spreading cells. 

To further investigate the viability of the patterned fibroblasts, a 

live/dead staining procedure was employed. In this technique, two different 

dyes were used, a green one which stains viable cells (calcein) and a red one 

which stains dead cells (ethidium homodimer). Presented in Figure 6.9 are 

bright field and fluorescence micrographs obtained for this staining protocol 

on fibroblasts adhered on a pattern with a grafted poly(PEGMA) layer with 

a thickness (dry) of approximately 60 nm, surrounding 40 μm diameter 

holes. The fibroblasts adhered only inside the PS holes, seen from the 

comparison of micrographs (a) and (b), which were obtained from the same 
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sample area. All the adherent cells fluoresced green, indicating that they 

were viable. As observed in Figure 6.8(c), the cells had spread morphology 

when they were not densely packed in the vitronectin-coated PS domains. 

Only very few cells were stained with the red fluorescent dye, indicating 

that they were non-viable (Figure 6.9(c)). 

 

 

Figure 6.9 (a) Optical micrograph and (b,c) fluorescence micrographs of fibroblasts adhered on a 

poly(PEGMA)-grafted pattern of 40 μm diameter holes. The cells adhered only inside the PS holes 

which were pre-coated with vitronectin, as shown in images (a) and (b), taken in the same area of the 

sample. The live/dead staining revealed live cells in green and dead cells in red. All cells, except for a 

few exceptions, were alive, and were well spread when not clustered too densely within the 

vitronectin-coated PS domains. 

6.4 Discussion 

The first system investigated was a basic pattern obtained by 

dewetting a PMMA film on a PS film, which was first investigated by Neto.13 
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In Neto’s study, differential adsorption between the dewetted PMMA film 

and the underlying PS layer was demonstrated for the patterning of 

immunoglobulin G from a low concentration solution (15 μg mL-1). In this 

study, selective adsorption of poly-L-lysine on the PS domains, inside the 

dewetted holes, from a low concentration solution (1 μg mL-1, 1 minute) 

(Figure 6.1) was observed for the same PMMA/PS system. Selective protein 

adsorption on a patterned surface is known to be dependent on the protein 

concentration and the incubation time.17 Low protein concentrations favour 

greater differences in protein adsorption on the different surface domains, 

but the adsorbed amount of protein deposited on the adsorptive domains 

can be limited. This was clear when analysing the results of collagen-I 

adsorption on the PMMA/PS pattern (Figure 6.2). Here, higher protein 

solution concentration and longer incubation time (50 μg mL-1, 1 hour) were 

used. The protein was visible in AFM images on both domains (PMMA and 

PS), though with a higher surface concentration on the PS domains. 

The results for the simple PMMA/PS system were compared with the 

novel poly(PEGMA) grafted system described in Chapter 5. The 

poly(PEGMA)-grafted, patterned coating was extremely efficient in 

controlling the adsorption of BSA and FGN into localised domains. The 

fluorescence microscopy characterisation of fluorescently tagged proteins on 

the prepared surfaces, as well as the AFM imaging, showed a very sharp 

contrast between adsorption on the PS domains and the areas where a 

poly(PEGMA) brush was grafted. The brush swelled in the aqueous buffer 

used to prepare the protein solutions, and became highly resistant to 

compression and penetration by proteins, as a result of the high grafting 

density of the poly(PEGMA) molecules. The hydrophobic PS on the other 

hand promoted the physisorption of proteins, which often contain extensive 

hydrophobic domains. The adsorption of a protein on PS is also driven by 

the entropy gain that results from the liberation of the solvation water highly 
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organised on both the PS and the protein surfaces.18 A detailed description of 

the interaction between proteins and polymer surfaces can be found in 

Section 1.4. The protein solution concentrations used were 1-2 mg mL-1, and 

the incubation periods were 3-4 hours, conditions that should strongly 

facilitate the adsorption of proteins in comparison to the ones used for 

PMMA/PS, indicating the efficacy of the coatings developed in this work in 

patterning different proteins. 

As the patterns were shown to be able to control the localised 

adsorption of proteins, they were expected to also be good candidates for 

controlling the adhesion of cells. Fibroblasts are cells from the connective 

tissue, and like all solid tissue cells they need to adhere and spread to be 

fully functional. Cells can adhere on a surface when the appropriate 

anchoring points are presented, i.e. the correct ECM proteins exposing cell 

binding epitopes. Surfaces with very high protein affinity may be coated in 

adhesive ECM from the culture medium used during cell culture. Minimum 

essential media (MEM) conventionally contain a certain concentration of 

blood serum, where adhesive ECM proteins such as vitronectin and 

fibronectin are abundant. Surfaces that have lower capacity for protein 

adsorption may not be optimally coated with adhesive ECM proteins from 

the serum. In this case, the surface can be pre-coated with a pure solution of 

the desired ECM protein, prior to cell seeding. To cover both possible 

scenarios in this investigation, fibroblast adhesion was tested on the three 

separate components of the patterned multilayers developed in Chapter 5, 

i.e. PS, macroinitiator and poly(PEGMA) brush, with and without pre-

coating with vitronectin. Vitronectin was chosen because it is one of the 

proteins essential to cell adhesion, it is abundant in blood serum and many 

other tissues, and it adsorbs readily on many surfaces.19-21 

The poly(PEGMA) brush was capable of reducing cell attachment to 

very low levels in both cases, based on its very low affinity for protein 
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adsorption and therefore cell attachment.22, 23 Cell attachment was prevalent 

on the macroinitiator surface, particularly on the sample that was not pre-

coated with vitronectin. This suggested that proteins could readily adsorb on 

this polymer surface, so that even the small concentration of ECM proteins 

present in the serum in the MEM alone facilitated cell adhesion. The 

enhanced cell adhesion when no vitronectin pre-coating was employed may 

be explained with different activity of vitronectin and the other ECM 

proteins after adsorption. In the pre-coated sample, the large amount of 

vitronectin present on the surface would have governed the cell adhesion, 

while in the non pre-coated sample, more active ECM proteins could have 

intervened in the cell adhesion. Interestingly, on the PS film, which was 

shown to strongly adsorb protein molecules (see Section 3.3.9), very poor cell 

attachment was observed when no vitronectin was pre-adsorbed. 

Polystyrene conventionally used in culture dishes is treated with plasma 

discharge to significantly improve cell adhesion.24, 25 The plasma discharge 

treatment was found to partially oxidise the polymer surface and make it 

more hydrophilic.26 Our experiments showed that untreated PS was less 

efficient in adhering cells from growth media.27 As shown in Figure 6.6, the 

PS surface became highly suitable for cell adhesion once it was pre-coated 

with vitronectin. Many factors have to be taken into consideration to explain 

this result. Steele et al.28 demonstrated that the adsorption of vitronectin on 

tissue culture PS facilitated greater cell attachment than on untreated PS. 

Vitronectin adsorption on untreated PS can also be reduced by competing 

adsorption of other proteins present in blood serum and conventional 

growth media, such as fibrinogen, fibronectin and albumin, while this effect 

is of little importance on tissue culture PS.28, 29 Therefore, when vitronectin 

was present in low concentrations and in a complex mixture of components, 

such as in standard cell culture MEM, it could not adequately cover 

untreated PS films, and hence cells were less able to attach. On the other 
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hand, when the untreated PS surface was incubated with a high 

concentration solution of pure vitronectin (in this work 600 μg mL-1 for 4 h), 

the higher adsorbed amount or optimal adsorbed conformation of the 

protein allowed for cell attachment. 

The high protein adsorption achievable by pre-adsorbing vitronectin 

on PS was also likely to control the preservation of protein conformation and 

full function after adsorption on a surface. The integrin-binding epitopes in 

the adsorbed ECM proteins must be exposed to the cells, and not buried in 

the protein supramolecular assembly. Depending on the protein-surface 

interactions, this may not always be true. Proteins adsorbed on a surface 

may radically change their tertiary and quaternary structures,30-34 and may 

even undergo more severe conformational changes such as the disruption of 

their stable secondary structures (α-helixes and β-sheets).35, 36 An example of 

such behaviour can be observed when comparing Figure 6.2 (a) and (b). The 

structure of collagen-I microfibrils in the dry state differed when the protein 

was adsorbed on PMMA or PS. The microfibrils were thicker on PMMA, and 

bead-like structures were apparent, which are characteristic of another type 

of collagen (collagen VI).32 These morphologic differences were indications 

that the collagen had a different structure depending on whether it was 

adsorbed on PS or PMMA. 

The lack of exposed integrin-binding sites may cause cell anoikis even 

when the appropriate ECM proteins are present on the surface. Pre-

incubating a surface with a high concentration of ECM proteins, such as 

vitronectin, for sufficient time to achieve maximum surface coverage, 

enhances protein-protein interaction and ensures the formation of protein 

clusters. Clustered proteins are more likely to retain their functional 

configuration and expose integrin-binding sites. The formation of protein 

clusters on a surface has been observed for vitronectin,37, 38 as well as other 

ECM proteins such as fibronectin.39, 40 Toromanov et al.37 investigated cell 
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adhesion on surfaces pre-incubated with different concentrations of 

vitronectin. Using AFM, they showed that when moderately hydrophobic 

poly(ethylacrylate) films were incubated with low concentration vitronectin 

solutions, the proteins adsorbed as isolated molecules, while when the films 

were incubated with high concentration solutions, the proteins formed 

clusters of 3-5 molecules. They also showed that fibroblast adhesion and 

spreading was greater on the surfaces that were covered in vitronectin 

clusters rather than isolated molecules, indicating a higher abundance of 

integrin-binding sites on the clusters. Hull et al.40 observed a similar 

behaviour when investigating the adsorption of fibronectin on mica surfaces. 

Using AFM, they showed that fibronectin adhered as isolated molecules 

from low concentration solutions and as extended clusters (islands) from 

high concentration solutions. Using time of flight secondary ion mass 

spectroscopy and AFM force measurements using probes modified with 

integrin peptides, they then evaluated the abundance of integrin-binding 

sites exposed to the solution after protein adsorption. They showed that 

clustered fibronectin was more likely to retain its functional structure and 

ability to adhere cells by presenting the appropriate integrin-binding sites. 

Once the best cell adhesion conditions for the system were 

established, the influence of the patterns in localising cell attachment could 

be thoroughly investigated. The first important observation that must be 

discussed is the influence of the hole size on cell adhesion. No selective cell 

adhesion was observed on the patterns with smaller holes (20 μm diameter), 

and cells could be found all over the surface, regardless of the different 

pattern domains. All cells had a rounded shape, indicating poor attachment 

and most likely poor longer term viability. Good control over the adhesion 

of fibroblasts was observed on the patterns with larger holes (40 μm 

diameter). The cells adhered almost exclusively on the vitronectin-coated 

domains, and showed good spreading. This was a clear indication of control 
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over the cell behaviour. When not spread, mouse fibroblasts had an average 

size of 20 μm, and hence in the 20 μm pattern there was insufficient surface 

area available to allow spreading of the cells. The only exceptions were those 

areas where the protein-coated domains were close enough for the cells to 

bridge between them (see Figure 6.7). In such cases, the fibroblasts would 

elongate greatly to increase their contact area. Instead, when the domains 

were large enough, as in the 40 μm patterns, the fibroblasts could spread 

within each domain and strongly attach to the surface. The ability to control 

cell spreading on protein domains of different sizes has been well 

documented, and was thoroughly described in Section 1.6. 

The coatings developed here were not only useful for the patterning 

of cells, but they allowed for good cell viability, which is crucial for 

biomedical applications. The spreading of the cells in the pattern holes 

(Figure 6.8) was a strong clue for good cell viability. Dead or dying cells tend 

to assume a rounded shape, while healthy cells actively interact with their 

ECM and extend their appendices in order to reach distant anchoring points. 

The formation of focal adhesion points is of the utmost importance for 

survival, because it allows the rise of mechanical stresses in the cell 

framework, which are transduced in chemical signals that can suppress the 

programmed death (anoikis). Section 1.6 collects a large number of 

references on the subject. The viability of cells adhered on the 40 μm patterns 

was further confirmed by live/dead staining. The cells all showed green 

fluorescence, apart from a few exceptions, indicating that they were all alive. 

From Figure 6.9(c) it is clear that cells could spread on the vitronectin coated 

domains only if the site was not overly crowded. This allows a deeper 

understanding of the cells’ behaviour on the surfaces investigated. It appears 

that fibroblasts could have a low degree of spreading yet maintain good 

viability, but only if they had a high number of neighbouring cells to 

physically interact with. It is known that cells gather chemical and 
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mechanical cues not only from their ECM, but also from their neighbouring 

cells, so they might be able to suppress anoikis by having either or both 

stimuli.1, 41 In the results reported in Figure 6.8 andFigure 6.9, both these 

scenarios were observed. 

6.5 Summary 

The present Chapter reports the investigation of protein adsorption 

and cell adhesion on polymer bilayers patterned by dewetting, to form 

surfaces with randomly distributed, protein-adsorptive holes. The main 

investigation focused on the patterned coatings described in detail in 

Chapter 5. The first pattern investigated was a dewetted PMMA/PS, which 

showed good protein adsorption contrast between the PS domains and the 

PMMA background for poly-L-lysine at low solution concentration. The 

system was not as effective in patterning collagen-I under conditions 

routinely used to prepare cell-adhesive coatings. Instead, the patterns 

grafted with poly(PEGMA) described in Chapter 5 showed selective protein 

adsorption in the PS holes from high protein solution concentrations, as seen 

in the AFM and fluorescence microscope investigations with albumin and 

fibrinogen. The results were consistent for all the different pattern scales (i.e. 

different PS holes size) investigated. For cell studies, cell-adhesive 

vitronectin was pre-patterned in the PS holes, ensuring good coverage and 

likely forming protein clusters able to expose the integrin binding epitopes. 

Two different pattern scales were tested: one with 20 µm diameter holes, the 

size of which was comparable to the one of the fibroblasts, and one with 40 

µm diameter holes, much bigger than the size of the fibroblasts. Effective cell 

patterning of fibroblasts was obtained only when the dewetted holes were 

larger than the cells and provided space for cell spreading. The cells adhered 
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selectively in the large PS domains, and showed good viability, as 

ascertained by optical microscopy observation of cell spreading, as well as 

by selective live/dead staining. 

The coatings developed here could be used as random arrays of 

microwells for single-cell studies or growth of cell colonies with well defined 

size. As described in Chapter 5, the grafted brush contains end groups which 

may be modified chemically in order to selectively attach a peptide for the 

localisation of a second type of cell around the holes, in order to create a 

geometrically controlled cell co-culture for tissue engineering. 
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7.1 Conclusions and outlook 

This Thesis describes novel strategies to address the needs for 

coatings for the modification of devices in selected fields in biology and 

medicine by using polymer thin films. Polymer coatings are widely used in 

biomedical applications, and present many advantages compared to other 

materials. The chemical and mechanical properties of polymers can be finely 

tailored for the desired performance. For homopolymers such as poly(N-

vinylpyrrolidone) (PNVP), investigated in Chapters 3 and 4, the main 

chemical properties are defined by the monomer functionality (neutral 

charge, hydrophilic), while the physical properties are defined by the 

average molecular weight and molecular weight polydispersity. The advent 

of reversible-deactivation radical polymerization methods such as atom 

transfer radical polymerization (ATRP) and radical addition-fragmentation 

chain transfer (RAFT) polymerization has provided the tools for building 

well-defined copolymers with multiple combinations of chemical 

functionalities and multiple architectures (e.g. block copolymers, dendritic 

structures and star-shaped polymers) as well as providing end-groups for 

conjugation purposes. In Chapter 5 and 6, the comb-like copolymer 

poly(poly(ethylene glycol)methyl ether methacrylate) (poly(PEGMA)) was 

employed, due to its ease of polymerization and highly hydrophilic, 

neutrally charged poly(ethylene glycol) side chains. The resulting 

architecture has remarkable low protein adsorbing properties. 

The use of polymers for biomedical applications is also advantageous 

because of the ease and variety of coating preparation methods available. 

Polymer thin films can be easily deposited on a surface by a variety of 

methods, including spin-coating or dip-coating. Both techniques form a thin 

film by removal of volatile solvent from a polymer solution on the desired 

substrate. Dip-coating can be used to apply polymer films on non-flat and 
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large surfaces, such as might be required for biomedical devices. Unlike 

spin-coating though, dip-coating cannot force a polymer to form a film on a 

non-wettable surface, because it does not take advantage of the centrifugal 

forces available in spin-coating. In dip-coating, while the surface is being 

extracted from the polymer solution, and once the polymer solution has 

almost completely dried out, the concentrated polymer is likely to dewet 

from a non-wettable substrate in the absence of an external force. The 

employment of dip-coating may require the use of polymer film interlayers 

to reduce the driving force for dewetting and stabilise the functional coating 

on the substrate. The variety of polymers and functional groups available 

through advanced polymerisation techniques again can be of great benefit 

here. 

The designer of coatings for biomedical applications must be 

conscious of the variety of different needs in the field, and tailor the 

approach used accordingly. In this Thesis, two types of coatings suitable for 

different biomedical applications were developed. The first coating was 

described in Chapter 3: PNVP was used to develop a bio-inert coating 

designed to strongly reduce protein adsorption. For many surfaces, protein 

molecules will generally begin to adsorb in the first few seconds after being 

placed in contact with a biological medium. In the absence of a low protein-

adsorbing coating, a protein layer forms on the substrate and acts as an 

anchoring surface for macrophages and host cells, which can initiate an 

inflammatory reaction and form scar tissue, and for bacteria, which are 

many times more likely to start an infection if they can form an impenetrable 

biofilm on the substrate. All these issues are often found when interfacing a 

medical implant with the human body. Protein-repellent coatings, such as 

the PNVP one developed here, may assist in preventing these issues. 

In this work, for the first time a thermally-induced cross-linking 

mechanism for PNVP coatings was investigated. The cross-linking process 
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most likely takes place via radical reactions at C-H bonds, and does not 

require the breaking of the pyrrolidone ring. The cross-linking rate increased 

with the annealing temperature, reaching completion throughout the depth 

of the film within a few hours at 200 °C. The excellent protein-repellent 

properties of the PNVP were fully maintained after cross-linking, and make 

the developed coatings valid alternatives to grafted PEG coatings, widely 

used for their antifouling properties but more complicated to prepare. The 

cross-linked films were stable in water for weeks, opening a wide range of 

applications for antifouling PNVP coatings. Medical devices such as urinary 

catheters and intravenous devices, often clogged by cells and primary sites 

for infections, could be lined with a PNVP film from an ethanol solution, and 

baked at temperatures as low as 160 °C for about 7 hours to be rendered 

protein-repellent. This simple procedure may increase the safety of use of 

such medical devices, and reduce the health and monetary costs associated 

with device replacement and device-related complications. Because of the 

annealing step required to cross-link and stabilise the PNVP coatings, the 

medical devices have to be able to withstand moderately high temperatures 

for several hours; this is the case for urinary and intravenous catheters, 

commonly made of moderately thermoresistant silicon rubber or 

polyurethanes. 

As described in Chapter 4, PNVP films are capable of cross-linking as 

well as dewetting upon annealing on common plastics such as PS, forming 

holes that grow with annealing time. The results of the investigation showed 

that the competition of dewetting and cross-linking affected the final hole 

growth, which was rapid in the early stages of the dewetting, but 

dramatically slowed down at long annealing times. The behaviour was 

different when the PNVP was supported by low viscosity PS (liquid-like) or 

high viscosity PS (solid-like). At advanced stages of cross-linking the PNVP 

dewetting stopped completely when the substrate was a high viscosity PS, 
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while it continued at a very low rate if the substrate was a low viscosity PS. 

This was likely due to the ability of the cross-linked PNVP film to slowly 

move on the liquid-like PS, while the friction at the interface with the solid-

like PS prevented any movement. 

A model was developed to fit the hole growth in the dewetting PNVP 

film during cross-linking, based on the assumption that the molecular 

weight, and hence the viscosity, of PNVP increased exponentially as a result 

of the cross-linking process. The model was based on the assumption of a 

liquid/solid system, and was shown to be very powerful, resulting in 

excellent fitting of the data obtained for PNVP dewetting on solid-like PS. 

The fits of the data obtained for PNVP dewetting on low viscosity PS were 

also good, albeit not at long annealing times, when the viscosity ratio 

between the PNVP and the PS films changed to such an extent that the 

bilayer was better described by a liquid/liquid system. From the model, we 

were also able to produce information on the activation energy of the cross-

linking process. 

One of the main results of the study of dewetting of PNVP on PS was 

that by tuning the annealing temperature, the ratio of the rates of PNVP film 

dewetting and cross-linking could be tuned to achieve the desired hole size, 

or no holes at all. These findings open up the possibility of preparing 

antifouling and micropatterned PNVP coatings on non-wettable substrates, 

widening the variety of devices that could potentially be modified with 

these types of coatings. 

Future work on cross-linked PNVP coatings would include the 

investigation of their influence on inflammatory responses and of their 

cytotoxicity, as well as of microbial film formation. These are significant 

unmet clinical needs. Ideally, in vivo studies with model surfaces and 

practical devices would demonstrate whether the PNVP coatings developed 

in this work would be useful in real-world applications. 
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The second coating developed in the work reported in this Thesis is 

presented in Chapters 4, 5 and 6. Here, micropatterned polymer thin films 

were developed for the control of protein adsorption and cell adhesion. 

There are many reasons why this is important. The control of cell density 

and spreading on a surface can help to direct their fate towards death, 

proliferation and even differentiation, which is the basis of tissue 

engineering in vitro. In different applications, the isolation of single cells or 

small colonies of cells in arrays of separated micro-bioreactors can allow 

fundamental studies on the interaction of a cell with its microenvironment 

and with its neighbouring cells. This is particularly important for growing 

stem cells in populations that maintain their pluripotency, i.e. their ability to 

differentiate in many kinds of cells, which is still a challenging objective, as 

the field’s understanding of the mechanisms that govern their natural 

tendency to specialise is still poor. Other applications may include high-

throughput screening of libraries of chemical compounds or particle capture 

in microfluidic devices. 

Dewetting of polymer thin films to produce micropatterned surfaces 

with adequate chemical contrast can be used to pattern cells onto controlled 

domains to obtain arrays of micro-bioreactors. Thin film dewetting is a 

technique for the formation of patterns that is inexpensive, simple and 

flexible, and relies on polymer thin films, which can be prepared on flat as 

well as non-flat surfaces. These advantages make dewetting a valid 

alternative to other patterning techniques available, such as 

photolithography and micro-contact printing. The formation of ordered 

patterns cannot be readily achieved, though for the biomedical applications 

described here, order is not a pre-requisite for function. 

An example of micropatterned surface for biomedical applications is 

the patterned PNVP/PS coating studied in Chapter 4. This coating presented 

protein-adsorptive PS holes in protein-repellent PNVP background. In 
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future work, extra cellular matrix proteins such as vitronectin could be 

selectively deposited in the PS holes, with no adsorption on the antifouling 

PNVP background. Cells could then adhere on the protein-coated domains 

in the desired pattern. The hole size was readily controlled by the annealing 

temperature and time, and the hole density could be controlled by tuning 

the PNVP film stress, by selecting the appropriate annealing temperature, 

molecular weight of the polymer, and employing pre-annealing treatments. 

A more complex patterned coating achieved by dewetting was 

investigated in Chapters 5 and 6. Here, thin film dewetting was again used 

to obtain a pattern of holes, but the dewetted upper film was made protein-

repellent in a separate step by grafting a comb-like PEG methacrylate brush, 

using controlled, surface-initiated atom transfer radical polymerization 

(ATRP). The surface-initiated polymerization from a polymer film was 

investigated. The poly(PEGMA) brush grew from the surface of the films as 

well as within it, inducing a marked swelling and forming an intermixed 

layer. The formation of a dense brush was confirmed by AFM, which 

showed a smooth and featureless surface. A dense brush is required to 

reduce protein adsorption to low levels. The chemical difference, and hence 

the ability to adhere proteins, between the holes and their background was 

established by XPS imaging techniques. 

The use of a protein adsorbing lower layer and a low protein 

adsorbing upper layer allowed for the localisation of extra cellular matrix 

proteins, which resulted in the localised attachment of fibroblasts. Patterns 

of dewetted holes with different length scales all showed selective protein 

adsorption in the PS holes, as seen in the AFM and fluorescence microscope 

investigations with albumin and fibrinogen. For cell studies, cell-adhesive 

vitronectin was pre-patterned in the holes, ensuring good coverage and 

likely forming protein clusters able to expose the integrin-binding domains. 

Effective cell patterning of fibroblasts was obtained only when the dewetted 
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holes were larger than the cells and provided space for cell spreading. The 

adhered cells showed good viability. 

This coating combined the advantages of dewetting, i.e. ease of use 

and low cost, with the advantages of surface-initiated ATRP, i.e. grafted 

chains with tuneable properties and with functionalisable end groups. In 

future work, the living ends of the grafted chains could be selectively tagged 

with a peptide that promoted selective cell adhesion. For example, cell type 1 

could be selectively adhered on the PS domains, and cell type 2 could be 

attached to the selective peptide in the regions around cell type 1. The result 

would be a geometrically controlled cell co-culture, where homotypic and 

heterotypic interactions could be tuned. 

An additional future perspective could take advantage of the 

thermoresponsive behaviour of PEG methacrylate bottle brushes: these 

polymers have been shown to have lower critical solution concentrations 

compatible with biological environments, in the case of short PEG side-

chains (2-3 units).1 This implies that they can be made to collapse on the 

substrate or extend away from it by tuning the temperature. Collapsed 

brushes promote cell adhesion, while they become repellent once they are 

swollen. This property was proven to be effective in patterning cells into 

geometrically controlled cell co-cultures, as reviewed by Hannachi et al.2 for 

the case of thermoresponsive poly(N-isopropyl acrylamide). In the coating 

developed in this work, one type of cell could be selectively adhered into the 

polystyrene domains when the PEG methacrylate brush is swollen, and a 

second type of cell could be adhered onto the background once the brush 

has been forced to collapse. If the PS was also modified to be selectively 

grafted with a different thermoresponsive brush, for example polymerised 

by RAFT, the pattern of thermoresponsive brushes could be employed to 

grow fully detachable cell co-culture sheets for tissue grafting.2 



Andrew M. Telford  CHAPTER 7 

 

263 

7.2 References 

1. Bebis, K.; Jones, M. W.; Haddleton, D. M.; Gibson, M. I., 

Thermoresponsive behaviour of poly (oligo(ethyleneglycol methacrylate) s 

and their protein conjugates: importance of concentration and solvent 

system. Polymer Chemistry 2011, 2 (4), 975-982. 

2. Hannachi, I. E.; Yamato, M.; Okano, T., Cell sheet technology and cell 

patterning for biofabrication. Biofabrication 2009, 1 (2), 022002. 

 



Andrew M. Telford  AMENDMENTS 

 

264 
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