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Abstract 

 

Patterned polymer surfaces are of great importance with respect to an increasing number 

of technological and bio-medical applications, due to their great versatility in terms of 

chemical composition, properties and processing techniques. Surface micropatterning 

by spontaneous dewetting of thin polymer films represents a versatile and robust 

process to fabricate surfaces with controlled topography and chemistry at the micro-

scale. In this Thesis, we used polymer dewetting in combination with complementary 

approaches to engineer both surface chemistry and the ordering of the dewetting 

patterns. 

The dewetting of poly(D,L-glycolide-co-lactide) (PLGA) thin films on 

polystyrene (PS) was combined with the grafting of protein-repellent poly(ethylene 

glycol) (PEG), in order to form topographical and chemical surface micropatterns 

consisting in protein-adhesive PS domains surrounded by protein-repellent PEG-grafted 

PLGA films. The produced micropatterned surfaces were used for site-specific protein 

adsorption, and represent a promising platform for biological applications, such as 

proteomics, single-cell studies and tissue engineering. 

Spatially ordered surface micropatterns were obtained by combining polymer 

dewetting with microcontact printing and colloidal lithography, respectively. The 

dewetting of thin PS films was guided within specific regions of the substrate by 

prestamping of the silicon substrate with self-assembled monolayers of an alkylsilane 

by microcontact printing. Ordered micropatterns consisting in arrays of holes with 

tunable size were obtained by exploiting the spontaneous dewetting of poly(4-vinyl 

pyridine) (P4VP) thin films on PS from the holes produced by colloidal imprinting with 

two-dimensional colloidal crystals assembled on the polymer bilayer. 
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Chapter 1. 

Introduction 

 

1.1. Preamble 

Patterning of surfaces is of great importance in many areas of science and technology. 

The last two decades have seen the introduction of several lithographic techniques that 

have enabled the fabrication of surface micropatterns with resolution in the sub-

micrometre range. Traditional lithographic techniques used for microfabrication are 

capable of producing well-controlled topographical or chemical micropatterns. 

However, there are a growing number of applications requiring the simultaneous control 

over surface properties at the nano and microscale, which require the development of 

novel, cost-effective microfabrication techniques capable of combining topographical 

and chemical micropatterning.  

Patterned polymer films are of growing importance with respect to an increasing 

number of applications, due to their great versatility in terms of chemical composition, 

properties and processing techniques. Polymer coatings offer a number of advantages 

when compared to bulk polymeric devices, such as the ability to tailor the properties of 

a surface without the need to change the bulk properties of the material. Polymer 

coatings find applications in a broad range of fields, including micro-electronics,
1, 2

 

optics
3, 4

 and biomedicine.
5
 

Micropatterned polymer surfaces comprising both chemical and topographical 

features are becoming increasingly popular in biomedical research for the study of cell 

physiology and are progressively replacing the traditional flat substrates for cell culture. 

Cells within organs or tissues are embedded into highly structured microenvironments, 
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which impose specific boundary conditions that influence architecture, mechanics and 

function of the cell.
6, 7

 The size and structure of the microenvironment limits cell 

volume and spreading, affecting the spatial distribution of cell adhesion.
8
 The 

biochemical composition and the mechanical properties (e.g. stiffness) of the 

microenvironment determine the factors responsible for cell adhesion, and thereby 

affect intracellular signalling and cell assembly.
9
 In addition to playing a role in the 

configuration of intra-cellular organisation, the cell microenvironment also influences 

gene expression and cell differentiation.
10

 Topographical and chemical micropatterning 

of surfaces allow the reconstruction of tissue-like conditions for in vitro cell cultures 

and the investigation of the sensitivity and response of a cell to specific micro-

environmental environments. 

 The ability to fabricate micropatterned devices with controlled chemistry and 

topography represents a key factor to future development of microfluidics technologies. 

Since the advent of microfluidics approximately two decades ago, there has been a 

progressive increase in the interest and development of devices for fluid flow at the 

microscale.
11

 The first applications of microfluidic technologies have been in analysis, 

for which they offer a number of useful features, such as small volume of samples, high 

resolution and sensitivity, low cost, and short time for analysis.
12

 At the present, 

microfluidics find applications in a broad range of fields, including drug discovery, 

diagnostic chips,
13

 organic synthesis
14

 and microreactors.
15

 A crucial role in the success 

of microfluidic technology is played by the development of surface modification and 

patterning techniques, which enable the fabrication of devices with topographical or 

chemical features in the sub-micrometre scale.
16

 The high hydrodynamic drag of liquids 

at the solid interface can reduce significantly the rate of liquids flowing in micron-sized 

channels, requiring the use of high operating pressure. Chemical micro-patterning of 

microfluidic devices by selective coating of the channels can effectively increase 

interfacial slip of the liquid and reduce the hydrodynamic drag.
17
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1.2. Patterning of Polymer Surfaces 

1.2.1. Photolithography 

Photolithography is one of the main methods currently used for patterning polymers.
18, 

19
 In photolithographic methods, patterns are generated by selectively exposing 

monomer- or polymer-coated surfaces (polymer monolayers or polymer brushes) to 

photoirradiation and by subsequently removing selected areas of the film via dissolution 

in solvent (Figure 1.1). Site-selective irradiation is typically achieved by illuminating 

the film through a mask and is used to trigger photopolymerization, photocrosslinking, 

functionalization or decomposition reactions. Photolitographically patterned polymer 

surfaces have found applications in the production of light emitting diodes (LEDs),
20

 

photonic crystals,
4
 optical components,

21
 and microarrays of proteins and cells.

22
 Revzin 

et al.
23

 used photolithography to fabricate planar arrays of cells, in which individual 

cells are confined in poly(ethylene glycol) (PEG) hydrogel wells (Figure 1.1b). Albrecht 

et al.
24

 reported the precise positioning of cells in patterned poly(ethylene glycol) 

diacrylate (PEGDA) hydrogel produced by photocrosslinking (Figure 1.1c) and 

achieved multiplexing of different types of cells by multistep irradiation of the hydrogel 

(Figure 1.1d).   

 

 

Figure 1.1. Patterning of polymers by photolithography. (a) Schematic of the photolithography 

technique.
25

 (b, d) Confocal and (c) optical micrograph of cells confined within polymer microwells 

generated by photolithography.
23, 24
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Overall, the major challenges in photolithography are to enhance the resolution 

of the patterning while keeping costs low, as well as to pattern functional materials 

without compromising their properties. For example, photolithography is not suitable 

for the direct patterning of bioactive species with high sensitivity to UV irradiation, 

photoinitiators or solvents used for the development of the patterns. In addition, the 

technique is not suitable for the patterning of curved surfaces and patterning with high 

resolution is usually achieved at high costs and over long times.  

 

1.2.2. Printing techniques 

Modern printing methods for polymer patterning include nanoimprint lithography, dip-

pen lithography and microcontact printing. In nanoimprint lithography (NIL) the 

patterning of polymers is realized by pressing a mould against a softened thermoplastic 

polymer or a liquid polymer precursor and trapping the pattern in the solid state by 

either cooling the moulded material (thermal NIL) or by UV-photocuring (UV-NIL) the 

polymer precursor (Figure 1.2a).
26, 27

 A wide range of commercial thermoplastic 

polymers, including polystyrene (PS), polycarbonate, poly(methyl methacrylate) 

(PMMA) and poly(vinyl alcohol) (PVA) are being used for thermal NIL to produce 

photoresists for pattern-transfer in photolithographic applications. More sophisticated 

polymer systems include conductive polymers,
28

 polymers labelled with fluorescent 

chromophores
29

 and block copolymers.
30

 In contrast with thermal nanoimprinting, UV-

NIL employs photosensitive polymer precursors and photosetting typically occurs by 

free-radical or cationic polymerization. One of the main drawbacks of UV-NIL is 

sensitivity to oxygen, which can lead to defects in high resolution patterns.
31

 Future 

applications for NIL rely mainly on the development of new photochemically sensitive 

materials that are not susceptible to oxygen inhibition and can be easily removed from 

the mould.  

Microcontact printing (µCP) is an efficient technique for the patterning of large-

area surfaces with spatial resolution down to the sub-micrometre range.
32

 In 

microcontact printing, an elastomeric stamp is used to transfer material, usually referred 

to as ‘ink’, to the substrate to produce a surface pattern mirroring the relief features of 

the stamp (Figure 1.2b).
33, 34

 The technique has been extensively used for direct and 

indirect patterning of surfaces with polymer monolayers and thin films. In direct 
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deposition, the ‘ink’ consists of a solution of the polymer to be transferred on the 

surface. In indirect deposition, the selective deposition of the polymer is followed by 

surface-initiated polymerization, site-specific electropolymerization or back-filling.
35, 36

 

Microcontact printing is suitable for large-scale production (e.g. reel-to-reel or sheet-to-

sheet schemes) and does not require expensive instrumentation, which led to significant 

popularity of the technique in the field of organic electronics and for site-specific 

immobilization of proteins and cells.
37, 38

 In spite of its popularity, the main limitations 

of the technique are represented by the difficulty in the production of multilayer and 

multicomponent patterns, along with the difficulty in achieving patterns with sub-100-

nm resolution. 

 

 

Figure 1.2. Patterning of polymers by printing techniques. Schematic representation of (a) nanoimprint 

lithography (NIL) and (b) microcontact printing (µCP).
25

 

 

1.2.3. Direct writing techniques 

Patterning by direct writing is realized by delivering molecules from a nozzle or from a 

probe tip to specific regions of the substrate. The most commonly used direct writing 

techniques are dip-pen nanolithography and inkjet printing. Dip-pen nanolithography 

(DPN) is a scanning probe microscopy-based technique, in which the tip of an atomic 

force microscope (AFM) selectively deposit the patterning material on the underlying 

substrate (Figure 1.3a).
39

 When the AFM tip coated with the patterning material is 
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scanned above the surface a liquid meniscus forms between the tip and the substrate, 

with consequent transfer of the patterning material from the tip to the substrate. 

Patterning of polymer nanostructures by DPN is achieved in two ways: by depositing on 

the surface of reactive precursors and subsequently performing site-specific 

polymerization reactions,
40

 or by directly delivering to the substrate polymer solutions 

or melts.
41-43

 DPN in combination with electrochemical polymerization was 

successfully employed to create high-resolution patterns of conductive polymers, such 

as polythiophene and poly(vinylcarbazole).
44

 Patterning by DPN has also been used for 

the fabrication of micro and nano-arrays of proteins and DNA, showing promising 

applications in fundamental studies of biological recognition and diagnostics.
45, 46

 

 In inkjet printing, droplets originating from the break-up of a jet of polymer 

solution are deposited on a surface, and form a polymer pattern when the solvent 

evaporates (Figure 1.3b).
47

 Polymer patterning can also be achieved by depositing onto 

a polymer substrate droplets of a solvent that etches the polymer.
48

 Patterning of 

polymers by inkjet printing has been used in the fabrications of optics,
48

 sensors,
49

 and 

arrays of proteins and cells.
50

 However, to date the main application of inkjet printing is 

in the field of plastic electronics, for example in the production of polymer transistors 

circuits and organic LEDs.
48

 

 

 

Figure 1.3. Patterning of polymers by direct writing techniques. Schematic representation of (a) dip-pen 

nanolithography and (b) inkjet printing.
25
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1.2.4. Lithographically controlled wetting 

Litographically controlled wetting (LCW) is a wet-patterning process that exploits the 

self-organization of soluble materials, permitting spatial control provided by the 

features of a stamp (Figure 1.4).
51

 When a stamp is placed in contact with a liquid thin 

film on a solid substrate, the capillary forces pin the solution to the stamp protrusions, 

giving rise to an array of menisci (Figure 1.4b, e). As the solvent evaporates, the 

solution forms a subfemtoliter fluid cell under each stamp protrusion and, when the 

solution reaches supersaturation, the solute precipitates onto the substrate within the 

menisci, giving rise to a deposit replicating the protrusion of the stamp (Figure 1.4b, c 

and Figure 1.4e, f). Thermodynamic and kinetic parameters such as the nature of the 

solvent, the capillary flow and evaporation rate, the solute intermolecular interactions 

and the interactions with the substrate determine the morphology and structure of the 

printed features.
52

  

 

 

Figure 1.4. Schematic representation of lithographically controlled wetting. (a–c) Scheme of printing 

using (a) prefabricated spacers (b) in the standard and (c) diluted  regime. (d–f) Scheme of printing using 

(d) a floating stamp in the (e) standard or (f) diluted regime.
51
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In the standard configuration, a prefabricated spacer can be used to keep the 

desired stamp-substrate distance (Figure 1.4a–c). Alternatively, LCW can be carried out 

using a floating stamp, in which case the system is self-regulating, as the solute itself 

determines the stamp-surface distance when it precipitates under the stamp protrusion 

(Figure 1.4d–f). By using a very diluted solution, supersaturation is not achieved within 

the fluid columns and, as the solvent evaporates, the residual solution remains pinned to 

the edges, forming an inverted meniscus under the protrusion (Figure 1.4c, f). The 

consequent mass transport to the edge via capillary flow yields a replica of the 

protrusion edges, rather than the protrusion itself.
53

 This regime is suitable to downscale 

the size of printed features relative to the original size of the stamp features, as it is 

possible to print double features whose size depends on the curvature radius of the 

edges rather than on the size of the flat part of the protrusion.  

Major limitations of LCW are the solubility of materials that can be used in 

LCW, as it works only with soluble compounds, and the difficulty of applying LCW to 

curved surfaces. 

In this Thesis, a novel patterning approach based on the self-assembly of 

polymer thin films by spontaneous dewetting was developed to produce surface 

coatings with controlled chemistry and topography. The thermodynamics of dewetting 

and the application of dewetting to surface micropatterning are presented in the next 

Section. 

 

1.3. Patterning of Polymer Surfaces by Dewetting 

Dewetting is the spontaneous withdrawal of a thin liquid film on a non-wettable 

substrate.
54, 55

 Dewetting is encountered in everyday life, for example in the rupture of a 

water layer into droplets on a hydrophobic surface such as a dirty windowpane or a 

Teflon-coated pan. Thin liquid films consisting of polymer melts (i.e. polymer films 

above the glass transition temperature, Tg) are the ideal candidate for dewetting 

experiments, since polymer films can be easily spin coated as uniform thin films onto 

solid substrates, are non-volatile, and allow a fine control over the timescale of 

dewetting – which depends on the viscosity of the liquid film – by tuning annealing 

temperature and molecular weight of the polymer.
56, 57
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Dewetting of thin liquid films arises from the instability of the liquid film on the 

solid surface and depends on the interplay between unfavourable surface interactions 

and attractive intermolecular forces.
58, 59

 The physical principles governing the 

dewetting of thin liquid films on solid surfaces are briefly presented in the next section.  

1.3.1. Thermodynamics of dewetting  

The behaviour of a liquid film on a solid substrate can be predicted by the spreading 

parameter, S, which represents the difference in surface energy per unit area between 

the dry substrate and the wet substrate, and is related to the surface tension at the solid-

vapour (γSV), solid-liquid (γSL) and liquid-vapour (γ) interfaces:
60

 

                      (1.1) 

At a macroscopic level, the surface tension at the three interfaces depends on the 

equilibrium contact angle, defined as the angle at the three-phase contact line, as 

described by the Young’s equation: 

                        (1.2) 

Hence, the spreading coefficient can be rewritten as: 

                      (1.3) 

Depending on the sign of the spreading parameter, two different wetting regimes can be 

identified: total wetting and partial wetting (Figure 1.5).
61

 In complete wetting, the 

parameter S is positive and the liquid spreads completely on the substrate forming a 

continuous film with equilibrium contact angle θE = 0. In partial wetting, S is negative 

and the liquid do not spread and forms isolated droplets on the surface with θE > 0.  

 

Figure 1.5. Schematic of the wetting regimes of a liquid on top of a solid substrate. (a) In complete 

wetting the liquid spreads on the surface and the equilibrium contact angle θE = 0. (b) In partial wetting 

the equilibrium contact angle θE > 0. 
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 At the microscopic level, the interaction of a liquid film with a solid surface, and 

the resulting macroscopic effects (e.g. wetting/dewetting) can be described in terms of 

competing short range and long range forces.
62

 Short range forces are mainly steric 

repulsion interactions and, in the case of two planar surfaces, vary as 1 / r
8
. Long range 

forces – mainly van der Waals interactions – vary as 1 / r
2
 for planar surfaces and act 

significantly on distances up to about 100 nm. Both short range and long range 

interactions are accounted into the effective interface potential, ϕ(h), defined as the 

excess free energy per unit area necessary to bring two interfaces from infinity to a 

certain separation (h). For a liquid film on a solid substrate, the interface potential is:  

     
 

   
 

             (1.4) 

where C denotes the strength of the repulsive interaction, h the distance between the 

solid-liquid interface and the liquid-gas interface, i.e. the film thickness, and A is the 

Hamaker constant, which represents the strength of the attractive interaction. The 

effective interface potential describes the macroscopic behaviour of a thin liquid film in 

terms of surface and intermolecular interactions, hence predicting whether the film is 

stable, unstable or metastable (Figure 1.6).  

 

 

Figure 1.6. Effective interface potential ϕ(h) as a function of the film thickness.
59

 Curve (a) represents the 

case of 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 is indicated as heq.  
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The effective interface potential of unstable and metastable films exhibits a 

global minimum at h = heq, and films thicker than heq will spontaneously dewet the 

substrate in order to reach the equilibrium film thickness, typically in the sub-nanometre 

range. In the case of metastable films, the system has to overcome a potential barrier in 

order to reach the state of lowest energy, and some kind of nucleus is required to lower 

ϕ(h) and induce dewetting The effective interface potential of stable films does not 

exhibit any minimum and the resulting equilibrium film thickness is infinite, since 

energy would be necessary to thin the film.  

Only liquid films thinner than the capillary length, λcap, can undergo dewetting, 

as in films thicker than this critical length the gravitational forces dominate over the 

intermolecular interactions and suppress dewetting. The capillary length of a liquid is 

defined as: 

      
 

  
          (1.5) 

where γ is the surface tension at the liquid-vapour interface, ρ is the liquid density and g 

is the gravitational acceleration. For water λcap is about 2.7 mm.
63

  

1.3.2. Evolution of dewetting 

Two possible mechanisms for the dewetting of thin liquid films can be distinguished: 

spinodal dewetting and heterogeneous nucleation of holes followed by hole growth 

(Figure 1.7). Spinodal dewetting, predicted for the first time by Vrij in 1966, occurs 

only in unstable films.
64

 The film instability drives the formation of capillary waves 

whose amplitude grows exponentially with time as     , where τ is the characteristic 

growth time. This produces a pattern of spatially correlated micro and nanostructures 

with characteristic wavelength λs. Since the growth time τ varies as the fifth power of 

the films thickness, spinodal dewetting can be observed only in ultrathin liquid films 

(typically less than 10 nm thick). For films thicker than 10 nm, the growth time of the 

instability is too slow and heterogeneous nucleation usually overtakes spinodal 

dewetting.
65
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Figure 1.7. Onset of dewetting: mechanisms of film rupture. (a) Atomic force microscopy (AFM) 

topography image of spinodal dewetting in a 4 nm thick polystyrene film on silicon. (b) Optical 

micrograph of heterogeneous nucleation in a 33 nm thick polystyrene film on silicon. 

 

The dewetting of thin liquid films by heterogeneous nucleation can be divided 

into three stages (Figure 1.8): (i) film rupture, (ii) hole growth and (iii) formation of 

isolated droplets.
66, 67

 The rupture of the initially homogeneous film by nucleation of 

holes represents the onset of dewetting. In heterogeneous nucleation, characteristic of 

most unstable and metastable films, dewetting starts with the random nucleation of 

holes at sites of local heterogeneity in the liquid film, typically defect sites (e.g. dust 

particles) or sites with high residual stress in the case of thin polymer films.
68, 69

  

 

 

Figure 1.8. Optical micrographs of the three stages of dewetting in polystyrene thin films on silicon: (a) 

film rupture, (b) hole growth, and (c) formation of isolated droplets.  

 

  After film rupture, the holes nucleated on the liquid film grow in lateral size in 

order to minimize the contact area between the liquid and the solid substrate. Growth 

occurs by displacement of material away from the nuclei, leading to accumulation of 
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material into a rim surrounding the hole (Figure 1.9). In the early stages of dewetting, 

the energy is dissipated mainly by slippage of the liquid film on the solid substrate (full 

slip regime) and the radius of the hole grows with time as     . In later stages of 

dewetting, viscous dissipation within the liquid films dominates the hole growth (no slip 

regime) and the radius of the hole grows linearly with time.
70, 71

 In both regimes, the 

rate of hole growth is inversely proportional to the viscosity of the liquid film, and 

therefore the dewetting rate increases with increasing the annealing temperature as a 

consequence of the increase in fluidity of liquid.
67

 

 

 

Figure 1.9. 3D rendering of an atomic force microscopy topography image illustrating the typical 

morphology of an isolated hole during dewetting .  

  

The late stage of dewetting starts when holes cannot grow any further as they coalesce 

with neighbouring holes. Upon coalescence, the rims of the two holes overlap to form a 

liquid cylinder, which eventually decays into single droplets due to Rayleigh-Plateau 

instability. In the final state, isolated droplets of liquid are found on the solid substrate 

as spherical caps, with Young’s equilibrium contact angle (Figure 1.10).
72
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Figure 1.10. 3D rendering of an atomic force microscopy topography image illustrating the final stage of 

dewetting in polystyrene droplets on silicon.  

 

1.3.3. Surface micropatterning by dewetting  

In several instances, dewetting is undesirable, as in the rupture of a protective coating 

film or paint. However, dewetting represents a powerful tool to produce surface 

micropatterns and there are several examples of the application of dewetting in micro 

and nanotechnology. Surface patterning by dewetting of thin polymer films is an 

intrinsically up-scalable method, which could be applied to objects of any shape and 

size, as the only requirement for patterning is a uniform polymer coating on the object 

(achievable for example by dip-coating), and thermal annealing of the polymer films. 

The size of the dewetting patterns can be controlled simply by tuning the annealing 

conditions (temperature and time). By cooling the polymer films down to room 

temperature, dewetting can be stopped at any stage of hole growth: the longer the 

annealing time (or the higher the annealing temperature), the larger the holes.  

Dewetting phenomena are universal and have been observed on a variety of 

inorganic, organic, polymeric and hybrid materials. Dewetting of thin metallic Pt/Fe 

films on MgO was exploited by Breitling and Goll
73

  to fabricate isolated single-domain 

island structures with increased magnetic coercivity, for potential use in magnetic 

recording applications. Dewetting has been proposed as a viable tool to pattern 

nanoparticles.
74

 Suematsu et al.
75

 exploited the dewetting of polystyrene (PS) solutions 

containing Ag nanoparticles on mica to generate two-dimensional hexagonal patterns of 

PS droplets with ring-shaped aggregates of the nanoparticles. The combination of self-
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assembling and dewetting was exploited by van Hameren et al.
76

 to produce large-scale 

sub-micrometer wire-like architectures consisting of porphyrin columnar stacks. 

Dewetting has been proposed as a tool for patterning biological molecules for biological 

applications. Telford et al.
77

 reported the use of surface patterns produced by dewetting 

of thin polymer films for site-selective protein adsorption and cell immobilization.  

Patterns arising from the dewetting of thin liquid films typically consist in 

randomly distributed holes with narrow size distribution. However, for applications 

requiring surface patterns with lateral order, it is possible to force the dewetting to occur 

in an ordered fashion by introducing external factors (e.g. chemical and/or physical 

heterogeneities) to locally modify the interfacial potential. Some of the approaches used 

to spatially control the dewetting of functional materials are presented in the next 

section.  

1.3.4. Spatially controlled dewetting patterns  

The presence of physical or chemical heterogeneities on the surface introduces local 

changes in the interfacial potential and favours the nucleation of holes at specific 

location of the liquid film. There are several examples in the literature of spatially 

controlled dewetting patterns obtained by dewetting on physically pre-patterned 

substrates.
78-80

 Higgins and Jones
81

 demonstrated the possibility to achieve polymeric 

films with oriented morphologies by anisotropic spinodal dewetting on rubbed glass 

slides. Yoon et al.
82

 showed the dewetting of thin polystyrene films on topographic pre-

patterned silica substrates and systematically investigated the morphological evolution 

of the film by controlling size and type of the topographic patterns (Figure 1.11a). 

Mukherjee et al.
83

 investigated the creation of large area mesoscale structures by 

controlling the dewetting pathways of thin polymer films on physically heterogeneous 

substrates comprising two-dimensional arrays of square pillars. The controlled 

dewetting of metallic thin films is effective for fabrication of ordered micro and nano-

structures with relevant technological applications. Oh et al.
84

 used the dewetting of thin 

cobalt layers on topographically pre-patterned silicon substrates for the fabrication of 

ordered nanoparticle arrays. Petersen and Mayr
85

 showed the formation of nanowires by 

thermal dewetting of Ni and NiAg solid thin films on ripple-patterned silicon substrates.  
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Figure 1.11. Examples of spatially controlled dewetting on pre-patterned substrates. (a) Schematic of 

ordered dewetting patterns on physically pre-patterned substrates.
82

 (b-c) Atomic force microscope 

(AFM) images of linear arrays of polymer droplets obtained by dewetting on chemically pre-patterned 

substrates.
86

 

 

Modification of the substrate with ordered chemical patterns was employed to 

drive the dewetting of liquid films to specific areas exclusively.
87, 88

 Dewetting of thin 

polymer films on pre-patterned surfaces by microcontact printing of self-assembled 

monolayers (SAM) was extensively employed for the fabrication of arrays of polymer 

droplets mirroring the topography of the SAM (Figure 1.11b and Figure 1.11c).
86, 89, 90

 

Kumar and Whitesides
91

 have demonstrated the use of pre-patterned substrates as base 

for diffraction gratings. Heterogeneous substrates comprising well-defined hydrophilic 

and hydrophobic regions with micrometer-scale periodicity were prepared by patterning 

alkenethiolates SAM on gold. Condensation of water on the patterned surfaces resulted 

in droplets following the pattern of the hydrophilic SAM. The same procedure, followed 

by dipping and dewetting of polymer-coated magnetic nanoparticles, was used for the 

fabrication of ordered arrays of magnetic rings with potential application in data storage 

technologies.
92
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Other techniques used in combination with dewetting to produce ordered surface 

patterns include microimprinting.
93

 In this technique, a stamp is placed in contact with a 

polymer film and heated to a temperature higher than the glass transition temperature of 

the polymer, causing the features of the stamp to sink into the polymer melt. Dewetting 

starts where the film thickness is the thinnest, i.e. at the locations where the imprinting 

takes place, producing a dewetting pattern that mirrors the features of the stamp. Kim 

and Lee
94

 showed the ability to achieve polystyrene patterns with size ranging from tens 

to hundreds of nanometers by controlling the time of microimprinting. Park et al.
95

 

showed that the dewetting of Teflon precursors confined by saw-toothed PDMS stamps 

can be used to produce highly ordered patterns of Teflon nanopheres with precise size 

control. Yoon et at.
96

 used microimprinting to  topographically pattern poly(4-

vinylpyridine) (P4VP) / polystyrene (PS) bilayers. The subsequent annealing above the 

glass transition temperature started the dewetting of the P4VP top layer as well as the 

partial layer inversion of the two layers, producing an ordered array of PS microlenses.  

 

1.4. Thesis Outline 

This Thesis describes the design and fabrication of polymer surfaces featuring chemical 

and topographical micropatterns. Surface micropatterning was achieved by exploiting 

the self-assembly of thin polymer films based on dewetting phenomena. The materials 

and methodologies common to all the experimental work presented in this Thesis are 

summarized in Chapter 2, including sample preparation protocols and surface 

characterization methods.  

 The development of micropatterned polymer coatings for site-specific protein 

adsorption is presented in Chapter 3. In this study, chemical and topographical patterns 

with good protein adsorption contrast were achieved by the combination of grafting of 

polymer brushes and polymer dewetting. In particular, dense brushes of highly protein-

repellent poly(ethylene glycol) (PEG) brushes were grafted onto poly(D,L-lactide-co-

glycolide) (PLGA) films, previously patterned by spontaneous dewetting on top of 

polystyrene (PS) films. The protein absorptivity and the biodegradability of the novel 

PEG-grafted PLGA films was investigated and site-selective protein adsorption was 

achieved on the micropatterned substrates. 



Chapter 1. Introduction 

18 
 

 Two approaches to inducing spatially-ordered dewetting patterns are contained 

in Chapters 4 and 5. The guided dewetting of PS thin films on chemically pre-patterned 

substrates is presented in Chapter 4. In this study, different stages of dewetting were 

exploited to produce different types of ordered patterns. The dynamics of hole growth in 

the early stages of dewetting was investigated to determine the effect of the chemical 

pre-pattern on the dewetting rate.  

 The development of spatially-ordered surface patterns produced by the 

combination of colloidal imprinting and polymer dewetting is presented in Chapter 5. 

Colloidal imprinting with colloidal two-dimensional colloidal crystals was used to 

pattern poly(vinyl pyridine)/polystyrene (P4VP/PS) bilayers with ordered arrays of 

holes. Both single-particle and binary colloidal crystals were employed as patterning 

templates. The size and the depth of the holes produced by colloidal imprinting were 

tuned by dewetting of the P4VP top layer upon thermal annealing. The interplay 

between polymer dewetting and layer inversion in imprinted bilayers, and the effect of 

the wettability of the polymer films were investigated.  

 Finally, in Chapter 6, the findings are summarized and overall conclusions 

drawn.  
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Chapter 2. 

Materials and Methods 

 

2.1. Preparation of Thin Polymer Films 

Sample preparation was performed in a class-100 laminar flow cabinet. Thin polymer 

films were prepared on prime-grade silicon wafers with a 1.9 nm thick native oxide 

layer (MMRC Pty Ltd, Malvern VIC Australia), typically 10 x 10 mm
2
. Silicon wafers 

were thoroughly cleaned prior to polymer deposition in order to remove dust particles 

and organic contaminants from the surface.
1
 Substrates were sonicated in high-purity 

ethanol and in high-purity acetone, and then blown dry with pure nitrogen. Particulate 

contaminants were removed with a CO2 snow jet (Applied Surface Technologies, New 

Providence NJ), and then treated using a plasma cleaner (Harrick Plasma, Itacha NY, 

model PDC-002) to remove small traces of residual organic contaminants.  

 Polymer films were deposited on clean silicon substrates by spin-coating 

(Laurell Technologies Co., PA, model WS400B-6NPP-LITE) from diluted solutions in 

volatile organic solvents. In a typical experiment, 25-30 µL of polymer solution (10-20 

mg mL
-1

) are deposited on the silicon substrate and then spun at 3000-4000 RPM. 

During spin-coating, the polymer solution spreads on the substrate due to centrifugal 

forces, while the solvent quickly evaporates leaving a uniform thin film on the substrate. 

The thickness, h, of polymer films obtained by spin-coating is given by:
2
 

  
   

              (2.1) 
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where C0 is the concentration of the polymer solution, M is the molecular weight of the 

polymer and ω is the rotation speed. The typical thickness of the various polymer films 

used in this Thesis in function of the spin-coating parameters is reported in Table 2.1. 

 

Table 2.1. Thickness of various polymer films in function of the spin coating parameters: molecular 

weight of the polymer (Mn), concentration of the polymer solution, rotational speed and solvent. 

PS = polystyrene; PLGA = poly(D,L-lactide-co-glycolide); P4VP = poly(4-vinyl pyridine). 

 Mn (g mol
-1

) 
Concentration 

(mg mL
-1

) 

Speed 

(RPM) 
Solvent Thickness (nm) 

PS 1920  20  4000 Toluene 35 ± 1 

PS 96000 20 3000 Toluene 77 ± 1 

PS 96000 10 3000 Toluene 55 ± 1 

PLGA 
50000-

75000 
10 3000 Acetonitrile 33 ± 1 

P4VP 19000 10 3000 Ethanol 40 ± 1 

 

 

2.2. Ellipsometry 

Ellipsometry in an optical technique based on the measurement of the change in 

polarization of a light beam upon reflection from a surface.
3
 In our set up, the light 

beam emitted from a light source (a polychromatic source in the VIS-IR) is linearly 

polarized before interacting with the sample, and then reflected from the surface of the 

sample. Linearly polarized light contains equal amounts of p (parallel) and s 

(perpendicular) polarized light (Figure 2.1).
4
 The interaction of the light beam with the 

surface causes a shift both in the phase angle, Δ, and the relative amplitude, Ψ, of the 

two components, resulting in elliptically polarized light. The change in polarization of 

the light beam is determined by a second polarizer (analyser) in combination with a 

detector (photodiode, diode-array or photomultiplier tube).  

 The change in polarization is measured by the ellipsometer in terms of 

amplitude ratio Ψ and phase shift Δ, which are related to the complex Fresnel 

coefficients via the complex ellipsometric parameter, ρ: 
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                 (2.2) 

where Rp and Rs are the complex Fresnel reflection coefficients for p and s-polarized 

light, respectively. The complex ellipsometric parameter, ρ, can be related to the 

complex dielectric function, ε, of the material:  

                   
   

   
 
 

            (2.3) 

where    is the real part of the dielectric function,     is the imaginary part of the 

dielectric function and ϕ is the angle of incidence. The complex dielectric function, ε, 

contains information on the optical constants of the material and it can related to 

refractive index and extinction coefficientt of the surface:  

                  (2.4) 

                 (2.5) 

where n is the refractive index and k is the extinction coefficient.  

 

 

Figure 2.1. Schematic representation of the operations of an ellipsometer.
4
 (left) A linearly polarized light 

beam interacts with a sample with dielectric function          . (right) After reflection by the surface 

of the sample, the polarization of the light changes to elliptical and the changes in both the phase angle 

(Δ) and the amplitude ratio (Ψ) are recorded by the detector.  
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From the experimental Ψ and Δ values, it is possible to obtain the thickness of 

the film and optical constants of the material. A model must be compiled in order to 

generate theoretical Ψ and Δ values using Fresnel’s equation, which are then used to fit 

the experimental Ψ and Δ values in an iterative minimum square deviation algorithm. 

The model used for data fitting depends on the system under investigation and is built 

on the knowledge of the composition and structure of the sample, e.g. number and 

composition of the layers and estimated refractive index of each layer. 

 In this Thesis, a J. A. Woollam Co. Inc. model M-2000 V ellipsometer was used 

to determine the thickness of the polymer films prepared by spin-coating on silicon 

wafers. Measurements were performed using an angle of incidence of 75° in a 

wavelength range of 370-1000 nm. Thickness and refractive index of the polymer films 

were calculated by fitting the experimental Ψ and Δ values using a model describing a 

multi-layer system (Figure 2.2).  

 

 

Figure 2.2. Experimental Ψ (■) and Δ (▲) values for a PLGA/PS bilayer on silicon acquired for 

wavelengths in the range 370-1000 nm at an angle of incidence of 75 °. Experimental data were fitted 

(solid lines) with the multilayer model shown in the inset.  

 

The model used to fit the ellipsometric data for a polymer bilayer (polymer 1, 

polymer 2) on silicon was: 

                                                (2.6) 
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The refractive index of the polymer films was modelled using the Cauchy dispersion 

equation: 

        
  

  
 

  

  
          (2.7) 

where n(λ) is the refractive index;  λ is wavelength of incident light; An, Bn and Cn are 

the refractive index coefficients. The contributions of the fourth term and above in the 

Cauchy equation were neglected as irrelevant for most applications. In order to reduce 

the number of fitting variables, thickness and refractive index of the polymer bottom 

layer (polymer 1) were measured independently before spin coating of the polymer top 

layer (polymer 2), using the following multilayer model: 

                                    (2.8) 

Thickness and refractive index of polymer 1 were kept constant during the fitting of the 

ellipsometric data for the polymer bilayer. Thickness and optical constants of silicon 

and SiO2 are tabulated and were kept constant during each data fitting. The data were 

processed and fitted using the WVASE32 softer provided with the instrument. 

 

2.3. Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM) 

developed by Binnig et al.
5
 in 1986 in order to overcome the limitations of scanning 

tunnelling microscopy (STM) to nonconductive materials. In AFM, the sample surface 

is scanned with a probe consisting of a sharp tip (< 20 nm) positioned at the end of a 

cantilever. AFM operations can be generally divided into contact mode and tapping 

mode. In contact mode the tip is in continuos contact with the surface, while in tapping 

mode the probe is driven into an oscillation at its resonant frequency by a small 

piezoelectric element and is in intermittent contact with the surface. The interaction of 

the tip with the sample surface causes the bending of the cantilever (contact mode), or 

the damping of the oscillation amplitude (tapping mode), in response of the repulsive or 

attractive forces between the sample and the tip. Bending deflection, bending 

oscillation, and torsion of the cantilever are monitored by an optical lever, consisting of 

a laser beam focused on the cantilever and reflected onto a four-quadrant photodetector 

(Figure 2.3). The sample is moved in a raster pattern under the tip by a piezoelectric 
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drive in the horizontal plane (xy plane), while the vertical motion (z distance) is 

controlled by a feedback mechanism. In contact mode, the feedback raises or lowers the 

sample and keeps the cantilever deflection at the set-point value. In tapping mode, the 

oscillation amplitude, which is reduced from the amplitude of the freely oscillating 

probe by tip-to-sample interactions, is kept at the set-point value by adjusting the 

vertical position of the sample with the piezoelectric drive. In both contact mode and 

tapping mode, the variations of the vertical position of the sample during scanning are 

plotted as a function of the horizontal position of the tip to create topography images, in 

which color contrast is used to show the variations in height of the sample surface.
6
 

 

 

Figure 2.3. Schematic representation of the optical lever used in atomic force microscopy.
7
 The spring 

cantilever probes the surface, while the piezoelectric element that holds the sample moves in a raster in 

the xy plane. The z distance is adjusted by the feedback loop guided by the position of the laser beam 

reflected by the cantilever on the photodiode.  

 

Imaging in contact mode AFM involves relatively large shear forces, frequently 

resulting in the damage and distortion of soft surfaces, making it unfavourable for 

polymeric and biological samples.
8
 In order to prevent surface damage caused by 

contact imaging, tapping mode AFM was developed. Shear forces associated with the 

raster scanning are almost eliminated in tapping mode AFM and the tip-to-sample 
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contact time reduced by two orders of magnitude. To date, tapping mode AFM have 

been extensively employed for the imaging of a wide range of soft polymeric and 

biological samples, offering unique advantages compared to contact mode AFM. In 

addition to imaging the topography of the surface, the phase shift of the cantilever in 

tapping mode depends on the hardness of the material, providing information on the 

mechanical properties of the surface.
9
 

In this Thesis, tapping mode AFM was used extensively to image 

micropatterned polymer films (Chapters 3 and 4) and to determine the surface 

roughness of flat polymer films (Chapter 3). Measurements were performed with a 

Bruker (Billerica MA) Multimode VIII instrument, using silicon probes with nominal 

resonance frequency of 300 kHz and force constant of 40 N m
-1

 (Budget Sensors, 

Bulgaria; model Tap300Al-G). The typical setting used for surface imaging is reported 

in Table 2.2. 

 

Table 2.2. Typical setting used for the imaging of polymer surfaces with atomic force microscopy 

(AFM). 

Imaging mode  Soft tapping in air 

Scan rate 0.3 Hz 

Image resolution 512 lines 

Set point 200 mV 

Integral gain 2.000 

Proportional gain 5.000 

 

 

In Chapter 5, the formation and evolution of dewetting patterns in poly(4-

vinylpyridine) (P4VP) films after colloidal lithography was monitored by in-situ 

imaging with a heating/cooling AFM scanner (Bruker, model 9242JVHC), which 

allows to scan surfaces at temperatures up to 250 °C. During the scan, the cantilever 

was heated at a temperature 5-10 degrees higher than that of the heating stage in order 

to avoid condensation on the AFM tip. 
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2.4. Contact Angle Goniometry 

Contact angle is a quantitative measure of the wetting of a solid by a liquid, typically 

water. It is defined geometrically as the angle formed by a liquid at the three-phase 

contact line where a liquid, solid and gas intersect.
10

 If the three-phase contact line is 

stationary, the contact angle is referred as static contact angle. When the three-phase 

contact line is in motion during the measurement, the contact angle is referred as 

advancing (droplet expansion) or receding (droplet contraction), respectively. The 

difference between advancing and receding contact angle represents the contact angle 

hysteresis, which contains information on roughness and heterogeneity of the surface.
11

 

Goniometry is the branch of surface science dedicated to the measurement of 

contact angles. The basic elements of a goniometer include light source, sample stage, 

lens and a camera. In this Thesis, the measurement of static, advancing and receding 

water contact angle was performed with a KSV (Helsinki, Finland) CAM200 Contact 

Angle System (Figure 2.4). In a typical experiment, a 4 µL water droplet was deposited 

on the sample surface with an automated glass syringe, and used for the measurement of 

the static contact angle. Advancing/receding contact angle were measured by 

increasing/decreasing the volume (4 µL, 0.2 µL s
-1

) of the droplet, while capturing 

images of the expanding/shrinking droplet (64-128 frames, 2 fps). 

 

 

Figure 2.4. Schematic representation of a KSV CAM200 Contact Angle System. Light source, sample 

stage, lens and camera are indicated. 
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  In conventional goniometry, the assessment of the contact angle consists in the 

measurement of the angle formed between the solid and the tangent to the drop surface. 

Determining the tangent line which will define the contact angle is a factor that can 

limit the reproducibility of the measurement. In this thesis, contact angle was measured 

by using computer analysis of the droplet profile by fitting the shape of the droplet with 

the Young-Laplace equation: 

     
 

  
 

 

  
           (2.9) 

where    is the pressure difference across the liquid-gas interface,   is the surface 

tension at the liquid-gas interface, R1 and R2 are the principal radii of curvature. The 

tangent is determined as the gradient of the Young-Laplace equation at the point where 

it intersects the baseline, and the contact angle is measured (Figure 2.5). Computer 

analysis and fitting of the droplet profile were performed with the AttensionTheta 

software provided with the instrument.  

 

 

Figure 2.5. Measurement of the static, advancing, and receding contact angle by fitting of the droplet 

profile with the Young-Laplace equation.  

 

2.5. Thermogravimetric Analysis (TGA) and Differential Scanning 

Calorimetry (DSC) 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were 

used in this Thesis to determine the thermal properties of the polymers used. In TGA, 

the mass change of the sample is monitored in function of the temperature. In a typical 

experiment, the temperature is ramped to identify mass loss due to impurities and the 

temperature at which degradation occurs. In Chapter 3, TGA was employed to test the 

thermal stability of poly(D,L-glycolide-co-lactide), using a TA Instruments (New 

Castle, DE) model TGA 2950 instrument. 
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 DSC monitors the heat flow within a sample in function of the temperature. It is 

typically used to identify phase transitions occurring in the material, such as glass 

transitions and melting (endothermic transition) or crystallization (exothermic 

transition). In this work, DSC was used to identify the glass transition temperature of 

poly(D,L-glycolide-co-lactide) (PLGA, Chapter 3) and poly(4-vinyl pyridine) (P4VP, 

Chapter 5). Measurements were performed with a TA Instruments (New Castle, DE) 

model DSC 2920 instrument. 

 

2.6. X-Ray Photoelectron Spectroscopy (XPS)  

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique used 

to elucidate electronic structure and elemental composition, including oxidation 

numbers, in a given material.
12, 13

 In this technique, monochromatic x-ray photons with 

energy hν are incident on a sample, causing the emission of photoelectrons from the 

core energy levels of the elements present in the material. The kinetic energy, KE, of the 

photoelectron is given by the energy conservation as: 

                    (2.10) 

where BE is the binding energy of the electron prior to the photoionization process, 

defined as the energy needed to bring an electron from a specific core level to the Fermi 

level of the material; ϕ is the work function, defined as the minimum energy needed to 

bring an electron from the Fermi level of a material to a point in the vacuum just outside 

the solid surface; KE is the kinetic energy of the photoelectron as recorded by the 

detector. Every chemical element has a unique photoelectron spectrum as the binding 

energy of photoelectrons depends on the electronic structure of the element. The 

binding energy of electrons does not depend only on the element and the core levels it 

comes from, but also on the chemical state of the element in a given compound. This 

dependence of the binding energy on the chemical state of the element is known as 

chemical shift.
14

 

 The intensity of the photoelectron signal is proportional to the photoionization 

cross-section of the specific level from which the photoionization takes place and is a 

function of the photon energy for any given level. The photoelectron signal is also a 

function of the path length that the photoionized electron has to travel through the 



Chapter 2. Materials and Methods 

36 
 

sample in order to reach the surface and be ejected into the vacuum. This dependency 

on the path length of the electron arises from the fact that the photoelectron has a finite 

probability to suffer collisions while travelling through the samples. Typically, the mean 

free path of photoelectrons is between 5 and 10 nm.  

 In this Thesis, XPS was used to detect the changes in surface chemistry after 

covalent grafting of poly(ethylene glycol) (PEG) molecules to poly(D,L-glycolide-co-

lactide) (PLGA) films in Chapter 3. XPS analysis was performed using an AXIS Ultra 

DLD spectrometer (Kratos Analytical Inc.) with a monochromated Al Kα source at a 

power of 150 W (15 kV x 10 mA) equipped with a hemispherical analyzer operating in 

the fixed analyzer transmission mode and standard aperture (analysis area: 

0.3 x 0.7 mm
2
). Each sample was analyzed at an emission angle of 0° as measured from 

the surface normal. All elements were identified from survey spectra (acquired at pass 

energy of 160 eV). High resolution spectra were recorded from individual peaks at 

40 eV pass energy (typical peak width for polymer: 1.0 – 1.1 eV). Nitrogen 

identification on aminolyzed PLGA surfaces was performed by lowering the detection 

limit to 0.01%, achieved by reducing the sweep range while increasing the sweep time 

over the N region. XPS measurements were performed by Dr Christopher D. Easton at 

the facilities in CSIRO Clayton VIC.  

 

2.7. Quartz Crystal Microbalance with Dissipation Monitoring 

(QCM-D) 

The quartz crystal microbalance (QCM) is a nanogram-sensitive technique that uses 

acoustic waves generated by oscillating a piezoelectric quartz crystal to measure 

mass.
15, 16

 The basis of QCM operation is related to quartz’s inherent property of 

piezoelectricity: by applying alternating electric fields to quartz, an alternating 

expansion-contraction of the crystal lattice is induced. QCM sensors consist of an AT-

cut quartz crystal sandwiched between two gold electrodes, and resonance is excited 

when a sufficient AC voltage is applied with a frequency close to the resonant 

frequency,   , of the crystal. The resonant condition of QCM occurs when the standing 

wave produced by the alternating expansion and contraction is an odd integer of the 

thickness of the quartz crystal. 
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The quartz crystal microbalance became widely used as a mass balance after the 

theoretical and experimental work by Sauerbrey
17

 in 1959, demonstrating the relation 

between the frequency change (Δf) in the oscillating crystal and the mass adsorbed (Δm) 

on the surface of the crystal. This relationship is given by: 

   
 

 
            (2.11) 

where n is the harmonic number and C is a constant given by: 

  
    

  
          (2.12) 

with tq and ρq being the thickness and the density of quartz, respectively, and    being 

the fundamental resonant frequency. For quartz crystals with    = 5 MHz, the constant 

C equals -17.7 Hz ng cm
-2

. 

The Saurbrey equation was developed for monitoring the deposition of metals 

from the gas phase and, although it can be extended to applications in liquid, it is 

strictly valid only when the adsorbed mass forms a rigid layer on the quartz crystal. 

However, in many liquid applications, the adsorbed material often shows viscous and 

elastic contributions to the frequency change, due for example to the entrapment of 

solvent in the adsorbed layer. Film viscoelasticity can be investigated by monitoring the 

dissipation parameter (D), which represents the decay of the crystal’s oscillation after 

excitation close to the resonant frequency.
18

 The dissipation parameter is defined as:  

  
           

          
         (2.13) 

where EDissipated is the energy dissipated during one oscillatory cycle and EStored is the 

energy stored in the oscillating system. The viscoelastic data obtained from the 

dissipation allow a broader characterization of the complex systems, such as biological 

samples and polymers.
19

 

In this Thesis, QCM-D was used to monitor the adsorption of proteins on 

poly(D,L-glycolide-co-lactide) (PLGA) before and after the grafting of poly(ethylene 

glycol) (PEG) chains (Chapter 5). Measurements were performed using a Q-Sense 

(Gothenburg, Sweden) QCM-D model E4. QCM sensors (  = 5 MHz) were equilibrated 

in phosphate buffer saline (PBS) for 2 hours prior to injecting a 2 mg mL
-1

 BSA 
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solution in PBS (0.1 mL min
-1

, 15 min). The protein solution was left in contact with the 

QCM sensor for 2 hours to allow adsorption on the surface and equilibration of the 

signal, and then rinsed with PBS buffer to remove unbound proteins. 

The QCM raw data from a typical protein adsorption experiment exhibit little 

frequency shift splitting (Δfn) and low dissipation values (Dn) for the various harmonics 

of the fundamental frequency after both protein adsorption and rinse with buffer 

(Figure 2.6). This indicates the formation of a rigid layer on the quartz crystal and 

allowed the quantification of the adsorbed protein using the Saurbrey equation. The 

third harmonic of the fundamental frequency was used for the calculations because of 

the reduced noise and baseline drift.  

 

 

Figure 2.6. QCM raw data from a typical protein adsorption experiment: (a) frequency shift and (b) 

dissipation for various harmonics of the fundamental frequency of the quartz sensor. 
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Chapter 3. 

Protein Micropatterning on Dewetted PLGA Films 

 

3.1. Introduction 

The ability to control protein adsorption on solid substrates is crucial for many 

applications involving site-specific cell adhesion, such as single cell studies, as the 

interaction of cells with their environment is mediated by extracellular proteins.
1-3

 

Several techniques have been employed to pattern proteins on a surface, including 

microcontact printing,
4 

dip-pen nanolithography,
5
 and microfluidic patterning.

6
 

Although elegant, these strategies have drawbacks, such as the time and number of steps 

required for fabrication, and their applicability only to flat surfaces. The Neto group 

developed an alternative route to create micropatterned surfaces for protein patterning, 

based on the dewetting of polymer bilayers made of polymer thin films with different 

protein affinity.
7-9

 In dewetted films, control over hole size and density is possible by 

varying annealing the temperature and polymer molecular weight, respectively.
10-12

 

Although thin polymer films are commonly prepared by spin coating onto flat 

substrates, they can also be easily deposited on three-dimensional objects by dip-coating 

or spraying.  

The approach developed by the Neto group is based on the use of polymer 

bilayers consisting in a protein-repellent top layer deposited on top of a protein-

adhesive bottom layer. Dewetting of the polymer top layer produces a chemical and 

topographical surface pattern consisting in exposed holes of the bottom layer (protein-

adhesive) surrounded by a matrix of the top layer (protein-repellent).
7
 The different 

protein affinity of the polymers can be used to pattern proteins by site-selective 
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adsorption inside the holes of the protein-adhesive bottom layer upon exposure to 

protein solutions. Protein micropatterning was achieved using poly(methyl 

methacrylate) (PMMA) as protein-repellent top layer, and additionally cell attachment 

and growth was proven inside the patterns when poly(vinyl pyrrolydone) (PNVP) films 

were dewetted and cross-linked on top of polystyrene (PS) bottom layers.
7, 8

 Grafting of 

protein-repellent poly(ethylene glycol) brushes from custom-synthesized macro-initiator 

polymer films improved significantly the selective localization of proteins and cells, but 

required a significant synthetic effort.
9
 

A crucial point in the design of polymer coatings for biological applications is 

the long-term biocompatibility of the materials employed, since many synthetic 

polymers show cytotoxic effects.
13

 Poly(D,L-lactide-co-glycolide) (PLGA) is a well-

known biodegradable polymer,
14

 widely studied for use in biological applications
15-17

 

and also approved for use in certain applications by the US Food and Drug 

Administration, as the products of PLGA degradation are non-cytotoxic and readily 

eliminated from the human body.
18

 In the present work we present for the first time the 

micropatterning of PLGA film by dewetting for site-specific protein adsorption. Non-

specific protein adsorption on PLGA films can be reduced by grafting of poly(ethylene 

glycol) (PEG) brushes. PEG coatings with high grafting density can be obtained via 

grafting-to strategies, which involve the attachment of prefabricated polymers onto the 

surface, where the grafting reaction is carried out under low solubility conditions for 

PEG (close to the cloud point, CP). At the cloud point, PEG chains undergo a transition 

from being well-solvated and occupying a large hydrodynamic volume, to a collapsed 

state, resulting in closely packed PEG molecules tethered to a surface.
19

  

In this study, PLGA thin films were patterned by dewetting on top of 

polystyrene (PS) films (Figure 3.1, step (i)), and the partially dewetted PLGA films 

were then grafted with poly(ethylene glycol) diglycidyl ether (PEGepoxide) in a simple 

two-step process (Figure 3.1, steps (ii)-(iii)). This approach combines the protein-

repellence of PEG coatings with the numerous benefits of PLGA films: 

biocompatibility, insolubility in water, processability and the ability to dewet on various 

substrates. The grafting density of PEG on the partially dewetted PLGA films was tuned 

by performing the grafting reaction under varying solubility conditions for PEG 

(Figure 3.1, step (iii)): low solubility grafting, referred as cloud point grafting (CP), and 

high solubility grafting, referred as room temperature grafting (RT). The protein 
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repellence and the biodegradability of the PEG-grafted PLGA films (PEG-g-PLGA) 

films were investigated, and the partially dewetted PEG-g-PLGA films on PS was 

employed for protein micropatterning by preferential protein adsorption from solution 

(Figure 3.1, step (iv)).  

 

 

Figure 3.1. Schematic of the patterning and functionalization of PLGA/PS bilayers for biological 

applications. (i) Dewetting of PLGA films on PS by thermal annealing. (ii) Surface aminolysis (with 

ethylenediamine, en) and surface hydrolysis (with NaOH) of the PLGA film to create grafting points in 

the form of NH2 and OH groups, respectively. (iii) PEG grafting performed on PLGA-NH2 and 

PLGA-OH under cloud point conditions (CP grafting) and at room temperature (RT grafting), resulting in 

brush layers and mushrooms, respectively. (iv) Exposure to a protein solution results in preferential 

protein adsorption.  
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3.2. Materials and Methods 

3.2.1. Sample preparation 

Polymer bilayers were prepared on prime grade silicon wafers (MMRC Pty. Ltd., 

Australia), previously cleaned as described in Section 2.1.
20

 Polystyrene (PS, 

Mn 96000 g mol
-1

, Ð 1.04; Polymer Standard Service, Germany) was spin-cast in films 

on clean silicon wafers from a 20 mg mL
-1

 toluene (anhydrous, 99.8 %; Sigma-Aldrich) 

solution (3000 RPM for 1 min). Poly(D,L-lactide-co-glycolide) (PLGA, Mn 50000 – 

75000 g mol
-1

; Sigma-Aldrich) was then spin-cast on top of the PS films from a 

10 mg mL
-1 

acetonitrile (> 99.9%, Merck) solution (3000 RPM for 1 min).  

The average thickness of the films obtained was 77 ± 2 nm for PS, and 

33 ± 2 nm for PLGA, as determined by spectroscopic ellipsometry (Woollam Co. Inc. 

M-2000), as described in Section 2.2. Both as-prepared films were smooth, with root-

mean-square (RMS) roughness lower than 0.3 nm, as measured by atomic force 

microscopy (AFM, Bruker Multimode VIII) using tapping mode in air on 3 x 3 µm scan 

area. To induce the desired pattern of holes, the PLGA/PS bilayers were dewetted by 

annealing at 120 °C for 1 min in air on a hot plate with fine temperature control (ATV 

Tecnologie GmbH, Germany), and cooled down at room temperature to stop the 

dewetting. The dewetting process was monitored by optical microscopy (Nikon 

LV-150). X-ray photoelectron spectroscopy (XPS) analysis on flat films was performed 

using an AXIS Ultra DLD spectrometer (Kratos Analytical Inc.), as described in 

Section 2.6.
9
 The contact angle of sessile droplets of Milli-Q water (18.2 MΩ cm at 

25 °C) on the polymer films prior to dewetting was measured with a KSV CAM200 

contact angle system (KSV Instruments Ltd., Finland), as described in Section 2.4. 

Differential scanning calorimetry (DSC; TA Instruments, DSC 2920) was used to 

measure the Tg of PLGA powder, as described in Section 2.5. Mass loss and eventual 

decomposition of PLGA during annealing were monitored with thermal gravimetric 

analysis (TGA; TA Instruments, TGA 2950) by heating-up PLGA powder from 25 °C 

to 200 °C at 10 °C/min. 

3.2.2. Aminolysis and hydrolysis of PLGA/PS bilayers 

Aminolysis and hydrolysis of both partially dewetted and flat PLGA/PS bilayers were 

performed following the protocol described by Croll et al.
21

 Briefly, the polymer 
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bilayers were immersed into solutions of aqueous ethylenediamine (en, > 99%, Merck) 

0.05 M, or aqueous sodium hydroxide (NaOH, > 97%, Ajax Finechem) 0.05 M, and 

allowed to react for 5 min with stirring at room temperature.  

3.2.3. PEG grafting on PLGA-NH2 and PLGA-OH films on PS 

The grafting of poly(ethylene glycol) diglycidyl ether (PEGepoxide, Mn 2000 g mol
-1

, 

Ð 1.10; Sigma-Aldrich) on PLGA-NH2/PS and PLGA-OH/PS bilayers was performed 

under different solubility conditions for PEG, in order to vary the final grafting density, 

as described by Kingshott et al.
19

 Low solubility grafting (cloud point conditions, CP) 

was performed in solutions of PEGepoxide (5.0 mg mL
-1

) in 0.1 M phosphate buffer at 

pH 7 containing 0.8 M Na2SO4. The reaction was carried out overnight at 33 °C. High 

solubility grafting (room temperature conditions, RT) was performed in solutions of 

aqueous PEGepoxide (5.0 mg mL
-1

) overnight at room temperature (T = 25 °C). 

PLGA-NH2 and PLGA-OH films were exposed to PEGepoxide immediately after 

preparation, to ensure minimal loss of surface reactivity from the spontaneous oxidation 

of surface amine and hydroxyl groups.
22

  

Grafting density (g) and average interchain distance (2R) were calculated from 

the thickness (h) of the PEG coating measured by ellipsometry. The calculation used is 

described in the following. From the thickness (h) the volume (V) of the PEG coating 

per unit area (l
2
) was estimated as: 

               (3.1) 

V was used to calculate the mass (m) of the PEG coating:  

               (3.2) 

where ρ is the density of PEG. The number of moles (n) and the number of molecules 

( ) of grafted PEG are, respectively: 

  
 

  
          (3.3) 

                (3.4) 

where MW is the molecular weight of PEG and    is the Avogadro constant. The 

number of molecules ( ) per unit area (  ) gives the grafting density (g). The area per 

molecule (A) is the reverse of the grafting density: 
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               (3.5) 

Assuming the area per PEG molecule (A) is a circular section on the surface, the 

average interchain distance (2R) is twice the radius of the circle: 

     
 

 
 
   

         (3.6) 

3.2.4. Protein adsorption 

A quartz crystal microbalance (QCM-D, Q-Sense model E4) was used to investigate the 

adsorption of bovine serum albumin (BSA, Sigma-Aldrich) on flat unpatterned 

PEG-g-PLGA/PS bilayers at 25 °C. The PEG-g-PLGA/PS bilayers on the gold-coated 

quartz crystal sensors (fundamental resonance frequency 5 MHz) were prepared 

following the same procedure used for silicon wafers described above. QCM 

measurements were performed as described in Section 2.7. Each measurement was 

repeated three times and the results averaged in order to calculate mean value and 

standard deviation.  

Fluorescence microscopy was used to visualize the adsorption of BSA on 

partially dewetted PEG-g-PLGA/PS bilayers. BSA was tagged with isothiocyanate 

(FITC, Sigma-Aldrich) using the procedure recommended by Invitrogen Molecular 

Probes. Briefly, 10 mg of protein were dissolved in 1 mL of 0.1 M sodium carbonate 

buffer. Separately, 5 mg of FITC were dissolved in 0.5 mL of dimethyl sulfoxide 

(DMSO). The FITC solution was slowly added to the protein solution while stirring at 

room temperature, and incubated at the same temperature for one hour. The FITC-BSA 

conjugated was separated from the unreacted FITC 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 solution was estimated to be 

2 mg mL
-1

 in concentration by UV-VIS absorption assay. The FITC-BSA solution was 

divided into 500 µL aliquots, wrapped in aluminium foil and frozen. 

Adsorption of FITC-BSA on partially dewetted PEG-g-PLGA/PS bilayers was 

performed by depositing 100 µL of the protein solution on the patterned surface, and 

leaving to incubate for 2 hours at room temperature. Samples were thoroughly rinsed 

with Milli-Q water and gently dried with nitrogen prior to imaging. Imaging of the 
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surface patterns was carried out in fluorescence mode (λex 494 nm, λem 518 nm, 

exposure time: 6 s). 

 

3.3. Results 

3.3.1. Dewetting of PLGA films 

The PLGA powder used to prepare all our films was characterized by thermal 

gravimetric analysis (TGA) to determine the mass loss and potential decomposition at 

the annealing conditions used in the dewetting of our coatings. The TGA profile in 

Figure 3.2a shows a small decrease in mass (about 2%) in the first 30 minutes of the 

annealing in air. This initial mass loss was due to a small quantity of water retained by 

PLGA (to be expected given that PLGA is relatively hydrophilic). No signs of 

degradation of PLGA were detected up to a temperature of 200 °C. Differential 

scanning calorimetry (DSC) results identified the glass transition temperature (Tg) of 

PLGA to be at approximately 50 °C (Figure 3.2b). 

 

Figure 3.2. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of PLGA 

powder. The glass transition temperature (Tg) is indicated.  
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PLGA thin films on top of PS films were unstable when annealed above the Tg 

of PLGA and dewetted on the underlying PS layers. The onset of PLGA dewetting upon 

annealing at 120 °C occurred by random nucleation of holes (Figure 3.3a), which grew 

in lateral size until coalescence with neighbouring holes (Figure 3.3b), leading to the 

formation of polymer ribbons (Figure 3.3c) and, eventually, to isolated droplets after 

prolonged annealing (Figure 3.3d). The dynamics of hole growth in PLGA films before 

hole coalescence is shown in Figure 3.4. In the early stages of dewetting, the energy is 

dissipated mainly by slippage of the liquid film on the solid substrate (full slip regime) 

and the radius of the hole (R) grows with time as     . In later stages of dewetting, 

viscous dissipation within the liquid films dominates the hole growth (no slip regime) 

and the radius of the hole grows linearly with time.
24

 This growth profile is the typical 

behavior expected for the dewetting of a polymer film on top of a non-wettable solid 

substrate and, therefore, indicates that negligible interpenetration of the two films 

occurred in the early stages of dewetting. However, the long annealing time required to 

achieve the formation of isolated PLGA droplets (5 hours) indicated that partial 

interpenetration of the films occurred at later stages of dewetting, which slowed down 

the break-up of the PLGA cylinders into droplets.
25, 26

 Partial interpenetration was 

confirmed by imaging carried out using AFM, as detailed in Figure 3.3e-f. 

 

 

Figure 3.3. (a-d) Optical micrographs showing the typical real-time dewetting of PLGA films on PS films 

upon annealing at 120 °C. (e-h) AFM topography images of (e) partially dewetted PLGA film (33 nm) on 

a PS film (77 nm) after 1 min at 120 °C and (f) fully dewetted PLGA films on PS films after 5 hours at 

120 °C. (g-h) Line-cross sections from the AFM topography images of  the PS hole in part (e) and the 

PLGA droplets in part (f), respectively. 
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Figure 3.4. Typical dynamic of hole growth in PLGA/PS bilayers upon annealing at 120 °C. Dashed line: 

fitting of the mean hole diameter with a t
2/3

 scaling law. Solid line: fitting of the mean hole diameter with 

a t scaling law. 

 

The AFM micrograph of a partially dewetted PLGA/PS bilayer in Figure 3.3e 

shows PS holes surrounded by flat PLGA background. As expected in dewetting of 

polymer thin films, the retraction of PLGA during dewetting caused the accumulation of 

the dewetted polymer into rims (83 ± 10 nm high) surrounding the PS holes (31 ± 5 nm 

deep) (Figure 3.3g). Upon complete dewetting, the isolated droplets of PLGA on the PS 

bottom layer were often asymmetric in shape, and polydisperse in diameter (approx. 

2 µm to 8 µm, Figure 3.3f) and height (approx. 100 nm to 700 nm, Figure 3.3h). The 

retraction of the PLGA ribbons into droplets left thin and shallow tracks on the surface 

of the underlying PS film (Figure 3.3f). The appearance of these tracks in the PS film, 

the polydispersity of the PLGA droplets and their delayed break-up can probably be 

explained by the partial interpenetration of PLGA and PS films after several hours of 

annealing at 120 °C, which is above the Tg of both PLGA and PS. 

3.3.2. PLGA aminolysis and hydrolysis 

PLGA films were treated with ethylenediamine (en) and NaOH to create reactive 

functional groups (NH2 and OH, respectively) on the surface. Aminolysis and 

hydrolysis of PLGA films caused a decrease of the film thickness (-0.7 ± 0.3 nm after 

aminolysis, and -10.1 ± 0.3 nm after hydrolysis, as per ellipsometry measurement), due 

to the fragmentation of PLGA chains on the films’ surface upon treatment with 

ethylenediamine and NaOH, respectively (Figure 3.5).  
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Figure 3.5. Schematic of (a) surface aminolysis of PLGA films with ethylenediamine, and (b) surface 

hydrolysis of PLGA films with sodium hydroxide.  

 

These reactions led to water-soluble short-chain fragments that were dissolved 

away when rinsing, as previously observed.
27, 28 

The thickness decrease in PLGA-OH 

films (-10.1 ± 0.3 nm) was more than 10 times higher than that observed in PLGA-NH2 

films (-0.7 ± 0.3 nm), due to the higher mobility of OH
-
 ions in comparison to 

ethylenediamine molecules, which allowed OH
-
 to penetrate deeper in the PLGA film, 

increasing the depth of chain fragmentation. AFM imaging showed that the RMS 

roughness of the PLGA films was largely unchanged after aminolysis and hydrolysis 

(PLGA, RMS = 0.29 ± 0.02 nm; PLGA-NH2, RMS = 0.25 ± 0.03 nm; PLGA-OH, 

RMS = 0.34 ± 0.05 nm) (Figure 3.6). The static contact angle of water on PLGA was 

72 ± 2 ° and it did not change significantly after surface aminolysis (the contact angle 

on PLGA-NH2 was 72 ± 2 °), or hydrolysis, (on PLGA-OH it was 66 ± 4 °) (Table 3.1). 

 

Table 3.1. Water contact angle and thickness of PLGA films before and after surface aminolysis and 

hydrolysis, respectively. 

 Contact Angle (°) 
Thickness  

(nm) 
 Static Advancing Receding 

PLGA 72 ± 1 80 ± 1 51 ± 3 33.4 ± 0.1 

PLGA-NH2 72 ± 1 76 ± 1 44 ± 3 32.7 ± 0.2 

PLGA-OH 66 ± 1 79 ± 1 45 ± 1 23.3 ± 0.2 
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Figure 3.6. AFM topography images of (a) as spin-coated PLGA films, (b) surface-aminolyzed PLGA 

films (PLGA-NH2), and (c) surface-hydrolyzed PLGA films (PLGA-OH).. The RMS roughness values 

and the peak-to-valley (P-V) values are indicated in the images.  

 

XPS analysis of PLGA-NH2 films showed that, after aminolysis in aqueous 

ethylenediamine (0.05 M), the nitrogen content on the surface was 0.10 %, whereas no 

nitrogen was detected on the untreated PLGA films (Figure 3.7a). Except for the 

nitrogen content measured on the PLGA-NH2 surfaces, aminolysis and hydrolysis 

induced very little change in the atomic composition of the surface with respect to 

untreated PLGA films (Table 3.2). In the case of hydrolysis, it has been reported in 

literature that for every 1 % of ester bonds hydrolyzed, the amount of oxygen on the 

surface should increase by only 0.1 %, which made this level of modification 

undetectable by XPS. Also, no remarkable changes in the C 1s spectrum were observed 

after either aminolysis or hydrolysis of PLGA films (Figure 3.7b).  

 

 

Figure 3.7. (a) N 1s region of the XPS spectra of PLGA-NH2 (solid line) and PLGA (dashed line). (b) C 

1s region of the XPS spectrum of PLGA, PLGA-OH and PLGA-NH2 films. 
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Table 3.2. Atomic composition and O/C ratio of the employed surfaces as determined by XPS.  

 Element (%)  

 
O C N F Cl Si O/C 

PLGA/PS 37.1 62.9 <0.01 <0.1 <0.1 <0.1 0.59 ± 0.01 

PLGA-NH2/PS 37.1 62.9 0.1 <0.1 <0.1 <0.1 0.59 ± 0.01 

PLGA-OH/PS 37.0 63.0 - <0.1 <0.1 <0.1 0.59 ± 0.01 

PEGCP-g-PLGA-NH2/PS 35.4 63.9 - 0.1 0.1 0.4 0.55 ± 0.01 

PEGRT-g-PLGA-NH2/PS 36.3 63.4 - <0.1 <0.1 0.3 0.57 ± 0.01 

PEGCP-g-PLGA-OH/PS 35.5 63.9 - <0.1 0.1 0.4 0.55 ± 0.01 

PEGRT-g-PLGA-OH/PS 36.7 62.9 - <0.1 <0.1 0.4 0.58 ± 0.01 

 

 

PS films exhibited good stability against aminolysis and hydrolysis with 

ethylenediamine and NaOH, respectively: thickness and contact angle of the PS films 

were identical before and after either aminolysis or hydrolysis (Table 3.3) and only 

minor changes in the film topography of the PS films were observed after the treatment 

(Figure 3.8). 

 

 

Figure 3.8. AFM topography images of (a) PS films, (b) PS films after aminolysis with ethylenediamine 

– en – and (c) PS films after hydrolysis with NaOH. RMS values are indicated.  
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Table 3.3. Water contact angle and thickness of  PS films before and after surface aminolysis and 

hydrolysis, respectively. 

 Contact Angle (°) 
Thickness  

(nm) 
 Static Advancing Receding 

PS 94 ± 1 96 ± 1 95 ± 1 76.3 ± 0.3 

PS after aminolysis 93 ± 1 101 ± 1 75 ± 6 76.4 ± 0.3 

PS after hydrolysis 95 ± 1 101 ± 5 76 ± 2 76.4 ± 0.3 

 

 

3.3.3. PEG grafting 

The covalent immobilization of PEGepoxide onto PLGA-NH2 and PLGA-OH surfaces 

was performed by exploiting the epoxide-amine and the epoxide-hydroxide reactivity, 

respectively (Figure 3.9).
29

 PEG grafting was performed under conditions of varying 

PEGepoxide solubility, achieved by carrying out the grafting reaction at different 

temperatures and in presence of varying amount of salt, as described by Kingshott et 

al.
19

  

 

Figure 3.9. Schematic of the mechanism of the grafting of PEGepoxide to PLGA-NH2 films. A similar 

reaction mechanism can be drawn for PLGA-OH films by replacing NH2 groups with OH groups.  

 

Low solubility grafting (cloud point conditions, CP) was performed in 

phosphate buffer at 33 °C in presence of salt (Na2SO4 0.8 M) and high solubility 

grafting (room temperature conditions, RT) was performed in water at room temperature 
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(T = 25 °C). Thickness and packing parameter of the PEG coatings are presented in 

Table 3.4. CP grafting led to a thicker and denser PEG coating than RT grafting on both 

PLGA-NH2 and PLGA-OH: the thickness of the PEG coating was 2.4 ± 0.8 nm and 

4.8 ± 1.3 nm after CP grafting on PLGA-NH2 and on PLGA-OH, respectively, and 

0.4 ± 0.3 nm and 0.5 ± 0.2 nm after RT grafting on PLGA-NH2 and PLGA-OH, 

respectively. The loss of the hydration shell surrounding the PEG chains and the 

consequent association of PEG molecules occurring under CP conditions caused the 

reduction of the mean interchain distance (2R) between the PEG molecules grafted on 

the surface. The mean interchain distance after CP grafting on PLGA-NH2 

(2R = 1.21 nm) and PLGA-OH (2R = 0.85 nm) were smaller than the Flory diameter 

(2RF) of PEG (2RF = 2.58 nm for PEG with Mw = 2000 g mol
-1

 in H2O, from 

Upadhyayula et al.
30

), suggesting the formation of densely packed PEG coatings.
31

 

Conversely, after RT grafting, the 2R value was larger than 2RF for both PEG-grafted 

PLGA-NH2 (2R = 3.0 nm) and PEG-grafted PLGA-OH (2R = 2.6 nm), indicating the 

formation of a low-density PEG coating, most likely consisting of isolated polymer 

coils tethered to the surface (‘mushroom’ conformation).  

 

Table 3.4. Thickness (h), grafting density (g) and interchain distance (2R) in the PEG coating after CP 

and RT grafting on PLGA NH2 and PLGA-OH. The Flory radius (RF) refers to PEG with 

Mn = 2000 g mol
-1

 in H2O (from Upadhyayula et al.
30

). Grafting density and interchain distance of PEG 

molecules were calculated from the film thickness, as described in Section 3.2.3.  

 
Grafting on PLGA-NH2 Grafting on PLGA-OH 

 
CP RT CP RT 

PEG thickness, h (nm) 2.4 ± 0.8 0.4 ± 0.3 4.8 ± 1.3 0.5 ± 0.2 

Grafting density, g (nm
-1

) 0.9 0.1 1.7 0.2 

Interchain distance, 2R (nm) 1.2 3.0 0.9 2.6 

2R vs 2RF (2RF = 2.58 nm) 2R < 2RF 2R > 2RF 2R < 2RF 2R > 2RF 

PEG conformation High-density Low-density High-density Low-density 
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CP grafting of PEGepoxide on PLGA-OH films led to a thicker PEG coating 

(4.8 ± 1.3 nm) than on PLGA-NH2 (2.4 ± 0.8 nm). As illustrated in Figure 3.10, we 

believe that the PEGepoxide molecules used in our study, which have one epoxide 

group at each end of the molecule, reacted with surface amine groups to create loops on 

the surface of PLGA-NH2, which resulted in a decrease in the average thickness of the 

PEG coating in PEG-g-PLGA-NH2 films. This reactivity also has consequences for the 

protein repellence of the two surfaces, as discussed in Section 3.4.4. 

 

 

Figure 3.10. Schematic representation of the proposed mechanism for PEG grafting on PLGA-NH2 and 

PLGA-OH films and consequences on protein adsorption.  

 

XPS analysis of PEG-g-PLGA films showed a decrease in the oxygen content of 

the surface, and hence in the O/C ratio, after CP grafting on both PLGA-NH2 and 

PLGA-OH films (O/CCP = 0.55 ± 0.01) in comparison to the O/C ratio of aminolyzed, 

hydrolyzed and untreated PLGA films (O/C = 0.59 ± 0.01) (Table 3.2), which indicated 

the successful reaction of PEG molecules (O/CTHEORETICAL = 0.50) on the PLGA surface 

(O/CTHEORETICAL = 0.70). Although a decrease in the O/C ratio was observed also after 

RT grafting on PLGA-NH2 and PLGA-OH films (O/CRT = 0.57 ± 0.01), the magnitude 

of the decrease was smaller than that observed after CP grafting, which is consistent 
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with the formation a high-density PEG coating under CP grafting and a low-density 

PEG coating under RT grafting. 

The C 1s region of the XPS spectrum of PLGA, aminolyzed/hydrolyzed PLGA 

and PEG-grafted PLGA was composed of three components (Figure 3.11): C-C carbons 

(285.0 eV), C-O carbons (286.9 eV) and O-C=O carbons (289 eV). The C 1s spectrum 

of PEGepoxide was composed of a main signal at 286.5 eV (C-O carbons) and a small 

shoulder at 285 eV (C-C carbons). After PEG grafting on PLGA-NH2 and PLGA-OH 

films, we observed a decrease in the ratio of peak intensity for the component at 289 eV 

(PLGA) and the component at 286.9 eV (PLGA + PEG), which indicated the presence 

of PEG on the film surface after the grafting reaction  (Figure 3.11). The change in 

shape of the C 1s spectra was more marked for PEGCP-g-PLGA films than for 

PEGRT-g-PLGA, due to the more effective surface modification under CP conditions.  

 

 

Figure 3.11. (a-b) C 1s region of the XPS spectrum of PLGA-NH2 and PLGA-OH after (a) CP grafting 

and (b) RT grafting. (c-d) C 1s region of the XPS spectrum of (c) PLGA-NH2 and (d) PLGA-OH after CP 

and RT grafting. The C 1s region of untreated PLGA is also showed in as a reference in each plot. 
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The topography of PLGA films after PEG grafting was investigated by AFM. 

Although no significant changes in the film topography were observed, both RMS and 

peak-to-valley (P-V) roughness average values slightly increased after PEG grafting 

(Figure 3.12). 

 

 

Figure 3.12. AFM topography images of (a) PLGA-NH2 films after CP grafting, (b) PLGA-OH films 

after CP grafting, (c) PLGA-NH2 films after RT grafting, (d) PLGA-OH films after RT grafting. The RMS 

roughness values and the peak-to-valley (P-V) values are indicated in the images. 

 

3.3.4. Protein adsorption and preferential protein immobilization 

The ability of PEG-g-PLGA films to reduce the absorption of bovine serum albumin 

(BSA) adsorption was assessed by QCM (Figure 3.13). The adsorbed amount on PEG 

coatings obtained by CP grafting on PLGA-NH2 was almost one order of magnitude 

lower (26 ± 2 ng cm
-2

) than that on PEG coatings obtained using RT grafting 

(249 ± 20 ng cm
-2

). This difference was due to the higher grafting density of PEG 

molecules achieved under CP grafting conditions, which resulted in significantly lower 

protein adsorption onto the PEG coating. Similarly, the protein adsorption onto PEG 

coatings on PLGA-OH films was much lower when the PEG grafting was carried out 

under CP conditions compared to RT conditions (adsorbed mass: 289 ± 20 ng cm
-2

 after 

CP grafting, and 451 ± 32 ng cm
-2

 after RT grafting). Less protein was adsorbed onto 

PEG-g-PLGA films than on both untreated PLGA films (509 ± 36 ng cm
-2

) and PS 

films (487 ± 34 ng cm
-2

), which showed a similar level of protein adsorption. The 

excellent performance in terms of low protein adsorption achieved by PLGA-NH2 films 

grafted with PEG under CP conditions was similar to that reported in literature for PEG 

brushes or other antifouling coatings (10 – 30 ng cm
-2

).
32, 33
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Figure 3.13. Typical frequency shift of a representative resonance frequency (3
rd

 harmonic, F3) during 

the QCM monitoring of the adsorption of BSA on the employed surface. (A) Injection of the BSA 

solution in PBS (2 mg mL
-1

); (B) rinsing with PBS. The mass of the BSA adsorbed on each surface after 

rinsing is indicated in the legend.   

 

The low protein adsorption properties of PEG-g-PLGA films were employed to 

produce protein micropatterns by preferential immobilization of proteins on partially 

dewetted PEG-g-PLGA/PS bilayers. In Figure 3.14 are presented the fluorescence 

micrographs obtained for partially dewetted PLGA films (PLGA-NH2 and PLGA-OH) 

on PS before and after PEG grafting (under both CP and RT conditions), incubated with 

FITC-tagged BSA (green fluorescence). The fluorescence micrographs show 

preferential protein adsorption inside the PS holes rather than on PEGCP-g-PLGA-NH2 

and PEGCP-g-PLGA-OH (Figure 3.14a-b). RT grafting on both PLGA-NH2 and PLGA-

OH produced a PEG coating with higher protein adsorption and no preferential protein 

immobilization was achieved (Figure 3.14c-d). The cross-sectional profiles of 

fluorescence intensity across the samples after PEG grafting and FITC-BSA incubation 

are shown in Figure 3.15. Both PLGA-NH2 and PLGA-OH show maximal fluorescence 

contrast after CP grafting, indicating that these layers are protein repellent. The 

fluorescence contrast after RT grafting is instead intermediate between that of CP 

grafting and that of untreated PLGA, where PS holes and PLGA background show 

nearly the same fluorescence intensity (Figure 3.15a-b). PLGA-NH2 and PLGA-OH 
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show the same fluorescence intensity contrast after PEG grafting under CP conditions 

(Figure 3.15c), indicating similar performances of aminolysis and hydrolysis in terms of 

surface activation and reactivity with PEG-epoxide. 

 

 

 

Figure 3.14. Fluorescence micrographs of partially dewetted PLGA/PS bilayers after 

aminolysis/hydrolysis, PEG grafting and FITC-BSA adsorption. (a) PLGA-NH2 after CP grafting, (b) 

PLGA-OH after CP grafting, (c) PLGA- NH2 after RT grafting, (d) PLGA-OH after RT grafting. (e) 

Optical and (f) fluorescence micrograph of untreated PLGA after FITC-BSA adsorption. Fluorescence 

exposure time: 6 s.  
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Figure 3.15. Cross-sectional fluorescence intensity profiles across partially dewetted PEG-g-PLGA film 

on PS after incubation with FITC-BSA. (a) PEG-grafted PLGA-NH2 under CP and RT conditions, (b) 

PEG-grafted PLGA-OH under CP and RT conditions, (c) PEG-grafted PLGA-NH2 and PLGA-OH under 

CP conditions. 

 

Although analysis of QCM data showed that less protein were adsorbed onto 

PEGCP-g-PLGA-NH2 surfaces than on PEGCP-g-PLGA-OH (Figure 3.13), the 

fluorescence assay with FITC-BSA led to similar fluorescence intensity contrast for 

partially dewetted PEGCP-g-PLGA-NH2/PS and PEGCP-g-PLGA-OH/PS bilayers 

(Figures 3.14 and 3.15). Although the reason of the discrepancy between QCM and 
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fluorescence is not fully clear at the present, we believe it is related to the dependence 

of the fluorescence yield of the FITC tag on the local pH at the surface.
34

 

3.3.5. Degradation of PLGA films and PEG-g-PLGA films 

The degradation of PEG-g-PLGA/PS bilayers after immersion in PBS was monitored by 

both optical microscopy and spectroscopic ellipsometry and compared to the 

degradation of PLGA/PS bilayers in PBS (Figure 3.16). Partially dewetted and flat 

PEG-g-PLGA films exhibited good resistance to degradation: optical micrographs of 

partially dewetted PEG-g-PLGA/PS bilayers showed no significant changes in the 

topography of both the PS holes and the PEG-g-PLGA film after immersion in PBS up 

to 25 days (Figure 3.16a-b), with no remarkable change in the morphology of the rims 

of the PS holes and no appreciable signs of PEG-g-PLGA erosion within the timeframe 

of the experiment. Monitoring of the degradation of flat PEG-g-PLGA/PS bilayers by 

spectroscopic ellipsometry showed no significant change in the thickness of the 

PEG-g-PLGA top layer (Figure 3.16c) and indicated no detectable erosion of the PEG-

g-PLGA film after 25 days in PBS.  

The degradation of untreated PLGA/PS bilayers on the other hand is shown in 

Figure 3.16d-f. Coalescence of multiple holes in partially dewetted PLGA/PS bilayers 

was observed after 3 days of immersion in PBS (Figure 3.16d), which became extensive 

across the polymer surface after 16 days (Figure 3.16e). We believe that the multi-

coalesced holes observed throughout the degradation experiments on PLGA/PS bilayers 

in PBS were the consequence of solvent-induced dewetting of PLGA films, triggered by 

the fragmentation of PLGA into low-molecular weight chains. Additional investigation 

showed that PLGA films dewet in water upon annealing above 40 °C, whereas the onset 

of PLGA dewetting in air was observed at around 100 °C. The low-temperature 

dewetting of PLGA/PS bilayers in water provides supporting evidence of the in-water 

dewetting of PLGA occurring at room temperature during the degradation experiments, 

due to the lowering of the Tg of the fragmented polymer. The degradation of flat PLGA 

films in PBS was followed by monitoring the thickness change in the PLGA films 

(Figure 3.16f). PLGA films in PBS were stable with respect to the film thickness for up 

to 7 days, with a rapid decrease of the film thickness for longer immersion time, as 

similarly observed in literature.
14

 The comparison of the degradation performances of 
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PEG-g-PLGA and PLGA films in PBS showed significant enhancement of the 

resistance against degradation of PLGA films after PEG grafting.  

 

 

Figure 3.16. (a-b) Optical micrographs of partially dewetted PEG-g-PLGA/PS bilayers after incubation 

in PBS at room temperature for (a) 8 days and (b) 25 days. (d-e) Optical micrographs of partially 

dewetted PLGA/PS bilayers after immersion in PBS at room temperature for (d) 3 days and (e) 16 days. 

Thickness change in (c) PEG-g-PLGA films and (f) PLGA films after immersion in PBS for various 

intervals. 

 

3.4. Discussion 

In this Chapter we investigated the grafting of PEG chains onto partially dewetted 

PLGA thin films, and demonstrated the use of these new functional micropatterned 

films as platforms to selectively adsorb and produce protein micropatterns. PLGA was 

chosen as a dewettable polymer as it is biocompatible, FDA-approved, and can be spin-
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coated and dewetted on hydrophobic substrates, such as PS. In addition, the 

biodegradability of plain PLGA in water solutions offers the opportunity to test the 

ability of grafted thin layer to create a barrier to water penetration in the underlying 

film.  

Different substrates could replace the PS bottom film in the bilayer, such as 

culture tissue treated polystyrene, as long as PLGA formed unstable films upon solvent 

or thermal annealing. Surface patterning by dewetting of thin polymer films is 

intrinsically an up-scalable method, which could be applied to objects of any shape and 

size, since the only requirement for patterning is a uniform coating on the object. This 

can be achieved, for example, by dip-coating and either thermal or solvent annealing of 

the polymer film. The size of the dewetting patterns, consisting of randomly nucleated 

holes with narrow size distribution, can be controlled simply by tuning the annealing 

conditions (temperature and time). By cooling the polymer films down to room 

temperature, dewetting can be stopped at any stage of hole growth: the longer the 

annealing time, the larger the holes.
10, 11, 20, 24

 In terms of the dynamics of hole growth, 

the higher the annealing temperature, the lower the polymer viscosity and the faster the 

hole growth.  

Our group has shown than dewetting patterns with lateral order can be produced 

by pre-stamping the substrate via microcontact printing techniques; ordered patterns 

might be useful for automated read-out and quantification in biological applications, 

e.g. single-cell studies.
35

 In our investigation we highlighted a number of important 

physico-chemical mechanisms, as detailed below. 

3.4.1. Layer inversion 

As the PLGA/PS bilayer system contains a high surface tension polymer (PLGA) on top 

of a lower surface tension polymer (PS), we anticipated that there would be a degree of 

layer interpenetration and inversion during dewetting. Layer interpenetration occurs 

when the surface tension of the bottom layer is lower than the surface tension of the top 

layer:
25, 26

 the polymer with lower surface tension, here PS, tends to migrate to the 

polymer-air interface, partially displacing the top polymer with higher surface tension, 

in this case PLGA. Layer inversion is related to the mobility of the polymer layers in 

their melt states: the lower the viscosity of the polymer, the greater the likelihood of 

layer inversion. In our experiments, PS flows relatively slowly at the annealing 
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temperature of 120 °C, and so layer interpenetration became noticeable only after long 

annealing times. The extent of layer inversion observed overall was limited, as the top 

film appeared to be very well coated with the grafted PEG brush, which excludes the 

presence of large PS patches anywhere but inside the dewetted holes. 

3.4.2. Surface functionalization of PLGA 

Surface aminolysis and hydrolysis enabled the formation of reactive groups (-NH2 and -

OH, respectively) on the surface of PLGA films, which were then employed to graft 

PEG molecules by the epoxide ring-opening reaction. Both aminolysis and hydrolysis 

consist in the cleavage of the ester bonds of PLGA by reaction of the carbonyl groups 

on the polymer backbone with a nucleophile (en and NaOH, respectively). The surface 

of aminolyzed and hydrolyzed PLGA films contains amides bearing primary amines 

and carboxylic acids, respectively, plus primary alcohols on both surfaces.
21

 The amine 

groups on the surface were found to be more efficient than the hydroxyl groups for the 

creation of dense PEG grafted brushes. The possible explanation lies in the higher 

reactivity of amine groups towards epoxide ring-opening reactions, due principally to 

the higher nucleophilicity of amines with respect to alcohols.
36

 Aminolysis and 

hydrolysis reactions are versatile approaches for surface functionalization of polymer 

films, as they are not specific to PLGA and could be used to modify the surface of other 

polymers containing ester bonds in the backbone, such as polycaprolactone, polylactic 

acid and polyethylene terephthalate.
28

 In addition, the reactive groups created on the 

surface of the film (NH2 and OH) could be used to functionalize the film with different 

grafted polymer layers, by using a range of other chemical reactions, such as reductive 

amination of aldehyde-terminated chains, or amination of chains with terminal 

N-hydroxysuccinimide (NHS) esters.  

3.4.3. Grafting of PEG to PLGA 

In this Chapter, PEG grafting was performed via covalent immobilization of 

prefabricated PEG molecules (grafting to strategy) on the surface of aminolyzed and 

hydrolyzed PLGA films. The main benefits of employing a grafting to strategy are the 

limited synthetic effort, the ease of the grafting protocol and the use of commercially-

available chemicals. In addition, in the development of biocompatible coatings for 

biological applications, grafting to strategies may be preferable to grafting from 
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strategies employing atom-transfer radical polymerization (ATRP),
37 

due to the 

cytotoxicity of the copper catalyst used in these cases.
38

 

Thick and densely packed PEG coatings could be achieved only under the low 

solubility conditions used in the cloud point grafting approach. This observation 

confirmed the finding of Kingshott et al.
19

 that the reduction of the intermolecular 

repulsion between PEG chains, induced by the loss of the hydration shell of PEG 

molecules under cloud point conditions (high temperature and high ionic strength), 

leads to dense packing of chains on the surface.
39

  

The higher nucleophilicity of amine groups with respect to hydroxyl groups and 

the use of bifunctional PEG molecules likely favored the formation of PEG loops on 

PLGA-NH2 films by reaction of the amine groups on the surface with the unreacted 

epoxide group of tethered PEG molecules, which is believed to have consequences for 

the protein adsorption, as discussed below.  

3.4.4. Protein adsorption on grafted PEG layers 

The key properties that determine the protein repellence of PEG coatings are the 

grafting density and the conformation of PEG molecules at the interface.
40, 41

 The 

grafting density should be high enough to provide an interfacial barrier preventing 

protein molecules from interacting with the underlying substrate,
42

 but not so high as to 

lead to the loss of the helical conformation of PEG chains.
43 

The protein-adsorptive 

properties of PLGA films were markedly reduced after PEG grafting, with the strongest 

antifouling properties being achieved on PEG-g-PLGA coatings obtained using CP 

grafting (high grafting density coatings), as tested by QCM and fluorescence 

microscopy. Protein adsorption experiments by QCM showed that the low protein 

adsorption observed on PEG coatings grafted on PLGA films under CP conditions was 

comparable to that reported in literature for high density PEG brushes and other 

antifouling coatings.
31, 40, 44 

The strong contrast in protein affinity of the polymer layers 

was used to produce protein micropatterns on partially dewetted bilayers, as 

demonstrated by fluorescence micrographs revealing the preferential adsorption of 

fluorescent proteins inside the PS domains. The best performance in terms of selectivity 

of protein adsorption was achieved employing CP-grafted PLGA films: the low protein 

adsorption onto PEG-g-PLGA films resulted in preferential protein adsorption only 

inside the PS holes. Interestingly, the 2.4 nm thick PEG coating on PLGA-NH2 films 
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obtained under CP conditions were more protein-repellent than the 4.8 nm thick PEG 

coating on PLGA-OH films. We believe that this is related to the occasional 

chemisorption of BSA via reaction of the amine groups of the protein with the 

unreacted epoxide groups exposed on the surface of the PEG coatings (Figure 3.10),
45

 

which are likely to be more abundant on the surface of PLGA-OH due to the less 

favourable PEG looping. 

3.4.5. Degradation resistance 

The degradation properties of PLGA films were significantly modified by PEG grafting. 

PEG coatings enhanced the resistance of PLGA films against degradation by creating a 

thin passivation layer, which protected the underlying PLGA films from hydrolysis. 

Similarly, it is known that alkanethiol self-assembled monolayers on gold or copper are 

an effective anti-corrosion shell for the metallic substrate.
46, 47

 PEG-induced passivation 

of PLGA films was observed after both CP and RT grafting, indicating that the 

thickness and the grafting density of the PEG coating achieved in both instances was 

sufficiently high to provide degradation resistance.  

 

3.5. Summary  

We reported for the first time the dewetting of PLGA thin films for surface 

micropatterning. PLGA thin films on PS were annealed above the Tg to produce a 

surface pattern consisting in randomly nucleated PS holes surrounded by a PLGA 

matrix. The micropatterned PLGA films were functionalized by covalent 

immobilization of PEG molecules via a two-step grafting route, consisting in PLGA 

activation by aminolysis/hydrolysis followed by PEG grafting. The advantages of this 

functionalization protocol proposed in the present work are the flexibility (different 

types of reaction can be used to graft PEG molecules on aminolyzed/hydrolyzed 

surfaces), the environment-friendliness (all reactions were performed in water) and the 

limited synthetic effort (all reaction employed commercially-available chemicals). The 

protein adsorption onto the novel PEG-grafted PLGA films was very low, a feature 

which was employed to form protein micropatterns by preferential adsorption of 

proteins inside the PS holes exposed in the partially dewetted PEG-g-PLGA films. The 

resistance to hydrolytic degradation of the PEG-g-PLGA films in PBS, with respect to 
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the untreated PLGA films, was due to passivation by the PEG coating. Low protein 

adsorptive properties and degradation resistance, along with the general low cytotoxic 

nature of both PEG and PLGA, makes PEG-g-PLGA films an interesting platform for 

biological applications such as single cell study and cell cultures for tissue engineering.  
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Chapter 4. 

Guided Dewetting by Microcontact Printing  

 

4.1. Introduction 

The stability of thin polymer films on rigid substrates has received significant attention 

in the past two decades due to their use as coatings, lubricants or protective layers.
1-3

 

The stability of polymer films depends on the film thickness as well as the forces at the 

interface between the polymer and the solid. For film thicknesses below the capillary 

length, gravitational forces can be neglected and film stability is governed by 

intermolecular forces. Short- and long-range forces determine the effective interfacial 

potential, ϕ(h), between the polymer and the surface, which determines whether a 

polymer thin film is stable, unstable or metastable.
4-8

 Macroscopically, the film stability 

depends on the surface wettability.
9
 Polymer films on non-wettable substrates are 

unstable and dewet from the solid surface upon annealing above the glass transition 

temperature (Tg). Dewetting leads to the rupture of the initially homogeneous film, 

typically by nucleation of holes on film defects and/or spots with high residual stress.
10, 

11
 Continuous annealing of the film causes the holes to grow in size until coalescence 

with neighbouring holes, producing polymer ribbons which decay further into an 

assembly of polymer droplets due to Rayleigh instability.
12, 13

 

Polymer dewetting has attracted growing interest as a versatile and robust 

process to form surface patterns.
14-17

 Control over hole size is possible by tuning the 

annealing time and temperature, but control over hole location is not straightforward on 

an uniform substrate, as holes nucleate randomly. Lateral order in the dewetting pattern 

can be imposed by tailoring substrate wettability, typically by microcontact printing 
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(µCP) of self-assembling monolayers (SAMs).
18-22

 Extensive experimental and 

theoretical work has shown how the features of a surface pattern affect dimension and 

position of the polymer droplets in the final stage of dewetting.
23-28

 However, to our 

knowledge, no prior work exists on the early and intermediate stages of dewetting on 

chemically heterogeneous substrates. The term 'early' refers to the very beginning of 

polymer dewetting, i.e. when the polymer film breaks up and holes grow independently 

without interaction with the neighbouring ones. The term 'intermediate' refers to the 

stage of polymer dewetting after holes coalescence but before droplet formation. Here 

we investigated polystyrene (PS) thin films, spin-coated onto silicon wafers with a 

native oxide layer (Si/SiO2) previously patterned with a SAM of 

octadecyltrichlorosilane (OTS) by µCP. The employed stamp for µCP has a square grid 

pattern, which resulted in stripes of hydrophobic OTS and square regions of uncoated 

Si/SiO2 (Figure 4.1a). 

 

 

Figure 4.1. (a) Schematic diagram of an OTS-patterned Si/SiO2 substrate and the corresponding effective 

interface potentials, ϕ(h), as a function of the PS film thickness (h). (b) Schematic depiction of µCP of an 

OTS self-assembling monolayer on a Si/SiO2 substrate. (c) Optical micrograph of the PDMS stamp 

employed for µCP. The relief protrusions of the stamp correspond to the dark areas of the optical 

micrograph.  
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The effective interface potential for PS thin films on silicon substrates with a 

native layer of SiO2 (    ) and on OTS-coated silicon substrates with a native layer of 

SiO2 (    ) are, respectively:
6
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where      and      denote the strength of the short-range part of the potential;     , 

    and      are the Hamaker constants of PS on SiO2, Si and OTS, respectively;   is 

the thickness of the PS film;      and      are the thickness of the native layer SiO2 

and the thickness of the OTS layer, respectively. The effective interface potential      

for PS on the OTS-coated Si/SiO2 substrate is typical of an unstable film, with a deep 

minimum and no barrier to dewetting.
5
 On plain Si/SiO2,      for PS is that of a 

metastable film, with a significant barrier to dewetting and a shallower minimum, which 

experimentally result in no dewetting (Figure 4.2). Here we investigated the effects of 

the chemical pattern on the evolution of the hole morphology and on dynamics of the 

hole growth. 

 

 

Figure 4.2. Optical micrographs of a PS 2k film (thickness: 54.6 ± 0.5 nm) on piranha cleaned Si/SiO2 

substrate. (a) Before annealing. (b) After thermal annealing at 100°C for 5 hours. No evidence of polymer 

dewetting emerged from the comparison of both images, not even around dust particles/defects on the 

film that usually act as nucleation spots. The same annealing conditions led to complete dewetting of the 

PS 2k film on OTS-patterned Si/SiO2 substrate. 
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4.2. Materials and Methods 

4.2.1. Sample preparation 

Prime grade silicon wafers coated with a 1.9 nm thick native oxide layer (Si/SiO2; 

MMRC Pty. Ltd., Australia) were subjected to microcontact printing (µCP) to form 

micrometer scale patterns of octadecyltrichlorosilane (OTS; 90%+, Sigma-Aldrich) self-

assembled monolayers (SAMs)
29

 using a polydimethylsiloxane stamp (PDMS; 

Bandwidth Foundry, Sydney), according to a standard procedure described by Xia et 

al.
30

  (Figure 4.1b). Briefly, substrates were cleaned by heating at 70 °C for 30 min in 

piranha solution (a mixture of 7:3 (v/v) of 98% H2SO4 and 30% H2O2), thoroughly 

rinsed with Milli-Q water, and used immediately. The ‘ink’ used in µCP was a 

0.2% (w/w) solution of OTS in toluene. The stamp was left in contact with the Si/SiO2 

substrates for 1 min under the pressure of 200 grams weight, and then sonicated in 

toluene to remove unreacted OTS. Uniform OTS self-assembled monolayers (thickness 

2.3 ± 0.1 nm) on Si/SiO2 substrates were prepared by A/Prof Chiara Neto using an 

established procedure.
31, 32

  

The polymers employed in the present work were atactic polystyrene (PS) of 

two different molecular weights: PS 2k (Mn 1920 g mol
-1

; Ð 1.08) and PS 96k 

(Mn 96000 g mol
-1

; Ð 1.04), (Polymer Standard Service, Germany). Polymer films were 

cast on the OTS-patterned substrates by spin-coating (Laurell Technologies Co., model 

400B-6NPP-LITE). PS films on top of uniform OTS monolayers were prepared by dip 

floating the films in water and used as control samples.
17

 PS can not be deposited on 

OTS by spin coating from toluene solution because toluene does not wet the OTS layer, 

and upon spinning the solution droplet rolls off the substrate, with no resulting polymer 

film on the substrate. Dip-floating is common practice in the field to obviate this 

problem. Dip-floating deposition consists in first spin coating the polymer film on a 

wettable substrate (mica) and then transferring it on the non-wettable substrate through 

floating on water. 

Since most of the experiments were performed using PS 2k, in the following 

sections PS will refer to PS 2k, unless otherwise specified. 
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4.2.2. Surface characterization 

Typical thicknesses of spin-coated PS films were 55 nm for PS 2k (20 mg mL
-1

 in 

toluene, 4000 RPM; measured by spectroscopic ellipsometry (J.A. Woollam Co. Inc., 

model M-2000V; see Section 2.2) and 35 nm for PS 96k (10 mg mL
-1

 in toluene, 

3000 RPM). The wetting properties of the employed materials were investigated by 

measuring the advancing and receding contact angles of 4-8 µL sessile droplets of 

Milli-Q water with a KSV CAM200 Contact Angle System (KSV Instruments Ltd., 

Helsinki, Finland), as described in Section 2.4. The static, advancing, and receding 

contact angle of water were measured at four different locations on six different 

samples, and the average and standard deviation of these values were calculated (results 

are summarized in Table 4.1). Polymer annealing was performed on a hot plate (ATV 

Technlogie GMBH, model TR-124) with control over the set temperature of 0.1 °C. PS 

2k was annealed at 70 °C to 100 °C. For PS films of thickness around 50 nm, Tg is 

significantly lower than bulk and the onset of polymer dewetting was observed at 

62 °C.
33

 PS 96k films were annealed at 160 °C to 200 °C. After annealing, the 

substrates were placed on a surface at room temperature, so that the temperature rapidly 

dropped below the Tg, causing film dewetting to be arrested. Dewetting patterns were 

observed and characterized by atomic force microscopy (Bruker Multimode VIII; see 

Section 2.3) and optical microscopy (Nikon LV150).  

 

Table 4.1. Water contact angle on the employed surfaces. Uncertainties results from the statistical 

analysis of multiple measurements (four measurements per sample, six samples per type). 

 Contact Angle (°) 

 Static Advancing Receding 

Si/SiO2 < 10 < 10 < 10 

OTS pattern 82 ± 1 86 ± 1 48 ± 1 

OTS monolayer 111 ± 1 112 ± 1 88 ± 4 

PS 2k 94 ± 1 96 ± 1 78 ± 1 

PS 96k 94 ± 1 98 ± 1 77 ± 1 
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4.3. Results and Discussion 

4.3.1. Spatially-ordered dewetting patterns  

The stamping process produced a number of defects in the polymer film, more 

numerous than on the homogeneous OTS coatings. The polymer film was uneven on 

top the OTS grid due to the presence of OTS aggregates of height below 5 nm (Figure 

4.3). The resulting RMS roughness of PS films on the OTS stripes was 1.0 ± 0.1 nm, 

whereas on the unpatterned background it was around 0.3 nm (similar to that of bare 

Si/SiO2 and OTS monolayer, both around 0.2 nm). 

 

 

Figure 4.3. Morphology of PS film on a stripe of the OTS square grid pattern before annealing. (a) AFM 

topography. (b) Cross section obtained from AFM topography, in correspondence of the black arrow. 

 

The dewetting of a PS film on an OTS-patterned Si/SiO2 substrate at 70 °C and 

then at 100 °C is shown in Figure 4.4. In the sample before annealing (Figure 4.4a) an 

array of square grid patterned OTS was visible underneath the PS film, due to the OTS 

layer thickness, which was of the order of a few nanometres due to local polymerization 

of the silane.
34

 As soon as the film was annealed above Tg, PS began to dewet via 

nucleated holes at random locations on the OTS grid (Figure 4.4b, Figure 4.4c).  

Dewetting by heterogeneous nucleation starts with the random nucleation of holes at 

sites of local heterogeneity in the film.
35

 Therefore, the dewetting of PS on OTS-

patterned silicon initiated in correspondence of the morphological defects in the 

polymer film introduced by the µCP process (Figure 4.3). In the early stages of 

annealing, roughly circular holes grew symmetrically on the OTS stripes until their 

diameter matched the width of the OTS stripes. In later stages of dewetting, the holes 
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became elongated (see Section 4.3.2), and eventually coalesced with neighboring holes. 

The polymer ribbons formed at the contact line of two coalescing holes broke down into 

small droplets by Rayleigh instability. These small droplets can be seen inside the OTS-

coated channels (Figure 4.4d). Dewetting of the PS film from the non-wettable OTS 

pattern at 70 °C led to an ordered grid-shaped pattern of PS channels, mirroring the 

underlying OTS pattern (Figure 4.4d). While dewetting progressed steadily in the initial 

and intermediate stages of dewetting (see times in Figure 4.4a-d), after PS dewetted 

completely from the OTS-stripes (Figure 4.4d) no further movement of the contact line 

occurred in the following 60 minutes of annealing at 70 °C. Increasing the annealing 

temperature up to 100 °C caused the PS film to start dewetting also from the rest of the 

Si/SiO2 substrate (Figure 4.4e, f). The rim of the film retracted further to the centre of 

the uncoated part of the grid, until all PS accumulated into an ordered array of large 

droplets. The pattern with ordered array of polymer droplets could not be obtained by 

prolonged annealing at 70 °C, as the dewetting driving force at this temperature was not 

strong enough to overcome both the pinning of the contact line on the OTS border and 

the increasing dissipation along the rim of the hole (see Section 4.3.2). 

 

 

Figure 4.4. Optical micrographs showing a typical real time dewetting of a PS film (54.1 ± 0.2 nm) on a 

Si/SiO2 substrate patterned with a square grid SAM of OTS. Light areas are dewetted areas of the 

polymer film; dark areas are intact areas of the polymer film or droplets. Annealing temperature: (a-d) 

70 °C, (e-f) 100 °C. Increase of annealing temperature occurs at 4h 18m 21s, i.e. just after capture of 

image (d). Annealing time and temperature are indicated in each micrograph. 
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In this manner, two different surface patterns with topographically ordered 

features could be obtained by simply tuning the annealing conditions (Figure 4.5). 

Annealing temperatures slightly higher than the Tg confined the dewetting of the PS 

film within the OTS square grid pattern. The result was a dewetted film with an array of 

channels with width of ~11-14 µm separated by rows of squares or lines of PS ~50 µm 

wide (Figure 4.5a, c), in good agreement with the features of the PDMS stamp (Figure 

4.1c). For films of thickness 52.8 ± 0.6 nm, the semi-cylindrical PS rims formed at the 

border of the channels (from the accumulated PS removed from the stripe) had height of 

about 150 nm; channel depth was about 44 ± 5 nm. The width and spacing of the 

polymer pattern was determined by the stamp, whereas channel depth and rim height 

could be tuned by varying the initial PS film thickness.
6
  

 

 

Figure 4.5. Ordered patterns obtained by guided dewetting of PS on OTS-patterned Si/SiO2. (a-c) 

Intermediate dewetting pattern resulting from low temperature (70 °C) annealing. (d-f) Final dewetting 

pattern resulting from high temperature (100 °C) annealing. Optical micrographs (a, d), AFM topography 

images (b, e), and line cross-sections obtained from AFM topography images (c, f) are shown.  

 

Prolonged high temperature annealing of the sample (100 °C, 2h) resulted in 

complete dewetting of the PS film and the formation of an array of polymer droplets 

with positions guided by the underlying OTS pattern: large droplets located in the center 

of the grid and small droplets on the frame of the OTS pattern (Figure 4.5d, e). 

Statistical analysis confirmed the presence of a narrow bimodal size distribution of PS 
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droplets: large droplets with diameter 11.1 ± 0.4 µm and height of 1.4 ± 0.1 µm, and 

small droplets with diameter 3.8 ± 0.8 µm and height 0.7 ± 0.2 µm. The quoted values 

are mean values and the uncertainties are standard deviations of the size distribution. 

For non-spherical drops we used the equivalent diameter, i.e. the diameter of a circle 

with same area. Control over both droplet diameter and height is possible by varying 

stamp periodicity and film thickness, respectively, to obtain the desired size 

distribution.
21

 The contact angle of PS droplets measured from AFM images was 

25 ° ± 4 °, i.e. a value intermediate between that expected on SiO2 (6.9 °) and that on 

OTS (58 °).
36

  

Three possible factors contributed to the complete dewetting of PS on the non-

silanized background: firstly, it is well established that in µCP the ink can “bleed out” 

of the pattern during the stamping, which in turn results in blurry edges and/or SAM 

patches outside the main pattern.
37

 Contact angle measurement of PS droplets 

confirmed this hypothesis, as the contact angle of PS was intermediate between that on 

SiO2 and on OTS, which is consistent with a composite surface outside the OTS grid.
38

 

Secondly, the abundance of defects on OTS-patterned Si/SiO2 (Figure 4.4a) could 

facilitate the otherwise slow dewetting on bare Si/SiO2. Thirdly, when the annealing 

temperature was increased to 100 °C, the viscosity of the polymer film decreased 

significantly
39

 leading to a much more fluid film, in which the dewetting driving force 

dominated over the viscous forces, which would have otherwise slowed down the 

dewetting on Si/SiO2. 

PS 96k thin films showed a dewetting evolution similar to that described for PS 

2k (Figure 4.6), except that in PS 96k a larger numbers of small polymer droplets 

formed on the OTS grid, consistent with the observed greater density of nucleated holes 

for high molecular weight polymers. The hole density on a solid substrate by dewetting 

via heterogeneous nucleation depends on the molecular weight of the polymer used 

because longer polymer chains are typically more entangled and lead to a higher degree 

of strain within the film, which in turn may result in a higher hole density.
11
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Figure 4.6. Optical micrographs showing a typical real time dewetting of a PS 96k film (30.1 ± 0.2 nm) 

on a silicon substrate patterned with a SAM of OTS. Annealing temperature and progressive annealing 

time: (a) before annealing; (b) 160°C, 20 s; (c) 160°C, 1 min ; (d) 200°C, 7 hours. Increase of annealing 

temperature occurred just after capture of image (c). 

 

4.3.2. Dynamics of hole growth 

The growth dynamics of a representative and isolated hole on top of an OTS-patterned 

Si/SiO2 substrate is shown in Figure 4.7a. Initially, when the hole diameter was smaller 

than the width of the underlying OTS stripe (around 8 µm), dewetting propagated 

symmetrically in all directions, producing circular holes and a linear hole growth with 

time. Once the hole diameter matched the width of the OTS stripe, the dynamics of hole 

growth became affected by the underlying OTS pattern.  

When the rim of the dewetted hole approached the OTS boundary, polymer 

dewetting became asymmetrical, leading to ellipsoidal holes with different dewetting 

rates along the long axis (L, faster) and the short axis (S, slower) of the hole. Due to 

surface tension, the growth of ellipsoidal holes is less favored than that of circular holes, 

resulting in a decrease of the overall dewetting rate (Figure 4.7b, Slow (I)). Then, the 

contact line became physically pinned at the OTS border and the growth along the short 

axis, S, was consequently constricted, leading to a plateau of the hole growth 

(dR/dt = 0) along both axes of the ellipsoids (Figure 4.7b, Slow (II)). The plateau of the 

dewetting rate also along L is a consequence of the constricted growth along S: when 

there is no more displacement of the contact line along S, surface tension forces the 
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contact line along L to stop moving in order to avoid a further increase of the aspect 

ratio of the hole (L/S). Conversely, the dewetting rate for a PS film on a uniform OTS is 

positive at all times (dR/dt > 0), as shown for comparison in Figure 4.7a, and can be 

modelled accounting for viscous forces and interfacial slip.
40, 41

  

 

 

Figure 4.7. (a) Typical dynamics of hole growth in a PS film on an uniform OTS monolayer (∆) and on 

an OTS-patterned substrate (●, ○) upon annealing at constant temperature (70 °C). The OTS pattern 

induced the growth of ellipsoidal holes: L (●) is the long axis of the hole; S (○) is the short axis of the 

hole. The dashed line represents the average half width of the OTS stripe underneath the PS film 

determined from Figure 1c. (b) Schematic depiction of hole growth on an OTS stripe (orange rectangle). 

The initial fast growth of circular holes is followed by a slow step due to the unfavourable transition from 

circular to ellipsoidal holes (Slow (I)). Further retraction of the PS causes the contact line to pin on the 

OTS boundary, leading to the plateau of the growth rate (Slow (II)). 

 

Additionally, PS films with similar thickness (about 55 nm) and same annealing 

temperature (70 °C) produced larger and more regular holes on a uniform OTS 

monolayer than on the OTS-patterned substrate, due to a more uniform SAM underlying 
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the polymer film (Figure 4.8). The wettability of the silane layer depends on the quality 

of the layer: true self-assembled monolayers have higher contact angles because water 

interacts with only methyl groups, whereas disordered multilayers expose also silanol 

groups to the solvent. In turn, different wettability of the substrate results in a different 

dewetting rate of the polymer film.
42

  

 

 

Figure 4.8. Comparative analysis of hole morphology on substrates with different degree of uniformity. 

(a) On a homogeneous OTS monolayer. (b) Holes formed on top of OTS-patterned substrates.. 

 

4.4. Summary 

In the present work we investigated the early and intermediate stages of PS dewetting 

on OTS-patterned Si/SiO2 substrates. Microcontact printing of SAMs selectively guided 

the dewetting of polymer thin films, producing surface patterns with topographically 

ordered features. Polymer dewetting is an effective and reliable way to transfer and 

amplify the features of a bidimensional SAM pattern into a three dimensional polymer 

pattern. Two different types of patterns were achieved by tuning the annealing 

conditions (time and temperature): low temperature annealing led to an ordered pattern 

of polymer channels mirroring the underlying OTS pattern. High temperature and 

prolonged annealing led to a bimodal distribution of polymer droplets in an ordered 

array, with position and dimension guided by the underlying OTS pattern.  

The dynamics of hole growth became affected by the pattern as soon as the hole 

size approached the pattern size, with contact line pinning and reduced dewetting forces 

outside the pattern as main reasons for the stop in hole growth. This guided approach 
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could be useful in extending the use of polymer dewetting to applications in protein 

patterning, cell studies and biosensing requiring topographical order.  
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Chapter 5. 

Guided Dewetting by Colloidal Imprinting 

 

5.1. Introduction 

Pattern formation in thin polymer thin films by spontaneous dewetting is a robust and 

versatile method to produce surface coatings with controlled chemistry and topography, 

and with functional properties.
1-5

 Control over the hole size is possible by finely tuning 

the annealing time and temperature, as well as the molecular weight of the polymer.
6
 

Patterns arising from the dewetting of thin polymer films typically consist of randomly 

distributed holes. However, lateral order in the dewetting pattern can be imposed by 

introducing chemical and/or physical heterogeneities on the substrate.
7, 8

 For example, 

the Neto group employed microcontact printing of self-assembled monolayers to induce 

ordered dewetting of polystyrene from hydrophobised regions of a silicon wafer.
9
 

Colloidal lithography has been developed as a versatile approach for the 

generation of nanometer-scale chemical and topographical patterns spanning large 

areas.
10, 11

 This method exploits two-dimensional (2D) arrays of self-assembled 

spherical particles as templates for surface patterning. The advantage of 2D colloidal 

crystals in nanofabrication and surface patterning is that large-area self-assembly of 

colloids with well-ordered structures can be achieved without the need for expensive 

equipment.
12

 Typical routes for the fabrication of hexagonally-arranged monolayers and 

multilayers of colloidal particles include spin coating,
13

 drop-casting,
14

 controlled 

evaporation,
15

 and layer-by-layer deposition.
16

 Kingshott et al. have succeeded in the 

growth of large area 2D multi-component colloidal crystals a broad range of size ratios 

by using the evaporation induced confined area assembly method.
16-18

 To date, a large 
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number of surface patterns consisting of arrays of various nanostructures (rings, dots, 

rods, cavities)
19, 20

 have been fabricated by CL using 2D colloidal crystal templates as 

masks or molds for evaporation,
21

 etching,
22

 deposition,
23

 and imprinting.
24

 In 

particular, colloidal imprinting consists in the use of 2D colloidal crystals as molds for 

mechanical deformation of imprint resists, typically a polymer film or a curable 

monomer.
25, 26

 Jang et al.
27

 reported the imprinting of silica nanosphere arrays into 

polystyrene films by thermal treatment, producing ordered arrays of nanoholes in the 

polymer film after removal of the embedded particles.  

In this study, colloidal imprinting was used for the first time to guide the 

dewetting of thin polymer films in an ordered fashion leading to spatially-ordered arrays 

of holes (Figure 5.1). The thermal imprinting of 2D colloidal crystals, made of either 

single silica particles and binary silica/poly(methyl methacrylate) (PMMA) particles, 

was used to pattern ordered arrays of holes on polymer bilayers consisting in poly(4-

vinylpyridine) (P4VP) thin films on top of polystyrene (PS) thin films (Figure 5.1, step 

(i) and (ii)). After removing the particles (Figure 5.1, step (iii)), the spatially-ordered 

holes produced by colloidal imprinting were grown in size and depth by dewetting of 

the P4VP top layer on PS upon annealing above the glass transition temperature of 

P4VP (Figure 5.1, step (iv)). P4VP/PS bilayers were the substrate of choice as the P4VP 

top layer offers good hydrophilicity required for the assembly of silica-based colloidal 

crystals, and the Neto group has shown that P4VP films dewet readily on top of PS.
2, 28

 

Coupling polymer dewetting to colloidal imprinting led to surface micropatterns that are 

both topographical and chemical in nature, consisting of arrays of holes with tunable 

size and depth. The main advantage of the approach proposed in this Chapter with 

respect to conventional colloidal imprinting is the ability to grow the hole size in lateral 

size and in height in the post-lithographic stage, without the need to employ colloidal 

crystals with different particle size to vary the hole size.  

 

5.2. Materials  and Methods 

5.2.1. Preparation of polymer bilayers and surface characterization 

Polymer bilayers were prepared on prime grade silicon wafers (MMRC Pty. Ltd., 

Australia), previously cleaned as described in Section 2.1.
20

 Polystyrene (PS; Polymer 
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Standard Service, Germany) was spin-cast in films on clean silicon wafers from a 

20 mg mL
-1

 toluene solution (anhydrous, 99.8 %; Sigma-Aldrich) (3000 RPM for 1 

min). Polystyrene with two different molecular weights were employed in the present 

work: PS96 (Mn 96000 g mol
-1

, Ð 1.04) and PS236 (Mn 236000 g mol
-1

, Ð 1.05). 

Poly(4-vinylpyridine) (P4VP, Mn 19000 g mol
-1

; Sigma-Aldrich) was then spin-cast on 

top of the PS films from a 10 mg mL
-1 

ethanol solution (> 99.9%, Merck) (3000 RPM 

for 1 min). P4VP films on top of hydrophobised (octadecyltrichlorosilane, OTS-coated) 

silicon wafers were prepared by dip floating the films on water.
9
 Dip-floating deposition 

consists in first spin coating the polymer film on a wettable substrate (mica) and then 

transferring it on the non-wettable substrate through floating on water. Uniform OTS 

self-assembled monolayers (thickness 2.3 ± 0.1 nm) on Si/SiO2 substrates were 

prepared by A/Prof Chiara Neto using an established procedure.
29

  

 

 

Figure 5.1. Schematic representation of the fabrication of ordered arrays of holes with tunable size and 

depth by colloidal imprinting on P4VP/PS bilayers followed by dewetting of P4VP films on PS films via 

thermal annealing.  
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The average thickness of the films obtained was 75 ± 2 nm for PS and 40 ± 2 nm 

for P4VP, as determined by spectroscopic ellipsometry (Woollam Co. Inc. M-2000), as 

described in Section 2.2. Both as-prepared films were smooth, with root-mean-square 

(RMS) roughness lower than 0.3 nm, as measured by atomic force microscopy (AFM, 

Bruker Multimode VIII) using Tapping Mode
®
 in air on 3 x 3 µm scan area. 

5.2.2. Preparation of colloidal crystals 

Colloidal crystals were fabricated based on evaporation induced confined area assembly 

(EICAA).
11

 Silica colloidal crystals were prepared using 5 µm silica particles (Bangs 

Lab, Fisher IN, USA). Binary colloidal crystals were prepared using 5 µm silica 

particles and 0.4 µm poly(methyl methacrylate) (PMMA) particles (Bangs Lab, Fisher 

IN, USA), with silica:PMMA number ratio of 1:3289. Prior to use, colloidal solutions 

were fully suspended using sonication and vortexing. The colloidal suspension was 

pipetted inside the area confined by a 0.5 cm diameter rubber ring. The amount of 

colloidal particles needed to form a monolayer was calculated on the basis of the area 

encircled by the rubber ring. The samples were kept at room temperature until complete 

evaporation of the solvent. Some of the P4VP/PS bilayers were treated with UV/ozone 

(UVO) for 10 minutes in order to increase the hydrophilicity of the P4VP top layers. 

The colloidal crystals were assembled on top of P4VP/PS bilayers by Dr Peng Yuan 

Wang at the Industrial Research Institute Swinburne (IRIS), Swinburne University of 

Technology. 

The mass ratio between silica particles and PMMA particles was calculated as 

follows. The volume of silica (       ) and PMMA (     ) particles are given by: 

        
 

 
        

            cm
3
      (5.1) 

      
 

 
      

            cm
3
     (5.2) 

where Rsilica and RPMMA are the radius of silica (2.5 µm) and PMMA (0.2 µm) particles, 

respectively. From particle volume, we calculated the mass of silica (       ) and 

PMMA (     ) particles: 

                                  g      (5.3) 

                            g      (5.4) 
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 where         and      are the density of silica (2.65 g cm
-3

) and PMMA 

(1.18 g cm
-3

). The mass ratio between silica and PMMA particles is then given by: 

 
       

     
              (5.5) 

5.2.3. Collidal imprinting 

Colloidal imprinting was carried out by thermal annealing of the 2D colloidal crystals 

assembled on top of the P4VP/PS bilayers. Thermal annealing was performed at 80 °C 

for 1 min in air on a hot plate with fine temperature control (ATV Tecnologie GmbH, 

Germany). After thermal annealing, the colloidal crystals were removed from the 

polymer bilayers by sonication in Milli-Q water (5 x 1 min).  

5.2.4. Dewetting of imprinted P4VP/PS bilayers 

Dewetting of the imprinted P4VP films on top of PS was performed by annealing the 

polymer bilayers above the glass transition temperature of P4VP (141 °C), as 

determined by differential scanning calorimetry (DSC; see Section 2.5) (Figure 5.2). 

typically at temperatures between 160 and 210 °C. The real-time evolution of the 

dewetting patterns was monitored by in-situ imaging with a Bruker Multimode VIII 

AFM equipped with a heating scanner (Bruker, model 9242JVHC), as described in 

Section 2.3. 

 

 

Figure 5.2. Differential scanning calorimetry (DSC) of P4VP powder. The glass transition temperature 

(Tg) is indicated. 
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5.3. Results 

5.3.1. Binary colloidal crystals 

Figure 5.3 shows a typical binary colloidal crystals produced by the self-assembly of a 

monolayer of 5 µm silica particles and several layers of 0.4 µm PMMA particles on top 

of P4VP/PS96 bilayers. The colloidal crystal employed consisted of uniform 

distribution of closely-packed small PMMA particles around large silica particles 

arranged in hexagonal arrays. Both silica and PMMA particles penetrated into the 

P4VP/PS96 bilayer upon colloidal imprinting (80 °C, 1 min), leading to micropatterned 

polymer surfaces with bimodal distribution of holes mirroring the position and size of 

the particles in the colloidal crystal (Figure 5.3b).  

 

Figure 5.3. AFM topography images of (a) a binary colloidal crystal assembled on a P4VP/PS96 bilayer, 

and micropatterned P4VP/PS bilayers after (b, c) colloidal imprinting at 80 °C for 1 min, (d, e) annealing 

at 160 °C, (f) selective dissolution of P4VP with ethanol. Line-cross sections from the AFM topography 

images are shown below each image. 
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Hexagonal arrays of holes with 590 ± 50 nm diameter produced by the 

imprinting of the large silica particles were surrounded by a uniform distribution of 

holes with 140 ± 20 nm diameter produced by the imprinting of the small PMMA 

particles (Figure 5.3c). The size distribution of the imprinted holes was strikingly 

narrow, and this level of control applies also to the hole depth. The average depth of the 

holes resulting from the imprinting of silica particles (50 ± 10 nm) was around five 

times higher than that of PMMA particles (10 ± 4 nm), due to the weight difference 

between the two types of particles: the mass of a 5 µm silica particle was approx. 4000 

times larger than that of a 0.4 µm PMMA particle (Section 5.2), leading to deeper 

penetration of silica particles into the P4VP/PS bilayers. The average distance between 

the large holes was 5.7 ± 0.2 µm, and 0.52 ± 0.05 µm for the small holes, which are 

close to the average distance between silica particles (5.9 ± 0.2 µm) and PMMA 

particles (0.48 ± 0.09 µm), respectively, in the colloidal crystal.  

As the Neto group has shown before, uniform P4VP films dewet on top of PS 

films by random nucleation of holes, leading to the formation of micropatterned 

polymer surfaces featuring randomly distributed arrays of holes.
2, 28

 In the imprinted 

P4VP/PS96 bilayers, annealing at 160 °C  for 5 min caused an initial very slow 

dewetting, with growth of the large holes from 590 ± 50 to 810 ± 60 nm (Figure 5.3d). 

Subsequently, dewetting stopped, with most of the holes closing-up when the annealing 

time was prolonged beyond 10 min (Figure 5.3e). The average depth of the large holes 

progressively decreased from 50 ± 10 nm before annealing, to 24 ± 12 nm and 

14 ± 7 nm after 5 and 10 min at 160 °C, respectively. Similar observations and 

measurements were obtained on all the investigated samples (5 samples).  

The closure of the large imprinted holes is believed to be caused by layer 

inversion in the P4VP/PS96 bilyers. Layer inversion occurs in polymer melt bilayers, 

when the polymer bottom layer has a lower surface tension than the polymer top layer 

and tends to migrate to the air interface.
30

 Layer inversion in P4VP/PS bilayers annealed 

above 160 °C has been already documented by Thickett et al.
28

 In the present work, 

layer inversion was confirmed by AFM imaging of annealed P4VP/PS96 films after 

ethanol washing. Ethanol is a solvent for P4VP, but a nonsolvent for PS. Selective 

dissolution of the P4VP top layer revealed PS arrays of vertical cylinders (Figure 5.3f), 

produced by the migration of PS96 to the air interface through the imprinted holes. 

Migration of PS96 to the air interface was facilitated since the imprinted holes in the 
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P4VP films were deeper (50 ± 10 nm) than the thickness of the P4VP top layer 

(40 ± 2 nm), exposing therefore the underlying PS film to the air. The small holes in 

P4VP/PS96 bilayers produced by imprinting with 0.4 µm PMMA particles readily 

closed-up upon annealing at 160 °C for 5 minutes, as the holes were more shallow and 

surface tension effects smoothed-out the film.
31

  

As the role of the smaller PMMA particles is mainly to increase the order in the 

silica particle arrays,
32

 they were selectively removed prior to indentation by acetonitrile 

washing (Figure 5.4). Acetonitrile is a good solvent for PMMA and a non-solvent for 

both P4VP and PS. Figure 3b shows that acetonitrile selectively removed only the 

PMMA particles from the binary colloidal crystal, leaving on the P4VP top layer 

ordered arrays of 5 µm silica particles assembled with hexagonal arrangement and 

average particle distance of 5.9 ± 0.2 µm. Despite not being a solvent for P4VP, the 

acetonitrile wash disrupted the P4VP film surface. After colloidal imprinting (80 °C, 

1 min), the surface of the P4VP/PS96 bilayers showed a bimodal distribution of holes, 

consisting of ordered arrays of imprinted due to the silica colloidal particles (diameter: 

1.16 ± 0.07 µm; depth: 56 ± 14 nm), plus a number of disordered, shallow and large 

holes (diameter: 5 ± 3 µm; depth: 22 ± 8 nm) positioned at random locations on the 

surface (Figure 5.4c).  

The surface of P4VP films between the indentation holes lost its initial 

smoothness, with the appearance of ondulations resambling spinodal dewetting.
33

 These 

ondulations are believed to be the consequence of the spontaneous solvent-induced 

dewetting of P4VP occurred during washing with acetonitrile.
34

 Annealing of the 

imprinted P4VP/PS96 bilayers at 160 °C for 30 min caused the imprinted holes to close-

up (Figure 5.4d, part (i)), while some of the randomly distributed holes showed 

significant growth in depth (86 ± 10 nm) without significant change in the lateral size 

(5 ± 2 µm) (Figure 5.4d, part (ii)). The pattern degradation shown in Figure 5.4d is 

believed to be the results of the combined effects of layer inversion in the P4VP/PS96 

bilayer, and nucleation induced by acetonitrile washing. 
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Figure 5.4. (a-b) AFM topography images of binary colloidal crystal assembled on a P4VP/PS96 bilayer 

(a) before and (b) after removal of the PMMA particle by selective dissolution with acetonitrile. (c-d)  

AFM topography images of micropatterned P4VP/PS bilayers after (c) colloidal imprinting at 80 °C for 1 

min and (d) annealing at 160 °C for 30 min. Line-cross sections from the AFM topography images are 

shown below each image. 

 

5.3.2. Single-particle colloidal crystals 

The results on the binary colloidal crystals presented in the previous section indicated 

that the dewetting of the P4VP top layer was affected by the interplay of two competing 

processes: layer inversion in the P4VP/PS bilayers and the smoothing-over in the 

imprinted P4VP films driven by surface tension. Layer inversion is governed by the 

melt viscosity of the PS bottom layer and can be slowed-down by using PS with higher 

MW (PS236). The interplay between polymer dewetting and layer inversion in 

P4VP/PS bilayers is largely governed by the melt state viscosity (η0) of the polymer 

bottom bottom layer, which scales as η0   MW
3.5

.
35

 The surface tension in the P4VP 

films is related to density of imprinted holes and can be reduced by using single-particle 

silica colloidal crystals to produce arrays of imprinted holes with lower density.  

Single-particle colloidal crystals obtained with 5 µm silica particles on 

P4VP/PS236 bilayers (Figure 5.5a) showed lower degree of long-range order than 

binary silica/PMMA colloidal crystals (Figure 5.4). In the binary colloidal crystals, 

strong attractive capillary forces between the small PMMA particles guided the ordered 
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self-assembly of silica particles over large areas.
36

 Colloidal imprinting on the 

P4VP/PS236 bilayers with single-particle colloidal crystals (80 °C, 1 min) produced 

arrays of holes with 770 ± 20 nm diameter and 49 ± 5 nm depth, mirroring the position 

of the silica particles in the colloidal crystal (Figure 5.5b). The average distance 

between the imprinted holes was 5.5 ± 0.7 µm, which was comparable to the distance 

between the silica particles (5.2 ± 0.3 µm).  

 

 

Figure 5.5. AFM topography images of (a) a single-particle colloidal crystal assembled on aa 

P4VP/PS236 bilayer. (b-f) AFM topography images of the same area of a micropatterned P4VP/PS236 

bilayer after (b) colloidal imprinting at 80 °C for 1 min, (c-f) and annealing at 190-210 °C for increasing 

times. The same area was imaged in situ in parts (b)-(f). Line-cross sections from the AFM topography 

images are shown below each image.  
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Annealing of the P4VP/PS236 bilayers at temperatures between 190 and 210 °C 

caused the imprinted holes to dewet and grow in size (Figure 5.5c-d), till coalescence 

with neighbouring holes (Figure 5.5e-f), producing surface micropatterns consisting in 

arrays of holes with tuneable size. Imprinted P4VP films dewetted on top of the 

underlying PS236 films by site-specific nucleation initiated by the imprinted holes. The 

depth of the imprinted holes was a key parameter for the successful hole growth. Only 

holes with initial depth larger than the thickness of the P4VP film (40 ± 2 nm) acted as 

nucleii for the dewetting of the polymer film, while shallower holes (e.g. Figure 5.5b, 

encircled areas; depth 11 ± 3 nm) closed up upon themal annealing (Figure 5.5c, 

encircled areas). As mentioned in the previous section, the reason is believed to be 

related to the interfacial stress in the polymer film.
31

  

The dynamics of hole growth showed the simultaneous increase in both diameter 

and depth of the holes in the P4VP/PS236 bilayers during annealing at temperatures 

between 190 and 210 °C (Figure 5.6). The annealing temperature was initially set at 

190 °C in order to monitor the early stages of dewetting, and then raised up to 210 °C to 

counteract the decrease in the dewetting rate caused by viscous dissipation within the 

polymer film.
37

 During annealing, holes steadily grew in diameter from an initial value 

of 770 ± 20 nm after imprinting up to a maximum value of 5.2 ± 0.5 µm, when 

coalescence occurred (Figure 5.6a). Hole depth gradually increased from 49 ± 5 nm 

after imprinting up to a maximum of 300 ± 50 nm. Polymer rims formed around the 

holes due to the displacement and accumulation of P4VP during dewetting, and reached 

a height of around 50-100 nm (Figure 5.6b). However, the height of the rims could be 

roughly estimated only in the early stages of dewetting (Figure 5.5d), before the 

coalescence of the rims into polymer ribbons. For this reason, the depth values reported 

for dewetted holes refer to the total peak-to-valley distance.  
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Figure 5.6. (a) Dynamics of growth of holes produced by collolidal imprinting of single-particle colloidal 

crystal on P4VP/PS236 bilayers as a function of annealing time and temperature. Error bars are of the 

same size of the symbols used in the plot. (b) Evolution of the cross-section of two representative 

neighboring holes (from AFM images) during annealing at 190 – 210 °C. The indices (i) to (iv) refer to 

the times in part (a). 

 

Selective dissolution of the dewetted P4VP films by ethanol washing was used 

to gain a deeper insight into the mechanism governing the dewetting of imprinted 

P4VP/PS236 bilayers. The selective removal of P4VP revealed that dewetting affected 

also the undelying PS surfaces, creating arrays of holes with double rim mirroring the 

patterns observed before solvent washing (Figure 5.7). The average hole diameter in the 

PS films was identical to that of P4VP/PS236 bilayers before ethanol washing 

(5.2 ± 0.5 µm), whereas the average depth of the holes decreased from 300 ± 50 nm 

(before) to 200 ± 50 nm (after). The comparison between the line-cross section before 

and aftere ethanol washing showed that the rims observed in P4VP/PS bilayers 

consisted of P4VP accumulated on top of PS domains raised above the surface during 

annealing above the Tg (Figure 5.7c). The presence of relief domains of PS underneath 

the holes’ rim represented a major contribution to formation of holes in P4VP/PS with 

depth approx three times higher than the initial tickness of the bilayers (115 ± 5 nm).  
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Figure 5.7. (a-b) AFM topography images of P4VP/PS236 bilayers micropatterned by colloidal 

imprinting with single-particle silica colloidal crystals followed by polymer dewetting (a) before and (b) 

after selective P4VP dissolution with ethanol. (c) Line-cross sections from the AFM topography images 

before (dashed line) and after ethanol wash (solid line).  

 

These observations are evidence of partial layer inversion occurred in 

P4VP/PS236 bilayers after prolonged annealing at 190-210 °C, i.e. above the Tg of both 

P4VP and PS. However, differently from what observed during the dewetting of 

imprinted P4VP/PS96 bilayers (Figure 5.3), layer inversion was not the dominant effect 

and did not inhibit polymer dewetting. The decrease in the viscosity of polystyrene 

bottom layer achieved by using high-MW (PS236), instead of PS96 used in Figures 5.3 

and 5.4, significantly reduced the rate of layer inversion, and allowed the P4VP top 

layer to dewet upon annealing.
38

  

The formation of extended single-particle colloidal crystals with long-range 

order is known to depend on the wettability of substrate, since the self-assembly of the 

colloidal particles is driven by the intermolecular forces existing between the particles 

and between the particles and the substrate.
11, 32

 To increase the order of the 5 µm silica 

particle arrays, the hydrophilicity of P4VP was increased by treatment with UV/ozone 
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(UVO) for 10 min. UVO treatment is well known to generate hydrophilic groups (e.g. 

OH, C=O and COOH) on polymer surfaces, and it has been widely used to increase the 

wettability of polymer films without changing the bulk properties of the polymer.
39

 The 

UVO treatment  led to the formation of extended colloidal crystals of silica particles 

with ordered hexagonal arrangement (Figure 5.8a). Colloidal imprinting (80 °C, 1 min) 

produced P4VP/PS236 bilayers showing long-range arrays of holes (diameter: 

780 ± 30 nm; depth: 55 ± 5 nm) with hexagonal arrangement mirroring the colloidal 

crystal used as template (Figure 5.8b).  

 

Figure 5.8. AFM topography images and line-cross sections of (a) a single-particle colloidal crystal 

assembled on a UV/ozone (UVO)-treated P4VP/PS236 bilayer, and micropatterned P4VP/PS bilayers 

after (b) colloidal imprinting at 80 °C for 1 min, (c) annealing at 190 °C for 2 h, (d) selective dissolution 

of P4VP with ethanol. (e) Line-cross sections from the AFM topography images showing the real-time 

evolution of (i) a representative imprinted hole after (ii) annealing at 190 °C for 2 h, and (iii) ethanol 

wash. 
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Upon annealing, the holes in the P4VP did not further dewet: annealing of the 

micropatterned polymer bilayers at 190 °C for 2 h resulted in no significant increase in 

the lateral size of the imprinted holes (760 ± 30 nm), while a slight decrease in the depth 

was observed (45 ± 5 nm) (Figure 5.8c). The depth decrease is likely to be caused by 

partial layer inversion in the P4VP/PS bilayers, and was confirmed by the selective 

removal of the P4VP top layer by ethanol washing, which revealed PS films 

micropatterned with spatially-ordered holes with diameter of 620 ± 20 nm and depth of 

20 ± 5 nm (Figure 5.8d). In this case, we believe the lateral size of the imprinted holes 

did not increase after prolonged annealing at 190 °C due to  the surface crosslinking of 

the P4VP films upon UVO treatment.
40, 41

  

In order to remove the contribution of layer inversion, the PS bottom film was 

replaced by a hydrophobised silicon wafer (coated with a self-assembled monolayer of 

octadecyltrichlorosilane, OTS). UVO treatment allowed the fabrication of highly-

ordered colloidal crystals on P4VP (Figure 5.9a), which produced ordered arrays of 

holes in the polymer film upon colloidal imprinting (Figure 5.9b). Imprinting holes 

(diameter: 780 ± 30 nm) in the P4VP monolayers were flat-bottomed and with depth 

(38 ± 2 nm) comparable to the thickness of the polymer films, indicating that the 

underlying OTS-silicon substrate was exposed to the air after particle removal. 

Although uniform P4VP films were proved to dewet on OTS-coated silicon wafers 

(Figure 5.10), annealing of the imprinted P4VP monolayers on OTS-silicon at 

180-200 °C caused the progressive decrease of both hole diameter and depth 

(Figure 5.9c-e). Even in this case, partial cross-linking of the surface of P4VP by UVO 

treatment inhibited the dewetting, preventing the holes to grow in size. Hole shrinking is 

believed to be related to layer inversion occurring within the P4VP monolayer. The 

surface tension of the top few nanometers of P4VP films exposed to UVO treatment 

was likely to be increased with respect to the rest of the polymer film as a consequence 

of the increased hydrophilicity of the films’ surface.
39

 Therefore, the film rearranged to 

close-up the holes with lower surface tension P4VP.  
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Figure 5.9. AFM topography images and line-cross sections of (a) single-particle colloidal crystals 

assembled on UVO-treated P4VP films on OTS-coated silicon, and micropatterned P4VP monolayers 

after (b) colloidal imprinting at 80 °C for 1 min, (c) annealing at 180 °C for 30 min, (d) annealing at 

200 °C for 10 min. (e) Depth and diameter of the imprinted holes in function of annealing temperature 

and time. 
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Figure 5.10. Optical micrographs showing the typical real-time dewetting of P4VP films on top of silicon 

wafers coated with uniform self-assembly monolayers of OTS. Annealing temperature: 180 °C. 

 

5.4. Discussion 

The dewetting of thin polymer films represents a flexible and robust route for the 

creation of surface micropatterns with controlled chemistry and topography. The size of 

the surface patterns produced by polymer dewetting can be easily controlled by tuning 

the annealing temperature and time, and the dewetting can be stopped at any stage of 

hole growth by cooling the polymer films down to room temperature. Typical dewetting 

patterns in uniform polymer films on plain substrates consist of arrays of holes 

nucleated at random locations of the polymer surface. Polymer dewetting can be guided 

to occur in an ordered fashion by introducing chemical and/or physical heterogeneities 

on the substrate.  

In this Chapter, we presented for the first time the use of colloidal imprinting to 

guide the dewetting of polymer bilayers. Different polymer films could replace the 

P4VP/PS bilayers, provided that the wettability of the polymer surface is compatible 

with the self-assembly of the colloidal particles into colloidal crystals (i.e. hydrophilic 

polymers for hydrophilic colloidal particles, and hydrophobic polymers for hydrophobic 

colloidal particles), and that the polymer film dewets on the underlying substrate.  In 
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our investigation, we highlighted a number of important physico-chemical mechanisms, 

as detailed below. 

5.4.1. Colloidal imprinting 

Colloidal imprinting with both binary and single-particle colloidal crystals was used to 

pattern the P4VP/PS bilayers with ordered arrays of holes mirroring the position of the 

colloidal particles. The size and depth of the imprinted holes is strikingly well 

controlled, and, as shown previously, can be controlled by tuning the imprinting time 

and temperature.
23, 42

 In this study, we found that the depth of the imprinted holes plays 

a crucial role for the subsequent hole growth by dewetting. Successful dewetting in the 

imprinted P4VP/PS bilayers was observed only when the depth of the imprinted holes 

was larger than the thickness of the P4VP top films, whereas holes closed-up upon 

annealing when their depth was smaller than the film thickness. The reason is believed 

to be related to the interplay between polymer dewetting and surface tension-driven 

smoothing-over of the polymer film. For shallow imprinted holes, the dewetting driving 

force was weaker than the interfacial stress in the polymer film, causing the P4VP top 

layer to smooth-over by a vertical decay mechanism already described in the 

literature.
31

 

5.4.2. Guided dewetting 

The ordered arrays of holes obtained by colloidal imprinting on the P4VP/PS bilayers 

were used to guide the dewetting of P4VP films. Upon annealing above the glass 

transition temperature, the imprinted P4VP films dewetted on top of the underlying PS 

films by site-specific nucleation initiated by the imprinted holes. The guided dewetting 

in the P4VP top layers produced surface micropatterns consisting in ordered arrays of 

holes with tuneable size and depth, with a maximum 7-fold increase in lateral size of the 

holes from imprinting to coalescence with neighbouring holes, and 6-fold increase in 

depth from beginning to end. The ability to guide dewetting in an ordered fashion and 

the ability to control and tune both size and depth of the imprinted holes over a range of 

almost one order of magnitude by simply tuning the annealing temperature and time are 

key features of this approach coupling polymer dewetting to colloidal imprinting. 



Chapter 5. Guided Dewetting by Colloidal Imprinting 

104 
 

5.4.3. Wettability of the polymer films 

The wettability of the polymer film used as a substrate for the self-assembly of the 

colloidal particles, herein the P4VP top layer, governs the quality of the single-particle 

colloidal crystals, i.e. the degree of long-range order and the density of defects in the 

crystalline structure.
43

 The local degree of order of single-particle colloidal crystals was 

enhanced and extended on the long-scale by performing the self-assembly on UVO-

treated P4VP films, as a consequence of the increased hydrophilicity of the polymer 

surface with respect to plain P4VP. However, highly ordered single particle-colloidal 

crystals were obtained at the expense of partial cross-linking of the P4VP top layer 

induced by the UVO treatment, which inhibited polymer dewetting and prevented the 

imprinted holes in the P4VP/PS bilayers to grow in size upon annealing above the glass 

transition temperature. The degree of order and the density of defects in binary colloidal 

crystals were less sensitive to the wettability of the polymer surface, as the strong 

attractive capillary forces between the small PMMA particles guided the ordered self-

assembly of the silica particles over large areas, leading to the formation of long-range 

colloidal crystals with low defect density on untreated P4VP films. However, the 

removal of PMMA particles by selective solvent wash is problematic and led to 

unwanted dewetting.  

5.4.4. Layer inversion 

Layer inversion was the dominating process in imprinted P4VP/PS bilayers featuring 

the relatively mobile PS96 as bottom layer, in which we observed the inhibition of 

polymer dewetting and the closure of the imprinted holes caused by the migration of the 

PS bottom layer upon annealing above the glass transition temperature. The rate of layer 

inversion was significantly reduced and polymer dewetting became the dominant 

process when the more viscous PS236 was used as a bottom layer. The reduction of the 

melt viscosity of the PS bottom layer allowed the imprinted P4VP top layer to dewet 

upon annealing above the glass transition temperature, leading to the growth in size of 

the holes in the P4VP/PS bilayers produced by colloidal imprinting.  
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5.5. Summary  

We achieved for the first time the guided dewetting of thin polymer films by colloidal 

imprinting to produce micropatterned polymer surfaces with spatially controlled 

features. Binary and single-particle colloidal crystals were used as patterning templates 

to micropattern P4VP/PS bilayers with ordered arrays of holes. Colloidal imprinting 

with binary colloidal crystals produced bimodal distributions of spatially-ordered holes, 

whereas monomodal distributions of holes were obtained using single-particle colloidal 

crystals. Dewetting allowed the control over both the lateral size and the depth of the 

holes in the polymer bilayers by tuning annealing temperature and time.  

The effect of the MW of the PS bottom layer and the wettability of the P4VP top 

layer on the dewetting of the imprinted bilayers was investigated. Successful growth of 

the imprinted holes by dewetting of the P4VP top layer was observed only in systems 

featuring high-MW PS (PS236) as bottom layer, in which the high melt viscosity of the 

bottom layer reduced the rate of layer inversion in the P4VP/PS bilayers and allowed 

P4VP to dewet. The increase in the wettability of the P4VP top layer by UVO treatment 

allowed the fabrication of extended single-particle colloidal crystals with long-range 

order at the expense of the partial cross-linking of the polymer, which inhibited the 

dewetting of P4VP.  

The micropatterning approach proposed in the present work combines the 

advantages of colloidal imprinting (highly-ordered surface patterns) to that of polymer 

dewetting (fine and easy tuning of hole size), and represents a universal patterning route 

that can be extended to the patterning of a wide range of polymer films. The main 

advantage with respect to colloidal imprinting alone is the ability to tune the hole size 

after the imprinting stage, without the need of using different colloidal crystals for 

different hole size. Potential applications of the topographical and chemical 

micropatterns produced in this work include the development of microarrays for cell 

studies. 
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Chapter 6. 

Conclusions and Outlook 

 

This Thesis describes a study of the spontaneous dewetting of thin polymer films 

leading to micropatterned polymer surfaces with controlled chemistry and topography. 

The chief advantage of micropatterned surfaces produced by polymer dewetting is the 

ease with which they can be produced on both flat and 3D objects, and the ability to 

control the size of the pattern by simply tuning the annealing conditions, without the 

need for expensive materials, instrumentation and time-consuming procedures.  

Chapter 3 describes a study of micropatterned polymer coatings for site-specific 

protein adsorption. In this study, surface micropatterns were produced for the first time 

by the dewetting of PLGA thin films on top of PS films. In order to increase the protein 

repellence of PLGA and enhance the difference in protein affinity with respect to the PS 

bottom layer, the micropatterned PLGA/PS bilayers were functionalized by covalent 

immobilization of PEG molecules. The functionalization of PLGA films was performed 

by a simple two-step grafting route, consisting in the activation of PLGA by either 

aminolysis or hydrolysis, followed by grafting of PEG. The functionalization protocol 

proposed in this study required limited synthetic effort, as all the chemicals employed 

were commercially available, and offers good flexibility, as a wide range of reactions 

and functional groups could be used to graft PEG molecules to aminolyzed/hydrolyzed 

PLGA.  

The low protein absorptivity of the novel PEG-grafted PLGA films was 

employed to micropattern proteins by preferential protein adsorption inside the PS 

domain exposed in the partially dewetted PLGA/PS bilayers. The grafting of PEG 
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molecules increased the degradation resistance of PLGA films with respect to untreated 

PLGA, due to the passivating effect of the PEG coatings, which protected the polymer 

films from hydrolysis upon immersion in PBS buffer. Low protein absorptivity and 

good degradation resistance, combined with the low cytotoxicity of both PEG and 

PLGA, make PEG-grafted PLGA films a promising platform for biological 

applications, such as single cell studies and tissue engineering.  

The use of PEG molecules bearing one epoxide group at each end most likely 

caused the partial chemisorption of proteins on the unreacted epoxide groups exposed 

by the grafted PEG chains, which decreased the protein repellence of the PEG-grafted 

PLGA films. Future studies would require the optimization of the grafting reaction with 

PEG molecules bearing a single reactive group, in order to avoid both protein 

chemisorption and formation of PEG loops on the surface of functionalized PLGA 

films. During our studies, we discovered that 40 nm-thick PEG-grafted PLGA films on 

silicon dewet at temperatures between 40 and 60 ºC when immersed in water 

(Figure 6.1), which is significantly lower than the temperature required to dewet PLGA 

films of similar thickness on PS (dewetting observed at T > 100 ºC).  

 

 

Figure 6.1. Optical micrographs showing the typical dewetting of PEG-grafted PLGA films on silicon 

substrates upon annealing at (a) 35 °C, (b) 40 °C, (c) 50 °C, and (d) 60 °C for 1 hour in water.  
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This finding is significant because in the future it may allow the adsorption of 

biological molecules on the substrate prior to dewetting, and dewetting could occur at 

temperatures compatible with, for example, protein stability. These findings, combined 

with the good protein repellence of PEG-grafted PLGA films, represent the fundamental 

framework for future investigations focused on the development of PLGA-based 

micropatterned surfaces for protein multiplexing, i.e. the co-patterning of more than one 

type of protein or other biomolecule on the same substrate.
1, 2

 

Patterns arising from the dewetting of thin polymer films typically consist of 

randomly distributed holes. To date, this is one of the main arguments against the use of 

polymer dewetting in several technological applications where it is perceived that 

ordered patterns are desirable or necessary, such as biosensing. However, it is possible 

to force the dewetting to occur in an ordered fashion by introducing chemical or 

physical heterogeneities to favor the nucleation of holes at specific locations. In this 

Thesis, we demonstrated that dewetting patterns with spatially ordered features could be 

obtained in a relatively simple manner, by the combination of polymer dewetting and 

microcontact printing or by using colloidal imprinting, 

 In Chapter 4, ordered surface patterns were obtained by the dewetting of thin PS 

films on silica substrates which had been micropatterned with OTS self-assembled 

monolayers using microcontact printing. PS films selectively dewetted on top of the 

OTS patterns, producing two different types of ordered patterns depending on the 

annealing temperature and time. At low temperature, the dewetting of PS produced 

polymer micropatterns which mirrored and amplified the features of the underlying 

OTS pattern in the vertical dimension. The prolonged dewetting of PS at high 

temperature caused the complete retraction of the polymer film into ordered arrays of 

isolated droplets with bimodal size distribution. Investigation of the dynamics of hole 

growth showed that the dewetting rate in PS films was affected by the underlying OTS 

pattern. Pinning of the contact line and symmetry constraints in the growth of 

ellipsoidal holes were identified as the main reasons for the decrease of the dewetting 

rate observed as the hole size approached the size of the OTS pattern.  

Microcontact printing is a versatile technique to create chemical patterns with 

several different geometries of choice in order to guide the dewetting of thin polymer 

film in an ordered fashion. However, in spite of the relative ease of execution, one of 
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the main issues related to microcontact printing of alkylsilanes on silicon is the 

formation of oligomers and multilayers during the self-assembly process, due to the 

high reactivity of the alkylsilanes. Inhomogeneities in the self-assembled monolayer can 

affect the nucleation and hole growth in the polymer films and limit the control over the 

dewetting patterns in the early stages of dewetting. Future investigations should address 

this by improving the quality of the self-assembled monolayers by using molecules with 

lower reactivity than alkylsilane as ‘ink’ for microcontact printing. A promising 

category of candidates is that of alkylderivates which are capable of making non-

covalent halogen bonds with the substrate.
3, 4

 Research along these lines is currently 

under way in the Neto group.  

Finally, in Chapter 5 we investigated the combination of polymer dewetting and 

colloidal imprinting to produce spatially-ordered dewetting patterns. Colloidal 

imprinting with both binary and single-particle colloidal crystals was used to 

micropattern P4VP/PS bilayers with ordered arrays of holes mirroring the position of 

the particles within the colloidal crystal. Imprinted holes in the P4VP/PS bilayers acted 

as nuclei for the site-selective dewetting of the P4VP top layer upon annealing above 

the glass transition temperature. Dewetting of P4VP allowed for control of the size and 

the depth of the imprinted holes by simply tuning the annealing time and temperature, 

combining the advantages of colloidal imprinting (high order) to those of polymer 

dewetting (ease of tuning).  

The results of our investigations showed that the wettability of the P4VP top 

layer and the molecular weight (MW) of the PS bottom layer were the two main 

parameters governing the order and the growth of the imprinted holes in the P4VP/PS 

bilayers, respectively. The MW of the PS bottom layer affected the rate of layer 

inversion in the P4VP/PS bilayers: in systems featuring low-MW PS (PS96) layer 

inversion overtook the rate of the dewetting process and prevented the growth of the 

imprinted holes upon annealing above the glass transition temperature. The wettability 

of the P4VP top layer significantly affected the long-range order in the colloidal 

crystals. The long-range order in single-particle silica colloidal crystals was extended by 

UVO treatment at the expense of partial cross-linking of the P4VP top layer, which 

caused the inhibition of polymer dewetting and prevented the growth of the imprinted 

holes. In light of these observations, future investigations should involve the design and 

development of systems consisting of polymer films and colloidal particles with 



Chapter 6. Conclusions and Outlook 

113 
 

matched wettability. This approach should result in the ability to fabricate extended 

colloidal crystals with high a degree of long-range order, and hence highly-ordered 

arrays of imprinted holes after colloidal imprinting. Possible applications of 

micropatterned surfaces featuring highly-ordered arrays of holes include biosensing and 

chips for automated read-out. 

The work presented in this Thesis has demonstrated that the dewetting of thin 

polymer films is a flexible and robust method to produce functional surface 

micropatterns with chemical and topographical features. The ability to control and tune 

both the chemistry and the topography of the surfaces in a simple manner creates many 

opportunities for the application of polymer dewetting in advanced nanoscale 

technologies. One possible point of weakness of polymer dewetting is the intrinsic 

limitation related to the use of thin polymer films (< 100 nm). Thick polymer films 

(> 1 µm) have several advantages from an industrial perspective, as they can be easily 

prepared by dip-coating or roll printing, and have better mechanical resistance than thin 

polymer films. Recent unpublished work in the Neto group has shown that µm-thick 

polymer films can be dewetted by solvent or vapor annealing, representing an important 

milestone for the future application of polymer dewetting in several industrial and 

technological applications. An alternative solution might be reached by using composite 

thin films, containing polymer and inorganic nanoparticles, which could be made to 

fuse at high temperatures, forming inorganic self-assembled patterns.  
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