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Abstract

Controlling cell fate on artificial surfaces is of great interest in fundamental research but also
more concrete fields as tissue engineering or cancer research. Nowadays, features up to the
nanoscale are designed directly on the surface to allow manipulation of cell behavior. An example
could be the modification of surface topography by decorating the surface with nanopillars. Such
structures are interesting since, for specific aspect-ratios, they do not affect cell viability and can
influence cell behavior. Moreover, such structures can also give access to the cell cytosol meaning
drug delivery of desired compounds directly inside the cell can be obtained. Since cytosol can be
regarded as a reducing environment, redox responsive layers grafted on the nanopillars could be an
option for drug delivery applications. Indeed, if a drug is anchored through disulfide bonds to the
nanopillars, it could be released thanks to the glutathione/glutathione couple present in the cy-
tosol. Moreover, disulfide bonds also show an excellent stability in extracellular medium meaning
the sample could safely be exposed to the cell external environment without undesired drug release.

The purpose of this work is to develop a bifunctionalized nanostructured surface. First,
a flat surface is decorated with nanopillars. The top of the nanopillars is then coated with a
polythiolactone copolymer on which a test component is grafted. The remaining surface is finally
functionalized with a bioadhesive layer to promote cell adhesion on the surface and nanopillar
endocytosis. The exposition of the top of the nanopillars to the reducing environment of the
cytosol would result in the drug release inside the cell.
In order to perform this bifunctionalization, a sacrificial layer is used. This layer would cover
the whole surface except for the top of the nanopillars that can be functionalized with the poly-
thiolactone copolymer. Dissolution of the sacrificial layer is then performed and the remaining
surface is available for the second functionalization.

Promising results were obtained for the different steps yielding to bifunctionalization of
gold surfaces. Indeed, gold nanopillars of desired heigh and diameter were obtained on gold
surfaces. Afterwards, the functionalization and bifunctionalization processes were studied and
characterized. Polythiolactone copolymer grafting on flat and nanostructured gold surfaces
was demonstrated. The spin-coating and etching of the sacrificial layer to reveal only the top
of the nanopillars was also assessed and bifunctionalization could consecutively be performed.
Finally, redox responsiveness of the copolymer layer when exposed to a reducing environment
was assessed.
Platinum was studied as an alternative to gold but was not retained because of the poor copolymer
anchoring on the metal.

iv



v



Contents

1 Introduction 1

2 Objectives and strategy 5
2.1 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Detailed strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.1 Nanopillars elaboration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.2 Surface functionalization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.3 Grafting and release of a model thiolated compound onto the copolymer

layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3 State of the art 9
3.1 Elaboration of nanostructured surfaces . . . . . . . . . . . . . . . . . . . . . . . . 9

3.1.1 Template-assisted synthesis of nanopillars . . . . . . . . . . . . . . . . . . 9
3.1.2 Pore filling methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.2 Polymer masks used as sacrificial layers . . . . . . . . . . . . . . . . . . . . . . . 13
3.2.1 Sacrificial layers composition and properties . . . . . . . . . . . . . . . . . 13
3.2.2 Deposition techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2.3 Etching techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.3 Surface modification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.3.1 Metallic surface modification by SAMs . . . . . . . . . . . . . . . . . . . . 18
3.3.2 Modification of gold surface by redox responsive layers based on polythiol 21

3.4 Cell behavior on patterned surfaces . . . . . . . . . . . . . . . . . . . . . . . . . 22

4 Materials and methods 25
4.1 Purchased products and materials . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2 Experimental Section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.2.1 Electrodeposition of nanopillars onto gold surfaces . . . . . . . . . . . . . 26
4.2.2 Bifunctionalization of nanostructured surfaces . . . . . . . . . . . . . . . . 28
4.2.3 Functionalization of gold surfaces . . . . . . . . . . . . . . . . . . . . . . . 30

4.3 Characterization techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.3.1 Electrochemical techniques [95] . . . . . . . . . . . . . . . . . . . . . . . . 33
4.3.2 Ellipsometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.3.3 Atomic Force Microscope . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.3.4 Scanning Electron Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 40

5 Results and Discussions 41
5.1 Surface nanostructuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.1.1 UV treatment of irradiated PC layer . . . . . . . . . . . . . . . . . . . . . 42
5.1.2 Dowfax influence on nanopillar diameter and random electrodeposition . . 42
5.1.3 Typical height and diameter distribution . . . . . . . . . . . . . . . . . . . 43

5.2 Sacrificial layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.2.1 PAA spin-coating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

vi



5.2.2 PAA etching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.3 Functionalization on flat samples: Platinum vs Gold . . . . . . . . . . . . . . . . 48

5.3.1 Copolymer grafting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.3.2 Copolymer redox responsiveness . . . . . . . . . . . . . . . . . . . . . . . 49

5.4 Functionalization of gold nanopillars . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.4.1 Flat versus nanostructured samples . . . . . . . . . . . . . . . . . . . . . . 51
5.4.2 Copolymer and SAM grafting . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.4.3 Nanoparticles to assess spatial functionalization . . . . . . . . . . . . . . . 53

6 Conclusion 55

vii



List of Figures

2.1 Main steps of the preparation of the bifunctionalized nanostructured surfaces . . 6
2.2 Detailed methodology used to prepare the bifunctionalized nanostructured gold

surfaces: 1. Fabrication of gold surfaces decorated with nanopillars 2. Deposition
of a polymer mask and selective exposure and functionalization of the top of
nanopillars. 3. Polymer mask dissolution and grafting of a SAM on the open
surface. 4. Selective grafting then release of a model thiolated compound on the
copolymer coating. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3.1 SEM image of an ion tracked etched PC membrane with pore diameter around
100 nm [28] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.2 Basic surface micromachining process. (a) Sacrificial layer deposition. (b) Pat-
terning of the sacrificial layer. (c) Deposition of the microstructure layer. (d)
Patterning of the desired structure. (e) Stripping of the sacrificial layer reveals
final structure [46] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.3 The four steps of spin-coating process. 1. Deposition of a polymer solution onto
the substrate 2. Rotation of the sample leading to the spreading of the polymer
solution and ejection of the solvent. 3. Film homogenization at a constant rotation
4. Solvent evaporation and film stabilization by annealing at high temperature [49] 14

3.4 Thickness of PAA films deposited by spin-coating as a function of the spin-coating
speed and the polymer concentration; the molar mass of PAA is 50 kDa. Error
bars indicate the standard deviation with n=3 [48]. . . . . . . . . . . . . . . . . . 15

3.5 Schematic view of a plasma etcher machine [51] . . . . . . . . . . . . . . . . . . . 16
3.6 Comparison of Wet and Dry Etching techniques [51] . . . . . . . . . . . . . . . . 17
3.7 List of head groups for specific substrates [73]. . . . . . . . . . . . . . . . . . . . 18
3.8 Schematic view of an all-trans conformer of a single, long-chain alkanethiolate

adsorbed on a surface. The tilt angle (α) is defined with respect to the surface
normal direction. The twist angle (β) describes the rotation of the chain relative
to the plane of the surface normal [70]. . . . . . . . . . . . . . . . . . . . . . . . . 19

3.9 Values of α and β for n-alkanethiols adsorbed on a variety of materials. XPS
= X-ray photoelectron spectrometry; RAIRS = Reflection Absorption Infra Red
Spectroscopy [70]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.10 Structure of a SAM based on thiolated molecules and deposited onto a gold surface.
SAMs are stabilized by the gold thiolate bond, which is nearly as strong as a
covalent bond (around 200kJ/mol), and by the alkyl chain spacer via Van der
Waals interactions. This provides a regular and tight packing. Terminal group are
potentially accessible to immobilize ligands on the surface [75]. . . . . . . . . . . 20

3.11 Schematic description of the double modification of pendant thiolactone moieties.
After CRP (RAFT or NMP) of a stable vinylic thiolactone monomer, aminolysis
of the linear poly(thiolactone) yields a linear polythiol, i.e. a reactive polymer
scaffold for thiol modification [19] . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

viii



3.12 Schemes and SEM images of representative nanotopography geometries developped
to investigate cell behavior. Three basic nanotopography geometries are displayed:
nanograting (45◦ tilt, scale bar represents 5 µm), nanopost array (15◦ tilt, scale bar
represents 5 µm) and nanopit array (0◦ tilt, scale bar represents 1 µm). Schemes
not drawn to scale [85]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.1 Chemical structure of P(DMA-co-TlaAm). . . . . . . . . . . . . . . . . . . . . . . 26
4.2 Successive steps from flat gold surface to nanostructured gold surface with nanopillars 26
4.3 Experimental assembly of the electrochemical deposition. The three electrodes

are linked to the Chi660 device . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.4 Main steps of the bifunctionalization . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.5 Immobilization process of the copolymer P(DMA-co-TlaAm)-30% onto the surface

through aminolysis using ETA [93] . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.6 Chemical structure of Chloramine T (left) and dithiothreitol (right) . . . . . . . 32
4.7 Current as a function of the applied potential when convection and diffusion

defines mass transport phenomena [95]. . . . . . . . . . . . . . . . . . . . . . . . 34
4.8 Current as a function of the applied potential when only diffusion define mass

transport phenomena [95]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.9 Cyclic potential applied between the reference and working electrode [96]. . . . . 35
4.10 Typical voltammogram of cyclic voltammetric for a 1 mM solution of Fe(CN)64−

/ Fe(CN)63− and 0.1M of KCl, using bare gold surface as a working electrode,
platinum as counter electrode ang Ag/AgCl as reference electrode. The green area
represents the measured area for computing the Blocking Factor [97]. . . . . . . . 36

4.11 a) Nyquist plot showing real vs imaginary part of impedance. (b) Bode plots
showing the variation of impedance (log Z) or phase angle (φ) with respect to
change in frequency [98]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.12 Simplified Randles Cell Schematic Diagram with Rct = charge transfer resistance,
Rs = solution resistance, Cdl Double-layer capacitor [99]. . . . . . . . . . . . . . 38

4.13 Nyquist plot based on the Randle circuit [99] . . . . . . . . . . . . . . . . . . . . 38
4.14 Randle circuit with added Warburg element to model the ion diffusion from the

bulk solution to the electrode surface [99]. . . . . . . . . . . . . . . . . . . . . . . 38
4.15 Nyquist plot based on the Randle circuit with Warburg element [99]. . . . . . . . 38
4.16 Main steps of ellipsometry measurements and data fitting [100]. . . . . . . . . . . 39
4.17 Light reflects and refracts according to Snell’s law [101]. . . . . . . . . . . . . . . 39

5.1 Successive steps of the PC membrane damaging. 1. Deposition of a PC membrane
on the gold sample through spin-coating. 2. Membrane irradiation using a heavy
ion beam. 3. UV treatment of the damaged membrane . . . . . . . . . . . . . . . 41

5.2 Successive steps for the pores revelation and consecutive electrodeposition. 1. The
damaged PC membrane is immersed in a chemical bath to enlarge the pores. 2.
Pores of desired diameter are obtained. 3. Electrodeposition of gold inside the
pores. 4. Dissolution of the PC membrane revealing the surface decorated with
nanopillars. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.3 SEM image of a surface electrodeposited at a scan rate of 0.2 V/s, 10 scans and
withoutprior UV treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.4 SEM image of a surface electrodeposited at a scan rate of 0.2 V/s, 10 scans and
withprior UV treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.5 SEM image of a surface where chemical etching was performed in a bath containing
the old Dowfax solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.6 SEM image of a surface where chemical etching was performed in a bath containing
the new Dowfax solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

ix



5.7 Average height of 90 nanopillars of a typical electrodeposited surface at a scan
rate of 0.2 V/s and using 10 scans . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.8 Average diameter of 45 nanopillars of a typical electrodeposited surface at a scan
rate of 0.2 V/s and using 10 scans . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.9 Purpose of the sacrificial layer in the bifunctionalization process. 1) PAA layer is
spin-coated onto the surface. 2) Etching is performed to reveal and clean the top of
the nanopillars. 3) First functionalization. 4) The PAA layer is removed revealing
the remaining surface. 5) Second functionalization and resulting bifunctionalized
sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.10 AFM image of the surface topography before spin-coating. . . . . . . . . . . . . . 45
5.11 AFM 3D representation of the surface topography before spin-coating. . . . . . . 45
5.12 AFM image of the surface topography after spin-coating of a 50 mg/ml concen-

trated PAA solution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.13 AFM 3D representation of the surface topography after spin-coating of a 50 mg/ml

concentrated PAA solution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.14 SEM image of the surface topography after spin-coating of a 50 mg/ml concentrated

PAA solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.15 Calibration curve for air plasma treatment with a spin-coated PAA solution of

concentration 75 mg/ml [93]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.16 Calibration curve for oxygen RIE treatment with a spin-coated PAA solution of

concentration 75 mg/ml. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.17 AFM 3D representation of the surface topography after oxygen RIE etching of

the PAA layer spin-coated with a 50 mg/ml concentrated PAA solution. . . . . . 47
5.18 AFM 3D representation of the surface topography after air plasma etching of the

PAA layer spin-coated with a 50 mg/ml concentrated PAA solution. . . . . . . . 47
5.19 Typical PAA coverage profile of a nanopillar after spin-coating with a 50 mg/ml

concentrated PAA solution and after etching using oxygen RIE. . . . . . . . . . . 48
5.20 Typical PAA coverage profile of a nanopillar after spin-coating with a 50 mg/ml

concentrated PAA solution and after etching using air plasma . . . . . . . . . . . 48
5.21 Schematic view of copolymer covering a platinum or gold surface followed by the

anchoring/release process of PEG-SH on the copolymer. . . . . . . . . . . . . . . 48
5.22 Copolymer grafted on the gold flat surface . . . . . . . . . . . . . . . . . . . . . . 49
5.23 Copolymer grafted on the platinum flat surface . . . . . . . . . . . . . . . . . . . 49
5.24 Experiment 1: Schematic view of the gold and platinum flat surfaces covered with

P(DMA-co-TlaAm)-30% and with the redox process of anchoring and release of
PEG-SH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5.25 EIS measurements on a flat gold surface in three specific cases: 1. The surface
is only covered by the copolymer (1) 2. Exposition to PEG-SH in an oxidative
environment (2) 3. Exposition to a reductive environment (3) . . . . . . . . . . . 50

5.26 EIS measurements on a flat platinum surface in three specific cases: 1. The surface
is only covered by the copolymer (1) 2. Exposition to PEG-SH in an oxidative
environment (2) 3. Exposition to a reductive environment (3) . . . . . . . . . . . 50

5.27 Schematic view of a bare flat gold sample (left) and bare nanostructured gold
sample (right) used for the CV measurements . . . . . . . . . . . . . . . . . . . . 51

5.28 Comparison of flat bare surface and nanostructured bare surface . . . . . . . . . 51
5.29 Schematic view of a bifunctionalized sample on which CV measurements were

performed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.30 CV measurements of a nanostructured gold sample in three specific cases: 1. Bare

nanostructured surface 2. Top of the nanopillars chemically modified with the
copolymer 3. Bifunctionalized sample . . . . . . . . . . . . . . . . . . . . . . . . 52

x



5.31 Schematic view of the adhesion of silica nanoparticles to the positively charged
copolymer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.32 SEM image of a nanostructured surface covered with the DDT SAM and exposed
to a solution containing silica nanoparticles . . . . . . . . . . . . . . . . . . . . . 54

5.33 SEM image of a nanostructured surface covered with the charged copolymer and
exposed to a solution containing silica nanoparticles . . . . . . . . . . . . . . . . 54

xi



List of abbreviations

AFM Atomic force microscope

BF Blocking factor

Cat Chloramine T

CV Cyclic voltammetry

DDT Dodecanethiol

DTT Dithiothreitol

ECM Extracellular matrix

EIS Electrochemical impedance spectroscopy

ETA Ethanolamine

PAA Poly(acrylic acid)

PC Polycarbonate

PEG-SH Sulfhydryl poly(ethylene glycol)

PMMA Poly(methylmethacrylate)

RIE Reactive ion etching

SAMs Self-assembled monolayers

SEM Scanning electron microscope

TlaAm N-thiolactone acrylamide)

xii



xiii



Chapter 1

Introduction

Nowadays, artificial and natural biomaterials take a great importance in medicine and biology,
yielding to new scientific disciplines including tissue engineering which goal is to design artificial
biocompatible structures that would substitute damaged tissues and organs. Moreover, biomate-
rials with well-defined design are also important for basic scientific research because they allow
to study the signals controlling cell adhesion, spreading, growth, differentiation, functioning or
viability [1] [2] [3].

In complex organisms, structural integrity, mechanical properties of tissues and cell properties
like adhesion, migration, growth, secretion, gene expression and apoptosis are related to the
cellular extracellular matrix (ECM) [4]. The interactions between the cells and their environment
have therefore to be considered when manipulating cells in "in vitro" conditions. The first
experiments performed to investigate specific cells interactions with the surface were conducted
in 1956 by coating flat glass substrates with rat tail collagen [5]. In the following years, more
researches were performed using more specific materials like extracellular matrix components,
attachment and adhesive proteins (such as collagen, laminin or fibronectin) but also synthetic
polymers [6].

Anchoring process of cells is directed by integrins which are transmembrane proteins linking
the extra- and intracellular environment. Indeed, integrins are not only important for attaching
a cell to its surroundings; they are also responsible for activating intracellular signaling pathways
that will communicate to the cell the type of the extracellular matrix that is bond and eventually
promote cell growth, cell survival and cell proliferation. [7].

However, because of their 2-D nature, traditional flat surfaces, even when coated with biolog-
ical materials, are often not offering enough satisfaction for promoting in vitro cell functions,
such as migration or differentiation. In order to mimic better the in vivo conditions of cells, 3D
cell culture was developed.

First steps of 3D culture were done in the early 1960s when a study showed the effect of
microtopography on cell migration by demonstrating that cell migration was more important
on ridges than on grooves [8]. Nowadays, a myriad of techniques is used to produce surfaces
with various topographies at different scales. These techniques alter surface topography at
micrometer and nanometer scales and allow formation of very different structures including
nanowells, nanopillars1, nanotubes or nanorods that affect cell fate. This was notably evidenced
through a study comparing cell behavior onto nanopillars and nanowells [9]. Conclusions were

1Both terms nanowires and nanopillars refer to cylindrical shaped nanofeautres present on a substrate. However,
nanowires refers to higher aspect-ratio features then the one used for nanopillars. Since this distinction is not a
consensus in the scientific field, nanopillars will be used along this work
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that, compared to flat samples, cells preferentially adhered to pillars while there was no significant
difference in cell adhesion onto welled structures. It was also demonstrated that, for specific sizes
and diameters, nanopillars could access the cytosol [10] (through a mechanism of endocytosis),
yielding interesting perspectives for specific release of components inside the cell.

However, cell anchoring is not the only process defining cell fate. Indeed, in their natural
environement, they are exposed to perpetual physical and chemical changes. Therefore, having
surfaces showing a variation of their properties when exposed to a specific stimulus like pH,
temperature or electrical stimuli) is of interest to stimulate cell behavior. Indeed, this can possibly
allow to control cell differentiation since cells have to adapt toward those changes. Obtaining
such surfaces is often performed by material surfaces with different layers which are mostly
based on self-assembled monolayers or polymer films [11]. Such surfaces are of high interest for
biosensors [12], protein purification [13] but also drug-delivery [14]. One interesting example is
related to the coatings based on redox-responsive polymers whose properties are modified when
exposed to reducing or oxidizing conditions [15].

Master thesis context
This work is part of a research project aiming at developing nanostructured and stimuli-responsive
surfaces which are able to deliver drug locally to control cell behavior. Surfaces delivering drug at
the nanometer scale, under redox stimulation, are notably aimed in order to control cell processes
like cell fate, proliferation or apoptosis.

Nanostructured surfaces decorated with nanopillars present a great interest to control the cell
processes at the nanometer scale [16]. Among the techniques used to fabricate such surfaces, the
hard templating method using polymer track-etched membranes has been extensively studied,
notably in our lab. Briefly, pores are created in a membrane and those pores are filled by a metal
using electrodeposition. The polymer membrane is then dissolved revealing the nanopillars. Such
nanostructures can be subsequently chemically modified in order to obtain bioactive surfaces
that can address a specific (bio)chemical signal to a biological entity such as stem cells.
The aim of my project is to produce such nanostructured metal surfaces with the chemistry of
the top of the nanopillars differing from the chemistry of the remaining surface. The top of the
nanopillars would be modified with a stimuli responsive layer sensitive to a reducing environment
such as the cellular cytoplasm. By grafting a specific component on this layer through disulfide
bonds, the result will be the release of the component directly into the cell. The responsive layer
chosen to functionalize the top of the nanopillars is a polythiolactone copolymer. The use of
a polythiolactone copolymer is motivated by the high sensitivity of thiol groups to oxidation
and therefore the need of a protection mechanism before the grafting on the surface. To achieve
the thiol groups protection, they are trapped inside thiolactone rings. When the thiol functions
are needed, an unprotection process is performed making some of the thiol functions available
for copolymer grafting on the top of the nanopillars. The other ones are involved in the drug
grafting and release in respectively oxidizing and reducing environments.
To provide bioadhesive properties to nanostructured surfaces, the remaining surface excluding
the top of the nanopillars will be modified with a biofunctional layer presenting specific RGD
sequences which are involved in cell bondings. This layer would also promote endocytosis of the
nanopillars by the cell to expose the redox responsive layer to the cell cytoplasm.

The fabrication of the metal nanopillars will be first studied. The influence of different
parameters, such as the operating conditions of track-etching and electrodeposition, on the shape,
the height and the diameter of the nanopillars will be investigated. Afterwards, the work will
focus on the selective surface functionalization of the metal nanostructures. We will notably
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focus our work on:

• the grafting of polythiolactone copolymer layers onto both platinum and gold flat surfaces;

• the grafting of polythiolactone copolymer layers onto nanostructured gold surfaces and the
preparation of bifunctionalized surfaces for which the chemistry of the top of the nanopillars
differs from the remaining surface;

• the characterization of the nanopatterned surfaces;

• the study of the immobilization then release of model compounds onto the redox responsive
polythiolactone copolymer layer.

This Master thesis is organized in 5 chapters:

• The chapter 2 described in detail the general objective of the project;

• The chapter 3 provides an overview of the literature on the fabrication and the biological
applications of nanostructured surfaces;

• The chapter 4 is dedicated to materials and methods;

• The chapter 5 describes and discusses the results obtained;

• Finally the chapter 6 exposes the conclusions of this work along with some perspectives for
the future.
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Chapter 2

Objectives and strategy

2.1 Objectives
This work aims at developing redox-responsive nanostructured metal surfaces for drug delivery.
This section will explain the general purpose of the master thesis and the reasons that lead to
the strategy chosen to reach our goal. Afterwards, a more detailed explanation of the different
steps will be developed.

A great number of studies were conducted in the field of cell behaviour on chemically and
physically modified surfaces and a general conclusion is: cell behavior control is a challenging
process and is highly dependent on cell type and surface properties1. In this work, different
challenges need to be overcome: control the cell behavior on the surface, have a cytosol access
and perform a drug release inside the cell.
To control cell behavior on the surface, two main mechanisms need to be controlled: cell adhesion
and proliferation on the surface and cell differentiation in case of stem cells. Controlling cell
adhesion, proliferation and differentiation can be achieved by integrating biological molecules
(for example ECM proteins or specific protein sequences like RGD) and nanoscaled features on
the surface. Moreover, adding specific bioactive species in the direct environment can avoid cell
apoptosis and can also induce cell differentiation.
Afterwards, there is a need to work on the cytosol access as well as specific component grafting
on the surface and release inside the cell. It was shown that cell can adhere on nanopillars
without apoptosis. Moreover the height and the diameter of the nanopillars can be optimized to
penetrate the cell membrane in order to deliver a biocative substance into the cell [17]. Using
such structures would solve the second issue, namely cytosol access, and would leave one last
problem to solve: drug anchoring on the surface and release inside the cell.
Since the cytosol can be seen as a reducing environment, the development of a redox-responsive
layer which is able to release a bioactive substance in reducing condition is particularly attractive
to modify the nanostructured surfaces. A polythiolactone copolymer used as redox responsive
layer has intensively been studied in the work of S. Belbekhouche et al. [15]. The polythiolactone
copolymer contains multiple thiol functions included into thiolactone rings in order to protect
those functions from oxidation. The grafting of the polythiolactone on the substrate is performed
by first opening of the thiolactone cycles using an amine component, revealing the thiol groups.
Some of them are then able to graft on the surface while the remaining one are used for the
grafting of a specific component through disulfide bonds cleavable in reducing environments. If
cytosol access is achieved, drug release inside the cell through a redox reaction can be possible,
solving the last issue.

By combining all solutions on one sample, we aim at producing nanostructured surfaces
1Section 3.4 gives an overview of the main achievements in this field
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promoting cell adhesion and nanopillar endocytosis which, combined with a stimuli-responsive
layer, leads to controlled release of a bioactive substance directly into the cell. Hard templating
technique using track-etched membrane and metal electrodeposition will be combined with
surface chemistry to produce such surfaces. However, we have here to coat the surface with two
different materials (polythiols and biomolecules that favour adhesion). The proposed solution is
to perform a spatially defined surface bifunctionalization using a polymer mask as sacrificial layer.
This mask aims to cover the nanopillars base and substrate surface, revealing only the top of the
nanopillars. This allows to coat only the tops of the nanopillars with the polythiolactone. The
polymer mask is then dissolved, revealing the remaining surface which can be coated with the
bioadhesive biomolecules. By doing so, we would obtain surfaces that gather all wanted features:

• the top of the nanopillars, coated with polythiols, that would penetrate the cell and release
a target component through redox reactions;

• the bottom of the nanopillars and the bottom surface covered with bioadhesive structures
that would enhance cell adhesion and nanopillars penetration.

Figure 2.1 shows an overview of the strategy which can be divided in 7 steps:

• metal surface elaboration using hard templating technique;

• deposition of a polymer mask on the surface;

• consecutive etching to leave only the tops of the nanopillars uncovered;

• modification of the top of the nanopillars by the polythiolactone;

• polymer mask dissolution;

• grafting of a SAM functionalized with RGD on the remaining surface;

• grafting of the model component on the polythiolactone through cleavable disulfide links.

Cell culture is one of the considered purpose for our bifunctionalized samples. However, this step
is not represented here since this was not performed in this work.
The following sections will now describe more precisely how each step is planned to be performed.
The exact protocol is given in chapter 4 "Materials and methods".

Figure 2.1: Main steps of the preparation of the bifunctionalized nanostructured surfaces

2.2 Detailed strategy

2.2.1 Nanopillars elaboration

Starting from flat gold surfaces, the goal is to electrodepose metal nanopillars with a height
around 500 nm and a diameter around 100 nm. To this end, a hard templating strategy using
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track-etched membranes is used. This process was intensively described in previous articles [18].
Basically, a polycarbonate (PC) layer is deposited on a gold surface using spin-coating. This
coating is then irradiated by heavy ions to create linear tracks. Those tracks are subsequently
revealed by a chemical etching to create pores that are consecutively filled with gold using
electrodeposition. The PC layer is then dissolved to obtain to obtain a surface decorated with
nanopillars. A schematic view of this process is displayed in figure 2.2, part 1.

2.2.2 Surface functionalization

The approach used to modify the metal surfaces is described in figure 2.2 (parts 2-3 ). It is a
two step process:

1. a PAA layer is spin-coated on the surface and subsequently etched by plasma etching to
reveal the top of the nanopillars;

2. because thiols are very sensitive to air oxidation, a strategy based on polythiols precursors
is used. The top of the nanopillars is therefore grafted with a polythiolactone copolymer
in presence of an amine derivative. This approach developed by Ghent University [19] is
based on the use of thiolactone rings which contain thiols in a latent way. When thiol
groups are needed, thiolactone copolymer containing thiolactone units are opened by a
nucleophilic derivative such as an amine, releasing the thiol groups. The reaction is carried
in presence of a gold surface on which a part of the released thiol groups is grafted while
the remaining ones will be available for disulfide bonding with the drug;

3. the PAA layer is then removed to reveal the base of the nanopillars and the sample surface;

4. the base and bottom of the nanopillars nanopillars are subsequently grafted with a SAM
of DDT. This SAM was chosen as a model to experiment the desired approach where
bioadhesive factors are introduced on the surface to help cell attachment and proliferation
and nanopillar endocytosis.

2.2.3 Grafting and release of a model thiolated compound onto the copolymer
layer

The grafting of a model thiolated compound, namely Sulfhydryl poly(ethylene glycol)(PEG-SH),
onto the free thiol groups of the copolymer layer was performed according to the protocol
developed by Belbekhouche et al. [15]. Briefly, a thiolated compound is added onto the layer in
oxidizing conditions to create cleavable disulfide bonds. The grafted substance can be subsequently
released in reducing medium. This step is displayed in figure 2.2, step 4.
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Figure 2.2: Detailed methodology used to prepare the bifunctionalized nanostructured gold
surfaces: 1. Fabrication of gold surfaces decorated with nanopillars 2. Deposition of a polymer
mask and selective exposure and functionalization of the top of nanopillars. 3. Polymer mask
dissolution and grafting of a SAM on the open surface. 4. Selective grafting then release of a
model thiolated compound on the copolymer coating.
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Chapter 3

State of the art

Studies dealing with the fabrication of nanostructured and chemically modified surfaces designed
for cell culture are legion. Indeed, since the considered dimensions are often smaller than the
critical dimensions where classical physics apply, new and possible interesting features can be
observed. This section gives an overview of what has been achieved in the fabrication and
the application of nanostructured surfaces to control cell behavior. To this end, this chapter
is organized into four sections: the elaboration of surfaces decorated with nanopillars, the
description of the deposition and the processing of sacrificial or mask layers used to pattern a
surface, the modification of metal surfaces by SAMs or polymer layers and finally the interactions
of mammalian cells with patterned surfaces.

3.1 Elaboration of nanostructured surfaces
This section will describes in detail the template-assisted technique used to elaborate surfaces
decorated with nanopillars. However, vapor-liquid-solid (VLS) is introduced since it is another
widely used technique for nanopillars growth [20].

VLS is a chemical vapor deposition method1 driven in the presence of a catalyst that accelerate
the growth rate and allows creation of elementary or composite nanopillars [21]. This techniques
offers the possibility to grow nanopillars directly attached to the substrates but requires special
catalysts (e.g. transition metals like Fe, Ni or Co or noble metals like gold are often used) that
highly dictate the shape and the distribution of the nanopillars onto the surface. In addition,
there is an issue of potential incorporation of catalyst into nanopillars affecting their mechanical
and chemical properties [22].

3.1.1 Template-assisted synthesis of nanopillars

The most commonly used and commercially available templates are anodized alumina membranes
(AAM) and track-etched polycarbonate (PC) membranes [20].
The creation of pores in alumina membranes are made by anodic oxidation of aluminum sheet in
sulfuric, oxalic or phosphoric acid solutions [23] [24]. A great advantage of this approach lies in
the fact that pores can be arranged in a regular hexagonal array and densities as high as 1011

pores/cm2 can be achieved with a pore diameter ranging from 10 nm to 100 µm [25] [26].

Template-assisted technique with PC membranes is commonly using a solution containing
the species to be deposited such as metals, oxides, polymers or nanosized particles. The solution

1Process where one or more volatile precursors are transported via the vapor phase to a reaction chamber
where they decompose on the surface.

9



hten fills a defined pattern printed on the PC membrane [20]. This process is less expensive than
VLS and readily scalable to mass production. Moreover, the diameter, density and length of
nanopillars are easily controlled independently and low contamination of nanopillars by other
chemical products is observed. However, template-assisted synthesis suffers from the difficulties to
find appropriate templates with pore channels of desired diameter, length and surface chemistry.
In addition, the complete removal of the template is a critical step which can compromise the
growth of the nanopillars [20]. Pores into PC membranes are obtained using mainly two different
irradiation techniques: fission fragment tracking and accelerator tracking methods. The first
technique is based on the use of fragments resulting from the fission of heavy nuclei. Since the
emitted fragments have an isotropic angle distribution, a collimator is used to direct the beam
onto the membrane [27]. The second approach is the use of an ion beam (which is frequently
Ar9+ accelerated at 220MeV [18]) created using an accelerator. This beam, composed of heavily
ionized particles, interacts with the membrane and creates track changes along its trajectory in
the material. If one compares both techniques, some advantages can be observed for the second
irradiation technique compared to the first one [27]:

• there is no radioactive contamination;

• all tracks show the same etching properties due to identical bombarding particles identity;

• the energy of particles is higher so that thicker membranes can be tracked;

• track arrays with a higher density are easily produced (e.g. ≥ 109 cm−2);

• the easy control of the direction of the beam allows to produce arrays of parallel pores.

For these reasons, the second technique has supplanted the first one despite its higher price and
lower particle flow stability with time (i.e. meaning irradiation flow is more easily controlled
when originating from fission fragment) [27]. When the irradiation step is completed, damaged
tracks are turned into pores by treating the membrane with a temperature regulated chemical
bath. The shape and diameter of the pores are directly influenced by the immersion time into
the bath. This also means that pore density and diameter are nearly independent parameters
and can therefore be varied in a wide range: pores diameter can vary between 10 nm up to
200 nm while pore density can lie between 105 to 1010 cm−2 [27]. For PC layers, those baths are
often hydrogen peroxide, caustic soda or acetic acid aqueous solutions [18]. An example of PC
membrane irradiated then chemically treated is given in figure 3.1. It is important to note that
some side steps allowing a better control of the nanofeatures are possible between irradiation
and chemical etching to obtain nanopillars deposition in defined areas or enhanced shapes for
the nanopillars (i.e. pores with a better cylindric shape, better chemical etching of the sensitized
tracks).
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Figure 3.1: SEM image of an ion tracked etched PC membrane with pore diameter around 100
nm [28]

Apart from PC and aluminium membranes, other templates are also used such as nanochannel
array in glass [29], mesoporous materials [30], porous silicon obtained by electrochemical etching
of a silicon wafer [31] or bio-templates [32] [33]. It should also be noted that template-assisted
synthesis is well-known for the growth of nanopillars but has been seen to attract an increasing
attention for the synthesis of nanotubes, and in particular nanotube arrays [34]. One of the
greatest advantages of template assisted synthesis for the growth of nanotubes arrays is the
independent control of the length, diameter, and the wall thickness of the nanotubes. Indeed,
while the length and diameter of the resultant nanotubes are dependent on the templates used for
the synthesis, the wall thickness their wall thickness is readily controlled by the growth time [22].

3.1.2 Pore filling methods

When membranes are deposited on substrates and pores have been created into it, various
techniques can be used to obtain nanopillars. They can be divided into three main categories [22]:

1. Electrochemical deposition (or electrodeposition) which is based on the deposition of
charged species on a the conductive surface by the mean of an electrical current; only
conductive species can be deposited by this method;

2. Electrophoretic deposition which uses oriented motion of charged particles in an electrical
field to grow nanopillars; conductive and non-conductive materials can be deposited by
this technique;

3. Template filling which consists in filling the pore by using a liquid precursor or mixture of
reactives directly inside the pores.

Template filling is the most straightforward and versatile method to prepare nanopillar or nanorod
arrays. Pore filling is achieved by different ways among which:

• Chemical polymerization for which a membrane deposited on a solid substrate is immersed
in a mixture of monomer and initiator; the polymerization process occuring into the pores
leads to the formation of polymer nanopillars [18].

• Electroless deposition which is performed using a reducing agent that is added to an
electrolyte (i.e. solution containing the species to be deposited) and causes the species
deposition; this approach is developed to prepare nanopillars used for sensor and separator
applications [35].
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The drawback of the template filling approach is the difficulty to ensure complete filling of the
pores [22].
Because each technique uses different chemical and physical principles and is not suitable for a
large range of materials, one shall choose the most adapted based on the requested nanostructure
(e.g. nanopillars, nanorods or nanotubes). Focus is now given on electrodeposition.

Electrochemical deposition

If no template is present onto the surface, the electrochemical depostion will result in the whole
coverage of the deposition surface by the coating specie. In industry, the electrochemical depostion
is a widely used process for making metallic coating and it is known as electroplating [36]. However,
in presence of a template, directed electrodeposition occurs in specific locations (i.e. pores in
our case). A wide variety of conductive materials can be decorated by nanopillars according
to this approach such as metals [37] [38], semiconductors [39], conductive polymers [40] [41] or
oxides [42]. Alloys and composite materials could also be used for the coating [43]. However, we
will focus on metal deposition since this is the material deposited in this work.
The typical assembly for an electrodeposition process is the following:

• an electrolyte, which is a solution containing the metal to be deposited. The composition
of the solution can be varied and have a direct influence on the coating composition and
properties (e.g. corrosion resistance, hardness, mechanical strength, ductility, ...) [44];

• a cathode, which is often the metal surface on which the deposition is performed;

• an anode, which can either be

– a sacrificial anode which is dissolved during the electrodeposition process and therefore
provides a continuous supply of the metal to be deposited

– a permanent anode which closes the electrical circuit and does not provide a continuous
supply of metal. In this case, the electrolyte should contain enough ionised metal
required for the deposition process since none is created during the process like in the
approach based on the use of a sacrificial anode.

The principle of the electrodeposition is based on oxidation/reduction reactions of the metal ions
present into the electrolyte solution. Two reactions are considered:

Mn+ + ne− →M

and
M →Mn+ + ne−

There are mainly three types of metal deposition processes using an electrolytic cell [44]:

• Direct current electrodeposition for which a power source provides continuous current that
flows through both electrodes and electrolyte, yielding to metal deposition;

• Pulse plating deposition for which a pulse current that can either be unipolar (on-off)
or bipolar (current reversal) is applied in the electrochemical cell. By using the bipolar
pulse, metal deposition occurs in the cathodic pulse period, with a limited amount of metal
being redissolved in the anodic period. This repeated deposition and partial redissolution
improves the morphology and the physical properties of the deposited feature [43];

• Laser-induced metal deposition which consists in applying a focused laser beam to accelerate
the metal deposition rate that can be increased up to 1000 times by this process [43].
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3.2 Polymer masks used as sacrificial layers
A sacrifial layer is defined as a layer of material deposited for mechanical separtion and isolation
and that can be easily removed after a given physical or chemical treatment of the surface. [45]. It
is mainly used in surface micromachining processes which designate a technique for microfeatures
formation. An example of process is shown in figure 3.2. It illustrates a silicon substrate as a
mechanical support and on which polysilicon nanofeatures are processed. The remaining layers
that stay after the sacrificial layer dissolution are regarded as structural layers forming the desired
micro-components [45].

Figure 3.2: Basic surface micromachining process. (a) Sacrificial layer deposition. (b) Patterning
of the sacrificial layer. (c) Deposition of the microstructure layer. (d) Patterning of the desired
structure. (e) Stripping of the sacrificial layer reveals final structure [46]

3.2.1 Sacrificial layers composition and properties

In micromachining, inorganic materials like silica (SiO2) are often used as sacrificial layers and
can be dissolved using aqueous hydrofluoric acid (HF) or Reactive Ion Etching (RIE) [47]. HF
is a well-known etcher that also etches a lot of other materials like metal oxides and organic
polymers. However, problems occur with HF due to its poor selectivity (i.e. it tends to etch a
broad range of materials and can therefore damage the mechanical support or micro-component)
and its toxicity. This leads to an exclusion of a range of substrates (used as mechanical support)
that are sensitive to HF.
Organic polymers (poly(imide), PMMA, PC, PAA and photoresist) are other type of materials
used like sacrificial layer or material mask to protect the surface during a mechanical or chemical
treatment. Depending on the polymer nature, different techniques are used to etch the polymer
mask or layer: RIE, solvent dissolution, thermal degradation, ... . We will focus here on
water-soluble sacrificial layers/polymer masks. Such sacrificial layers present some advantages:
they can be deposited conveniently by spin-coating; the acqueous solvent can be removed at a
low temperature (95–150◦C) and the resulting layer can be dissolved in water which means that
no corrosive reagents or organic solvents are required. PAA and dextran are very good examples
of polymers used to prepare such sacrificial or mask layer because of their good solubility in
water and insolubility in organic solvents [48].
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3.2.2 Deposition techniques

Since spin-coating is the only technique that allow to deposit in a controlled fashion a water-
soluble polymer layer on a substrate, we will focus on this technique. Spin-coating is based on the
deposition of a thin poylmer film dissolved in a solution on a surface. If applicable, spin-coating
is by far the most used technique for layer deposition. This is due to the many advantages it
offers [49]:

• it is usually performed at room temperature;

• it requires considerably less equipment and is potentially less expensive;

• it can be used to coat large surfaces;

• small and well-controlled thickness are obtained.

A schematic example of a spin-coating process is given in figure 3.3. It consists in 4 main steps:

1. The material solution to be coated is deposited onto the sample center;

2. The sample undergoes a rotation at a defined speed. This will contribute to spread the
polymer solution onto the surface while ejecting the excess of material due to centrifugal
forces that induce a radially outward flow;

3. The rotation of the substrate is kept constant for a defined time to allow film homogenization;

4. Then the obtained film is annealed for a given time to remove the trace of solvent and to
stabilize the film.

Figure 3.3: The four steps of spin-coating process. 1. Deposition of a polymer solution onto the
substrate 2. Rotation of the sample leading to the spreading of the polymer solution and ejection
of the solvent. 3. Film homogenization at a constant rotation 4. Solvent evaporation and film
stabilization by annealing at high temperature [49]

The main parameters affecting the thickness of the spin-coated film are the rotational speed
and the viscosity of the polymer solution which depends on the nature and the macromolecular
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characteristics of the polymer as well as the nature of the solvent. For instance, the deposition of
a PAA layer by spin-coating is influenced by the PAA concentration and the rotation speed used
during the process as illustrated in figure 3.4.

Figure 3.4: Thickness of PAA films deposited by spin-coating as a function of the spin-coating
speed and the polymer concentration; the molar mass of PAA is 50 kDa. Error bars indicate the
standard deviation with n=3 [48].

3.2.3 Etching techniques

The purpose of this step is to remove partially or fully the deposited material. Two types of
etching can be distinguished: dry and wet etching. Whatever the type of etching considered,
some properties characterize both etching processes [50]:

• etching rate i.e. amount of material removed per unit of time;

• etching uniformity which is related to the homogeneity of etching;

• selectivity of the etching of the desired material only.

Dry etching

Dry etching refers to etching performed by plasma or etching gases and is mainly an anisotropic
process. In case of plasma etching, the principle is based on the creation of a plasma phase
which is a partially ionized gas composed of electrons, ions and neutral species. The plasma is a
neutral gas and has the same numbers of electrons and cations. An illustrative example of a
plasma etching equipment is shown in figure 3.5.
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Figure 3.5: Schematic view of a plasma etcher machine [51]

To obtain a plasma, the starting point is the selection of a relatively inert gas or gas mixture.
This gas or gas mixture is then pumped into the gas chamber where plasma is created by
submitting the gas to a low pressure and either a direct current (DC) or a high-frequency voltage
(in the range of radio frequencies) [52]. The different species composing the plasma phase will
then lead to etching through three different mechanisms:

1. chemical etching is the result of chemical reactions that occur between the etched material
and radicals present in the plasma. Tetrafluoromethane (CH4), sulfur hexafluoride (SF6),
nitrogen trifluoride (NF3), chlorine gas (Cl2), or fluorine (F2) are examples of gases used
for chemical etching. [53]. Etching performed using this technique is more isotropic because
reacting species can react in any direction and can therefore enter from beneath the masking
material [54];

2. physical etching uses ions to knock out the atoms of the material, resulting in the evaporation
of the material. No intended chemical reaction does occur in this kind of etching and it is
quite an anisotropic etching since the ion flux is perpendicular to the surface;

3. Reactive Ion Etching (RIE) is a combination of the two types of etching mentioned above
and is usually much faster than using only physical or chemical etching.

Based on the type of etching wanted, the samples are placed on the electrode connected to the
ground or to the power supply.
If the sample is placed on the electrode connected to the ground (as displayed in figure 3.5), the
electrical field around the sample is relatively weak and the kinetic energy of ions is not high
yielding an etching principally occurring through chemical reactions.
If the sample is placed on the electrode connected to the power, the electrical field around the
electrode is way more intense and ions with a high kinetic energy are obtained leading to a
bombardment of the sample and therefore an important physical etching.
If the plasma phase contains reactive species and the sample is placed on the electrode connected
to the power supply, both chemical and physical etching are observed leading to RIE [51].
Practically, a plasma is composed of a great diversity of species in the gas mixture which yield
to uncontrolled side-reactions and makes it therefore hard to know exactly the type of reactions
that occur in the chamber. After etching, the gas is simply pumped from the chamber.
Besides the gas or gas mixture composition and the location of the sample inside the chamber,
other parameters do also influence the etching process such as the temperature which influences
the etching rate and chemical reaction spontaneity, the power tension applied to the electrode,
the pressure inside the chamber influencing the ion density and ion kinetic energy and the gas
flow rate [55].
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Wet etching

Wet etching is based on the use of an etching solution. In this process, the liquid etchant can
easily access the whole surface meaning an isotropic etching is observed. The etching is the result
of chemical reactions that consumes the targeted layer and produces side products. Such an
etching can be represented by three main steps [56]:

1. The targeted layer is set into contact with the liquid etchant

2. The reaction between the liquid and the material occurs, resulting in the material dissolution

3. The diffusion of the byproducts into the solution.

When compared to dry etching techniques, this technique is usually cheaper and does not provoke
possible toxic gas evaporation. On the other hand, it requires dangerous solvents and the
wettability of the etched layer is not always ideal. Table 3.6 gives a comparison between dry and
chemical etching.

Figure 3.6: Comparison of Wet and Dry Etching techniques [51]

3.3 Surface modification
Modification of the materials surface is performed to alter the surface properties at different levels
like biocompatibility [57] [58], wettability [57] [59], resistance to corrosion [60] or surface chemistry
where a particular chemical functional is introduced at the sample surface [61] [62] [63]. It is also
possible to perform surface modification to get switchable properties than can be tuned by an
external stimulus. Such surfaces show the ability to provide spatially and temporally regulated
responses triggered by a specific stimulus among which pH, light, temperature, electrical potential
or redox environment [64] [65] [66]. Whatever the type of modification, their applications are
wide and concern very different fields like microfluidic devices [67], biomolecule detection and
separation [68] or drug delivery [69]. There are many different ways to modify the surface of
a substrate and the chosen method usually not only depends on the desired properties of the
interface. For example, if a hydrophobic surface is desired on a hydrophilic metal, there are
methods available to add this hydrophobic layer. However, one method may require a complicated,
time-consuming procedure but results in a highly stable layer while another may provide an
easier process to depose a hydrophobic layer which is however less robust. The application should
therefore be considered and balanced against these other factors when choosing a modification
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method.
This section will first describes the modification of metallic surfaces by SAMs . Afterwards,the
interest and the synthesis of polythiols used for stimuli responsive layers are detailed and finally,
potential applications of such modified surfaces are discussed.

3.3.1 Metallic surface modification by SAMs

SAMs are organic assemblies formed by the absorption of small molecules from liquid or gas phases
onto the surface sample and arranging naturally into crystalline or semicrystalline structures.
The molecules used to form SAMs are composed of [70]:

• a head-group (or ligand) which has a specific and high affinity for a substrate;

• a hydrocarbonated tail (or chain) which determines the height of the SAMs layer. Tail–tail
interactions, through van der Waals and hydrophobic forces, ensure an efficient packing of
the monolayer, and its stability is increased with increasing chain length [71];

• a terminal functional group, which carries a desired chemical or physical function.

SAMs are grown on five main metals : silver, copper, nickel, palladium and platinium. Other com-
posites do also support SAM growth like GaAs (Gallium arsenide) and InP (Indium phosphide).
Many head groups can be used for SAMs grafting like carboxylate, phosphonate,isocynide,silane
or thiol groups [72]. Figure 3.7 gives some examples of organic compouns with various compatible
head groups.

Figure 3.7: List of head groups for specific substrates [73].

However, the most often studied head-group used for the linkage with a metal substrate
is the thiol bond. Because each metal has a different structural surface chemistry, the SAM
arrangement differs significantly from one metal to another one. However, all SAMs present a
common structure (figure 3.8). It can be shown that two main parameters, namely α and β,
characterize the different SAM arrangements onto the surface. Figure 3.9 shows typical angles
for the anchoring of alkanethiols onto metallic surfaces [70]. We will focus now on thiol SAMs
since those types were used in this work.
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Figure 3.8: Schematic view of an all-trans conformer of a single, long-chain alkanethiolate
adsorbed on a surface. The tilt angle (α) is defined with respect to the surface normal direction.
The twist angle (β) describes the rotation of the chain relative to the plane of the surface
normal [70].

Figure 3.9: Values of α and β for n-alkanethiols adsorbed on a variety of materials. XPS =
X-ray photoelectron spectrometry; RAIRS = Reflection Absorption Infra Red Spectroscopy [70].

Several factors affect the quality of the thiolate SAMs among which we can mention the
crystallinity, the roughness and the cleanliness of the surface substrate, the nature of the adsorbate
(the hydrocarbon chain length, the terminal group functionality, etc.), the temperature at which
the thiol is adsorbed, the solvent used (e.g. ethanol, methanol, toluene, hexane, water, etc.), the
immersion time and the concentration of adsorbate. Because of the above mentioned factors, the
ideal representation of a perfect SAMs is far from reality [74].
A schematic view of an alkanethiols SAMs formed onto a gold surface is given in figure 3.10.
The general formula of the thiol moelcules is given by HS(CH2)nX with n, determining the tail
length and X, the terminal function group. When an alkanethiol molecule comes into contact
with the Au substrate at room temperature, the S-H bond breaks and the resulting thiolate
forms chemical bonds with surface Au atoms [74].
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Figure 3.10: Structure of a SAM based on thiolated molecules and deposited onto a gold surface.
SAMs are stabilized by the gold thiolate bond, which is nearly as strong as a covalent bond
(around 200kJ/mol), and by the alkyl chain spacer via Van der Waals interactions. This provides
a regular and tight packing. Terminal group are potentially accessible to immobilize ligands on
the surface [75].

SAMs on gold surfaces

Gold samples presents several advantages compared to other metals:

• gold is a well-known and widely studied substrate for thiol bonds formation;

• it is easily patterned by using a combination of lithographic tools;

• it is an inert metal: it does not oxidise with atmospheric O2; it does not oxidise at
temperatures below its melting point; it does not react with most chemicals;

• strength of S-Au bonds is high, around 200kJ/mol, in the range of covalent bonds [70];

• gold is non-toxic for cells which is of primer interest in this work.

Moreover, the crystal configuration of deposited Au slightly influence the SAM formation and
quality which means that SAMs growth on this metal is a quite easy and reproductible process [76].
Alkanethiols usually form SAMs with a higher degree of perfection on gold substrates [74]. In
general, alkanethiol adsorption on gold is performed using thiol solutions with a concentration
comprised between 10–1000 mM. Depending on the nature of the thiolated molecules, different
solvents are used such as ethanol or methanol as well as different adsorption times (e.g. 2–12
h for long chain thiols, at least 24 h for short chain thiols). In biological applications, SAMs
on gold samples are used in variated situations as biosensors, cell attachment or controlled
protein adsorption [76]. An example of controlled protein adsorption is the engineering of a
hydrophilic poly or tri(etheylene glycol) group into the SAM resulting in a monolayer which
repels non-specific protein adsorption [77].

SAMs on platinum surfaces

Platinum is more considered for microelectronics purpose, and particularly molecular electronics
applications, because gold is essentially incompatible with Si CMOS technology due to its high
diffusivity and electronic defects [78]. Platinum is far more subjected to oxidation when contacting
atmospheric air and two approaches have therefore emerged to form thiolated SAMs onto Pt
surfaces. The first approach attempts to avoid surface oxidation by minimizing exposure of
samples to oxygen (deoxygenating solvents, handling samples in inert atmosphere). In the second
approach, no explicit attempt is made to control the oxidation, and the deposition is carried
out under more typical laboratory conditions (surface is cleaned by mechanical polishing or
in a piranha solution) followed by alkanethiol deposition from an ethanolic solution. However,
both approaches aim at avoiding the presence of the oxide layer on the surface. Indeed, it has
been shown that on a freshly cleaned metallic platinum surface, the obtained SAMs are of high
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quality [79]. On the opposite, if an oxide layer is present on the surface, a poor film quality is
produced. Indeed, films were less ordered and more heterogeneous than the one obtained on
non-oxidized platinum surfaces [79]. Therefore, although SAMs of high quality can be obtained
on Pt surfaces, the experimental conditions for this are more drastic compared with the ones
used to prepare SAMs onto gold surfaces. [79].

SAMs on other metals

Silver is also a well-known and studied option for thiol bonding but it oxydizes readily when
contacting atmoshperic air(the same stands for copper) and is toxic for cells. Palladium seems to
be the best alternative to gold for intented cell culture thanks to its low tendency to oxydize
when contacting air and its biocompatibility [80].

3.3.2 Modification of gold surface by redox responsive layers based on poly-
thiol

Polythiols are characterized by the presence of multiple thiol groups along the polymer chain.
They are used in various situations likee drug delivery [15], optic fields [81] or microcapsules [82].
As shown in a previous work, the multiple thiol groups can be used for two different purposes.
Some thiol groups are intented to be involved in the grafting onto the sample while the remaining
groups would be available for selectivee bonding of target components using thiol chemistry [15].
The problem of such layers lies in the fact that polythiols are prone to oxidation in ambient
environment so they have a very short shelf-life. Therefore such polymers are difficult to use to
modify gold surface and to produce redox responsive layers. Moreover, the high thiol reactivity
make it impossible to use most common polymerization techniques. Indeed, thiols iniate many
side reactions with momoners and radicals [83]. In order to avoid both problems, precursors of
polythiols containing protected thiol groups are synthetized. Further on, for the poylmerization
process, one way is to include them into protective structures such as S − alkyl−O− ethyl xan-
thate moiety groups [83] or thiolactone cycles [15]. The second option was studied and optimized
by the group of F. du Prez at the Ghent University [19]. The thiol groups are incorporated in
thiolactone cycles such as N-thiolactone acrylamide. Those monomers can then be copolymerized
with acrylamide-based monomers (e.g. N-isopropyl or N,N-dimethylacrylamide). The polymeriza-
tion is a controlled radical polymerization (CRP) like RAFT (Reversible addition−fragmentation
chain transfer) or NMP (Nitroxide-Mediated Polymerization). This leads to copolymers with
thiol groups that can subsequently be unprotected through aminolysis in presence of the sample,
resulting in the sample decoration. Figure 3.11 shows the modification of the thiolactone-based
copolymer.
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Figure 3.11: Schematic description of the double modification of pendant thiolactone moieties.
After CRP (RAFT or NMP) of a stable vinylic thiolactone monomer, aminolysis of the linear
poly(thiolactone) yields a linear polythiol, i.e. a reactive polymer scaffold for thiol modification [19]

The remaining thiol groups can be modified through click chemistry by formation of disulfide
bonds. Such a bond is cleavable under reductive conditions and can be reformed under oxidative
conditions which is of a great interest to form redox-responsive layers [15]. Given that thiols can
be oxidized to sulfonates, the oxidative agent to form disulfide bonds should be carefully chosen.

3.4 Cell behavior on patterned surfaces
This section gives an overview of the cell behavior on patterned surfaces and focuses more
precisely on cell penetration by nanopillars. Before jumping into these two points, lets consider
cell fate in its natural environment.
Cells are submitted to many stimuli in a body from chemical to physical at the micro- or
nanoscale. All those signals are spatio-temporally dependant and enable cells to be coordinate.
More precisely, cells interact directly with the extracellular matrix (ECM). ECM can be defined
as all the connective tissues and fibres that are not part of a cell but rather provide a support.
ECM is also important in delimiting tissues from one another and regulating intercellular com-
munication. The purpose of the following sections is to give an overview of what has been done
and understood until now in cell behavior on artificial surfaces.

The interaction of cells with nanoscale topography has proven to be important in controlling
cell function. Naturally occurring nanotopographic structures as well as synthetically nanofab-
ricated topography can be used to influence cell morphology, alignment, adhesion, migration,
proliferation, and cytoskeleton organization. The influence of surface topography on cell behavior
was first evidenced by Harrison [84] and resulted in the concepts of contact guidance. This is
defined by the response of cells to structures at the micron and sub-micron scale [85]. Mainly
three basic nanotopographies are considered when studying cell behavior on nanostructured
samples: nanogratings, nanoposts and nanopits (see figure 3.12).
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Figure 3.12: Schemes and SEM images of representative nanotopography geometries developped
to investigate cell behavior. Three basic nanotopography geometries are displayed: nanograting
(45◦ tilt, scale bar represents 5 µm), nanopost array (15◦ tilt, scale bar represents 5 µm) and
nanopit array (0◦ tilt, scale bar represents 1 µm). Schemes not drawn to scale [85].

Adhesion of cells on the surface is a primer criterium of interest and is controlled by large
protein scaffolds known as focal adhesion points. It has been shown that mimicking features
of ECM could enhance attachment and cell adhesion [86]. In the same idea, anchoring specific
proteins sequences to the surface (like RGD) involved in cell adhesion is also a solution to enhance
cell adhesion. Indeed, RGD are involved in cell attachment and are found in numerous proteins
and notably in integrins which are cell surface proteins linking the extra- and intracellular
environment.
Cell morphology is one of the easiest and most observed feature on nanostructured surfaces.
For example, on nanograting surfaces, some cell types tend to align and elongate parallel to
the grating axis [87]. Other experiments where also conducted on nanoposts and nanopits were
a reduction of spreading was demonstrated [85]. However, each cell type reacts differently on
nanostructured surfaces and therefore, no general conclusion should be done.
Proliferation is also influenced by surface structuration. However, it is admitted that on
nanogratings, cells exhibit reduced proliferation rates compared to cells cultured on planar
substrates. For nanopits and nanoposts, studies showed opposite results that are hardly explained
because mechanism are up to now little understood [85].
Finally, differentiation process is also influenced by surface topography. Indeed, it was for example
shown that symmetry and order of nanopits significantly affected the expression of bone-specific
ECM proteins [88].

Cell behavior on nanopillars

During the last fifteen years, numerous research articles focused on biological applications of
nanopillars. The possible applications are very broad and concern different fields like biomolecule
detection and transport or mechanosensing [89]. Commonly, nanopillars are characterized by
high-aspect ratios features cylindrically shaped. Studies showed that nanopillar density and
array geometry, material nature and fabrication method affect cell viability, morphology and
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behavior [89] [90].
Nanopillars negatively influences the cell spreading on the surface, leading to more rounder
shapes than when grown on flat surfaces. Indeed, increasing nanopillars height and density lead
to further decrease in cell spreading [91]. This is explained by the fact that cells are not able to
reach the sample surface when density or height of nanopillars is too high resulting in the cells
staying at the top of the nanopillars and therefore limited adhesion [90]. Usually, when density is
higher then 30∗106/cm2, cell adhesion is inhibited [92] while lower densities (i.e. ≤ 30∗106/cm2)
support or promote adhesion [91]. It should be noted that those values vary with the nature of
materials used for the nanopillars growth.
Drug delivery applications is one of the great potentials of nanopillars. Shalek et al pioneered
the silicon nanopillar assisted delivery of different bioactive substances such as proteins, DNA,
siRNA and other biomolecules. They reported over 95% cells are penetrated by nanopillars [17].
To enhance cytosolic access, electroporation and lipid coating can be used. Electroporation
uses an electrical field to acces the cytosol through the membrane while lipid coating aims to
enhance the nanopillars endocytosis by the cells. Each technique possesses their advantages and
drawbacks regarding feasibility, access duration or cell toxicity [90].
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Chapter 4

Materials and methods

This section will detail the different methods and protocols followed during the master thesis.
The first part will give the used chemical products for the experiments. The second part will
highlight the experimental procedures and used equipments to perform them. Finally, the third
part will give an overview of the different characterization techniques used to assess the results
obtained through the experiments.

4.1 Purchased products and materials

Solvents

Technical sulfuric acid (H2SO4) (95 %) was purchased from VWR chemicals. Hydrogen peroxide
(H2O2) (30 wt%) was purchased from Chem-Lab. Absolute ethanol (C2H5OH) (≥ 99%),
methanol (CH3OH) (≥ 99.8%) and dichloromethane (DCM) (≥ 99.5%) were purchased from
AnalaR NORMAPURE c©VWR chemicals. Chloroform (CHCl3) (≥ 99.8%) was purchased from
HiPerSolv CHROMANORM c©for HPLC VWR chemicals. Water (H2O) was purified by Milli-Q
c©water purification system with a resistivity of 18.2 MΩ.cm at 25◦C.

Products

Ethanolamine (ETA) (≥ 98%), 2-(N-morpholino)ethanesulfonic acid (MES), potassium hexa-
cyanoferrate (II) trihydrate (K4Fe(CN)6.3H2O) (≥ 98.5%), potassium hexacyanoferrate (III)
(K3Fe(CN)6) (≥ 99%), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (≥ 99.5%),
poly(acrylic acid) (PAA) solution (Mw ∼ 10000, 35 wt% in H2O), chloramine T (CaT) (≥ 98%),
dithiothreitol (DTT) (≥ 98%), 1-Dodecanethiol (C12H26S) (≥ 98%), gold (III) chloride trihy-
drate (HAuCl4.3H2O) (≥ 99.9%), sodium hydroxide (NaOH) (≥ 97%), TM-50 colloidal silica
(SiO2), Sulfhydryl polyethylene glycol (PEG-SH) (95%, Mw = 2000g/mol) were purchased from
Sigma-Aldrich. Dow fax solution was purchased from it4ip. Potassium chloride (KCl) (≥ 99.9%),
anhydrous dipotassium phosphate (K2HPO4) (≥ 99%) and potassium hydroxide (KOH) (ca.
85%) were purchased from Acros Organics.

The copolymer used in the work was synthetised by the group of Filip Du Prez from Ghent
university according to a protocol described preivously [15]. Its chemical structure is shown in
figure 4.1. After synthesis, the copolymer was purified by dialysis in water to remove residual
monomers. The experimental value of thiolactone incorporated in the copolymer was measured
by X-ray Photoelectron Spectroscopy (XPS) and elementary analysis. The molar mass and
dispersity of the polymer was measured by size exclusion chromatography comparing the ratio
of the percentage of nitrogen to sulphur and that of oxygen to sulphur. The copolymer has a
number average molar mass (Mn) of 15kDa, a mass average molar mass (Mw) of 20.6kDa and a
dispersity of 1.38.
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Figure 4.1: Chemical structure of P(DMA-co-TlaAm).

The copolymer is named P(DMA-co-TlaAm)-30% in the following. After aminolysis, the
copolymer is named P(DMA-co-TlaAm)-30%-SH.

4.2 Experimental Section
This section is divided in three parts. First, the elaboration of gold nanopillars from a polycarbon-
ate track-etched membrane is described1. Afterwards, the applied strategies for sacrificial layer
deposition and partial etching are detailed. Finally, the methods for surface functionalization are
given as well as the sacrificial layer dissolution.

4.2.1 Electrodeposition of nanopillars onto gold surfaces

The objective is to obtain electrodeposited nanopillars on a flat gold surface as shown in figure
4.2. We will go through each step from the silicon wafers (used as a mechanical support for the
gold nanostructured surface and no represented on the figure) to the surface covered with gold
nanopillars.

Figure 4.2: Successive steps from flat gold surface to nanostructured gold surface with nanopillars

Preparation of flat gold and platinum surfaces

Gold-coated surfaces are fabricated in a clean room (Winfab platform, UCL) environment by
evaporating a 100 nm thick layer of gold on 10 cm diameter circular silicon wafers (100) precoated
with a 5 nm thick layer of chromium to enhance adhesion. After gold deposition, surfaces are
laser-cut into 1× 1 cm2 squares.

Track-etching membrane technique

Template elaboration and irradiation Surfaces are first spincoated with a PC layer with a
ca 1 µm thickness using the following parameters: speed of 4500 rpm and a chloroform solution
containing PC at a concentration of 95 g/l. Further on, in order to remove any trace of solvent, the
PC film is annealed at 190◦C for 4 h under vacuum. The irradiation is then performed by heavy
ion bombardment (Ar9+ at 220MeV ) at the Cyclotron Research Center in Louvain-la-Neuve.

1It should be noted here that experiences were conducted on flat platinum surfaces to eventually switch from
gold to platinum (reasons are explained in the "Results and Discussion" section). However, the results were not
conclusive and work was continued on gold. If applicable, the experiments performed on platinum are similar to
the ones conducted on gold.
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As a result, the pore density in the membrane ranges from 108 to 109 cm2. An UV treatment for
2 h is then performed to enhance pore size and shape.

Chemical etching To enlarge the pores and obtain the desired diameter(100 nm), samples
are put 10 min in a 50:50 methanol:water solution containing 0.5 M sodium hydroxide and 0.1%
(/v) Dowfax at 52◦C. Surfaces are then rinsed during 2 min in a 50:50 methanol:water bath at
50◦C. Solutions are changed every month to ensure good chemical etching. Samples are then
dried under a nitrogen flux before submission to electrodeposition.

Gold electrodeposition

Gold electrodeposition is performed by cyclic voltammetry on a potentiometer ChInstruments
Chi660. The experimental set-up is shown in figure 4.3. Measurements are performed at room
temperature in a one-compartment Teflon cell with a platinum counter electrode and an Ag/AgCl
reference electrode. The sample placed between two rubbers is used as the working electrode.
The electrochemical solution consists in: 6 mM HAuCl4, 30 mM KCl and 30 mM K2HPO4.
Solution is purged with nitrogen to avoid dissolved O2 into the solution that could affect the
gold deposition. The Teflon cell vial is then filled with the solution and electrodes are connected.
The following operating parameters are used:

• Initial potential = 0.7 V

• High potential = 0.7 V

• Low potential = 0 V

• Initial scan polarity = positive

• Scan rate = 0.2 V/s

• Sweep segments = usually 10 or 15 (depends on the targeted nanopillars height)

• Sample interval = 0.001

• Quit time = 0

• Sensitivity = 10−4 A/V

Figure 4.3: Experimental assembly of the electrochemical deposition. The three electrodes are
linked to the Chi660 device
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Membrane dissolution

In order to ensure complete and efficient dissolution, samples are:

• immersed at least 1 h into dichloromethane for 1 h and rinsed three times with the same
solvent afterwards before being dried under a nitrogen flux;

• immersed into a 0.5 M NaOH solution for 1 h and rinsed three times with the same solvent
afterwards before being dried under a nitrogen flux;

• placed into a plasma etcher to undergo a 10 min air(O2/N2) plasma treatment at 100 W
using a K1050X RF Plasma Etcher/Asher/Cleaner from Emitech.

It should be noted that, to avoid wire breaking, PC membrane can be conserved on the surface
until sample is needed.

4.2.2 Bifunctionalization of nanostructured surfaces

Once the surfaces are nanostructured, the next objective is the bifunctionalization of the
nanopillars. The main steps followed are shown in figure 4.4.

Figure 4.4: Main steps of the bifunctionalization

PAA spin-coating

PAA is used as a sacrificial layer and is spin-coated onto the surface. Spin-coating is performed
both on nanostructured gold surfaces and silicon wafers. Silicon wafers are used to determine
through ellipsometry the film thickness and the etched quantities since ellipsometry measurements
are not compatible with gold surfaces.

PAA solution preparation Two different concentrations of PAA are spin-coated: 5 and 10%
(w/v). The purchased PAA solution has an initial concentration of 35% wt. Therefore, it needs
to be diluted with water to adjust the concentration. To determine the right volume to add, the
following calculations are performed and explanations are given below:

1. Vi[ml] =
Mi[g]

1.14[ g
ml

]
which gives the initial volume of PAA collected

2. Vf [ml] = Mi[g] ∗ 0.35
Cdesired[g/ml] which gives the final volume to be obtained

3. VH2O[ml] = Vf [ml]-Vi[ml] which gives the volume of water to add to the initial solution to
obtain the desired concentration

Since the purchased PAA solution is too viscous, a spatula instead of a pipette is needed to
collect a small amount of the solution. The taken solution is then weighted (Mi) and divided by
the solution density (1,14 g

ml
). This yields the volume of solution collected through the spatula.
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The final volume to reach is calculated by multiplying the PAA mass (Mi) and the initial PAA
solution concentration (35% or 0.35) and divide it by the desired concentration (Cdesired). The
amount of water to add is simply the difference between the final and the initial volume (Vf -Vi).
When the solution has been diluted to reach the right concentration, mixing is performed for
20 min using a magnetic barrel. Afterwards, pH needs to be adjusted from 2 to 6-7. Therefore,
a basic solution of KOH 8.93M is added to the PAA solution and pH is measured with a pH
indicator paper. The solution is then mixed again for 30 min before using a laminar flow to
filter the solution. An Acrodisc c©syringe filter with a 0.2 µm pore size is used. Solution is then
transferred to a 1/ISO 3 clean room and should be replaced every 2 to 3 months.

PAA spin-coating PAA is spin-coated on two types of substrates: silicon and gold. Before
spin-coating, surfaces need to be cleaned to obtain homogeneous films. Two different protocols
are defined depending on the surface to be spin-coated:

Gold surface

1. Rinse the surface using MilliQ water and
ethanol before drying under nitrogen
stream (repeat 3 times)

2. Perform UV-ozone for 20 min

3. Rinse the surface with ethanol and dry
it under a nitrogen stream

Silicon surface

1. Cut surfaces using a diamond tip into
squares of 1x1 cm2

2. Rinse with MilliQ water and methanol

3. Gently wipe the surface with a KimTech
paper

4. Rinse with methanol and dry under a
nitrogen stream

5. Perform UV-ozone for 15 min

6. Rinse with methanol and dry under a
nitrogen stream

Surfaces were then spin-coated in a 1/ISO 3 cleanroom (namely Winfab in UCL which is the
micro- and nanofabrication platform of UCL). The spin-coater model used is the WS-650MZ-
23NPP/LITE apparatus from Laurell.
A volume of 40 µl of the prepared PAA solution is deposited at the surface center. The
spin-coating process is then launched with the following parameters:

• Speed: 1750 rpm

• Acceleration: 875 rpm/s

• Duration: 60 s

The reason spin-coating speed is set at 1750 rpm/s is because, when PAA is spin-coated on
the surface, nanopillars are undergoing important forces that could result in the bending and
eventually breaking of the nanopillars [93]. Indeed, two main forces are exerted on nanopillars: a
centrifugal force due to the sample rotation and a force due to the PAA moving towards the
sample borders. To avoid this, the speed should be not too high to lower the centrifugal force
and the PAA speed that flows towards the borders.
After spin-coating, the surface is placed for 2 min onto a hot plate at 150◦C to evaporate the
solvent. The surface is then stored away from the atmosphere to avoid water absorption by the
PAA layer.
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Etching of PAA layer

The etching process is performed as well on silicon samples as gold surfaces but for different
purposes. The PAA layer on the gold samples is used to be able to obtain a bifunctionalized
surface (see figure 4.4). Silicon surfaces were used to measure the thickness before and after
etching by ellipsometry.
The etching was performed with two different plasma equipments. The first one is a K1050X RF
Plasma Etcher/Asher/Cleaner from Emitech and uses air(O2/N2) as gas. Etching principally
occurred through chemical etching. It will now be referred as the air plasma. The second one is
a Electrotech ET340 RIE tool and uses oxygen as gas. Etching occurred both through chemical
and physical etching. It will now be referred as the oxygen RIE. Since different powers were tried
on both equipments (i.e. 100W on the K1050X and 1,2 and 3W on the ET340) to determine the
best conditions for the PAA etching, the conditions used for etching (power,duration,plasma type)
will be clarified when the results of PAA etching are presented in the Results and Discussion
chapter.

4.2.3 Functionalization of gold surfaces

In this section, the anchoring of the copolymer, the SAM formation of dodecanethiol (DDT), the
PAA dissolution and the anchoring and release of the test component are separately described.
This choice was motivated by the fact that surface bifunctionalization was not directly performed.
Indeed, prior to this, several tests were performed on flat gold surfaces to assess separately the
success of the different approaches. Yet, the steps are presented in the right order to obtain
bifunctionalized surfaces.

Copolymer grafting

The anchoring is induced by the opening of the thiolactone cycles through aminylosis (using
ETA and ethylenediamine). To open the cycles, two different aqueous solutions are prepared:

1. Solution 1: The first solution contains 5 ml of chloroform and 3 mg of P(DMA-co-TlaAm)-
30% prepared in a glass vial and is then mixed for 20 min using a magnetic stirrer.

2. Solution 2: The second solution contains 450 µl of chloroform and 50 µl of ETA to dilute
ETA 10 times and is prepared in a glass vial.

Once solution 1 has been mixed, 10 µl (2 molar equivalents) of solution 2 is added to it. After
30 s, the magnetic stirrer is removed and the cleaned gold sample is placed into the solution. At
this point, the surface is left for 2 h into the solution to allow the anchoring of the copolymer
on the surface. Figure 4.5 shows a schematic view of the reaction occurring. ETA acts as a
nucleophile and opens the thiolactone cycles freeing the thiols which either attach on the surface
or are available for disulfide bonding.
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Figure 4.5: Immobilization process of the copolymer P(DMA-co-TlaAm)-30% onto the surface
through aminolysis using ETA [93]

.

After the 2 h, surface is removed from the glass vial and gently rinsed with chloroform, ethanol,
MilliQ water, ethanol and finally dried under a soft nitrogen stream. The whole functionalization
approach is inspired from the work done by Sabrina Belbekhouche [15].

PAA dissolution

When PAA layer is on the sample (i.e. in the bifunctionalization process), dissolution is performed
since it is used as a sacrificial layer. The surface is immersed 3h in a MilliQ water solution at
pH=7 for 3 h. This pH is reached by adding tiny amounts of KOH solution and measure it using
a pH meter. The surface is then rinsed with MilliQ water and ethanol before being dried under a
soft nitrogen stream.

Formation of the SAM

The SAM chosen as model molecule is a DDT layer. The solution used for the SAM grafting,
prepared into a glass vial, is a 20 mM DDT ethanol solution. The sample is immersed into it for
16 h. Afterwards, surface is rinsed with ethanol and then dried under a soft nitrogen stream.

Anchoring and release of the test component

Finally, the last step is the anchoring and release of the test component PEG-SH on the copoly-
mer.
The grafting occurs on the copolymer through disulfide bonds in an oxidative environment
by using Chloramine-T (CAT) (chemical structure is given in figure 4.6). The choice of this
component is motivated because of the high selectivity of CAT for disulfide bond formation [94].
Grafting and releasing of PEG-SH was characterized by Electrochemical impedance spectroscopy
(EIS): the grafting and releasing of PEG-SH was thus performed in the electrochemical cell (see
figure 4.3).
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Figure 4.6: Chemical structure of Chloramine T (left) and dithiothreitol (right)

For grafting, three different solutions were prepared:

• Solution 1 (MES solution) is a 10 mM solution of MES buffered by MilliQ water (pH6)

• Solution 2 is a 1.5 mM solution of PEG-SH buffered by MES (10 mM, pH6)

• Solution 3 is a 2 mM solution of CaT buffered by MES (10 mM pH6)

In a typical grafting/releasing experiment, 100 µl solution of PEG-SH is placed on the surface
and 1 ml of CaT solution is added. The assembly is then placed on a rotating plate for 2 min.
The solution is emptied, the cell vial is rinsed three times and EIS measurements (see section
4.3.1) are carried out.
The disulfide bond breaking is performed in an reductive environment using a 2 mM solution
of DDT buffered by HEPES (10 mM, pH 7.2). DDT states for dithiotreitol which chemical
structure is given in figure 4.6.
The cell, after being rinsed three times with MilliQ water, is filled with the reductive solution
and is placed again on the rotating plate for 10 min. The cell is then emptied again, rinsed three
times with water and EIS is performed again to see if PEG-SH has been released.

Bifunctionalization assessment

To assess the bifunctionalization of the surface, silica nanoparticles were used. The top of
the nanopillars was functionalized with the copolymer in presence of ethylenediamine and the
background with DDT. The negatively charged nanoparticles should only interact with the
positively charged copolymer (on the top of the pillars) and not with the hydrophobic substrate.
Copolymer initial concentration was decreased to 0.1 mg/ml and 10 molar equivalents of ethylene-
diamine were used instead of 2. Basically, the same functionalization protocol was used leading
to bifunctionalized nanopillars with their top positively charged. Afterwards, the surface was
immersed in a silica nanoparticle solution prepared as follows: 200 µl of colloidal silica were
added to 20 ml of MilliQ water. The solution was consecutively sonicated for 30 min then filtered
using an Acrodisc(c) syringe filter (0.2 µm) and sonicated 10 min. The solution was stirred with
a magnetic stirrer for 10 min before being used.
The sample was immersed vertically in the nanoparticle solution during 5 min then rinsed in
three differents baths of MilliQ water: 15x1 s in the first, 7x3 s in the second and 3x30 s in the
third. The sample was then immediately analysed by using a Scanning Electron Microscope
(SEM), namely a Jeol 7600F device.

4.3 Characterization techniques
This section aims to give an overview of the equipments and detail how the measurements work.
The equipments and their use in this work are described in the following:
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• electrochemical techniques: electrodeposition of nanopillars ; functionalization assessment
of sample by the copolymer and/or DDT ; grafting and release of PEG-SH ;

• ellipsometer: PAA layer thickness before and after etching;

• atomic Force Microscope (AFM): surface topography before PAA spin-coating, after PAA
spin-coating and after PAA etching;

• scanning Electron Microscope (SEM): nanopillars characterization after electrodeposition
and PAA spin-coating ; bifunctionalization assessment using silica nanoparticles.

4.3.1 Electrochemical techniques [95]

The conductivity of platinum and gold make them amenable for performing electrochemical
measurements. Electrochemical techniques acquire data at an electrode-solution interface and
are used as a link between electricity and chemistry. In other words, the measurements make the
link between electrical quantities (such as current, potential or charge) and chemical reactions
occurring in the solution. At least two electrodes are needed for the simplest electrochemical
measurements but most of the time, three are used: a working (or indicator) electrode, which is
often the studied sample, a reference electrode, which potential is known and remains constant,
and a counter electrode that completes the electrical circuit. Based on such configuration,
basically two different measurements can be obtained:

• measure the potential while controlling the current (potentiometric measurements)

• measure the current while controlling the potential (amperometric measurements)

For amperometric measurements in a quiescent solution, three types of potential variations are
commonly used: linear, pulsed or cyclic potential. The resulting current induced between the
working and the counter electrode is then measured. By applying a potential that is higher
(lower) than the standard-state potential of a targeted analyte, oxidation (reduction) of the
analyte occurs at the working electrode and a faradaic current flows through the cell. This
faradaic current can be of two types: "anodic current" in case of analyte oxidation (negative
sign) or "cathodic current" in case of reduction (positive sign). Therefore, the rate of the redox
reaction occurring at the working electrode can be determined by mean of the measured current.
This current is affected by mainly two parameters: the mass transport of analytes into the
solution (i.e. rate and means at which analytes reach electrode surfaces) and the efficiency of
electron transfer between the electrode and electroactive species, which depends on the kind of
reaction, the electrode type and the temperature.
Three different mass transport can be distinguished:

• Diffusion

• Migration

• Convection

Diffusion occurs when a concentration gradient is created between the electrode surface and
the bulk due to reduction or oxidation of the analyte at the surface of the electrode. This
phenomenon is essential to always observe a current flowing in the cell.
Migration is the result of attraction or repulsion between a charged electrode and charged species
in the electrochemical solution. This kind of mass transport is unavoidable but can be neglected
in the measurements by adding high concentration of electrochemically inert species (that will
not be oxidized or reduced). This was done in the master thesis by adding high quantities of
KCl into the electrochemical solution.
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Convection forces are not present since no stirring occurs into the electrochemical cell.
It can be therefore assumed that the only mass transport measured in the solution is diffusion.
The current flowing in the cell therefore follows:

i = nFAD(Cbulk − Cx=0)
δ

where n= number of electrons in the redox reaction, F = Faraday constant, A= the electrode
area, D = diffusion coefficient of analyte, Cbulk and Cx=0 = concentrations in bulk solution and
at the electrode surface,δ = thickness of the diffusion layer.
There also exists a so-called non-faraidic current resulting from the charging of the electrode.
Indeed, if, for example, the working electrode is positively charged, cations and anions in the
solution will respectively move away or towards the surface electrode. This results in a low and
temporary current that persists until the positive charge of the electrode is counterbalanced by
the negative charge of the solution at the electrode surface. This leads to the existence of an
electrical double layer at the electrode surface that influences and limits the measurements of
controlled potential measurements.

Cyclic voltammetry

In voltammetry, a time-dependant potential is applied on the electrochemical cell and the resulting
current is measured. From this, a voltammogram showing current flow versus potential can be
plotted. Depending on the type of mass transport occurring into the electrochemical solution,
different voltammograms are obtained. Indeed, if convection is included in the mass transport
phenomena, a limiting current will be reached because the diffusion layer (δ) is constant (figure
4.7). However, if convection is not present, a peak is observed because the diffusion layer becomes
thicker (figure 4.8).

Figure 4.7: Current as a function of the ap-
plied potential when convection and diffusion
defines mass transport phenomena [95].

Figure 4.8: Current as a function of the ap-
plied potential when only diffusion define mass
transport phenomena [95].

Cyclic voltammetry (CV) is a particular case of voltammetry where potential is swept in both
potential directions (i.e. positive and negative values). Figure 4.9 shows the potential variation
for one cycle. Of course, this cycle can be repeated several times.
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Figure 4.9: Cyclic potential applied between the reference and working electrode [96].

An example of typical voltammogram is given in figure 4.10. This plot was obtained on a
gold surface and can be read as follows:

• point A: Potential is increased positively and a resulting current, due to the oxidation of
the analyte (here Fe(CN)4−

6 into Fe(CN)3−
6 ), increases positively until a maximum value

(B);

• at point B: The current drops because the diffusion layer becomes thicker. Indeed, the
oxidation rate is higher than the diffusion rate resulting in an accumulation of oxidized
analyte at the electrode interface and diffusion layer is therefore increased;

• at point C, potential is reversed and is decreasing towards negative values. Oxidative
reactions still occur but the rate is lowered and current is therefore also decreased until 0
(Point D). A diffusion-controlled peak can be observed;

• current is now negatively charged indicating reduction of the analyte. Potential will be
reversed again (point F) until point A where a new cycle begins. A diffusion-controlled
peak is also observed here but this time due to the accumulation of reduced analyte at the
electrode interface.

This kind of voltammogram is obtained when the rate of reaction is limited by mass-transport.
However, cyclovoltammetric measurements in this work were performed on bare gold surfaces,
surfaces covered with the copolymer or surfaces covered with the SAM, both acting as insulators.
Therefore, the rate of reaction is limited by the transfer of electrons through the insulation layer
and smaller currents are thus measured resulting in decreased curve area. This reduced area
was used to quantify the quality of the covering of the surface by the SAM or the copolymer by
computing the Blocking Factor (BF):

BF = Abare −Acovered

Abare
∗ 100% (4.1)

with Abare and Acovered, the areas on the voltammogram curve for respectively bare and covered
surface.
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Figure 4.10: Typical voltammogram of cyclic voltammetric for a 1 mM solution of Fe(CN)64−
/ Fe(CN)63− and 0.1M of KCl, using bare gold surface as a working electrode, platinum as
counter electrode ang Ag/AgCl as reference electrode. The green area represents the measured
area for computing the Blocking Factor [97].

A ChInstruments Chi660B is used to perform the measurements and the experimental assembly
is identical to the one used for the nanopillars formation. The electrochemical solution contains
the Fe2+/Fe3+ couple and more precisely, 1 mM of C6FeK4N6.3H2O, 1 mM of C6FeK3N6,
100 mM of KCl and 100 ml of MilliQ water as solvent. The solution is consecutively purged with
nitrogen to evacuate oxygen from the solution in order to avoid oxygen reduction into hydrogen
peroxide during the measurements that would create a small current and noise in the acquired
data. The following parameters are set for the measurements:

• Initial potential = 0.2 V

• High potential = 0.6 V

• Low potential = -0.3 V

• Initial scan polarity = positive

• Scan rate = 0.1 V/s

• Sweep segments = 20

• Sample interval = 0.001

• Quit time = 0

• Sensitivity = 10−4 A/V

The kind of data acquired through those measurements are used to estimate the covering of
the surface via BF. The seventh and eighth scan are systematically taken to measure this
value. However, CV is not sensitive enough to distinguish the grafting and release of thiolated
compounds. Consequently, another technique is used for this assessment, namely Electrochemical
Impedance Spectroscopy.

Electrical Impedance Spectroscopy (EIS)

The principles of EIS will first be described. We will then briefly introduce the electrical circuits
that could possibly model the electrochemical cell and finally, we will show how, based on the
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electrical circuits, one can interpret the data obtained with EIS.
The basic principle of EIS is the following: an AC voltage with varying frequencies is applied on
an electrochemical cell and the variation of the impedance is observed. Impedance is defined
as the whole complex resistance of an electrical circuit against the flow of an electric current.
When the AC voltage is applied, only small excitations are used to stay in a linear system (i.e.
keep a steady-state in the electrochemical cell). By this mean, the flow of current induced by the
sinusoidal potential variation is also sinusoidal with the same frequency but a phase shift. Based
on this, impedance can be defined using Ohms law (R=E/I) as:

Z(w) = Et

It
= E0sin(ωt)
I0sin(ωt+ φ) = 2Z0(cos(φ) + jsin(φ)) (4.2)

This equation shows that the impedance is defined through a real and imaginary part. If those two
quantities are plotted, a so-called "Nyquist plot" is obtained. Another representation, called "Bode
plot" can also be used to represent the impedance. In that case, variation of frequency or phase
are displayed with respect to the change in frequency. Figure 4.11 shows the typical plots obtained.

Figure 4.11: a) Nyquist plot showing real vs imaginary part of impedance. (b) Bode plots showing
the variation of impedance (log Z) or phase angle (φ) with respect to change in frequency [98].

Once those graphical representations have been obtained, they can be compared to theoretical
plots given by electrical circuits that represent the electrochemical cell. Different circuits can
be used to model the cell simply by adding specific components that would represent a specific
phenomena (diffusion, resistance to charge transfer, ...).
The simplest electrical circuit used to represent an electrochemical cell is the Randle circuit (see
figure 4.12). It includes the double layer capacitance (Cdl), the ohmic resistance of the solution
(Rs) and the resistance to charge transfer (Rct). The associated Nyquist plot is given in figure
4.13 and is always a semi-circle. Moreover, each component of the circuit can be identified on
the Nyquist plot and the electrochemical cell properties can therefore be determined. Indeed, Rs

correspond to the left intersection of the semi-circle with the reali axis while Rct is given by the
distance between the two intersections of the semi-circle.

2This equality is found through Euler relationship: exp(jφ) = cos(φ) + jsin(φ)
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Figure 4.12: Simplified Randles Cell
Schematic Diagram with Rct = charge trans-
fer resistance, Rs = solution resistance, Cdl

Double-layer capacitor [99]. Figure 4.13: Nyquist plot based on the Randle
circuit [99]

More complicated electrical circuits and associated Nyquist plots can be determined as adding
a Warburg element to the Randle circuit to model the ion diffusion from the bulk solution to the
electrode surface (see figure 4.14). The Nyquist plot is then influenced in consequence because of
the change in impedance of the circuit (see figure 4.15).

Figure 4.14: Randle circuit with added War-
burg element to model the ion diffusion from
the bulk solution to the electrode surface [99].

Figure 4.15: Nyquist plot based on the Randle
circuit with Warburg element [99].

When EIS measurements are performed on covered gold samples with the copolymer, the
Nyquist plot obtained is similar to the one in figure 4.13. This is because the copolymer can
be modelled as a charge transfer resistance that thus significantly increases the intrinsic charge
transfer resistance of the system yielding to a Nyquist plot dominated by this aspect with a
semi-circle of high diameter. However, when EIS measurements on bare gold surface are done,
Nyquist plots resemble to the one obtained in figure 4.15. This is because charge transfer
resistance is low while mass transfer resistance is high and because principal mass transfer occurs
through diffusion which means the Warburg element models well this phenomenon.
Measurements were performed using the same assembly and solution then the one used for CV.
However, in order to let the system reach its equilibrium, it was left behind for 30 min after filling
the Teflon cell vial. The measurements were performed using the following operating parameters:

• Initial potential = 0.2 V

• High frequency = 100 000 Hz

• Low frequency = 0.01 Hz

• Amplitude = 0.01
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• Quiet time = 0

• Sensitivity = 10−4 A/V

4.3.2 Ellipsometry

Ellipsometry is an optical characterization method used to measure a broad range of properties of
a material (optical constants, roughness, composition, thickness, ...). This technique offers, inter
alia, a high resolution (up to the Angstrom), the possibility to work with single or multi-layered
samples and a non-destructive way to collect the data. Figure 4.16 shows the main steps of
ellipsometry measurements. We can see that the obtained measurements need to be fitted to
models in order to extract the wanted information meaning the choose of the model is a critical
step. The whole process is described more precisely below.

Figure 4.16: Main steps of ellipsometry measurements and data fitting [100].

The measurements are based on the change in polarity of a light beam after reflection on
a surface. More precisely, an elliptically polarized light beam (polarization refers to the wave
electric field behavior in space and time) is directed towards the sample and is then reflected
or transmitted (see figure 4.17). This modifies the light polarization and these changes can be
quantified by considering the ratio of the parallel (rp) and perpendicular (rs) components of
the electromagnetic wave associated to the light beam before and after reflection using Fresnel
equations.

Figure 4.17: Light reflects and refracts according to Snell’s law [101].

rp = Erp

Eip
= ntcos(Θi)− nicos(Θt)
ntcos(Θi) + nicos(Θt)

rs = Ers

Eis
= nicos(Θi)− ntcos(Θt)
nicos(Θi) + ntcos(Θt)

(4.3)

with ni = real index of refraction of the ambient, nt = real index of the refraction of the sample ;
Θi = the angle of incidence ; Θt = the angle of transmission.
In ellipsometry, both phenomena (changes in polarization and phase before and after reflection)
can be defined by two parameters: Φ and ∆. ∆ represents the phase difference before and after
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reflection while tan(Φ) represents the amplitude ratio between rp and rs waves. Both are linked
by the following equation:

ρ = rp

rs
= tan(Φ) ∗ ei∆ (4.4)

These are the two values measured by the ellipsometer. However, this does not give any indication
on the layer’s thickness. Therefore, one needs to fit the data to a model. The accuracy of the
film-thickness will thus depend on the reliability of the used model. It is important to note that
different ellipsometers exist among which spectroscopic and single wave-length ellipsometers.
The first one is characterized by the use of a broad range of light sources (covering infrared,
visible or ultraviolet spectral) but keeping the Angle Of Incidence (AOI) constant, yielding to
many sets of Φ and ∆. On the other hand, the second one employs a monochromatic light source
but changes AOI, yielding to one set of Φ and ∆ per measurement.
Ellipsometric measured were performed using two different spectroscopic ellipsometers. The first
one is a Sentech SE 850 with broad ban light sources (190-900 nm), an AOI of 72◦ and using the
SpectraRay Software. The second one is a single-wave ellipsometer (EP4 from Accurion). The
model used for determining the PAA layer thickness was composed of the ambient air (refractive
index set to 1) and three different layers:

• the silicon substrate: the optical properties are given by the database of the SpectraRay
software;

• the SiO2 layer: silicon samples are covered with a very thin layer (around 1.5 nm) of
SiO2. The Cauchy equation is used to compute the refractive index (evolving with the
wavelength):

n(λ) = n0 + n1
λ2 (4.5)

with n0 = 1.452 ; n1 = 36 and λ the wavelength;

• the PAA layer, whose thickness is to determine. Cauchy equation is used again to compute
the refractive index but with different n0 and n1 (1.474 and 47 respectively). To compute
the thickness, an estimation of the thickness needs to be introduced in order to allow the
model to make the iteration in the appropriate thickness window.

4.3.3 Atomic Force Microscope

This technique was used to observe the bare surface when only nanopillars are present onto the
surface as well as the nanopillars coverage after PAA spin-coating.
The equipment used is a Bruker Multimode Nanoscope V with a tilt compensated high aspect
ratio AFM tip (type AR5T-NCHR-10, produced by Nanosensors) on the cantilever, which is
designed to scan nanostructured surfaces.

4.3.4 Scanning Electron Microscopy

This technique was principally used to characterize the nanopillars electrodeposited onto the
sample (shape, diameter, height, density). It was also used to observe if the silica nanoparticles
adhered to the modified copolymer when we want to assess bifunctionalization (see section 4.2.3).
The equipment used is a JEOL 7600F. Different acquisitions (type of electrons measured and
detector position) are possible using semi-inlens secondary electrons detector, lateral secondary
electron detector or backscattered electron detectors (classical and LABE). The images produced
in this master thesis were acquired using only secondary electrons with a beam energy set at
15keV.
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Chapter 5

Results and Discussions

This section will give an overview of the results obtained during the experiments conducted
in the laboratory. Moreover, a discussion and a critical analysis will be done to explain and
understand the obtained results. The order of presentation is the following:

• elaboration of gold nanopillars through electrodeposition using hard-templating technique;

• spin-coating and etching of the sacrificial layer;

• functionalization of flat platinum and gold samples by the thiolactone copolymer and
grafting/release of the test-component;

• bifunctionalization of gold nanopillars.

5.1 Surface nanostructuration
The different stages followed to obtain samples decorated with nanopillars can be separated in
two main steps. The first step is represented in figure 5.1 and concern the creation of linear
damaged tracks in the PC membrane. First, a PC membrane is spin-coated on the sample.
It is then irradiated using an ion beam in order to create linear damaged tracks. Finally, the
damaged membrane is exposed to UV in order to enhance nanopillars shape. Afterwards, the
pores creation and filling is performed as shown in figure 5.2. The pore revelation is done by
immersing the sample in a chemical bath. This bath has an influence on the final diameter of
the pores (the longer the sample stays, the larger the pores are). In order to increase the sample
wetting, a Dowfax solution is added to the chemical bath. Those pores are finally filled by mean
of electrodeposition and the PC layer is dissolved to reveal the nanostructured sample. In this
section, two different operating conditions are studied:

• the influence of UV treatment on the nanopillars shape (see third step in figure 5.1);

• the effects of switching from an old Dowfax solution to a new one the nanopillars diameter
and the random electrodeposition phenomenon (step 1 in figure 5.2).

Figure 5.1: Successive steps of the PC membrane damaging. 1. Deposition of a PC membrane
on the gold sample through spin-coating. 2. Membrane irradiation using a heavy ion beam. 3.
UV treatment of the damaged membrane
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Figure 5.2: Successive steps for the pores revelation and consecutive electrodeposition. 1. The
damaged PC membrane is immersed in a chemical bath to enlarge the pores. 2. Pores of desired
diameter are obtained. 3. Electrodeposition of gold inside the pores. 4. Dissolution of the PC
membrane revealing the surface decorated with nanopillars.

The samples presented here followed the same electrodeposition conditions (i.e. 10 sweep segments
at a scan rate of 0.2 V/s between 0 and 0.7 V). To conclude this section, the typical distribution
of nanopillars heights and diameters on the surface are given.

5.1.1 UV treatment of irradiated PC layer

We will first observe the critical impact of UV treatment before chemical etching. Figure 5.3
and 5.4 shows the comparison between two samples where UV treatment was performed or not
on the PC layer after the heavy ion irradiation in the cyclotron. There is a clear presence of
tooth-pick shaped nanopillars if no UV treatment is performed beforehand.

Figure 5.3: SEM image of a surface electrode-
posited at a scan rate of 0.2 V/s, 10 scans and
without prior UV treatment

Figure 5.4: SEM image of a surface electrode-
posited at a scan rate of 0.2 V/s, 10 scans and
with prior UV treatment

Tooth-pick shaped nanopillars confirm the observations made in a previous article where it
was shown that pore shape is not cylindrical but rather toothpick-shaped [102] [103] when no
UV treatment is performed after PC irradiation.

5.1.2 Dowfax influence on nanopillar diameter and random electrodeposition

A fresh and old Dowfax solution were used in this master thesis and an increase in nanopillars
diameter was observed using the new solution (138 +- 6 nm against 103 +- nm ). Moreover, a
higher percentage of random electrodeposition was also observed as shown in figure 5.5 and 5.6.
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Figure 5.5: SEM image of a surface where
chemical etching was performed in a bath
containing the old Dowfax solution

Figure 5.6: SEM image of a surface where
chemical etching was performed in a bath
containing the new Dowfax solution

Dowfax seems to have a great influence on the diameter of the nanopillars. Indeed, when
taking identical operating conditions and only changing the Dowfax solution, a difference of
nearly 40 nm is observed. This could be due to the better wetting efficiency of the new Dowfax
resulting in a better diffusion of the etching solution inside the tracks created during the PC
layer damaging by heavy ion beams.
Another observed phenomenon was the increase of random electrodeposition with the new Dowfax.
Indeed, when comparing samples exposed to the new and old Dowfax, random electrodeposition
increased from 22% (2 out of 9) for the old solution to 60% (9 out of 16) for the new solution.
This phenomena is harder to explain but could be the consequence of a slight PC membrane
detachment resulting from the immersion in the chemical bath.

5.1.3 Typical height and diameter distribution

If UV treatment is performed before immersion in the chemical bath and if the old Dowfax
solution is used, the typical heights and diameters of nanopillars obtained are given in figures 5.7
and 5.8. Both height and diameter do not follow a Gaussian distribution. On average, heights
are around 350 to 500 nm and diameters are ranging from 95 to 110 nm.

Figure 5.7: Average height of 90 nanopillars
of a typical electrodeposited surface at a scan
rate of 0.2 V/s and using 10 scans

Figure 5.8: Average diameter of 45 nanopillars
of a typical electrodeposited surface at a scan
rate of 0.2 V/s and using 10 scans

Ten scan numbers allow to obtain nanopillars with a limited aspect-ratio, a desired feature
so that the nanopillars would not break or bend easily. Indeed, as shown in a previous work [93],
too important aspect ratios could lead to bending and breaking of nanopillars especially when
submitted to spin-coating. Since our nanopillars will be subjected to spin-coating, a limited
aspect-ratio was targeted. The reason why nanopillars are sensitive to this process can be
explained using the stress formula obtained by using beam theory. Indeed, it can be shown
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that stress is proportional to h2, h being the nanowire height, and inversely proportional to the
nanopillars radius (1/r3, r being the nanowire radius) meaning that lower heights (and therefore
lower aspect-ratios) will result in decreased stress in the nanopillars.

5.2 Sacrificial layer
A sacrificial layer was used in this work to obtain bifunctionalized nanostructured samples. Figure
5.9 shows the main steps of this strategy. First, the PAA layer is spin-coated on the surfaces. A
plasma etching is then performed to uncover and clean the top of the nanopillars which are then
functionalized with the thiolactone copolymer. The PAA layer is then dissolved to reveal the
remaining surface which is now available for the second functionalization.

Figure 5.9: Purpose of the sacrificial layer in the bifunctionalization process. 1) PAA layer
is spin-coated onto the surface. 2) Etching is performed to reveal and clean the top of the
nanopillars. 3) First functionalization. 4) The PAA layer is removed revealing the remaining
surface. 5) Second functionalization and resulting bifunctionalized sample

In order to obtain a PAA layer revealing only the top of the nanopillars after spin-coating
and etching, different parameters need to be determined:

• the speed rotation for the spin-coating process (influencing thickness);

• the concentration of the PAA solution (influencing thickness);

• the etching power (influencing the amount of etched PAA);

• the etching process: RIE or chemical etching (influencing the amount of etched PAA).

However, a previous work related to this project already studied some of those parameters [93],
allowing to use certain conclusions here:

• the rotational speed should be set to 1750 rpm/s because it was demonstrated to be the
best compromise for obtaining layers with a good homogeneity without nanopillars bending
or breaking;

• When using air plasma to perform the layer etching, contamination of the PAA layer by
nitrogen was observed. Since this could possibly affect the dissolution of the PAA layer
(step 4 in figure 5.9), RIE using oxygen is studied here to compare both etchings and
eventually use oxygen RIE instead of air plasma.

Based on this, the following parameters are investigated here:

• two PAA concentrations of 50 and 75 mg/ml to observe the obtained thickness;

• try oxygen RIE and compare its efficiency with air plasma;
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• different etching powers with oxygen RIE to see their influence on the amount of etched
PAA.

Because gold samples are not compatible with ellipsometric measurements and there was a need
to determine the conditions for PAA spin-coating and etching, silicon wafers were used. This
allowed to first investigate on flat silicon wafers the evolution of the amount of etched PAA with
increasing powers and determine to needed PAA concentration, the etching time and the etching
power.
Afterwards, gold nanostructured samples could be covered with PAA based on the parameters
found previously and AFM technique was used to investigate the PAA layer on gold samples
before spin-coating, after spin-coating and after etching.

5.2.1 PAA spin-coating

Knowing the typical height of the nanopillars (350-400 nm), we targeted a PAA layer thickness
around 300 nm. We therefore tried two concentrations (50 mg/ml and 75 mg/ml) based on the
results obtained in the previous work [93].
Using a concentration of 50 mg/ml and 75 mg/ml, we obtained a thickness of 332 +- 2.3 nm
and 400 +- 8 nm respectively. AFM was used complementarily to SEM to assess the covering of
the gold nanopillars. Results are shown in figures 5.10, 5.11, 5.12 and 5.13 where the surface
can be observed before spin-coating and after spin-coating both in 2D and 3D. There is a clear
difference before and after spin-coating where we can see that pillars are immersed in PAA. The
nanopillars seem to not break or bend based on those images. A general SEM picture (figure
5.14) was also taken of the spin-coated PAA layer and a cone-shaped coverage is clearly visible.

Figure 5.10: AFM image of the surface topog-
raphy before spin-coating. Figure 5.11: AFM 3D representation of the

surface topography before spin-coating.
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Figure 5.12: AFM image of the surface to-
pography after spin-coating of a 50 mg/ml
concentrated PAA solution.

Figure 5.13: AFM 3D representation of the
surface topography after spin-coating of a
50 mg/ml concentrated PAA solution.

Figure 5.14: SEM image of the surface topography after spin-coating of a 50 mg/ml concentrated
PAA solution

AFM 2D and 3D representations give a height difference of 44 nm between the top of the
nanopillars and PAA layer which is a lower than what would theoretically be expect. However,
this could be explained by the presence of the nanopillars on the surface that could alter the
PAA deposition on the surface. Moreover, the fact that the nanopillars height do not follow a
normal distribution could also be a possible reason for this difference since AFM measurements
are performed on very localized spots and do therefore not reveal a general trend of the surface
coverage.
As a conclusion, we can say that SEM and AFM images proved that nanopillars are not
significantly affected by the PAA spin-coating (slight bending and no breaking seems to occur
based on the SEM and AFM images) and the obtained film thickness can be used for further
etching and bifunctionalization process.

5.2.2 PAA etching

As explained above, experiments using oxygen RIE have been conducted here to compare them
to the results obtained in the previous work using air plasma [93].
To compare our calibrations curves obtained with ellipsometric measurements, the same PAA
concentration of 75 mg/ml was used. Three etching powers were investigated here: 1, 2 and 3 W.
This is because RIE combines two types of etching (chemical and physical) and is therefore more
efficient at lower powers. Results of the calibration curves for the air plasma and oxygen RIE are
given in figures 5.15 and 5.16. For oxygen RIE, we can observe that non-linear etching occurs at
3 W which is not the case at 1 and 2 W. Moreover, after 5 min, around 50 nm of PAA is etched
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with powers of 2 and 3 W against 30 nm at 1 W.
For the AFM data comparison, experiments were performed in this work on both air plasma and
oxygen RIE. For air plasma, etching was performed at 100 W for 2 min against 2 W for 10 min
in oxygen RIE. 3D profiles after etching using oxygen RIE and air plasma are given in figure
5.17 and 5.18 respectively. PAA profile on the nanopillars after spin-coating and after etching
are also given in figures 5.19 and 5.20.

Figure 5.15: Calibration curve for air plasma
treatment with a spin-coated PAA solution of
concentration 75 mg/ml [93].

Figure 5.16: Calibration curve for oxygen RIE
treatment with a spin-coated PAA solution of
concentration 75 mg/ml.

Figure 5.17: AFM 3D representation of the
surface topography after oxygen RIE etching
of the PAA layer spin-coated with a 50 mg/ml
concentrated PAA solution.

Figure 5.18: AFM 3D representation of the
surface topography after air plasma etching of
the PAA layer spin-coated with a 50 mg/ml
concentrated PAA solution.
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Figure 5.19: Typical PAA coverage profile of a
nanopillar after spin-coating with a 50 mg/ml
concentrated PAA solution and after etching
using oxygen RIE.

Figure 5.20: Typical PAA coverage profile of a
nanopillar after spin-coating with a 50 mg/ml
concentrated PAA solution and after etching
using air plasma

When comparing results with the previous master thesis, we can see that etching is by far
more effective with air plasma. This is observed on the calibration curves extracted from the
PAA etching on silicon wafers as well as on the AFM images and PAA profiles extracted from
nanostructured gold samples. Such differences could be explained by the powers and gas used
for both process. Indeed, the powers used in oxygen RIE are much lower then the one used in
air plasma. This yields to decreased ionization of oxygen and therefore decreased chemical and
physical etching. The fact that RIE combines both etchings does not seem to overcome the
chemical etching occurring with air plasma. Moreover, the reactive species created with oxygen
gas could be less effective than the one created in air yielding to a better chemical etching in the
case of air plasma.
If we use air plasma etching on a spin-coated PAA-layer which concentration is 50 mg/ml, this
would yield theoretically to 100 nm of the top of the nanopillars that should be uncovered (44 nm
before etching + 55 nm etched). This is confirmed by the AFM data where we can observe that
most nanopillars pop around 100 nm. Therefore, we chose to use air plasma for the PAA layer
etching despite the supposed contamination by nitrogen.

5.3 Functionalization on flat samples: Platinum vs Gold
Before working on nanostructured samples of platinum and gold, there was a need to observe the
copolymer anchoring on flat surfaces as well as the grafting/release mechanism of PEG-SH used
as model component. This section will thus study copolymer grafting and redox responsiveness
on flat platinum and gold samples. The reason platinum was tested is because this metal is easier
to electrodeposite and shows better mechanical properties when compared to gold. Therefore,
higher aspect ratios could be reached without observing breaking or bending of the nanopillars
which could be interesting in some applications such as cell culture. Figure 5.21 gives a schematic
view of the conducted experiments.

Figure 5.21: Schematic view of copolymer covering a platinum or gold surface followed by the
anchoring/release process of PEG-SH on the copolymer.
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5.3.1 Copolymer grafting

For this first experiment, two flat surfaces of gold an platinum where covered with the copolymer.
The coverage of the surface was measured using CV. The results are given in figure 5.22 and
5.23, representing respectively the gold and platinum samples. The BF for those curves are
respectively 96% and 18% meaning platinum samples are far less covered than gold samples.
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Figure 5.22: Copolymer grafted on the gold
flat surface
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Figure 5.23: Copolymer grafted on the plat-
inum flat surface

Prior to the copolymer grafting, the redox reactions occurring at the sample surface are
limited by diffusion, explaining why diffusion peaks are observed on the voltammogram. After
copolymer grafting, the curve is flattened because the copolymer layer acts as a insulator. No
current should be observed if the surface was totally covered. However, the copolymer anchoring
is not perfect explaining why a current are still observed. A comparison between both figures
demonstrates that a poor anchoring occurred on the platinum sample compared to the gold
sample. This is confirmed by the blocking factors obtained which show clear differences of surface
coverage. An explanation could be the formation of an oxidized layer on the Pt surface which
affects the copolymer anchoring (see section 3.3.1).

5.3.2 Copolymer redox responsiveness

Despite the fact the copolymer did not properly anchor and did not fully cover the Pt surface,
PEG-SH anchoring and release process were tried on the platinum sample as well as on the gold
sample. The schematic view of the designs is given in figure 5.24.

Figure 5.24: Experiment 1: Schematic view of the gold and platinum flat surfaces covered with
P(DMA-co-TlaAm)-30% and with the redox process of anchoring and release of PEG-SH
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EIS measurements were used to assess the anchoring and release and the results are shown
in figure 5.25 and 5.26. Curve 1 represent the surface before PEG-SH grafting, curve 2 after
PEG-SH grafting and curve 3 after PEG-SH release. Impedance values were also extracted from
EIS measurements and are given on table 5.1.
We can observe that, in the case of gold, the anchoring and release of PEG-SH yields to increased
and decreased resistance to charge transfer respectively. In the case of platinum, all three
measures showed the presence of a diffusion limited redox process (straight line). Moreover,
Rct was both increased when the platinum sample was exposed to PEG-SH in an oxidizing
environment and a reducing environment with DTT.

0 200 400 600 800 1000 1200
0

100

200

300

400

500

600

Z′(kΩ)

−
Z
′′
(k
Ω
)

(1)

(3)

(2)

Figure 5.25: EIS measurements on a flat gold
surface in three specific cases: 1. The surface
is only covered by the copolymer (1) 2. Expo-
sition to PEG-SH in an oxidative environment
(2) 3. Exposition to a reductive environment
(3)
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Figure 5.26: EIS measurements on a flat plat-
inum surface in three specific cases: 1. The
surface is only covered by the copolymer (1)
2. Exposition to PEG-SH in an oxidative en-
vironment (2) 3. Exposition to a reductive
environment (3)

Copolymer only Grafted PEG-SH Released PEG-SH
Gold 666 1127 518

Platinum 3.14 3.6 4.83

Table 5.1: Values of charge transfer resistances (Rct[kΩ] for gold and platinum

For platinum samples, the presence of a diffusion-limited process is observed. This was
expected since a poor surface coverage by the copolymer was observed earlier. This means
that diffusion limited redox reactions occurs and yield to the straight line (see section 4.3.1).
Concerning the evolution of Rct when exposed to PEG-SH, an increase is expected since PEG-SH
will graft on the copolymer and eventually on the uncovered surface. When the sample is exposed
to a reducing environment to release PEG-SH from the copolymer, Rct is supposed to decrease.
However, an increase in Rct is observed, as if DTT reacts with the sample and the thiols from the
DTT graft on the surface, increasing the resistance to charge transfer. Again, this is associated
to the poor surface anchoring by the copolymer leaving large surfaces available for reactions
between thiols and the uncovered surface. Based on those pore results on platinum, it was
decided to continue the work with gold.

For the gold sample, that is nearly totally covered by the copolymer, results clearly show a
good anchoring of PEG-SH, resulting in an increase of Rct observed through the EIS measurements.
However, when the sample is exposed to a reductive environment, curve 3 is below curve 1
while they should have been equal (if all the PEG-SH had been released) which means that
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PEG-SH was not the only released component from the sample and that copolymer was also
partly detached.

5.4 Functionalization of gold nanopillars
This last section will provide the results obtained for nanostructured samples. First, cyclic
voltammetry measurements obtained on a flat and bare nanostructured gold sample are com-
pared. Afterwards, using again cyclic voltammetry, the bifunctionalization of nanostructured
samples is studied. Finally, a method using silica nanoparticles for demonstrating the spatial
bifunctionalization is proposed.
The characteristics of the nanostructured sample studied below are the following:

• Nanopillar density: 5 ∗ 108 cm2

• Height: 398 +- 43 nm

• Diameter: 81 +- 4 nm

5.4.1 Flat versus nanostructured samples

This sections aims to investigate the influence of nanopillars on electrochemical measurements
before any functionalization. Measures were therefore performed on a bare flat gold sample and
a bare nanostructured gold sample (figure 5.27).

Figure 5.27: Schematic view of a bare flat gold sample (left) and bare nanostructured gold sample
(right) used for the CV measurements

Results are shown in figure 5.28. Table 5.2 also gives an overview of the measured CV area
in the case of a flat and nanostructured sample. We can observe that the measured current is
slightly increased in the case of nanostructured samples compared to the flat sample while the
shape are identical.
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Figure 5.28: Comparison of flat bare surface and nanostructured bare surface
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Flat sample Nanostructured sample
CV area [cm2] 1.7 ∗ 10−5 2 ∗ 10−5

Table 5.2: Comparison between flat and nanostructured surfaces

It can be observed that the peaks are at the same position but that in case of the nanostruc-
tured sample, the peak occurs higher, indicating higher currents are flowing through the surface.
This can be explained by the increased sample surface due to the nanopillars, implying more
surface available for redox reactions.

5.4.2 Copolymer and SAM grafting

This section exposes the results of the bifunctionalization process of a nanostructured gold surface.
To this end, CV measurements were performed on three different samples as shown in figure 5.29:
a bare nanostructured sample, a nanostructured sample where only the top of the nanopillars is
covered by the copolymer and finally a bifunctionalized sample where the remaining surface (i.e.
nanopillars base and bottom surface) is covered with the DDT layer. This allows to follow the
evolution of the surface coverage when each functionalization is performed.

Figure 5.29: Schematic view of a bifunctionalized sample on which CV measurements were
performed.

Results are shown in figure 5.30. Blocking factors after copolymer and SAM anchoring
are also displayed in table 5.3. We can observe a a decrease in current flow occurring after
respectively copolymer and SAM anchoring.

−0.2 −0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

−1.5

−1

−0.5

0

0.5

1

1.5

x 10
−4

Potential (V)

C
ur

re
nt

 (
A

)

 

 
Nanostructured Au surface
Nanostructured Au surface + P[DMA−co−TlaAm]−30%−SH
Nanostructured Au surface + P[DMA−co−TlaAm]−30%−SH + DDT

Figure 5.30: CV measurements of a nanostructured gold sample in three specific cases: 1. Bare
nanostructured surface 2. Top of the nanopillars chemically modified with the copolymer 3.
Bifunctionalized sample

BF after copolymer grafting BF after bifunctionalization
12% 24%

Table 5.3: Blocking factor after the copolymer grafting and when the surface has been bifunc-
tionalized
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The voltammogram shows decreasing areas when the sample is submitted to the two successive
functionalizations. The copolymer grafting gives expected results with a BF around 12%. Indeed,
this could mean that the top of the nanopillars has been covered by the copolymer. However,
the SAM grafting is far lower then expected since the BF factor should be around 100%. Indeed,
even if current is decreased indicating the surface was covered by the SAM, the expected curve
should not present this peak and should be more flattened like the one obtained in figure 5.22.
This is because the copolymer and the SAM should act as a blocking layer the flow of an electric
current. The reason explaining this difference could be the bad PAA layer dissolution in water.
Indeed, presence of PAA could affect the DDT bonding on the surface.

5.4.3 Nanoparticles to assess spatial functionalization

As a last experiment, nanoparticles were used to assess the spatial bifunctionalization of the
surface. Indeed, by using ethylenediamine instead of ethanolamine when unprotecting the poly-
thiolactone copolymer, a positive charge is added to the copolymer that could consecutively
interact with the negative charged silica nanoparticles. This was tried on nanostructured samples
that were completely covered with the polythiolactone or the SAM. The purpose is to use this
technique to obtain SEM images that show a bifunctionalized surface where silica nanoparticles
would only adhere to the nanowire top, covered with the copolymer. Figure 5.31 details the
strategy used for this technique.

Figure 5.31: Schematic view of the adhesion of silica nanoparticles to the positively charged
copolymer

Figures 5.32 and 5.33 shows the results obtained for surfaces covered respectively with the
SAM and the charged copolymer.
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Figure 5.32: SEM image of a nanostructured
surface covered with the DDT SAM and ex-
posed to a solution containing silica nanopar-
ticles

Figure 5.33: SEM image of a nanostructured
surface covered with the charged copolymer
and exposed to a solution containing silica
nanoparticles

This technique seems promising since samples covered with DDT clearly show no sign of
particle adhesion while the charged copolymer is obviously covered with nanoparticles thanks
to the electrostatic interactions between the negatively charged silica nanoparticles and the
positively charged copolymer. However, this technique needs to be further investigated on
bifunctionalized samples.
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Chapter 6

Conclusion

This work investigated a drug delivery strategy using nanostructured and stimuli responsive
surfaces. First step was the nanostructuration process where a hard-templating approach was
followed to elaborate nanopillars at the sample surface. Afterwards, the goal was to evaluate
and assess a strategy that would allow the creation of bifunctionalized surfaces: the top of the
nanopillars would be coated with a copolymer dedicated to the drug delivery process while the
base of the nanopillars and the bottom surface would promote cell adhesion and nanopillars
penetration into the cell cytosol.

The top of the nanopillars is functionalized with a polythiolactone copolymer in order
to protect thiol functions from oxidation. The thiols are subsequently unprotected through
aminolysis and some of them are involved in the surface anchoring while the others one are used
for the anchoring of a model component, namely PEG-SH.
The PEG-SH grafting on the copolymer is performed through disulfide bonds in an oxidative
environment (using CaT). The drug release is consecutively studied in a reductive environment
(using DTT), as if it is exposed to the reductive medium of the cell.
In order to obtain bifunctionalized samples, functionalization of the top of the nanopillars is
performed in presence of a sacrificial layer (PAA). Indeed, this layer covers temporarily the
base of the nanopillars and the bottom surface and is afterwards removed to allow further
functionalization of the remaining surface and obtain finally bifunctionalized surfaces.
This second functionalization is performed using a SAM of DDT.

The spin-coating of the sacrificial layer was studied to improve the results acquired in the
previous master thesis [93]. Two PAA concentrations were investigated and conclusions lead to
choose a 50 mg/ml concentration to obtain a layer thickness around 330 nm. Etching process
was then studied to define the etching type, gas type, power and duration of the PAA etch-
ing. Conclusions yield to the use of the air plasma for a duration of 120 s and at a power of 100 W.

Flat surfaces were then studied using CV techniques in order to assess the copolymer anchor-
ing both on platinum and gold samples. Conclusions lead to eliminate platinum as substrate
because of the poor copolymer grafting onto the surface. Gold was therefore the only substrate
studied afterwards when experiments were conducted on nanostructured samples.

The grafting/release process of the drug was then studied on flat surfaces using EIS measure-
ments and redox responsiveness of the copolymer layer was assessed. However, it seemed that
surface coverage was less important after drug release and this could possibly be due to partial
copolymer detachment from the surface.

Bifunctionalization of samples was finally studied using CV measurements. It showed a
limited coverage of the sample by DDT after PAA removal, possibly due to the bad PAA layer
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dissolution.
A technique using silica nanoparticles was also proposed to show the spatial bifunctionalization
and was tried on nanostructured samples fully functionalized with either DDT or positively
charged copolymer. Good results were obtained (negatively charged silica particles adhered to
the positively charged copolymer while no particles were observed on the DDT samples) but no
images could be acquired afterwards showing the spatial bifunctionalization.

This work allowed to investigate the creation of bifunctionalized surfaces and proposed an
innovative technique that would allow drug release and cell adhesion on a same surface. Further
research should concentrate on understanding and improving the use of a sacrificial layer and the
consecutive bifunctionalization process by understanding more deeply how it affects the surface
and the consecutive functionalizations. Moreover, a technique showing spatial bifunctionalization
should also be developed to confirm the selective grafting of the copolymer on the top of the
nanopillars.
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