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Abstract - Résumé en français

The aim of the current Ph.D thesis was to successfully design stimuli responsive polymer
brushes in order to allow dynamic cell-substrate adhesive interactions.

For this purpose, Atom Transfer Radical Polymerization (ATRP) and Activators Re-
generated by electron Transfer (ARGET)-ATRP were used in order to prepare thermo
responsive Poly(N-isopropylacrylamide) (PNIPAM) brushes. Both the methods were ap-
plied under varying surface densities and polymerization times, and the kinetics of the
brush growth using both the protocols was investigated. A well controlled chain growth
was reported under ARGET-ATRP protocol, in contrast to the ATRP method. The
above tested protocol was used to grow PNIPAM brushes that were patterned via deep
UV photoablation strategy to design thermoresponsive patterned substrates for protein
adsorption studies. The substrates showed excellent adhesive properties and reusability
with long term storage capacity.

The conformational changes of PNIPAM brushes, grown via the ARGET-ATRP pro-
tocol, were probed by an originally built set-up based on Reflection Interference Contrast
Microscopy (RICM). RICM allowed to estimate the optical response of the brushes as a
function of their height profile making it an interesting tool for brush characterization.
The response of the brush was studied as a function of brush grafting density and chain
length. The results provided a unique evidence of non-monotonic structural changes in
the brushes, across the Local Critical Solution Tempearature (LCST) of the polymer.
RICM was employed to achieve the challenging task of estimating the molecular param-
eters of the brush and understanding the physical origin of the phenomenon of thermal
hysteresis in a polymer brush.

Stimuli Responsive Polymers, sensitive to non-invasive stimuli, were synthesized with
an aim to address dynamic single cell adhesion studies at their physiological conditions.
Free Radical Polymerization and ARGET-ATRP protocol were used to design two photo-
thermo-responsive poly(DMA-AZAA) and poly(DMA-NIPAM-AZAA) polymers. The
conformational changes of the designed polymers were investigated at length by varying
the overall composition of monomers in the system. Both the polymers were water solu-
ble that enabled an easy characterization. The DMA-NIPAM-AZAA terpolymer solution
showed a sharp phase separation at 37◦C that could be reversibly switched under light
irradiation, making it compatoble for cell adhesion studies.

Le but de cette thèse de doctorat était de concevoir des brosses de polymères stimuli-
sensibles afin de contrôler dynamiquement les interactions adhésives entre une cellule et
son substrat.

Pour cela, nous avons utilisé la polymérisation radicalaire par transfert d’atomes
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(ATRP) initiée en surface, et sa variante permettant de régénérer in situ le catalyseur de
polymérisation (ARGET-ATRP), pour préparer des brosses thermo-sensibles de poly(N-
isopropylacrylamide) (PNIPAM). Les deux méthodes ont été appliquées pour différentes
densités surfaciques et temps de polymérisation, et les cinétiques de croissance de la brosse
à l’aide des deux protocoles ont été étudiés. Une croissance de châıne bien contrôlée a été
observée avec le protocole ARGET-ATRP, mais pas avec la méthode ATRP. Le protocole
testé ci-dessus a été utilisé pour fabriquer des brosses de PNIPAM qui ont été patternées
par l’intermédiaire d’une stratégie d’ablation aux UV profonds, afin de concevoir des
substrats permettant de contrôler spatialement l’adsorption de protéines. Ces substrats
ont montré d’excellentes propriétés adhésives, sont réutilisables et peuvent se stocker sur
de longues périodes.

Les changements conformationnels de brosses PNIPAM ont été sondés grâce à un
dispositif original mis en place sur la base d’un microscope en réflexion à contraste
d’interférences (RICM). La technique RICM a permis d’estimer la réponse optique des
brosses en fonction de leur profil de hauteur, ce qui en fait un outil intéressant pour leur
caractérisation. La réponse de la brosse a été étudiée en fonction de sa densité de greffage
et de la longueur de châıne. Les résultats ont fourni une preuve unique de l’existence d’un
phénomène de séparation de phase verticale, donnant lieu à des changements structurels
non-uniformes dans les brosses lors du passage de la température inférieure de solubilité
du PNIPAM dans l’eau. Le RICM a été utilisé pour réaliser la tâche complexe d’estimer
les paramètres moléculaires de la brosse et la compréhension de l’origine physique du
phénomène d’hysteresis thermique dans une brosse de polymère.

De nouveaux polymères stimuli-sensibles ont été synthétisés dans le but d’obtenir des
systèmes d’intérêt pour les études biologiques en conditions physiologiques. Nous avons
conçus différents co-polymères photo-thermo-sensibles à base d’acrylamides et d’acrylates.
Les changements de conformation des polymères conçus ont été étudiés en détail en faisant
varier la composition globale des monomères dans le système. Nous avons identifié une
composition de ter-polymères dont les solutions aqueuses ont montré une séparation de
phase à 37 ◦C qui peut être réversible sous irradiation lumineuse, ce qui la rend compatible
pour les études d’adhésion cellulaire.
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Chapter 2

Introduction

2.1 Abstract

Cells regulate their internal organization with respect to changes in their external en-
vironment. This governs essential biological functions and is of major importance in a
large number of applications. A fundamental goal in cell biology is to understand how
these complex behaviours arise from the different environmental cues to which the cell is
exposed. One way to unravel some of the mechanisms at play is through studying the ad-
hesion of cells onto substrates. Controlling and understanding the cell-substrate adhesive
interactions is both a fundamental and technological challenge. Striking advancements
have been made in designing substrates for in vitro cell culturing and investigating the
cell adhesion mechanisms. However, questions regarding the dynamics and robustness of
cell-surface interactions remain largely open.

This chapter introduces cell adhesion phenomena and reviews strategies to control and
study cell adhesion. The interactions of cells with engineered substrates provide answers
to fundamental questions related to adhesion. Responsive substrates are introduced as
potential tools in this context that allow immobilizing proteins and studying specific cell
adsorption. Cell patterning methods impose surface restrictions to cells, thereby creating
a defined cell adhesive environment. This allows to investigate the sensitivity and re-
sponse of the cells to external cues. “Smart materials” are employed to design responsive
substrates that exhibit tunable adhesive properties that can be altered reversibly on de-
mand. Different types of materials, from self assembled monolayers (SAMs) to polymeric
films used to design smart substrates have been discussed at length. The vast literature
related to the use of such candidates for bio-interfacial studies shows tremendous poten-
tial in designing smart functional substrates to address dynamic cellular phenomenon.
The material systems employed till now present limitations in terms of reversibility and
spatial control of cell adhesion. This raises a set of questions that define the scope of the
present thesis, focussing on the design of polymer layers allowing for spatial and temporal
control of surface attachment for single cells studies.
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2.2 Cells and their environment

Cells are the building units of life. They survive by maintaining, as well as regulating
their internal processes in response to changes in their external environment. Cells adapt
towards rapidly changing stimuli by evolving their internal biochemistry through chem-
ical and mechanical signals. These adjustments take several forms, including changes in
structure as well as functions of the cells [1]. The response of a cell is governed by its
activities and actions. Errors in the ability of cells to perceive and correctly integrate the
information from their micro-environment form the basis of diseases such as cancer, or
diabetes.

2.2.1 Cell signalling

The changes that originate at the borders of the cells are sensed and processed by them
through a unified action plan. Cell signalling calls for communication and coordination
between cells and allows specialization of groups of cells to form tissues such as muscle,
blood and brain tissues. Cells typically receive signals in chemical or mechanical form
via various signaling molecules which have local or long range effects. Cell response is
controlled by the interactions of signalling molecules and appropriate receptors which are
mainly transmembrane proteins. This binding triggers the signalling pathways that help
the cell in constantly adjusting to the variations occurring outside and hence maintaining
a state of internal equilibrium called homeostasis.

The interactions of cells with their surrounding are evident not only in the context
of physical activities such as breathing, blood flow and heart pumping, but also underly
essential events such as cell migration, cell differentiation and cell survival [2]. This has
led to questions regarding how individual components of the cell are able to execute
such complex behaviours. Adhesion guides the transmission of responses to outside, and
therefore takes part in regulating the biochemical signalling pathways.

2.2.2 Cell adhesion in biology

Cell adhesion is at the heart of complex cellular phenomena and has been a topic of
immense scientific research across the globe. Cell adhesion involves the interaction of a
cell with a surface, substrate or another cell. Such interactions are mediated by surface
molecules of the cells and play a key role in the development and maintenance of tis-
sues [3].

A variety of cell adhesion mechanisms are responsible for assembling cells together,
onto substrates and for determining the overall architecture and proper function of tissues
and organs [5, 6]. In vivo, tissue cells adhere to and spread on a biological matrix called
the Extra Cellular Matrix (ECM), which is a meshwork composed of proteins and other
biological macromolecules. The ECM, which changes its structure and composition with
time, is a highly hydrated network hosting three major components: fibrous elements
(e.g. collagen, elastin and reticulin), space filling molecules (glycosaminoglycans) and
adhesion proteins such as fibronectin, vitronectin and laminin. The ECM provides struc-
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Figure 2.1: cell adhesion involves transmembrane proteins, integrins, connecting to the
ECM on the substrate and cytoskeleton inside the cell [4]

tural support and also acts as a medium controlling signal transfer to the cells, thereby
regulating their adhesion, growth, migration, differentiation and death. The cell/ECM
junction is made through transmembrane proteins called integrins that bind the cell to
the ECM constituents and are linked to the internal cellular structure (the cytoskeleton)
(figure 2.1). These integrins are further organized to form micron sized clusters called
focal adhesions (FAs), which are the region of intimate adhesive contact between cell
membrane and the substrate. These focal adhesions ensure the mechanical connection
and force transmission between the cell interior and the external matrix, allowing cells to
react and adapt to their environment through a complex mechano-transduction process.
focal adhesions form the most well-described cellular sites for sensing mechanical forces [7].

Just as integrins, cells have transmembrane proteins to establish connnections with
other cells as well. These are a family of molecules such as cadherins, immunoglobins,
selectins which have a higher degree of specificity in their function that enable cells to
sense their environment. Cell-cell junctions permit to transmit signals from one cell to
its neighbours and also regulate the extent of cell shape and rigidity, thereby controlling
its adhesion and spreading.

In the biological context, cell adhesion to the ECM is critical to embryonic develop-
ment, wound healing [8], [9] and enables cohesion, organization, and repair of numerous
tissues [10]. Changes in cell adhesion are involved in a wide range of diseases such as
arthritis, osteoporosis, and atherosclerosis [11–13]. Reduced adhesiveness is also generally
seen in human cancer cells.

2.2.3 Cell adhesion and spreading

Cellular adhesion and spreading is a primary mechanism through which the development,
maintenance and functioning of normal tissue structure is regulated. The establishment
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of these connections, or lack thereof dictates the behaviour of cells to respond to their
external environment. Cellular adhesion and spreading rely primarily on cytoskeleton dy-
namics and matrix adhesions as a mechanism to sense and respond to external inputs [14].
Multiple groups of proteins regulate the passive deformation and active reorganization
of the cytoskeleton and thereby directly control the cell morphology, adhesion and mi-
gration. Cell spreading studies are useful model approaches for studying the factors
regulating the cytoskeleton organization.

Although different types of cells have different modes of spreading, most generally,
such process is characterized by the following stages (figure 2.2).

• Early phase initial attachment: The contact of the cell and its substrate calls for
connections between cellular adhesion receptors (integrins) and the substrate bound
ECM. Anchoring of cells onto substrates starts with the binding of ligand receptor
pairs. This facilitates adhesion and forms the nexus to transmit informations. The
strength of adhesion becomes larger with the time a cell adheres onto a substrate.

• Intermediate phase: Cells continue to flatten and spread onto the substrate, re-
sulting in an increase in the number of integrin mediated adhesions, decrease of
cell height, and subsequent increase of contact area. Matured adhesion sites begin
to disassemble due to prolonged integrin binding activity. Protrusive forces are
generated at the cell periphery resulting in generation of new adhesion sites.

Figure 2.2: Schematic showing cell adhesion and spreading [15]

• Late phase: Once the spreading achieves its critical spread area, the cytoskeleton
contracts and exerts forces onto the substrate. The cell contraction promotes reor-
ganization of adhesion molecules and reinforces adhesion sites. Integrin clustering
is promoted, thereby leading to maturation of focal adhesion.

2.2.4 Cellular forces

Cellular contact takes place primarily with other cells (cell-cell adhesion) or with the
extra cellular matrix (ECM) through cell matrix adhesion. These contacts give rise to
forces exerted on the interface between the cell and its point of contact. These forces in
turn directly feed the cellular regulation. As an example, bone cells that become inactive
in the absence of any mechanical input [16], and fibroblasts need mechanical stress during
tissue maintenance and wound contraction [17].
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Figure 2.3: Schematic showing the balance of external and internal forces (Fext and Fcell).
These two forces define the proper functioning of the cells. Image taken from [18]

Cells govern tissue shape by exerting highly regulated forces at the site of matrix
adhesion [19]. Focal adhesions form the central point at which forces are generated onto
the substrates. The adhesive strength of focal adhesions affects the forces that a cell can
exert on its surroundings and is involved in a variety of processes controlling cell growth,
differentiation or migration. A cell, while probing its environment (figure 2.3), initiates
adhesion through actin dependent (red) protrusions that bring integrins (brown) at the
leading edge in contact with the matrix (blue) where they can bind. The binding of
integrins to the ECM is rapidly followed by integrin binding to the actin cytoskeleton
resulting in an inward force generated towards the cell centre (Fcell). A cytoskeletally
generated force leads to stress in the focal adhesion because an equal and opposite re-
active force arises in the ECM (Fext). Conversely, an externally applied force through
the ECM results in stress at the focal adhesions when the actin cytoskeleton provides an
opposite, reactive force that balances the applied force. A balance of intracellular forces
with the exogenous forces is required for the maintenance of basic cellular functions.

2.3 Cell-substrate interactions

The possibility of in vitro cell studies allows gaining deep insights into the dynamics of
cellular processes. Building a consistent and reliable extrapolation of in vivo cell microen-
vironment however presents several challenges in order to increase the understanding of
cellular complexities.

• Forces: In vitro, most cells are anchorage dependent and attach firmly onto the
substrates through adhesion domains. Although the attachment of focal adhesions
have been studied for decades, much less is known about the source and coordi-
nation of mechanical effects on cell behaviour. The measurement and mapping
of transmission forces through the adhesion sites is not a simple task. The small
dimensions of individual adhesion sites, their spatial proximity, and the small mag-
nitude of forces involved make it challenging to accurately measure and map these
sites.
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• Surface properties: Although culturing cells in vitro is convenient, it is difficult to
reproduce the organization and function of the ECM [20]. Cell adhesion studies
frequently involve substrates made of glass or polystyrene coated with ECM pro-
teins [21]. However their usefulness is limited owing to the complexity of these
interactions. Conventional substrates have a certain degree of surface quality and
there are several parameters which can influence the cellular response. Cells can also
remodel the surface by secreting their own ECM which complicates the adhesion
studies.

One important factor, in these cases, are the mechanical properties of the underlying
substrate. Cells have the ability to discriminate a substrate in terms of its rigidity to allow
them to differentiate and perform their tasks efficiently. Regenerative medicine [22, 23],
or drug screening techniques employing cell-based assays [24,25] require the control of ad-
hesive interactions of cells on man-made substates. Moreover, the regulation of adhesion
feedback is also important for tumorigenesis [26]. Hence, controlling and understanding
the adhesive interactions between cells and a substrate are both a fundamental and tech-
nological challenge.

Owing to this, requirements range from designing of substrates that can closely mimic
the cell environment [27] to the control of cell adhesion in space and time in order to cre-
ate well defined mono or multi-cellular arrangements [28].

2.4 Tissue engineering and material science

Tissue engineering combines cellular biology, engineering and materials science, along
with suitable biochemical and physicochemical factors to create tissue-like structures. It
aims at developing bio-compatible scaffolds that reconstitute the cell-adhesive responses
central to numerous applications. Cellular systems are robust and dynamic, thus able to
adapt to environmental changes. Learning from nature, tissue engineering has demon-
strated its potential in helping to understand such non-trivial processes by building adap-
tive materials to study cellular mechanisms [29] .

The key need of tissue engineering is to provide a cellular environment for cells to
function as they do in tissues. Often, the environment mimics the essential aspects of
in vivo cellular organization by proper control of mechanical and chemical settings. Cell
scaffolds often serve one of the following functions:

• Cell attachment and migration

• Retention of biochemical factors

• Adequate diffusion of nutrients and waste

• Mechanical rigidity or flexibility

While the study of cell-substrate adhesion has gradually matured in cell biology, a
quantitative understanding of how the interactions of individual components gives rise
to rich cellular behaviors has emerged over the years. Current challenges for engineering
and material science in cell biology are therefore manyfold: they range from the design
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of biomimetic scaffolds to investigation tools required for understanding the complexity
of cell-surface interactions. Several directions are thus explored in the elaboration of cell
culture substrates, based on strategies that depend on the goal to be reached.

2.5 Scaffolds mimicking the extra cellular matrix

Scaffolds are 3-dimensional matrices that essentially act as templates onto which cells are
seeded. They provide the appropriate environment for cells to grow, replicate and allow
tissue formation [30]. The cell-seeded scaffolds can either be cultured in vitro to syn-
thesize tissues that can be transplanted to injured sites, or can be directly transplanted
onto the target sites thereby inducing in vivo regeneration of tissue cells. In addition to
providing a proper geometry for tissues to grow, the scaffolds can be used as drug carriers
to activate specific cellular functions [31].

Figure 2.4: Schematic showing the key elements in the interplay between cells and scaf-
folds. The scaffold affects the cell through its architecture and overall properties [32]

De novo tissue genesis is not exactly similar to a developmental or a wound healing
program as tissue engineering aims for an accelerated cell growth protocol as compared
to the natural cellular regeneration. In addition, there are always concerns over immune
rejection and pathogen transmission when using a natural ECM. This calls for artificial
scaffolds having features as close as possible to that of real tissues [33]. Scaffolds produced
from a variety of sources have been used so far in tissue engineering. However, regardless
of the tissue type, a number of key considerations are important when determining the
suitability of a scaffold (figure 2.4).

• Biocompatibility: Since cells cultured on such substrates have to be transplanted
in vivo, these scaffolds have to be biocompatible and biodegradable.

• Mechanical Properties: scaffolds with cell adhesive mechanical and growth kinetics
are required [34] to optimize the growth of tissues.

• Surface properties: Modifying the surface density and spatial distribution of surface
attachment sites allows defined modulation of specific cellular functions [35].
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Biomolecular recognition of a scaffold is achieved by incorporating a bioactive molecule
in it through physical or chemical means. Modified scaffolds can be used as a tool to eluci-
date a cellular behaviour in a defined manner. Works using long/short protein chains and
peptides such as RGD(Arg-Gly-Asp) for surface modifications of a number of materials
such as glass [36], quartz [37], and metal oxides [38] have elaborated cell proliferation [39].
Attempts have been made to engineer in vitro many organs and tissue of the body. To
date the most successful attempts have been made in skin [40], bladder [41] and bones [42].
Ongoing research focuses on developing sophisticated 3D biomimetic scaffolds to incor-
porate functional properties.

Engineering of surfaces that either prevent or enhance cell adhesion or protein ad-
sorption represent an extremely active area of biomaterial research. Although a number
of goals have been achieved using 3D cell culturing, efforts are required to design micro
and nanoscale 2D scaffolds. Modelling 2-D surface based cultures allows manipulation
of the cell-surface interactions at single cell level. This allows to address fundamental
questions regarding complex mechanisms of cell adhesion, proliferation and migration
and lifts some of the design constraints of 3-D scaffolds, such as nutrient supply.

2.6 Cell patterning

The in situ micro-environment of cells provides a variety of cues that influence the ar-
chitecture, mechanics, polarity and functioning of the cell. It imposes specific boundary
conditions which influence the spatial distribution of cell adhesion sites. However, these
important properties are generally lost during in vitro cell culturing.

Cell patterning allows fabrication and use of a culture substrate with microscopic
features that impose a defined adhesion pattern. Constraining the shape and location of
specific cell surface areas has a dramatic effect on cellular development. Spatial control of
adhesion between cells and synthetic substrates is a major key to many biotechnological
and biomedical applications [23]. Tailoring the two dimensional organization of single or
multiple cells onto the cultured surfaces allows for instance:

• To provide complex microenvironment for individual or multi-cellular arrangements
and thereby reconstitute the physiological in situ conditions for controlled in vitro
culture.

• To control the geometry, and hence the internal organization and polarity, of single
cells adhered on a regular 2D network.

• To design tissues of well-defined architectures mimicking the complex in vivo ar-
rangement and functioning of cells [28].

• To achieve a high throughput and reproducible regulation of embryonic stem cell
differentiation for cell transplanting protocols [43,44].

This not only provides a means to perform reliable statistical analysis of cellular re-
sponse to environmental cues [45, 46], but also to investigate the relation between cell
shape and function [47,48].
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2.6.1 Imposing geometric restrictions to study cellular behaviour

Modulation of the pattern geometry allows, for example, the analysis of the mechanisms
governing the determination of cell shape in response to external adhesive conditions.
Cell acquires a shape in two stages. Initially, the cell forms contact with the designed
pattern where the cellular contact define the apices of the cell shape. Later on, the cell
borders that link the apices move so as to minimize the distance between them.

Figure 2.5: Effect of geometrical constraints on cell response. (a) fibronectin micropat-
terns onto which the RPE1 cells are constrained on. (b) actin cytoskeleton revealed by
phalloidin staining in control conditions. (c) staining in the absence of cytoskeleton con-
tractility. As compared to the topmost frame, cells on the V, T, Y frames lost their
contractility. (d) average distribution of actin in cells placed on [V], [T] or [Y]. Higher
intensity distributions highlighted that stress fibers appeared stronger upon non adhesive
edges. [49]

Experimental works [49] have shown the manipulation of the location of adhesive and
non adhesive zones within a given convex cell envelope. Retinal Pigment Epithelium 1
(RPE) cells were plated on fully adhesive and patterned non-adhesive triangular, [V],
[T], or [tripod] shaped micropatterns (figure 2.5(a)). Different combinations of areas pro-
vided stringent boundary conditions to cell anchoring machinery. The cell contractility
was probed by maintaining the cell for a long time in a fixed geometry (figure 2.5(b))
and then treating with an inhibitor to disrupt the acto-myosin contractility. After treat-
ment with the inhibitor, cells plated on the triangular frame did not show any significant
shape change. In contrast to that, On [V], [T], or [tripod] shaped non-adhesive patterns,
the membrane border sagged on the non-adhesive edges but remained anchored on ad-
hesive edges (figure 2.5(c)). This revealed that tension was not identical in all edges in
spite of shape symmetries. Instead, it was highly localised towards non-adhesive edges as
suggested by F-actin staining (figure 2.5(d)). The focal adhesions (and the actin cables
revealed by phalloidin staining), were distinctively distributed along the non adhesive
edges of the patterns. This allowed analyzing the impact of cell adhesion pattern onto

19



cell shape and cytoskeleton architecture.

Figure 2.6: When confined to a small micropattern, a cell grows primary cilia on its dorsal
surface (with actin(green) and tubulin (magenta) as a marker for primary cilium). By
contrast in a cell grown on a large micropattern, the centrosome is close to the ventral
surface without the primary celium. (b) on wide tracks (top), a cell migrates with its
centrosome (green dot) in the front preceded by golgi complex (orange), whereas on thin
tracks (bottom) it migrates with its centrosome in the back. the shaded blue area is the
nucleus. [47]

Cell adhesion further guides the actin assembly and orients the establishment of cell
polarity. For example, cells spread on an enlarged micro-contact area spread fully through
the stress fibers, whose contractility perturbs the growth of primary cilia from the cell,
which is not seen for the case of a small micropatterned area (figure 2.6(a)). The orienta-
tion of the actin cytoskeleton and its polarity in response to geometrical cues governs cell
migration as well. Cells grown on thin lined substrates migrate faster than those grown
on a homogenous wide substrate surface and display most of the characteristics of cell
front and cell body(figure 2.6(b)). [47]

2.6.2 Suppressing non-specific cell substrate interactions

Suppression of interactions between a surface and the ECM proteins contained in the
culture media are of crucial importance for successful cell patterning. A number of sur-
faces have been developed so far to resist adsorption, and also facilitate specific binding
of bio-molecules. This requires understanding the relationship between the structure of
the surface and its properties [50].

Self Assembled Monolayers The most widely used surfaces are based on Self
assembled monolayers (SAMs). These are molecular assemblies formed spontaneously on
surfaces by adsorption and organized into more or less large ordered domains [51, 52].
Typically a SAM is composed of a head group, tail and a functional end group. Two
types of SAMs, alkanethiolates on gold and alkylsiloxanes on hydroxylated surfaces have
been used to study the interactions between a man-made surface and a biological medium
(figure 2.7) [53]. The silane based SAMs are thermally more stable, but are limited in
the range of functional groups that can be displayed at the surface.
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Figure 2.7: Different types of SAMs based on (a) alkanethiolates on gold and (b) alkyl-
siloxanes on hydroxylated surfaces. [53]

The most successful method to confer resistance to non-specific adsorption of proteins
has been to coat the surface with poly(ethylene glycol) (PEG) [54,55]. The effectiveness
of oligo(ethylene glycol) (OEG) groups, combined with the ability of SAMs to present a
range of groups in controlled environment, makes this system well suited for studies of
biospecific adsorption.

2.6.3 Patterning cell adsorption and adhesion

Protein adsorption using SAMs Patterned SAMs have been extensively used
to control the adsorption of proteins onto surfaces. Microcontact printing was used to
pattern a SAM into regions terminated with methyl and oligo(ethylene glycol) groups.
Immersion of these SAMs in aqueous solutions containing proteins resulted in adsorption
of monolayer of protein only on the methyl-terminated regions which could be further
imaged by scanning electron microscopy (figure 2.8). SAM patterned regions terminated
with methyl and OEG groups permit spatial control over the attachment of cells [56,57].
The same protocol was used to direct the attachment of cells onto surfaces.

A number of techniques have been used so far for cell patterning. Some are still at
an early stage of development (e.g. laser guided cell deposition), whereas others bene-
fit from several years of applications (e.g. microcontact printing, UV patterning, inkjet
printing, patterning by lift-off etc). Cell patterning methods have until now provided
evidence for the intricate coupling between the geometrical constrains imposed to a cell
and its growth, division, proliferation and death [47, 48]. However, well-established mi-
cropatterning methods used so far yield essentially static arrays of cells adhered in a
fixed geometry, while cell adaptation to a given spatial confinement is a dynamic process
involving cell re-arrangements in response to the sensed adhesive environment. This has
been a major limitation for statistically sound studies of adhesion dynamics at the single
cell level. Also, the design of systems allowing for dynamic patterns is still a new field
which requires in-depth study.
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Figure 2.8: Scanning electron micrograph of fibrinogen adsorbed on a patterned SAM.
A patterned hexadecanethiolate SAM on gold was formed by microcontact printing, and
the remainder of the surface was derivatized by immersion in a solution containing a
hexa(ethyleneglycol)-terminated alkanethiol. The patterned substrate was immersed in
a solution of fibrinogen (1 mg/mL) in phosphate-buffered saline. Fibrinogen adsorbed
only to the methyl-terminated regions of the SAM, as illustrated by the dark regions in
the micrograph. [57]

Proteins have been immobilized onto SAM surfaces by either adsorption [58], or cova-
lent bonding to the SAM surface [59]. Different classes of SAMs of thiol based molecules
removed [60] or degraded electrochemically [61], SAMs containing photo-cleavable groups
[62, 63], or Poly(Ethylene-Glycol) based coatings selectively oxidized under focused UV
light [64] have been developed so far. Such systems have been used to control, at the
micron scale, cell migration [62], or shape [64]. Novel and simple methods for surface
patterning in live cell cultures offer precise control in real time of cell shape modifications
and of intracellular architectures [64] (figure 2.9).

The working principle involved creating and altering cell patterns from a deposited
thin film upon application of a local stimulus that induced desorption of the anti-adhesive
molecules and exposed the underlying surface. When this was done at the periphery of
an adhered cell, it triggered cell motion/spreading towards the freshly de-protected re-
gions. Cell shape variations were studied via desorption of the PEG regions. It was
possible to remove PEG from a region defined by a horizontal bar next to an apex of
a triangularly-shaped cell constrained on a V-shaped (figure 2.9(a)). After ablating the
region with a laser source, the cell also adhered to this region and adopted a square shape
(figure 2.9(b)). Actin network reorganized during this cellular transformation. As the
cell spread on the new bar, it formed new actin cables, which connected the original and
the new micropatterns. This allowed cells to spread on the designed regions and also
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Figure 2.9: (a) cell shape constrained on a classical micropattern (green). A pulsed
laser is used to create new adhesive regions (red) to reprogram cell shape. (b) The
cell is constrained to have a V-shaped micropattern (top green in overlay) and then
reprogrammed to become square (bottom red in the overlay) by drawing a bar below the
V shape with the laser. (c) Monitoring the cell shape change: A cell is first constrained
on V shaped micropattern and reprogrammed to become rectangular by adding two
horizontal bars above and below the original micropattern. Cell shape changes were
monitored by microscopy. images adapted from [64].

to develop new internal cables ensuring cell shape deformation from triangle to square
(figure 2.9(b)). Cell shape changes were further investigated by adding two bars. As
the cell shape changed, some peripheral actin cables disappeared whereas others were
assembled (figure 2.9(c)). This suggested that cell shape reprogramming is supported by
complex remodeling of intracellular structures.

2.7 Smart materials for cell adhesion control

Surfaces with stimuli responsive properties, also known as smart surfaces, have attracted
substantial research interest in the past few years. Such advanced surfaces are designed
with specific properties that can be significantly altered in a controlled fashion by an
external stimulus. Advantages that are expected from such switchable interfaces include
ease, speed, reversibility, temporal and spatial control over bio-interfacial interactions.
A major motivation in designing such systems is the possibility they open to study cell
adhesion dynamics, and to guide cell migration in order to dynamically build tissues.
A wide range of stimuli are available for applications involving switching. Out of the
numerous parameters, light, temperature, pH, electric field and ionic strength are most
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commonly used [65–68].

Such systems can be tuned in a predictable manner and have a wide spectrum of
applications. For instance, surfaces with changes in properties such as wettability have
been employed in the development of microfluidic devices [69], actuators and sensors [70].
With the development of micro and nanotechnologies, controlled switchable surfaces have
been employed for bioanalysis, protein immobilization and so on [71,72].

An important research area focuses on developing substrates that can dynamically
regulate various cellular phenomenon in response to an applied stimuli. Cellular re-
sponses such as attachment to material surfaces, changes in morphology, proliferation,
and phenotypic changes have been shown to be linked to the concentration, composition
and conformation of the layer of proteins that adsorb rapidly on the synthetic materials.
Despite several years of studies involving cell adhesion onto surfaces, achieving proper
control and understanding of cell substrate interactions is still difficult. To overcome this
limitation, rationally designed stimuli responsive surfaces that can switch their properties
from cell adhesive to repulsive state on demand have developed over the years [73]. There
has been considerable progress in the design of materials and interfaces that can be used
to reversibly switch between adsorbent and adsorption-resistant properties.

Switchable surfaces fall into several categories

• Self assembled mono and multi-layered thin films

• thin films of polymer networks

• grafted polymer thin films

2.7.1 Self assembled monolayers (SAMs)

Dynamic SAM substrates for controlling cell adhesion on demand present new possibil-
ities for studying the responses to alternations in cells’ immediate environments. SAMs
based dynamic substrates involve switching the composition of cell binding ligands on
a substrate surface between an active and an inactive state. Adhesion control using
responsive SAM-based surfaces has been achieved using electrochemical, temperature,
light, ionic field strength or the presence of small molecules or biomolecules [74].

Electrochemical adhesion/release control Revzin and co-workers [75] reported
the release of captured T-lymphocytes on antibody-presenting SAMs of alkanethiols on
gold electrodes. T-cells were immobilized on SAM having anti-CD4 antibodies on the
surface. Non-specific adhesion was prevented by coating with a PEG-terminated silane
layer. Application of a reductive potential to the gold electrode resulted in desorption of
the antibody functionalized alkanethiols and subsequent release of the T-cells from the
surface.

Chan and Yousaf [76] provided a switch-on adhesive system using swiss 3T3 fibroblast
cells on a surface using mixed SAMs of hydroquinone and tetra(ethylene glycol) alkanethi-
ols. Cell immobilization was only observed on the regions patterned with hydroquinone

24



terminated SAM. The application of a positive potential oxidized only the hydroquinone
to reactive quinone resulting in a patterned immobilized surface.

Mrksich et al [77] combined the electroactive immobilization and release of peptide
ligands using SAMs creating adhesive substrates that could be switched on-off-on. They
used two different electrochemically active SAMs, each having affinity for peptide ligands,
and showed the adhesion modulation of swiss 3T3 fibroblast cell. The dynamic interface
was based on SAMs that incorporated an O-silyl hydroquinone functionality presenting
an RGD ligand (figure 2.10).

Figure 2.10: A circularly patterned hexadecane thiol SAM on a gold substrate. The
remaining substrate was functionalized with a mixed SAM of RGD aklanethiols and
tri(ethylene glycol)-terminated alkanethiolate. O-silyl hydroquinone is oxidized to benzo-
quinone with resulting hydrolysis of the silyl ether and selective release of the RGD ligand
by application of a potential. The resulting benzoquinone reacts with a cyclo-pentadiene-
tagged peptide (RGD-cp), via a Diels-Alder reaction, which selectively immobilizes the
second ligand [77]

The electrochemical desorption often results in adherent cells to reunite the surface.
This results in reduced control over cell-surface interactions in terms of unwanted spread-
ing of the adherent cells. Desorption of the bioinert SAMs from a surface allows cells to
roam, impeding efforts to determine the interactions that are essential to a cell’s vitality.

Oxidative Release Wittstock and co-workers [78] reported an in situ based method
for switching of bioinert OEG-terminated SAMs to cell-adhesive SAMs by exposure of
oxidizing agents such as Br2. The bromine was generated electrochemically in aqueous
media. The limitation of reversibility however remained.
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Thermally controlled switching Temperature stimulation is a convenient method
widely used for controlling the biological properties of surfaces. Mixed SAMs of OEG-
terminated alkanethiolates and methyl(CH3) terminated alkanethiols have been demon-
strated to exhibit different tendencies for protein adsorption and bacteria attachment
at room temperature and at 37◦C [79]. For the case of such SAM based surfaces, the
reversible switching between non-adhesive (room temperature) and adhesive (37◦C) state
has not been observed. Such systems lacked describing the exact mechanism by which
protein adhesion is modulated.

Light controlled reversible switching Using light to alter cell adhesiveness of
a substrate surface allows for increased spatial control of patterning of cell cultures in
various shapes and sizes with minimal perturbations of the established cultures of cells.
Additionally, this permits the alterations of cell adhesive regions at will.

A method for dynamic control of cell adhesion to predetermined regions on a sub-
strate was reported by photoactivation [80]. The strategy relied on SAM containing
photocleavable 2-nitrobenzyl group (figure 2.11). Subsequently, the substrate was coated
with bovine serum albumin (BSA), to render the surface inert to cell adhesion. Irradia-
tion changed the hydrophilicity of the substrate by changing the nitrobenzyl group to a
carboxylic acid terminated group. This diminished the affinity for BSA to adhere on the
surface resulting in dissociation of protein from the surface. The addition of fibronectin
led to its adsorption to the carboxylic group. Subsequently, cell lines could be adhered.

Figure 2.11: UV directed elimination of BSA and subsequent adhesion of fibronectin
changes surface adhesiveness from a state that prevents cell adhesion to a state that
promotes cell adhesion [80].

A spectacular approach to switching SAM properties involved reversible conforma-
tional transitions of the assembled molecules in the SAMs. Taking advantage of photo-
sensitive molecules, Liu et al [81] reported on the design of dynamic photo-responsive
SAMs made of molecules bearing the cell binding RGD peptide (Arg-Gly-Asp). The cou-
pling of RGD was done via a photosensitive azobenzene group. The reversible change in
conformation of the azobenzene group upon irradiation with UV or visible light was used
to expose or hide the RGD site at the cell/surface interface, thus successfully changing
the cell affinity for the substrate (figure 2.12).

26



Figure 2.12: The azobenzene moiety can be converted photochemically between the E
and Z configurations to either present or mask the RGD ligand and hence modulate
biospecific cell adhesion. Adapted from [81].

The reversible adhesive switching described above was not used for dynamic adhesion
control, but only as a means to reset the overall adhesive state of the surface in between
successful cell culture attempts. Moreover, cell detachment was not observed to happen
spontaneously after photoswitching and required an additional step of concurrent peptide
adsorption from the bulk culture medium.

Pioneering works based on SAM have described the dynamic switching of protein
adsorption/desorption. However, the mechanisms of reversible cell adhesiveness are still
unexplored through SAM based surfaces. Varying stimulus inputs have shown that SAM
based substrates most likely lack the local mechanical actuation that would allow for
efficient cell detachment [74]. Moreover, the adsorption of several model proteins to SAMs
depends on the choice of the terminal functional groups which induces selectivity in the
exploitation of SAM properties. Studies aimed at probing the dynamic coverage and
release of cells onto surfaces call for designing surfaces that display generic mechanisms
allowing to switch cell adhesion irrespective of the cell types.

2.7.2 Stimuli responsive polymeric surfaces

The increasing need for robustness in biomedical and engineering materials has gener-
ated a growing interest for stimuli responsive polymeric materials. The solubility, volume,
configuration, and conformation of these systems can be reversibly altered by chemical
and physical signals. Changes in signals such as pH, metabolites, temperature, and light
alter the molecular interactions of polymeric systems thereby giving rise to a reversible
microphase separation. Surfaces modified with responsive polymers allow dynamic alter-
ing of their physico-chemical properties in response to the changes in the applied stimuli.
Such systems provide the possibility for fabricating functional materials that find applica-
tions in controlled drug delivery, bio-separation, protein purification, viscosity modifiers,
chemical sensing, drug release, cell growth and separation.

Polymeric films can be prepared on substrate surfaces using several deposition tech-
niques having varying complexity and applications. Methods such as spin coating, chem-
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ical vapour deposition, laser ablation, chemical or electrochemical reactions have been
prescribed previously to fabricate polymeric films [82–84]. However there are several
technical challenges associated while designing controllable surfaces which can be altered
at will.

Surface tethered polymers, known as polymer brushes, have recently emerged as an
extremely versatile approach to create polymer films in a robust and controlled way. Poly-
mer brushes are long chain polymer molecules attached with one or with a few anchor sites
to a surface. While SAMs offer ease of preparation and a versatile surface chemistry, poly-
mer brushes offer advantages in providing better control over surface coverage, thickness
and composition which are necessary in designing smart substrates for desirable target
objectives. Controlled /living polymerization protocols such as Atom Transfer Radical
Polymerization (ATRP), Reversible Addition Fragmentation chain Transfer polymeriza-
tion (RAFT) [85] have provided a versatile route for the synthesis of polymeric surfaces
with precisely controlled physical properties.

Thermally actuated polymers Polymer chains exhibit temperature dependent
solvation behaviour due to enthalpic effects [86]. Designing temperature dependent poly-
meric surfaces allows expansion and collapse of the tethered macromolecules in response
to changes in temperature. A significant body of work during the past years have estab-
lished a class of thermally responsive polymer surfaces that have been used to control cell
attachment and detachment without cell damage [87].

Figure 2.13: Schematic showing the response of PNIPAM based polymeric solutions as a
function of temperature [88]

The most commonly studied thermoresponsive model till now is based on Poly (N-
isopropylacrylamide) (PNIPAM) [88, 89], due to its sharp phase transition temperature
and biocompatibility. PNIPAM undergoes a phase transition near its lower critical solu-
tion temperature (LCST) in aqueous solutions around 32◦C (figure 2.13). This transition
is attributed to a shift in the distribution of hydrophobic and hydrogen bond interactions.
Polymer chains reversibly switch between a soluble, swollen state at low temperature, and
a hydrophobic, collapsed conformation at temperatures greater than the LCST. Cells cul-
tured on PNIPAM above its LCST adhere and proliferate, while lowering the temperature
of the culture medium below 32◦C induces cell detachment. The above phenomenon de-
pends on the density of polymeric chains grafted onto substrates. Since its successful
applications, many copolymeric systems have been designed in order to shift the transi-
tions towards desirable working temperatures.
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Thermoresponsive coatings for cell adhesion studies. The temperature sen-
sitive characteristic of PNIPAM produces rapid changes of surface properties that make
them applicable for switching the attachment and release of cells and cell sheets. This
field was pioneered by the group of T. Okano, who used thin PNIPAM layers as the
substrates on which cells adhered and proliferated at 37◦C and could subsequently be
detached by simply lowering the temperature of the surface below 32◦C, without degrad-
ing the constituents of the secreted extra cellular matrix [90] and maintaining the cell
vitality. This has allowed the development of a tissue construction technique called cell
sheet engineering which involves the detachment of cell monolayers while preserving the
integrity of the cell/ECM junction [91].

Figure 2.14: A model for thermosensitive cell attachment. (A) surface prevents protein
adsorption below the LCST. (B), Raising the temperature allows adsorption of proteins
and cell attachment. (C), Secretion of ECM proteins along with cell proliferation results in
changes in cell shape.(D) Low seeding densities result in adherent cells without extensive
cell-cell interactions. (E) cooling the temperature below the LCST allows the release of
intact cells. [92–94]

The concept is based on the observation that substrates grafted with a low surface
density of PNIPAM may support cell cultures at 37◦C. The collapsed state of polymers
allows proteins and subsequently cells to attach onto surfaces, spread and proliferate (fig-
ure 2.14). Reducing the temperature causes the coatings to hydrate, initiating the release
of cells or intact sheet of cells. Removal of cells via the cooling of responsive coatings
is advantageous as it prevents the degradation of cell-cell junctions and promotes ECM
associated applications for tissue engineering and regenerative medicine. Since this first
successful application, many studies based on cell sheets have focussed on the design of
substrates for treating corneal epithelium dysfunction [95].
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Reversible cell adsorption and release Protein-surface attractive and repulsive
interactions are often discussed in terms of hydration states of brush grafted substrate.
Although significant empirical know-how has been achieved regarding the PNIPAM-based
cellular attachment and release, the physical mechanisms explaining the adsorption and
release of proteins have remained unspecified. Theoretical suggestions explaining such
mechanisms are very recent and focus on swelling/collapse degree as a function of hydra-
tion [96,97].

Figure 2.15: Schematic showing (1) the cell detachment mechanism upon lowering T. At
T=37◦C, the cell adheres with no brush confinement. (a) Brush confinement arises upon
lowering temperature below LCST because of brush swelling underneath the adhering
cell and gives rise to a disjoining force, Fcell. Fcell reflects the contribution of the local
disjoining pressures whose amplitude increases with the local confinement. (b) Fcell drives
dissociation of the integrin-ECM protein bonds (c) and /or desorption of the bound ECM
proteins (d). (2) The adhesion and detachment of proteins on a PNIPAM brush based
surface. Cell adhesion occurs on increasing the temperature beyond 32◦C, whereas cells
are harvested by lowering the temperature [96].

Theoretical studies based on PNIPAM brushes indicated that at temperatures higher
than LCST, PNIPAM brushes collapse, thus reducing the steric contribution to repulsion
that favors ECM protein adsorption and the cell adhesion. Protein adsorption on PNI-
PAM grafted surfaces is strongly affected by collapse/swollen mechanism (figure 2.15(2)).
The events of chain collapse and re-swelling are:

• Brushes grafted on the surface lead to osmotic pressure penalty for protein insertion
into the brush in a temperature dependent manner (figure 2.15(2)). This governs
the protein adsorption, hence cell/substrate adhesion.

• Upon increase in temperature, the brush collapses, thereby lowering the osmotic
pressure. This favours the adsorption of serum borne extra cellular matrix (ECM)
components (figure 2.15(2b)).

• Once the cell is adhered, the collapsed polymer layer is confined between the cell
membrane and the underlying surface (figure 2.15(1a))
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• Upon temperature decrease, the swelling of the confined grafted chains generates
repulsive forces that places the integrin-ECM bonds under tension. This accelerates
their dissociation and promotes desorption of ECM proteins (figure 2.15(1b-d)).

Dependence of cell adsorption and release on the brush structure The
molecular structure of the PNIPAM brush layer has been predicted to greatly influ-
ence cell adhesion [96]. Experimental studies performed on PNIPAM brushes show
that adhesion modulation is favoured on PNIPAM brushes grafted at low surface den-
sities [98, 99], while high density PNIPAM brushes are anti-adhesive, irrespective of the
temperature [99]. However, PNIPAM brushes having high grafting densities, when prop-
erly patterned, have been shown to thermally control cell detachment [99] as illustrated
in figure 2.16. This has led to the first qualitative example of single cell actuation using
PNIPAM swelling. This could be further exploited to study adhesion in single cell assays.

Figure 2.16: Thermally induced single cell detachment. (Up) sequence showing cell
initially adhered on a V-shaped pattern and detaching upon lowering the substrate tem-
perature. (Down) scheme of cell detachment by brush swelling. Adapted from [99]

The reversibility of PNIPAM transition has been studied to a wide extent [100, 101].
However, its reversible cell adhesive/non-adhesive properties in complex. PNIPAM based
substrates have been used to show thermo-reversible cell adhesive/detachment events of
proteins and cells. But some cases report partial cycling of cell adhesion/detachment.
Incomplete reversibility affects the useful lifetime of many applications. Several reports
have found incomplete protein removal upon cell lifting which needs better addressal.
Moreover, these substrates do not allow for straight-forward spatial control of adhesion,
because localized cooling or heating of the substrate is technically challenging. Temper-
ature changes are usually applied at the macroscopic scale and thus affect adhesive state
of the entire cell population on the substrate.

Light responsive Responsive Polymers Photo-responsive polymers are another
interesting category of stimuli-responsive systems that allow fully reversible responses
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when irradiated by a light source. Light represents an attractive signal because it trig-
gers these switches without changing solution conditions [102]. Using light should allow
for both localized and temporal control of cell adhesion and thus to achieve dynamic
control of cell shape, adhesion and migration for single cell assays.

An attractive way for creating a smart surface involves polymers that have side chains
functionalized with chromophores. Various kinds of polymers which contain pendant
photochromic groups have been reported to change their conformation reversibly by pho-
toirradiation in solution. Within these polymeric systems, azobenzene and spiropyran
containing polymers are the most widely used [103,104].

Figure 2.17: Isomerization of chromophores comprising (a) the azobenzene moieties and
(b) spiropyran having light induced transformation. Conversion is achieved with UV and
visible light.

For azobenzene modified derivatives, the inter-conversion between low energy trans
and higher energy cis isomeric states can be achieved by a photo-chemical response. the
trans form can be converted to the cis form using an appropriate wavelength of light.
A different wavelength can be used to convert the molecule back to the trans form.
Spiropyran isomerizes by UV illumination from the more hydrophobic spiro form to the
polar, hydrophilic zwitterionic merocyanin form, while reversible isomerization can be
achieved by visible light. The switching properties of polymers based on these light in-
duced derivatives have been used in data storage, optical devices, and liquid crystalline
displays [105,106].

Photosensitive systems have been applied in biomolecular research. However, the use
of photosensitive macro-molecules to control the adsorption and desorption of biomolecules
at interfaces has been less studied. Taking advantage of photo-isomerization, Auern-
heimer et al [107] reported the control of cell adhesion properties on RGD-functionalized
surfaces. Edahiro et al designed coatings of PNIPAM bearing photosensitive spiropy-
ran lateral groups [108] on which cell adhesive property could be significantly changed
by regional photoirradiation: cells adhered onto PNIPAM based responsive surfaces at
temperatures around 37◦C (figure 2.18(A)). After UV irradiation and low temperature
washing, cells remained adhered only on the UV irradiated regions (inside of the yellow
box) (figure 2.18(B)). It was observed that cell adhesion was increased by UV irradiation
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and that shining visible light on the surface could then reset such a UV-enhancement
of cell adhesion. This study provided the first proof of principle for reversible adhesion
switching using photo-responsive polymers.

Figure 2.18: Microscopic images of photoresponsive culture surface (A) before and (B)
after regional UV irradiation followed by low temperature washing [108] Images in the
yellow box show the UV irradiated regions.

However, many issues were raised in this work:

• The mechanisms underlying the observed UV enhancement of adhesion remained
unclear at this point. UV irradiation induced transformation of non-polar spiropy-
ran groups into their polar form thereby making the surface hydrophilic. This was
counter-intuitive to what is normally expected for cellular attachment that requires
a hydrophobic surface.

• Adhesion control at the single cell level was not demonstrated.

• The reversible and dynamic cell attachment was dependent on the polymer compo-
sition which was poorly controlled.

• Cell de-adhesion after irradiation was observed only after cooling the surface below
the PNIPAM LCST.

The current observations strongly suggested that polymer composition was far from
being optimal, and that mechanical actuation associated with the polymer conformational
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change could be exploited only upon using the temperature response. This calls for in-
depth studies aiming at understanding the light induced reversible transformation from
cell adhesive to cell repulsive surfaces.

Dual Responsive polymers Pioneering works led by Irie et al illustrated the de-
sign strategy for photo-thermo responsive polymers having pendant azobenzene groups
[109]. Polymer composition was varied to observe light induced reversible switching of
polymeric phase transitions. Work led by Kröger et al [110] showed the dependence
of polymeric transitions on the composition of the polymer as well as on the degree of
isomerisation. Copolymers based on N,N-Dimethylacrylamide (DMA) and azobenzene-
based chromophores have shown their UV-visible phase transitions occuring within a
temperature range of 40-45◦C [111] (figure 2.19). DMA-azobenzene based copolymers
were used to switch enzymatic activity at temperatures around 40◦C [112]. The LCSTs
were observed to depend on the molar fraction of the photo-sensitive monomer and could
be finely tuned by varying the ratio. This photo-induced shift of polymer LCST, and
thus of its conformation, forms the basic mechanism that is required here to exploit for
cell adhesion control.

Figure 2.19: P(DMA-co-AZAA/AZAAm) and turbidity measurement of a solution of
P(DMA-co-AZAA) as a function of temperature [111].

2.8 Aims of the present work

Up to now, scientific research has put a lot of emphasis on understanding the reversible
control of cellular adhesive interactions using advanced functional surfaces in order to
properly address biological questions and applications. The knowledge and skill acquired
in tissue engineering and material science has considerably grown over the past years.
Smartly patterned culture substrates are choice candidates to address such issues and
represent the next generation of tools that can help to increase the understanding of cell
adhesion dynamics. However, attempts to combine the various techniques and material
science strategies to create functional substrates are still scarce.

Combining cell patterning with the functionalities of stimuli responsive substrates to
probe the attachment and release of cells have been very recent. Still, such possibilities
largely remain unexplored. Also, the rational design is often hampered by the lack of
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detailed understanding of cell/surface interactions in the presence of functional films
used to alter/control the surface properties. It is very recent that mechanisms have been
proposed and theoretically modeled to explain cell adhesion modulation in the presence of
thermoresponsive polymer layers. The current state of the art raises important questions
concerning how to efficiently address dynamic cell adhesion studies at single cell level
using the new class of substrates. From what is shown so far in the field on cell-surface
adhesion, there are several aspects that require in depth analysis:

• Theoretical works highlight the fact that cell adhesion modulation depends on the
brush architecture and its conformation. It is therefore important to understand
quantitatively how changes in a brush structure and molecular parameters affect
its performance.

• To control and understand the spatial and temporal cell adhesive interactions, need
arises for the synthesis of photo-thermo responsive polymers whose molecular com-
position can be controlled in order to display switching properties under physiolog-
ical conditions.

The present study initiates on original strategy aiming at designing a new class of
stimuli responsive polymers that exhibit tunable adhesive properties suitable for cell ad-
hesion studies. In parallel, efficient tools are implemented to probe the conformational
change of macromolecules grafted onto the surface in order to better characterize the
effects of molecular parameters on the brush structure and properties.

Surface grafting and patterning of stimuli responsive brushes The control
of cellular adhesion requires proper design of brush architectures. This requires design-
ing polymer brushes through well controlled synthesis protocols. Chapter 2 introduces
polymer brushes and discusses efficient and convenient mechanisms for growing stimuli-
responsive polymer brushes. Atom Transfer Radical Polymerization (ATRP) and Acti-
vators Regenerated by electron Transfer (ARGET) ATRP modes are investigated with
emphasis on PNIPAM. Well-defined PNIPAM based patterned surfaces are fabricated
using a UV ablation technique. Patterned PNIPAM substrates are used in particular to
design protein micropattern transfer onto polyacrylamide hydrogels aimed at single cell
adhesion studies.

Thermophysics of PNIPAM brushes The rational design of brushes calls for an
accurate determination of the surface properties of the brushes, and for the quantification
of the associated conformational changes. Chapter 3 describes the complete instrumental
set up and analysis involved in designing a real-time spectroscopic Reflection Interference
Contrast Microscopy (RICM) tool. The important aspects dealing with RICM studies
include the validation of tools for characterizing the collapse and swelling of the polymer
brushes and quantitative information about the changes of the physical properties of
PNIPAM brushes across the polymeric transition temperature. The instrumental study
investigates the influence of parameters such as grafting densities, and chain length on
the properties of the brush. It supports the theoretical prediction for the existence of a
local phase separation mechanisms that governs the changes taking place along the brush
thickness as a function of temperature.
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Polymer synthesis Synthesis of dually responsible polymers with tunable reversible
properties is required for dynamic cell adhesion studies. Chapter 4 deals with the synthe-
sis and characterization of dually responsive polymers based on NIPAM. Inspired by pre-
vious works on responsive polymer synthesis, bulk synthesis of photo-thermo-responsive
polymers is carried out. Ter-polymers are synthesized based on a main monomer (a
thermo-sensitive homopolymer), and a monomer bearing a photo-sensitive group (induc-
ing photo-responsive nature). The synthesis of the copolymers were performed via free
radical polymerization, and bulk ATRP. The composition of monomeric entities are var-
ied in order to design polymers which ensure efficient conformational switching at 37◦C,
close to the physiological working environment of cells.
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Chapter 3

PNIPAM Brushes: Design and
Patterning

3.1 Abstract

In the current chapter, I introduce the physics and chemistry concepts relevant to poly-
mer brushes. I describe the synthesis protocols employed in my work to design PNIPAM
brushes via Surface-Initiated Atom Transfer Radical Polymerization (ATRP) and its vari-
ant. This is followed by the results regarding the basic characterization of the obtained
brushes and the control over their molecular brush parameters such as grafting density
and chain length. Finally, I present a novel and versatile method to fabricate micro-
patterned PNIPAM brushes. Such patterned brushes are applied to transfer protein
patterns onto the surface of polyacrylamide (PAA) based hydrogels for single-cell studies
using traction force microscopy.

3.2 Introduction

3.2.1 Polymer brushes

The term polymer brush refers to a system in which individual macromolecules are at-
tached close to each other by anchor points to a surface.

Depending on how individual chains are tethered onto the surface, they can adopt
different conformations (figure 3.1) [1].

• If the distance between the anchor points is larger than the size of the polymeric
chains, they do not interact with the neighboring molecules and remain unper-
turbed. In this case, if the interaction between the chains and the surface is weak,
they appear to acquire a mushroom shaped conformation (figure 3.1(a)) where the
chains are randomly coiled and attached to the surface through a stem. However, if
the interaction of the chains with the surface is strong, they adsorb onto the surface
and adopt a pancake like conformation (figure 3.1(b)).

• A completely different picture is obtained when the anchoring points are at very
short distances from each other. In such a case, the excluded volume interactions
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between neighboring chain segments force the chains to stretch away from the sur-
face to form a brush like layer (figure 3.1(c)).

Figure 3.1: Terms (a) mushroom (b) pancake and (c) brush for the different types of
conformations of surface attaches polymers. Images taken from [1]

The essential parameters of a polymer brush are the grafting density σ (the number
of chains per unit area) and the polymerization index of the chains N (the number of
monomer units per chain). When the size of the grafted polymer chains approaches the
distance between the anchoring points, there occurs a transition from single coiled chain
to the brush like architecture, which is controlled by the reduced tethering density Σ.

Figure 3.2: Schematic showing the crossover between the mushroom regime (a) and a
brush regime (b). N is the chain polymerization index and d = 1/

√
σ is the average

distance between anchoring points. Images adapted from [2].

Σ = σπ(R2
g) (3.1)

where Rg is the radius of gyration of an unperturbed chain at prescribed experimental
conditions of solvent and temperature. Σ describes the number of chains occupying the
area that a free non-overlapping chain would occupy under same solvent and temperature
conditions (figure 3.2).

The equilibrium height, h, of a brush immersed in a solvent can be computed from the
free energy F of the chains, which contains two contributions. The interaction (or mixing)
energy, Fint, accounts for the balance of monomer/solvent and monomer/monomer inter-
actions. For a macromolecule in good solvent, Fint incorporates the so-called excluded
volume interactions and accounts for the fact that a given chain segment occupies a vol-
ume that is inaccessible to others. Such a repulsive interaction tends to make the chain
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“swell”. For macromolecules bound to a surface at high concentrations, such a swelling
is constrained both by surface-tethering and by neighboring chains and takes place pref-
erentially in the direction perpendicular to the surface, resulting in a net stretching of
the grafted macromolecules. This stretching, associated with a loss of configurational
entropy, gives rise to an elastic contribution, Fel, to the free energy, which tends to re-
store the chains to their unperturbed, more isotropic state. While the exact form of Fint
and Fel depends on the grafting density and degree of stretching of the chains [3], the
equilibrium height of a brush can, on a general basis, be computed by minimizing the
free energy F = Fint + Fel with respect to h (dF/dh = 0). I provide in the next chapter
a derivation of h as a function of the brush molecular parameters in the framework of a
simple model that has been employed for data analysis. Independently of the modeling
details, the following scaling relationship holds between h, N and σ for a brush in a good
solvent:

h ∝ Nσ1/3 (3.2)

3.2.2 Design strategies

Polymeric chains can be anchored onto a surface via physisorption or chemisorption pro-
cesses. Physisorption allows attachment of pre-fabricated block co-polymers onto surfaces
where one block (red component in figure 3.3(A)) acts as the anchor as it preferentially
interacts with the surface whereas other blocks (blue component) offers weak affinity to-
wards attachment. However, such type of anchoring suffers from limitations in terms of
the stability and density of the polymeric assemblies.

Figure 3.3: Synthesis strategies for the preparation of polymer brushes. (A) Physisorption
of two-component polymers via preferential adsorption of the red blocks to the surface.
(B) Chemisorption via reaction of end-functionalized polymers with complementary func-
tional groups at the surface. (C) Polymer brushes grown via initiator grafted substrates.
image source: [4].
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Covalent linkage between the chains and the surface is achieved either by “graft-
ing to” or “grafting from” technique. In the “grafting to” method, macromolecules are
pre-formed and have a suitable end-functionalized group that binds to the surfaces to
obtain the desired brush (figure 3.3(B)). Only a limited surface density of polymeric
chains can be reached using this protocol, since the chains need to diffuse through the
already formed polymer layer in order to react with the surface. Thus, this method is
only able to generate brushes of low grafting densities which leads to low film thicknesses.

In order to overcome this limitation, a “grafting from” technique is utilized. This
involves an in situ polymerization of monomers from the surface. The substrate is first
modified with an initiator, followed by direct surface-initiated polymerization of the poly-
mer. The density of the initiator can be varied at will. A densely packed arrangement of
surface grafted polymers makes them adopt a brush like structure. (figure 3.3(C)). This
protocol allows well defined polymer brushes having high and controlled grafting densities.

3.2.3 Chain growth protocols following the “grafting from” ap-
proach

Conventional radical polymerization has been employed to produce a large number of
polymers [5]. However, the major drawback of this technique is related to the lack of
control over the polymer architecture. Slow initiation, fast propagation and simultane-
ous termination produces polymers of high molecular weight and high polydispersities.
Developments in the form of ionic polymerization protocols have allowed preparation of
well defined polymers with controlled chain end functionalities [6]. Still, these methods
can be used only for a narrow set of monomers which show undesirable side reactions due
to the presence of functionalities.

Atom Transfer Radical polymerization

One of the most successful methods to grow polymer brushes with proper control over
their structure and properties is Atom Transfer Radical Polymerization (ATRP) [7–9].
ATRP is an example of a reversible-deactivation radical polymerization. As the name
implies, the atom transfer step is the key step in the reaction responsible for uniform
polymer chain growth [10].

Mechanism of ATRP ATRP is controlled by an equilibrium between propagating
radicals and dormant species, predominantly in the form of initiating alkyl halides (R-X)
(figure 3.4). The dormant species react, with a rate constant of kact, with the transition
metal complexes in their lower oxidation state(Mn-Y/Ligand, with Y being a counter
ion or another ligand) (figure 3.4), acting as activators. The active radical is formed by
homolytic breakage of alkyl and halide bonds accompanied by halide coordinated metal
complexes in their higher oxidation states (Mn+1-Y/Ligand). These act as deactivators
that react with the radicals in the opposite way ( kdeact) to re-form the dormant species
and the activator [11]. The essential feature of ATRP [12–14] is the equilibrium between a
low concentration of active propagating species and the larger number of dormant chains
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via an inner sphere electron transfer process promoted through the catalyst complex [15].
In order to create a low concentration of propagating radicals, the deactivation rate should
be higher than the activation rate. This shifts the equilibrium towards the dormant
species.

Figure 3.4: Schematic showing the mechanism of ATRP. The process occurs with rate
constants of activation kact and deactivation kdeact. Images taken from [10]

The ATRP equilibrium The ATRP mechanism consists of initiation and propa-
gation processes that can be expressed as follows (explained in terms of a copper based
catalyst system) [16].

Initiation

R−X + CuIX/Ligand↔keq R• +XCu(II)X/Ligand (3.3)

R• +Monomer(M)→kp P •1 (3.4)

Propagation

Pn −X + CuIX/Ligand↔keq P •n +XCu(II)X/Ligand (3.5)

P •n +Monomer(M)→kp P •n+1 (3.6)

Termination
P •n + P •m →kt Pn+m (3.7)

Termination occurs in ATRP mainly through radical coupling and disproportiona-
tion (conversion of Cu I into Cu II and Cu). However, ATRP minimizes radical-radical
coupling at the surface because of site-specific initiation and the ATRP equilibrium,
which keeps the concentration of active species or propagating radicals sufficiently low
throughout the polymerization, thereby suppressing the termination. Thus, a very small
percentage of polymer chains undergo termination in ATRP.

The rate of ATRP The rate of the polymerization reaction can be derived by
omitting the termination step (insignificant due to radical effects).

Rp = kpkATRP
[Pn −X][Cu(I])[M ]

[Cu(II)X]
(3.8)

where

kATRP =
[P •][Cu(II)X]

[Cu(I][Pn −X]
(3.9)
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[Pn−X]and[M ] are the concentration of the alkyl halides and the feed monomer. The
overall rate is highly dependent on the redox potential of metal complexes.

Results from kinetic studies of ATRP using solubilized forms of the catalyst species
indicate that the rate of polymerization is first order with respect to monomer, alkyl
halide (initiator) and Copper(I) complex concentration [17].

Role of components and reaction conditions in ATRP

• Alkyl halide: The alkyl halide determines the number of initiated chains. It must
rapidly and selectively migrate between the growing chain and the transition-metal
complex. So far, bromine and chlorine are the most efficient candidates used. [16,17].

• Transition metal complexes: The most important role of a catalyst complex is
to maintain the position of the atom transfer equilibrium and the dynamics of
exchange between the dormant and active species. For efficient functioning, the
metal complex must have an accessible one electron redox couple to promote the
electron transfer, and upon a one-electron transfer, the metal should be able to
accommodate a new ligand. Copper is the most widely used metal catalyst due to
its versatility in ATRP. Apart from copper, other metals such as iron, ruthenium,
and molybdenum have been used as effective catalysts [18].

• Ligands: Ligands help to stabilize the metal complexes in the solvent, control the
metal selectivity by electronic and steric effects, and by doing so, they affect the re-
dox chemistry of the final metal complex. Copper is usually seen to be coupled with
bidentate (such as 2-2’bipyridine), tridentate (such as pentamethyldiethylenetri-
amine (PMDETA)), and tetradentate ligands (such as tris(2-(diethylamino)ethyl)amine,
(ME6-TREN)) [19] (figure 3.5).

• Monomers : ATRP has been successfully used for the polymerization of various
acrylamide and acrylate based monomers [20–22]. In ATRP, one set of conditions
are not generally applied to every monomer class. A unique combination of initiator,
metal complex, ligand, deactivators, solvent, reaction time are employed for the
ATRP of each particular monomer.

Figure 3.5: Schematic showing (a) the bi-dentate 2-2’bipyridine, (b) tri-
dentate pentamethyl-diethylene-triamine(PMDETA)) and (c) tetradentate tris(2-
(diethylamino)ethyl)amine (ME6-TREN) ligands.
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An ATRP variant

One limitation of ATRP method is that special handling is required to remove all oxygen
and oxidants from the reaction systems prior and during polymerization reaction. This
is done to avoid the oxidation of the catalyst complex, thereby maintaining the supply
of active radicals for polymerization. Additionally, the presence of residual amounts of
metal catalyst in polymerized systems raises concerns over their use in various appli-
cations [4]. A more attractive approach in this regard allows reduced concentration of
copper catalyst and increased tolerance towards oxygen in the reaction system . A new
and efficient method has been reported [23–25] for initiating controlled radical polymer-
ization using activators regenerated by electron transfer (ARGET) ATRP.

Figure 3.6: Schematic showing the mechanism of ARGET-ATRP. In the normal course of
ARGET-ATRP, the catalyst is shuttled between the two oxidation states. Images taken
from [26].

In a conventional ATRP polymerization, even small amounts of oxygen oxidize the
Cu(I) to Cu(II) species. Since the polymerization rate is proportional to the ratio [Cu(I)]
/ [Cu(II)], a small amount of oxygen leads to a large reduction in polymerization rate.
ARGET-ATRP overcomes this problem by using a reducing agent in the reaction mix-
ture. The active Cu(I) complexes get regenerated from the oxidized Cu(II) species in the
reaction system by the action of reducing agents (figure 3.6). These regenerated Cu(I)
species thus regulate the dynamic equilibrium between the dormant and propagating
species. The common reducing agents used are 2-ethylhexanoate (Sn(EH)2) and ascor-
bic acid [27]. Sample handling with ARGET ATRP is also simplified since it is sufficient
to grow brushes in a sealed environment under air. These benefits of ARGET ATRP over
conventional ATRP make it a particularly attractive system for the growth of PNIPAM
polymer brushes by Surface Initiated Polymerization (SIP) [26].

3.2.4 Surface patterning methods

As described in the introduction chapter, patterned substrates represent important tools
used to study the behavior of cells in well defined micro-environments. In this context,
a recent focus has been put on the strategies that rely on patterned polymer brushes
elaborated by grafting-from protocol, for their interest in providing accurate geometric
constraints to adherent cells.
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Micro-contact printing The technique involves patterning a stamp (generally
made up of polydimethylsiloxane (PDMS)) that is inked with the initiator molecule of
interest. The inked stamp is deposited onto the surface leading to the printing of the de-
signed pattern. The surface-bound initiator layer formed in this way can be subsequently
used to grow polymer brushes via Surface Initiated ATRP protocol. Such a technique
allowed designing patterned brushes used for the spatial control of single cell adhesion
and polarization at micron scale [28]. Moreover, polymers with a range of functionalities
and multiple components have been grafted [29]. Microcontact printing allows patterned
features having a spatial resolution of the order of 5-10µm.

UV patterning A convenient method of obtaining patterned substrates involves
direct patterning using a UV irradiation source to transfer a geometric pattern from a
photomask onto the desired substrate. Such a technique has been used to design mi-
cropatterned surfaces based on thermoresponsive PNIPAM brushes that were used to
spatially confine cell adhesion and also to actuate single cells in order to thermally in-
duce their detachment [30]. The patterned features were spatially better resolved (on the
order of 1-2µm) as compared to that obtained using micro-contact printing, thus allowing
for adhesive patterns with sub-cellular resolution.

In the following section, I present the results that I obtained regarding the growth of
PNIPAM brushes using ATRP and ARGET-ATRP chemical routes. I then describe an
original strategy based on UV photo-ablation used to design thermo-responsive patterned
substrates. The method allows a reliable means to fabricate micro-patterned molds that
can be repeatedly applied for the transfer of proteins onto soft hydrogels.

3.3 Protocols for brush growth

3.3.1 Materials

N-isopropylacrylamide (NIPAM, 99%), 3-Aminopropyltriethoxysilane (APTES,99%), Tri-
ethylamine (TEA, 99.7 %), Copper (I) chloride (CuCl, 99% extra pure), Copper (II)
Bromide(CuBr2, 99% extra pure), 1,1,7,7-Pentamethyl-diethylenetriamine (PMDETA,
99%), 2-bromo-2Methylpropionyl Bromide (BiBB, 98% pure), and Propionyl Bromide
(PB, 95%) were purchased from Acros Organics. Ascorbic acid (AA, 99%) was obtained
from Sigma Aldrich. All reagents were used as received except NIPAM, which was re-
crystallized twice in n-hexane (normapur, VWR) at 60◦C and then dried for at least one
day before use. Absolute ethanol and chloroform were obtained from Fischer chemicals
(Laboratory Grade). Ultrapure water (18.2 MΩ.cm) was obtained from a Millipore Syn-
ergy system.

Oxidized silicon wafers were used as substrates in the present study for the growth of
brushes and characterization using ellipsometry in order to test and validate the growth
protocols. Si wafers were diced into 1 cm2 pieces before use. Glass coverslips (thickness
around 150µm , Thermo scientific Menzel) of 20 mm diameter were used for characteri-
zation by reflectivity (see next chapter) and in the application involving protein transfer
presented at the end of this chapter.

54



3.3.2 Preparation of the samples

Glass and Silicon substrates were thoroughly rinsed with absolute ethanol and water,
and blown dry in a stream of nitrogen. They were then transferred to a plasma cleaner
(model Femto, Diener Electronics Germany, operated at 80W), where they were exposed
for 6 minutes to a plasma generated in water vapour, at a pressure of 0.4 mbar. Such
a treatment has been shown to yield clean and highly hydroxylated glass or oxide sur-
faces [31].

3.3.3 Brush growth

After the plasma hydroxylation, the substrates were grafted with a layer of 3-amino-
propyltriethoxysilane (APTES) that binds covalently to silicon oxide, and exposes amine
groups at the surface. The APTES amine groups were then functionalized with 2-bromo-
2-methylpropionyl bromide (BiBB). This led to the surface immobilization, onto the
amino-terminated sites, of surface groups with C-Br bonds that served as the ATRP
initiator sites for subsequent brush growth. The last step involved growing PNIPAM
chains onto the initiator grafted substrates by immersing them in an aqueous solu-
tion of NIPAM monomer. The active Cu(I) species catalyzed the C-C bond forma-
tion and subsequent growth of NIPAM chains onto the C-Br initiator sites. 1,7,7-
Pentamethyldiethylenetriamine (PMDETA) was used as the ligand (in excess) to sta-
bilize the metal complex towards disproportionation in the reaction mixture. PNIPAM
brushes were grown following the protocol summarized in figure 3.7, which was adapted
from previous works [30–32].

Figure 3.7: Schematic showing the ATRP brush growth: starting from a hydroxylated
surface, APTES is grafted and functionalized to obtain a layer of surface-bound ATRP
initiators, from which PNIPAM polymerization is performed.

Growing the APTES monolayer The plasma cleaned substrates were immersed
in APTES solution (comprising of 25µL APTES, 0.5mL TEA, and 25 mL toluene) in or-
der to form a (sub)monolayer of APTES on the surface. The chemical species were mixed
and stirred for a few seconds and then immediately used (this prevented the hydrolysis of
ethoxysilane groups). After APTES deposition, the substrates were sonicated for about
10-15 seconds in pure toluene, followed by rinsing with ethanol, water and ethanol again
before drying.
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Covalent grafting of the initiator The -NH2 groups of the deposited APTES
layer were then derivatised as follows. The APTES grown substrates were immersed
in a fresh solution of BiBB (250µL) in chloroform (25 mL) with TEA (1.25mL). The
solution was stirred well and then immediately used. The NH2 terminated substrates
were immersed in this solution for about 1 minute, and then rinsed copiously with pure
chloroform followed by repeated rinsing with ethanol/water/ethanol.

Brush growth using ATRP A solution of NIPAM (0.6 g in 20mL pure water
was mixed with 150µL PMDETA) was de-oxygenated for half an hour under continuous
argon supply, after which Copper (I) Chloride (15mg) was added. Chain growth then
proceeded by ATRP mechanism by immersing the functionalized substrates in the NI-
PAM solution containing the Copper(I)/ ligand mixture for prescribed amounts of time
(from a few seconds up to two hours).

Brush growth using ARGET-ATRP PNIPAM brushes were also grown from
the initiator-grafted substrates using the recently established ARGET ATRP technique
that allowed performing well controlled radical polymerization reactions in ambient air
(figure 3.8).

A solution of NIPAM (1.0 g) in ultrapure water (20mL) was prepared in a beaker con-
taining a small stir bar. CuBr2 (3mg) and the complexing ligand PMDETA (40µL) were
sequentially added while stirring. The solution turned blue at this stage. Upon addition
of ascorbic acid (30mg), the solution became colourless, due to the reduction of Cu(II) to
Cu(I) . The solution was immediately poured onto the initiator-grafted substrates placed
into petri-dishes that were then closed during the polymerization reaction. Polymeriza-
tion was left to proceed for a prescribed amount of time (between 2 minutes and 2 hours),
after which the substrates were taken out of the reaction solution and thoroughly rinsed
with water.

3.3.4 Varying the brush grafting density

The variation of grafting density was changed by varying the number of ATRP initiators
present on the surface following three different protocols.

• Adjusting the surface density of APTES by changing the sample immersion time
in order to obtain submonolayers of APTES

• Changing the number of ATRP-active sites by functionalizing a dense APTES layer
with a mixture of BiBB and PB. Propionyl bromide (PB) was used to passivate
the amine groups. Functionalizing the APTES sites using PB exposed the surface
with a C-methyl bond (figure 3.8) with no possible halide exchange essential for
initiation. This prevented brush growth at the methyl terminated sites.

• Changing the number of ATRP-active sites by functionalizing a dense APTES layer
in two steps: first with PB and then with BiBB.
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Figure 3.8: Scheme of ARGET-ATRP protocol: the initiator density can be varied
through BiBB and PB molecules, leading to brush growth only at the initiator avail-
able sites.

3.4 Results and discussion

3.4.1 Characterization of brushes

The grown brushes were characterized by measuring their dry thickness using ellipsom-
etry. The dry thickness hdry is related to the grafting density σ and the polymerization
index N by the relation

hdry = Na3σ (3.10)

The relationship follows from the conservation of volume, where a dry chain of thick-
ness hdry spreading over an area of 1/σ occupies the same volume as N monomers of
individual size a.

The absolute values of σ and N cannot be obtained simultaneously from dry thickness
measurements only. However, fixing one of these parameters allows to probe the poly-
merization kinetics (hdry as a function of N) or the effect of varying the grafting density
(hdry as a function of σ).

The Ellipsometry set-up

A custom built ellipsometer in the rotating compensator configuration, at a wavelength
of 632 nm and an angle of incidence of 70◦ was used. The dry thickness of the brushes
grown on oxidized silicon wafers was determined assuming a Si/SiO2/PNIPAM multi-
layer, with a thickness of 2nm for the SiO2 layer and refractive index of 1.46 for both the
SiO2/PNIPAM layer.
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3.4.2 Effect of polymerization time with ATRP

In order to study the polymerization kinetics, we have monitored the brush thickness as a
function of polymerization time. It can be seen on figure 3.9 that hdry increases markedly
in the first few seconds, displays a steady growth that is short lived, and shows signs
of approaching saturation at reaction times above 5-10 minutes. Such a sharp increase
in initial thickness followed by a clear decline in the growth rate suggests poor growth
control over the ATRP mechanism under the conditions used here. Indeed, let us first
recall that the rate of ATRP reaction (referring to equations 3.8 and 3.9) is expressed as:

Rp = kp[P
•][M ] (3.11)

with kp the rate of monomer addition, [P •] the concentration of growing radicals, and
[M ] the monomer concentration. Neglecting termination, we expect [P •] to be constant
during the reaction. Since polymerization occurs only at the surface, we can roughly
estimate the amount of monomer from the bulk solution that is converted into polymer
as follows: assuming a typical sample surface of 1 cm2 and a grafting density of σ = 1
chain.nm−1 (which corresponds to an extremely high density), we estimate a number of
chains of σS = 1014. For a polymerization index growing from N = 1 to N = 10000
(the latter corresponding to high molecular weight of 106 g/mol for PNIPAM) in the
course of the polymerization process, we thus compute a number of converted monomers
ranging from NσS = 1014 to 1018, i.e. 1.6 × 10−10 − 1.6 × 10−6 mol, which should be
compared to the 5 mmol of NIPAM monomer initially present at the start of the reaction.
We can therefore consider that also [M] stays constant during brush growth. Finally, kp
represents the rate of monomer addition, i.e. dN/dt, and we know from Eq. 3.2 or 3.10
that the brush thickness scales linearly with N , from which we conclude that Rp ∝ dh/dt.
We therefore expect hdry to grow linearly with the polymerization time.

Figure 3.9: Brush thickness variation as a function of polymerization time.
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In contrast to this expectation, an initial fast increase in brush thickness is observed
that could be attributed to the generation of a large number of active radicals. Fur-
thermore, slowing down and saturation may arise either due to early termination effects
caused by increased radical coupling or because of a too low Cu(I)/Cu(II) ratio in the
reaction system since the polymerization is performed in air.

3.4.3 Effect of polymerization time with ARGET-ATRP

Using ARGET-ATRP protocol, we observe, as shown on figure 3.10, a steady increase
of hdry over long polymerization times, up to one hour. Compared to the above ATRP
results, there is no initial jump in the thickness, and no evidence for saturation in the
growth. This shows that, although hdry(t) is not strictly linear, the growth of brushes
by ARGET-ATRP is better controlled. Moreover, thickness measurements performed at
different locations over a surface of about 1 cm2 yields the same results within 1 nm
variations showing that the brushes are homogeneous over large scales.

Figure 3.10: (a) Brush thickness as a function of polymerization time for ARGET-ATRP

We expect such a better controlled kinetics to result from the fact that a reduced
concentration of catalyst species in the reaction system leads to the generation of low
number of active radicals. Hence, the initial growth rate of brushes is slower than with
ATRP as observed in the figure 3.10. The decreased coupling between the propagating
radicals reduces the early termination effects. This leads to a steady increase in chain
growth over the course of reaction. The concentration of catalyst species in the reaction
system is maintained by the reducing agent that prolonges the growth of brushes. These
results lead us to the understanding that ARGET-ATRP protocol offers better growth
control of PNIPAM brushes over the conventional ATRP method. This synthesis strategy
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was used to grow PNIPAM brushes for biological applications addressed in the last section
of the chapter.

3.4.4 Effect of varying the APTES density

As a first attempt to adjust the brush grafting density, we have investigated the effect
of varying the surface coverage of APTES at the first step of surface functionalization.
This is done by changing the substrate immersion time in the APTES solution. It is seen
on figure 3.11 that, while keeping the polymerization time constant, hdry shows a linear
increase with silanization time, up to 10 minutes, followed by a plateau.

Figure 3.11: Brush thickness variation as a function of silanization immersion time (poly-
merized for 1 hour) obtained using ARGET-ATRP protocol

The initial increase is attributed to the progressive increase in the surface coverage of
NH2 terminated sites. The plateau reached after 10 minutes is likely to correspond to the
formation of a full APTES monolayer. We have observed that immersing the substrates
for times longer than 15 minutes results in a decrease of hdry below the plateau value.
We attribute this to the buildup of APTES multilayers, as confirmed by ellipsometry
measurements of the silane layer thickness, reaching up to 3 nm, i.e. more than the ex-
pected monolayer thickness of ≤ 1 nm. The large range of hdry covered when varying
the silanization time (from a few up to a hundred nm) suggests that such a procedure is
an efficient method for tuning the brush grafting density. However, low density brushes
fabricated this way showed a poor stability when immersed for prolonged time (several
hours) in water, resulting in a gradual decrease of hdry. The most likely reason could
be the chain degrafting due to hydrolysis of the siloxane bonds at the substrate/silane
interface. In contrast, brushes obtained from full APTES monolayers displayed an excel-
lent stability under the same conditions, possibly because intermolecular bonds between
neighboring APTES molecules (see figure 3.8) help stabilizing the silane layer. Therefore,
full APTES monolayers were used, and a different strategy to lower the ATRP initiator

60



density is investigated.

3.4.5 Tuning the APTES functionalization

As an alternative approach, we have studied the effect of varying the surface occupancy
of ATRP initiator sites, post the APTES grafting step. This involved immersing the
APTES substrates in a solution having a fixed concentration of brominated species com-
posed of ATRP initiator (BiBB) and blank (PB) molecules. Such a method was inspired
from previous works following the ATRP strategy to control the growth of oligo(ethylene
glycol)methacrylate brushes [32]. At first, we prepare a substrate from a solution having
only BiBB as the brominated species (100% molar ratio of BiBB/PB). Subsequently, the
initiator grafting density is tuned by varying the relative amounts of BiBB and PB in
the final solution (10% and 1% molar ratio). The growth kinetics of brushes obtained
with 100%, 10%, and 1% molar ratios BiBB are compared on figure 3.12. It can be seen
that, for a given polymerization time, the brush thickness decreases with a decrease in
the initiator molar content (figure 3.12(a)). We attribute this to the progressive decrease
in the occupying density of ATRP-active sites. Moreover, as seen on figure 3.12b, nor-
malizing the three hdry(t) curves by the value of the thickness reached at the longest
polymerization time shows that the increase in brush thickness with time occurs very
similarly for the three grafting densities, suggesting that polymerization kinetics is not
strongly affected by the density of initiators on the surface.

Figure 3.12: (a) Brush dry thickness as a function of time for 100%, 10% and 1% BIBB.
(b) Normalized growth kinetics as a function of polymerization time for different initiator
densities. Final brush thickness taken as the reference value for normalization.

We expected that such a strategy should be able to effectively control the brush
grafting density. However, we observe here that a 100-fold decrease in the bulk initiator
fraction brings about only a three-fold reduction in brush thickness. This suggests that
BiBB binds to the surface much faster than PB molecule, which makes the control of the
grafting density difficult.

This led us to adopt another method to vary the grafting density. This strategy was
not studied extensively, but a few tests yielded the following encouraging results. An in-
termediate step was added between the APTES grafting and BiBB functionalization step.
The APTES substrates were first immersed in a PB solution for a prescribed amount of
time (1.5 and 6 minutes) followed by immersing in the BiBB solution, in order to first
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passivate a fraction of the NH2 groups, before functionalizing the remaining ones with
BIBB. The use of two different PB immersion times thus enabled us to obtain brushes
displaying a medium density (MD, obtained with 1.5 min of PB passivation) and a low
density (LD, obtained with 6 min passivation time) as compared to the maximum density
(HD) substrates. The LD and MD substrates were polymerized in parallel with a control
substrate having maximum initiator density. The MD brush was found to have a dry
thickness of hMD

dry = 40 nm, while the full density control had a thickness of hHDdry = 140
nm. The LD brush displayed hLDdry = 29 nm, for hHDdry = 200 nm. We were thus able to
lower the grafting density for MD brush by a factor of around 3 and for LD brush by a
factor of 7. These samples were used in the study involving characterization of PNIPAM
brushes by optical reflectivity, as described in the next chapter.

3.4.6 Surface patterning techniques

PNIPAM brushes have been previously patterned in our laboratory using the deep-UV
ablation technique. Glass coverslips were first grafted with the initiator layer followed
by a homogeneous PNIPAM brush growth all over the surface. The brushes were then
selectively degraded via deep-UV irradiation using a photomask having designed features.
Such a protocol could be used to pattern brushes having thicknesses up to several tens
of nanometers. However, it was observed that the selective degradation of brushes under
UV light was dose dependent i.e. longer exposure times were required to ablate the brush
layers as their thickness increased.

A novel patterning protocol

In order to make this technique more versatile and exposure independent, we have de-
veloped an alternative “Patterning and Growing” method that we employ in the present
study to fabricate patterned PNIPAM brushes. At first, the glass coverslip is grafted with
the APTES layer and then functionalized with the initiator layer as done previously (fig-
ure 3.13(b)). Following this, a quartz-chromium patterned photomask is placed on top of
the glass coverslip using a few µL of hexadecane spread at the sample/mask interface in
order to ensure tight contact. The coverslip is then irradiated with UV light (λ 6 185nm)
for about 2 minutes through the photomask which allows complete removal of grafted ini-
tiator molecules at selected places (figure 3.13(c)). The substrate is carefully rinsed with
ethanol and then blown dried using an N2 stream. At this stage, the patterned initiator
is ready to act as the template for brush growth (figure 3.13(d)). PNIPAM brushes are
finally grown on the patterned initiator sites using ARGET-ATRP protocol as described
previously (figure 3.13(e)).

Patterned brush features

We have qualitatively assessed the potential of our protocol in terms of the shapes and
sharpness of the obtained brush patterns. A Photomask having hexagonal, rectangu-
lar and oval shaped features (seen via brightfield imaging in figure 3.14(a)) was used to
pattern the initiator layers. The grown brushes having patterned features can be seen
via phase contrast images (figure 3.14(b)). The images show that brushes can indeed be
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Figure 3.13: Elaboration steps: Deep UV patterning of the grafted brush surface(b,c),
yielding an initiator patterned surface(d). Following PNIPAM polymerization, a polymer
brush which is selectively removed by UV irradiation (e).

patterned via this method, and display features that closely resemble those present on
the photo-mask. The contrast on these images arises from the difference in the height
and refractive index between the polymer covered regions and the bare glass regions from
where the polymer layers are removed off by the exposure of UV-irradiated source. These
qualitative checks suggest that the initiator layer gets actually ablated or degraded by UV
exposure. This called for further assessing the fidelity of the current fabricating technique.

Figure 3.14: (a) bright field image of patterns on photomask (image size 486x365µm). (b)
phase contrast image of corresponding patterns on a coverslip (image size 486x365µm).

AFM geometric brush features

We have evaluated the efficiency of the currently used strategy by analyzing the geomet-
ric features of the patterned brushes using Atomic Force Microscopy (AFM). The oval
features of the photomask (figure 3.15(a)) are seen to be well correlated with smooth oval
brush patterns mapped by AFM topography (figure 3.15(b)). The AFM mapping reveals
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that the PNIPAM brush patterns are 1-2µm broader than the original patterns on the
photomask. The height of the brush patterns probed by AFM (tapping mode) is found
to be around 30-32 nm and shows minimal variations when probed over a number of oval
shapes (figure 3.15(b,c) blue line). This value was consistent with the thickness of 33 nm
quantitatively determined by ellipsometry measurements on brushes grown on control
wafers of silicon. Thus, we conclude that with an exposure time of around 2 minutes, the
initiator layer is fully degraded, and that the bottom in the AFM height features (figure
3.15(c)) is devoid of any brush, otherwise the height of the features would not match the
ellipsometric values.

Figure 3.15: (a) Phase contrast microscope image of the photomask (50x50 µm). (b)
AFM topography scan (50x50 µm) in a region of a coverslip exhibiting oval patterns.
(c) height profile measured along the blue line drawn on image (c): height of features is
30-32 nm, consistent with the ellipsometric thickness of 33 nm measured for this sample

These observations highlighted the fact that the above patterning method is a fast,
robust and reliable way to design patterned PNIPAM brushes useful for cell based appli-
cations discussed in the following section.

3.5 Application of patterned brushes

The results that I present in this section have been obtained by Richard De Mets during
his PhD at LIPhy. I incorporate these results in order to illustrate that patterned PNI-
PAM brushes have been directly applied, at the laboratory scale, for cell adhesion studies.

The patterned PNIPAM substrates have been used as templates to fabricate micropat-
terns onto soft hydrogels based on poly-acrylamide (PAA) with sub-cellular resolution.
The fabrication relies on:

• Elaborating a master mold made of patterned brushes grafted onto a thick glass
plate

• Coating the mold via non-specific adsorption of proteins

• Casting of a pre-gel solution on the coated mold

• lifting off the polymerized hydrogel layer bearing the transferred protein patterns
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3.5.1 Fabrication of brush based mold

Brush patterning A thick glass plate is used as the substrate instead of coverslips.
This ensures a good mechanical resistance of the glass mold. The molds are sufficiently
flat allowing for large scale homogeneity of the patterns transferred onto Polyacrylamide
(PAA) gels. The protocol to fabricate micropatterned brushes relies on the following
steps.

• Grafting the initiator, at maximum density, through previously described ATRP
protocol.

• Patterning the substrate using a UV light source through the photomask.

• Employing the ARGET-ATRP protocol to make PNIPAM based brushes onto the
UV exposed patterned substrates. PNIPAM brushes displayed a dry thickness in
the range 50-100 nm.

The patterned mold thus obtained was used for protein coating and gel casting.

Protein Coating Once the PNIPAM glass mold was made, its surface was coated
with a protein of interest. The mold was first cleaned with Phosphate buffer saline (PBS),
and a drop of protein solution comprising of fibronectin and fibrinogen (fluorescent fib-
rinogen was used here for pattern imaging by fluorescence microscopy) was sandwiched
between the patterned glass mold and a glass coverslip (figure 3.16A,B), and left for in-
cubation during one hour at room temperature, followed by rinsing with PBS.

Gel casting Coating of the mold with protein was immediately followed by gel cast-
ing. A solution of acrylamide was put directly onto the mold. A silanized coverslip was
placed over the droplet, and the gel was left for curing at room temperature for about 45
minutes. Then, the top coverslip, along with the gel bound to it through the silane layer
was carefully peeled off the mold after immersion in water. The gel was washed copiously
with PBS before use for cell seeding.

Cell seeding Mouse Embryonic Fibroblast cells were used for the experiments. The
cell suspension was seeded onto the gel surface followed by gentle mixing in order to evenly
distribute the cells over the surface. The gel surface was placed inside an incubator at
37◦C under quiescent conditions. The unattached cells were washed out while the remain-
ing cells adhered and spread on the gel by keeping the gel coverslip for about 2 hours in
the incubating conditions before imaging.

3.5.2 Pattern transfer

Patterned polymer brushes have been previously used as potential substrates for protein
patterning [28, 30]. In this work performed at LIPhy, Fluorescence imaging was used
to observe and characterize the surface of PAA gels after they were lifted off the mold.
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The transferred patterns having different well-defined patterned features are seen to be
present at the surface of the PAA gels as shown in figure 3.16(C). These patterns are
homogeneously distributed over large scales.

Figure 3.16: Polyacrylamide patterning from PNIPAM glass template. (A) a drop of
ECM proteins (fluorescent fibrinogen mixed with non fluorescent fibronectin) is squeezed
in between the patterned PNIPAM glass surface and a counter-coverslip. (B) After rins-
ing the functionalized glass surface with PBS a drop of polyacrylamide is sandwiched
between the patterned PNIPAM surface and a silanized glass coverslip. After 45 min-
utes polymerization, the silanized coverslip is detached from the glass surface while ECM
protein are transferred onto the gel. (C) Fibronectin and fibrinogen coating on micropat-
terned polyacrylamide at different magnifications. Scale bars are respectively 1.5 mm
(left), 100 µm (middle), 30 µm (right).

As in previous pattern-transfer techniques [33–35], the present transfer protocol re-
quires no chemical functionalization of the gel surface. Proteins get physically embedded
in the gel network upon curing and crosslinking of the pre-gels in close contact with the

66



patterned mold. The mechanism being largely protein-independent, it is anticipated that
the present transfer protocol should be applicable to other ECM proteins as well.

3.5.3 Patterned hydrogels for constraining cell adhesion

Fluorescence microscopy has been used to analyse the quality of the hydrogel patterns.
Figure 3.17(A) shows that the fluorescence intensity profile across the arrow shaped pat-
terns reveals a good signal-to-noise ratio corresponding to an array of proteins over the
patterned regions. This indicates that the proteins are well localized over the patterns.
Brightfield microscopy and fluorescence images of the actin skeleton of MEF cells seeded
onto the gel surface is shown in figure 3.17(B,C). The images show that such patterned
hydrogels can indeed be used to confine the adhesion of cells. The images indicate that
the ECM proteins close to the gel surface are accessible to the cells, and that the bare
PAA background surface exhibit non-adhesive characteristics.

Figure 3.17: (A) Linescan of fluorescence intensity along line (yellow). Scale bar repre-
sent 30 µm (B) MEF cells (phase contrast) plated on arrow shaped micropatterned on
polyacrylamide and (C) their related immunofluroscence staining.

3.5.4 Reusability

One of the striking advantage of the current patterning protocol lies in the re-usability of
a mold several times. This comes from the robustness of the covalently bound polymer
brush. The above feature is an improvement over previously employed protocols [33]
that have relied on less robust and weakly anchored polymer layer for protein pattern-
ing. In order to assess the recyclability aspect of the mold, it is subjected to repeated
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coating/casting/lift-off processes to produce different generations of gels, onto which the
shapes of the seeded cells can be monitored. Between each series of experiment, the
molds were thoroughly cleaned before usage. It can be seen in figure 3.18 that the same
patterned mold could be re-used up to 20 times without noticing any significant change
in cell shape.

Figure 3.18: MEF cells confined by arrow-shaped patterns (A) on the first (P1), sixth
(p6), twelfth (p12) and twentieth (P20) elaborated with the same mold. Scale bar: 30
µm.

Moreover, owing to the high stability of chemically grafted PNIPAM brushes, the elab-
orated molds can be stored at ambient conditions for further use in cell based experiments.

3.5.5 Coupling with Traction Force Microscopy

Gel patterning can be combined with Traction Force Microscopy (TFM) in order to un-
derstand the basic mechanisms governing the dynamic cell-cell and cell-ECM interactions
that define its response [35, 36]. Typically, TFM involves determining the tractions ex-
erted by cells on their substrate by monitoring the displacement of fluorescent beads
encased at the near surface of the gel. When cells adhere and exert forces onto the
substrate, this displaces the beads at the gel surface. From the monitoring of this dis-
placement field, a stress field can be computed.

In order to probe the response of a cell confined to a fixed geometry, the patterned
gel substrates fabricated here were employed for TFM. The hydrogels were prepared and
patterned as explained earlier, and seeded with fluorescent nanoparticles, as described
previously [36]. Cells were spread onto the patterned gels for about 4 hours. After
this, confocal fluorescence imaging of the nanoparticles located near the gel surface, just
beneath the cells, was performed. Finally, the cells were detached and reference images of
unstressed gels were taken at the previously imaged cell positions. A previously described
Fourier transform traction cytometry (FTTC) algorithm [36,37] was used to compute the
stress field associated with the forces exerted by the cells on the substrate by measuring
the resultant displacement field of the beads. Figure 3.19(A) shows the fluorescence image
of the nanoparticles present at the surface of an arrow-shaped gel pattern, along with the
computed stress field.

The obtained TFM results are compared with previous studies on PAA hydrogels
exhibiting similar mechanical properties, but patterned using deep-UV photochemistry
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Figure 3.19: Direct comparison of stress fields obtained with the same force reconstruction
algorithm using 2 different PAA patterning methods. (A) upper panel: representative
fluorescence image of beads obtained using the present ”waxing” method based on transfer
of proteins from the PNIPAM mold to the PAA gel. Lower panel: associated stress map,
obtained from averaging over 22 individual cells. (B) upper panel: image of beads after
deep-UV patterning of the gel, showing that some beads are bleached below the arrow
shaped pattern. Lower panel: stress field obtained from 63 cells. Scale bar : 6µm.

in order to bind proteins to the surface [37] (Fig 1.19 (B)). Comparing these two set of
results, the following conclusions can be drawn:

• Both patterning techniques yield similar stress maps where the stress is concentrated
at the vertices of the adhesion patterns. The stress levels in these regions reach up
to 200 Pa in both cases. This observation validates quantitatively the current
patterning method.

• Deep-UV photochemical protein coupling resulted in partial bleaching of the beads
below the patterns (figure 3.19B), whereas the present method allows maintaining
the fluorescent particles fully intact over the whole surface of the gel, thus improving
the spatial resolution of the computed stress field, as can be seen on figure 3.19,
where the stress concentration region in the upper left vertex of the pattern is seen
to be composed of two different zones, which are not resolved with photochemistry
patterning.

The above observations show that the present patterning technique provides advance-
ment in terms not only of ease-of-use for gel preparation, but also in terms of space
resolution of the computed stress fields in TFM experiments.
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3.6 Conclusion

We discuss the synthesis protocols used to grow PNIPAM brushes using ATRP and
ARGET-ATRP. The growth of polymeric chains is seen to be modulated by varying the
APTES silane concentration, polymerization time and the grafting initiator density. The
polymerization in ATRP leads to poorly controlled brush growth with an initial sharp
increase followed by early termination. Brush growth using ARGET-ATRP method pro-
vides better growth conditions for PNIPAM brushes in a high throughput manner. The
reducing agent maintains a constant catalyst supply that supports a steady brush growth
over prolonged durations .

We describe an alternate “patterning and Growth” protocol employed to design mi-
cropatterned PNIPAM substrates using Deep-UV ablation technique. The patterning
strategy is used to fabricate patterned PNIPAM brushes having features that resemble
closely to the original photomasks with an accuracy in the range of 1-2 µm. This marks an
advantage over previously used patterning techniques such a microcontact printing. The
geometric pattern features are consistent with those characterized via Ellipsometry. Such
a potential patterning strategy is employed to generate micro-patterned hydrogels from
PNIPAM based molds. Compared to the existing well-established templating techniques,
the current method presents the following features:

• polymer brushes are elaborated from facile chemical routes.

• Polymer brushes based on PNIPAM can be grown in a robust way on glass sub-
strates.

• Deep-UV patterning allows micron-scale patterning of the brushes in one single
degradation step, without the need to degrade the gel or the target proteins by
deep UV irradiation.

• Patterned hydrogels could be successfully used as templates onto which cells can
modify their organization and adhere in a fixed arrangement.

• The patterned hydrogels as observed from fluorescent imaging technique show in
plane homogeneity.

• Based on covalently grafted polymer brushes, such patterned molds show excellent
usage and long term stability.

• These fabricated gel based substrates could be re-used for several experiments for
cell substrate anchorage studies.

The latter features are a major improvement with respect to other patterning tech-
niques, as they reduce greatly the number of elaboration steps steps required for micro-
fabrication with many gels having similar patterns to be produced for high resolution
TFM studies.
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Chapter 4

Probing the conformation of
PNIPAM brushes by optical
reflectivity

4.1 Abstract

In the current chapter, I introduce an original set-up based on Reflection Interference
Contrast Microscopy (RICM). I employ it to investigate the thermal response of PNI-
PAM brushes over a range of surface densities σ and chain lengths N . The brushes are
grown following the previously described grafted-from ARGET-ATRP protocol. I present
the results in terms of spectral reflectance measurements and the density profile of the
brushes obtained by theoretical models. The results present one of the very few experi-
mental evidences of the phenomenon of vertical phase separation in PNIPAM brushes. I
show that RICM is an interesting technique to estimate the molecular parameters of the
“grafted from” polymer brushes, which is crucial for the rational design of smart polymer
coatings for application purposes. The study of the temperature response of PNIPAM
brushes upon heating/cooling cycling clarifies the physical origin of their hysteretic be-
haviour.

4.2 Introduction

PNIPAM is used in a number of biological applications that rely on the fact that adsorp-
tion/release of proteins on a brush-grafted surface depends strongly on the conformation
of the polymeric chains [1,2]. These structural changes, in turn, depend on the molecular
brush parameters, such as the brush grafting density σ and the chain length N . In this
context, the rational design of PNIPAM brushes calls for understanding how the brush
parameters influence their overall structure, the conformation of the grafted chains and
the usage properties for the target application [3].

Up to now, the swelling/collapse transition of PNIPAM brushes (Figure 4.1) has
been studied experimentally using Surface Plasmon Resonance (SPR) [4], Quartz Crystal
Microbalance (QCM) [5–10] and force measurement techniques such as Surface Force
Apparatus (SFA) [11, 12] or Atomic Force Microscopy (AFM) [9, 10, 13–15]. While SPR
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Figure 4.1: Schematic showing the temperature induced reversible brush collapse/swelling
of PNIPAM grafted brush surfaces. The brush governing parameters are N, the chain
length and ( 1

d2
), the grafting density σ.

and QCM have allowed monitoring the qualitative evolution of brush properties such as
refractive index or effective mass with temperature, force measurements techniques have
analysed the temperature-dependent brush swelling in terms of variations in the range of
steric repulsive forces. These techniques provide a qualitative picture about the structural
changes in the brushes. Only Neutron Reflectivity (NR) [16–18], and in situ Spectral
Ellipsometry(SE) [19] have provided quantitative information about the evolution of the
axial structure (i.e. of vertical density profile) of the brushes as a function of temperature.
Brought together, these various studies have led to the following conclusions:

• The magnitude of conformational changes of PNIPAM brush depends on the graft-
ing density and chain length [12,17].

• PNIPAM brushes undergo thermal hysteresis during heating/cooling cycles [4,7,8].

• Densely grafted brushes collapse non-homogeneously within their thickness and
display a so-called vertical phase separation around the LCST [17,19].

In the following parts of the introduction, I will highlight the essential features of
Neutron reflectivity (NR), or spectral Ellipsometry (SE) in resolving the height profile
of the brush in terms of the monomer volume fraction φ as a function of the vertical
distances from the grafted surface z.

4.2.1 Thermodynamics of polymer solutions

The temperature-dependent conformation of PNIPAM brushes is related to the particular
thermodynamic properties of PNIPAM/water solutions.

The properties of polymer solutions are governed by the balance of monomer/monomer
and monomer/solvent interactions. This balance determines the phase diagram of the
solution, which can be described in terms of its free energy of mixing.

The Flory-Huggins energy equation The free energy for a polymer solution can
be described by the Flory-Huggins free energy expression [20] such that

4F
kBT

=
[ φ
N

ln(φ) + ln(1− φ)(1− φ) + χφ(1− φ)
]

(4.1)

where kBT is the thermal energy, φ is the volume fraction of the polymer having a
degree of polymerization N , and χ is the the interaction parameter that characterizes
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the difference of interaction energies between monomer/monomer and monomer/solvent.
The energy equation comprises of first two entropic terms and the last energetic term
that depends on the sign of χ.

The dependence of the equilibrium state of the polymer solution on χ and T can be
understood by constructing a phase diagram. Typically, the phase diagram is expressed
by T (φ) (or χ(φ)) plot as shown in figure 4.2(a) by determining the boundary conditions
(dF
dφ

and d2F
dφ2

=0) for the equilibrium state. The salient features of a T (φ) plot are as
follows:

• A binodal (solid line) : It describes the co-existence curve, that separates the stable
one-phase region from an unstable two-phase region.

• The plot displays a certain minimum value in the phase diagram that is referred to
as the critical point (red spot), above which any infinitesimal change in a thermo-
dynamic variable (T or χ) leads to an abrupt change in the solution properties.

The Flory parameter

The flory parameter is usually seen to be dependent only on temperature. The temper-
ature dependence of χ can be written as the sum of two terms

χ(T ) ∼ A+
B

T
(4.2)

having a temperature independent entropic term A, and an enthalpic part B/T. The
above parameters are seen to vary for different polymer/solvent combinations. Depend-
ing on the value of χ, the polymer solution shows the following features.

• If B is positive, then χ decreases as temperature in increased. Under this situa-
tion, the polymeric species interact more with the solvent than with each other.
This leads to polymer solution exhibiting an Upper Criticial Solution Temperature
(UCST) such that for all temperatures greater than Tc, a homogeneous one-phase
solution exists.

• If B is negative, the situation is reversed, leading to the solution exhibiting a Lower
Critical Solution Temperature (LCST) such that for temperatures lower than Tc,
single phase solution exists, as shown in figure 4.2(a).

For T (or χ) values below the critical point (red dot), a homogeneous mixture is stable
at any composition. However, for values higher than the critical point, there occurs an
equilibrium state corresponding to two phases with different compositions that co-exist
in the solution.

The phase behaviour of aqueous PNIPAM solutions has been studied using calori-
metric techniques by Afroze et al [21] (figure 4.2(b)). These authors have shown that,
in order to describe the experimental phase diagram, modifications were required in the
Flory-Huggins equation by imposing a dependence on the polymer concentration φ of
the interaction parameter χ such that χeff= χ(φ, T ). Furthermore, they obtained a φ-
dependence of χ that was consistent with the fact that PNIPAM/water solutions demix

77



Figure 4.2: Schematic showing (a) a binodal (solid line) defining the co-existence curve. A
spinodal (dashed line) marking the crossover from metastable to unstable phase showing
spontaneous phase separation, and a metastable state in the region marked between
the spinodal and binodal, and the critical point (red spot) (b) predicted binodal (solid
line), spinodal (dashed line), and critical (solid dots) conditions for PNIPAM/ water
mixtures, and experimental results (hollow squares) for the demixion temperature Tdem
of PNIPAM/ water mixtures taken from [18]

via a type-2 phase transition, characterized by the coexistence of two different phases hav-
ing finite polymer concentrations, a higher φ+ and a lower φ− [21]. Such a co-existence
has been theoretically predicted to form the basis for a vertical phase separation phe-
nomenon in PNIPAM brushes, i.e. the presence, close to the LCST, of a dense brush
region near the grafted substrate and a dilute region at far off vertical distances [1,22–25].
However, these theoretical features require experimental supports in order to allow clearer
identification of the mechanisms at play.

Until now, Ellipsometry and Neutron Reflectivity have provided the best experimental
examples for vertical phase separation seen in polymer brushes made of PNIPAM.

4.2.2 Probing a brush density profile

Ellipsometry

In Ellipsometry, a linearly polarized light source is made incident onto the surface having
the material of choice (a polymer film). On reflecting from the material there occurs a
change in the polarization of the incident light which forms the detection signal. The
polarization state of the reflected light is decomposed into two components, the s compo-
nent which oscillates perpendicular to the plane of incidence and parallel to the sample
surface, and the p component that oscillates parallel to the plane of incidence (figure 4.3).
The ratio of the reflection coefficients of the p and s components can be written as

rp
rs

= tan(ψ) expi∆ (4.3)

where tanψ denotes the amplitude ratio of two coefficients upon reflection and ∆ is the
phase shift. The angle of incidence is chosen to be at Brewster angle (θb) to ensure
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maximum difference between rp and rs and least abrupt changes in ∆ values. This allows
accurate measurements of the film parameters. The determination of film parameters (for
example height) is done by iterative procedures, where unknown optical constants are used
to calculate the amplitude ratio and phase shifts using Fresnel’s laws of reflection. The
calculated values are then matched with the experimental data to assign the parameter
values.

Figure 4.3: Schematic showing the direction of the electric field vector for the s-
polarization and the p-polarization.

Whereas single wavelength ellipsometry relies on only one set of Ψ and ∆ values and
is typically limited to the determination of either the thickness or refractive index of
thin films bounded by sharp interfaces, spectral ellipsometry employs a spectral source,
thereby allowing to compute more complex optical characteristics of thin films, e.g. re-
fractive index gradients. SE was employed to probe the collapse transition of PNIPAM
brushes. The experimental results were analysed with an optical model accounting for
an exponentially decaying refractive index of the brush. This showed that, as seen on
figure 4.4, at temperatures close to the LCST, the brush was composed of a dense inner
region, of constant index, surmounted by a more dilute one displaying a decaying index.
While this indeed suggests a non-homogeneous brush collapse, the model used in this
work points to the existence of rather broadly spread density gradients, which is not a
clear sign of vertical phase separation.

Figure 4.4: Left panel: Refractive index as a function of the distance from the substrate,
for various temperatures. Close to the LCST, the brush is modeled as a double layer,
with a gradient in the dilute layer. At higher temperatures, only a single layer with a
constant refractive index is considered. Right panel: schematic of a structured brush,
having a dense inner phase and a more dilute outer one. Images taken from [26].
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Neutron Reflectivity

Neutron Reflectvity involves shining a beam of neutrons onto the surface bearing the
film of interest and measuring the reflected intensity as a function of incident angle or
neutron wavelength. Neutron reflectometry is a specular reflection technique, where all
the incident light gets reflected back with the angle of the incident neutron beam. The
reflectivity is usually described in terms of the momentum transfer vector, perpendicular
to the reflecting surface denoted by qz, which describes the change in momentum of a
neutron after reflecting from the material such that

qz =
4π

λ
sin θ (4.4)

In order to analyze the obtained reflectivity data, theoretical models based on density
profiles are required. In neutron reflectivity, this is achieved via describing the scattering
length density(SLD) profiles normal to the surface, which are then converted to density
profiles, i.e. volume fraction φ as a function of the distance to the substrate. The
technique was used to probe the conformational changes of PNIPAM brushes as a function
of temperature [18]. The modeled density profiles reported a direct evidence for a vertical
phase separation in PNIPAM brushes. Upon heating, the segment profile changed from a
quasi-parabolic shape to a distinct double layer around the polymer LCST and to single
step-like profile at high temperatures (figure 4.5).

Figure 4.5: Best fit segment concentration profiles for a dense PNIAM brush at different
temperatures showing the dramatic change in profile shape in the transition region. Image
taken from [18]

So far, Neutron reflectivity (NR) represents the only technique that has allowed direct
access to the structural evolution of PNIPAM brushes as a function of solvent quality.
Moreover, theoretical predictions regarding vertical phase separation are still a matter
of uncertainty despite years of research [1,27], and require further experimental support.
Hence, there is a need for experimental techniques that allow for the systematic and high-
throughput screening of the effect of brush parameters on such a phenomenon. I address
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this point in the present chapter and show that optical reflectivity measurements, based
on Reflection interference Contrast microscopy (RICM), can provide valuable information
regarding the density profiles of polymer brushes.

4.2.3 Reflection Interference Contrast Microscopy

RICM is an optical technique that can probe optical distances between two or more in-
terfaces based on the interference patterns formed by light reflected from these interfaces.

The optical basis

RICM involves illuminating the sample with a nearly parallel beam of monochromatic
incident light that is reflected by the substrate and the object under investigation placed
above the substrate.

Figure 4.6: The basic principle of RICM, light reflected from different interfaces (1 and
2) in quasi-normal incidence gives rise to the resultant interference fringes. Images taken
from [28].

A monochromatic incident ray I0 at quasi-normal incidence is first reflected at the
glass/medium interface (interface 1)to give the ray I1; the transmitted ray is reflected
further at the surface of the object (interface 2)and gives rise to the ray I2 (figure 4.6).
Rays I1 and I2 interfere and give rise to a resultant intensity I, which is given by

I = I1 + I2 + 2
√
I1I2 cos[2kh(x, y) + φ] (4.5)

Where k = 2π(n1

λ
) , φ a phase shift usually equal to π , and h(x,y) the distance

separating the object and the substrate at lateral position (x,y).

The intensities I1 and I2 depend on the incident I0 by Fresnel’s law as

I1 = r2
01 ∗ I0, and (4.6)
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I2 = (1− r2
01)r2

12 ∗ I0 (4.7)

Reflection is caused by a change in the refraction index, so on every boundary a part
of the light is reflected. The amount of reflection is given by the reflection coefficient rij,
according to the Fresnel reflection relation

rij =
(ni − nj)
(ni + nj)

(4.8)

where i is the medium from which incident light falls onto the interface and j is the
medium from where it gets reflected back to the previous medium.

The interference patterns allow precise measurements of the interfacial distances (see
eq. 4.5).

Standard RICM

Figure 4.7: Schematic showing the RICM setup and optical path for a standard RICM
microscope. AD: aperture diaphragm, FD: field diaphragm, QWP quarter-wave plate,
SRM : semi-reflecting mirror, P: Polarizer, A: Analyser. The circular zoom highlighting
the light polarization with the antiflex method. Image taken from [28].

The standard RICM comprises of a light source, an inverted microscope equipped with
an antiflex objective and a CCD camera. The sample is observed under monochromatic
illuminating light. The typical set-up is shown in figure 4.7. Illuminating light from the
source passes through a collector, an interference filter and two adjustable diaphragms,
an aperture diaphragm(AD) and a field diaphragm(FD) to the reflector cube. In the
reflector cube, the light path is composed of a polarizer(P); a semi-reflecting mirror and
a crossed polarizer(A). The objective is specially designed for RICM with a built-in Quar-
ter Wave Plate(QWP) located in front of the front lens [28]. The quarter wave-plate is
optimized for a particular wavelength, which is the recommended wavelength to use in
the optical set-up.

Contrast in reflection and the Antiflex technique

The reflectivity for a polymer layer or a biological cell is usually low. In contrast to this,
light coming from any part from the microscope is more intense and obscures the signal
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Figure 4.8: The basic principle of antiflex technique. The light gets circularly polarized
by polarizer P1 and quarter waveplate. under such an effect, the polarization of light is
shifted by 90◦ and passes through the analyser P2, which is oriented perpendicularly to
P1.

of interest by contributing to noises in the images. In order to avoid this, the antiflex
technique is used. Two polarisers P1 and P2 along with a quarter waveplate are placed in
the path of the incoming light rays as shown in figure 4.8. The incident monochromatic
light is first rendered linearly polarized by the polarizer P1 and then transformed into a
circularly polarized light after passing through the Quarter Wave plate(QWP). Upon re-
flection of circularly polarized light from the optical interface, the direction of polarization
of circularly polarized light is reversed at both the interfaces 1 and 2 (figure 4.8). After
passing through the QWP, the light emerges back to a linearly polarized light, but with
a polarization turned by an angle of 90◦ with respect to the incident light perpendicular
to the incident light. An analyser P2 which is oriented perpendicular with respect to the
first one, cuts off all stray lights going through it and allows only the light that passes
from the QWP to exit the microscope. This allows collecting the net intensity coming
only from the sample of interest.

Multi wavelength RICM

A major limitation of the conventional RICM technique is the difficulty in determining
absolute height values. As the interference patterns provide a periodic series of construc-
tive and destructive interference, absolute heights cannot be determined because the
absolute phases of the lights reflected by the various interfaces are not known. In order
to overcome this drawback, the sample is illuminated with another wavelength. Herein,
the intensity of interference pattern for every wavelength are independently patterned.
Adding another wavelength introduces another cosine function, but having a different
periodicity. Additionally, the boundary conditions for both the wavelength require zero
intensity at zero height, giving rise to a phase relation between the two wavelengths, and
thus an unambiguous height determination (figure 4.9).

The RICM employed in the present study was adapted from the conventional RICM
instrument allowing reflectivity experiments over a wavelength spectra. I describe the
setup and its use in characterizing PNIPAM brushes in the Materials and Methods sec-

83



Figure 4.9: Schematic showing dual wavelength RICM (a) single green(solid lines) wave-
length makes it difficult to compute absolute height from the resultant intensity. Using
another wavelength (blue, dotted lines) lifts the ambiguity in computing h up to 800 nm.
Images taken from [28] .

tion of the chapter.

4.3 Materials and Methods

4.3.1 PNIPAM brushes

A set of 12 different brushes were prepared on glass coverslips and Si wafers, following to
the ARGET-ATRP procedure described in chapter 2. Brushes were grown at 3 different
grafting densities, referred to as HD (High Density), MD (Medium Density) and LD (Low
Density). The dry thicknesses of the brushes, measured by ellipsometry, are summarized
in Table 1. As mentioned in chapter 2, control HD samples grown in parallel with MD
and LD samples have a dry thickness suggesting that σMD ' σHD/3 and σLD ' σHD/7.

Brush hdry
(nm)

HD1 200
HD2 167
HD3 138
HD4 108
HD5 90
HD6 70
HD7 62
HD8 22
HD9 17
HD10 13
MD 40
LD 29

Table 4.1: Set of brushes prepared along with their dry thickness measured by ellipsom-
etry.
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Pre-measurement protocol

The brush-grafted substrates were soaked in ultra-pure water at room temperature overnight
before use in order to remove any weakly physisorbed polymer from the surface. Follow-
ing this, they were dried, and the brush dry thickness was re-measured by ellipsometry.
Post soaking, there was a small decrease in the thickness of the brushes, between 1nm for
thinnest sample (having thickness less than 40nm) and 3-5 nm for the thickest sample.
The values corresponding to the post-soaking measurements are shown in Table 4.1

4.3.2 RICM characterization

A conventional RICM set-up (figure 4.7), based on two wavelengths (470 nm and 560 nm)
was used initially to perform qualitative experiments on grafted PNIPAM brush samples.

4.3.3 Spectral RICM setup

The experimental setup

The spectral reflectance instrument (figure 4.10) comprises of a white plasma light source
(Thorlabs) with a continuous emission spectra in the visible range (400-800 nm). The
incoming white light is linearly polarized and then coupled to the microscope using a
polarising beamsplitter cube (Thorlabs). The illumination numerical aperture (INA) is
set to 0.15 using a calibrated aperture diaphragm. The reflected light is detected through
the beamsplitter cube and a cross polarizer.

Imaging

In contrast to standard RICM systems employing an antiflex objective (Zeiss,63X, 1.3NA)
[28], the quarterwave plate in our setup is made of a mica sheet of thickness around 20-
25µm is glued to the bottom of the sample (brush/glass coverslip). The mica sheet
corresponds to a Quarter Wave Plate (QWP) in the 400-500nm range. This allows for
control of polarization without the need of a specifically designed objective. The cur-
rent approach enables us to use objectives of any magnification, immersion medium and
numerical aperture. A 20X, 0.75NA super apochromat air objective (UPLSAPO 20X,
Olympus) is used here to image the sample without thermal coupling through the im-
mersion medium. The reduced chromatic and spherical aberrations ensure good image
quality throughout the visible spectrum.

Spectrometer

A home built spectrometer is coupled to the output port of the microscope for spectral
reflectivity measurements. A variable slit (figure 4.10a) is placed at the imaging plane to
control the spectral resolution and is imaged using achromatic lenses onto a CCD camera
after reflection on a diffraction grating (Thorlabs). This allows a spectral image of a line
in the sample in the CCD camera (figure 4.10b). An autofocus device is coupled the
microscope that allowed long-term data acquisition during temperature changes without
losing the focus.
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Figure 4.10: (a) Schematic view of the RICM microscope used for spectral reflectance
measurements. A mica quarter wave plate (QWP) is directly glued to the bottom of the
sample. (b) Schematic view of a sample image showing the position of the scratch made
in the brush (used as a reference glass/water interface), and of the slit (yellow) on the
image. Image adapted from Varma et al [29].

Temperature control

The temperature cycles were performed with a thermostated box that enclosed most parts
of the microscope. Such an arrangement led to slow temperature variations during heating
(0.3◦C/min) and cooling down (0.15◦C/min). The temperature-control system ensured
that temperature changes around the samples were uniform throughout the course of the
experiment, thereby allowing unbiased measurements of the brush temperature.

Temperature measurements were performed as close as possible to the imaged region
of the brush. This was done by using a miniature type-K thermocouple encased within
the liquid cell holder, with the sensing part placed carefully onto the brush-grafted sur-
face. A digital multimeter(Agilent 34970A) was employed in conjugation with a second
sensor measuring the reference temperature of the thermocouple cold junction, in order
to monitor the temperature of the sample with an absolute accuracy of 0.1◦C and a res-
olution of about 0.01◦c. A custom-written software (Labview) was used to synchronize
illumination of the sample and image acquisition with temperature measurements at fixed
temperature intervals of 0.05◦c.

86



Spectral reflectance measurements

To measure absolute spectral reflectance of the samples, brushes were scratched with a
blunt steel blade, in order to locally remove the polymer layer over a narrow region (a
few tens of µm in width). We placed the sample onto the microscope with the scratch on
the brush located in the middle of the field of view (figure 4.10(b)). The scratch appears
as a line resolved over a spectrum on the CCD. In addition, the field diaphragm of the
microscope is partially closed so that its edges are visible on the CCD as dark regions on
either sides of the image (figure 4.11). In this configuration, a “black” reference (using
the field diaphragm image) and a “bright” reference (using the bare region in the scratch)
could be simultaneously measured on the same image. Each measurement was typically
performed using an exposure time of 0.5-1.0 s, limited by the signal intensity due to the
small value of the reflectance of thin polymer brushes.

Figure 4.11: Typical image obtained in the space-wavelength plane of the CCD camera.

4.3.4 Image processing and analysis

Image processing was performed using a home-written ImageJ macro. The reflectivity of
the brush covered glass is measured and calculated with respect to that of the bare glass
in water. Using the “black” and “bright” references allows us to account for the light
source fluctuations and background noise caused by unwanted reflections (top surface of
the sample holder, mica/glass interface, etc.) For each wavelength, the quantities δ1 and
δ2 are extracted from the RICM image (figure 4.11), with

δ1 = Ibrush − Iblack (4.9)

δ2 = Iscratch − Ibrush (4.10)

where Ii are the intensities measured in the “black”, “bright” and “brush” regions.
These quantities are used to obtain the reflectance, relative to that of the glass/water

interface, as

R(λ)/Rglass/water(λ) =
(Ibrush − Iblack)
(Iscratch − Iblack)

= δ1/(δ1 + δ2) (4.11)
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With the refractive indices of water and glass known, the reflectance of the sample
could be computed.

From the values of R(λ) thus computed at the various imposed temperatures, we
obtain 2D temperature-wavelength maps of the sample reflectance, such as that shown
on figure 4.12. From such maps, built for all the samples studied, we could extract either
reflectance spectra at a selected temperature (by plotting a horizontal intensity profile)
or single wavelength reflectance as a function of temperature during a heating/cooling
cycle (vertical intensity profile).

Figure 4.12: 2-D reflectance data (coded in grey levels on the map) obtained after a
heating/cooling cycle from the spectral RICM experiments. Image adapted from Varma
et al [29].

4.4 Results

4.4.1 Standard RICM imaging

At first, we have employed a conventional two-wavelength imaging RICM set-up in order
to qualitatively probe the optical behaviour of PNIPAM brush/glass substrate as a func-
tion of temperature. This was done using a high density brush of dry thickness around
40nm, that was grafted onto a glass substrateand had been locally scratched in order
to display a region of bare glass surface (figure 4.13). The imaged area was controlled
by the RICM field diaphragm that forms a “dark” background at the image periphery.
RICM images shown on figure 4.13 were built by superimposing the images obtained at
two different wavelengths.

It can be seen on figure 4.13 that upon increasing the temperature across the LCST,
variations in color and reflected intensity are visible in the brush-covered region of the
surface. These observations suggest that the optical response of the brush is a function
of the brush height and density.

These successful checks led us to systematically probe the intensity changes of the
brush grown surfaces in order to obtain a clear picture of the brush response.
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Figure 4.13: RICM images at (a) low temperature (b) around the LCST, and at (c) high
temperatures. The collapse of the brush is reflected by changes in color and reflected
intensity.

4.4.2 Single wavelength reflectance measurements

In order to assess the sensitivity of RICM to the thickness of the brush, we have designed
a brush of dry thickness 40 nm that was patterned by deep-UV lithography (see chapter 2)
in order to decrease locally its thickness down to 10 nm, over a H-shaped region (see figure
4.14a). From the measured reflected intensity over these two regions of the brush, we
have built (as explained in the “Image processing” section of “Materials and methods”)
the reflectivity curves, measured at a single wavelength of 470 nm, as a function of
temperature.

Figure 4.14: (a) A PNIPAM brush having a thickness of 40nm and a patterned region
of thickness 10 nm. (b) Reflectivity curves computed over the brush of thickness 10nm
(blue) and 40 nm (green curve).

It is seen on figure 4.14b that the R(T ) curves computed over the two regions display
different magnitude and temperature dependence. Moreover, the two curves present
clear variations at temperatures around the LCST. This provides strong support to the
fact that RICM is a sensitive technique that should provide information regarding the
height and density variations of PNIPAM brushes, including rather thin polymer layers
of thickness ∼ 10 nm. We have attempted, as typically done in RICM data analysis (see
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eq. 4.5 on p. 81), to model the brushes as thin layers of uniform refractive index n(T )
and height h(T ). However, such simple modeling assumptions did not allow to reproduce
quantitatively the measured R(T ). This called for a more accurate modeling of the brush
density profile, as well as for RICM experiments performed at multiple wavelengths, in
order to have enough experimental information allowing for proper constraining of the
models.

4.4.3 Spectral reflectance as a function of temperature

The spectral RICM set-up was used to analyse the set of brushes described previously
in Table 1. On figure 4.15, I present a set of reflectance spectra measured at different
temperatures for the HD4 brush.

Figure 4.15: Reflectance spectra for HD4 brush at different temperatures. Solid lines are
the measured spectra, and dashed lines are the best fits obtained using the density profile
model described in the following section. Image adapted from Varma et al [29].

The spectra show qualitatively that both the magnitude and the wavelength-dependence
of reflectance evolve as a function of temperature, and show significant changes around
the bulk LCST of the polymer. In the following part, I describe the theoretical model-
ing we have performed in order to analyze such reflectance data and extract the brush
density, φ, as a function of the vertical distance from the grafted surface z.

4.4.4 Spectral reflectance modelling

Our modeling is based on the following assumptions:

• We assume that the brush is composed of infinitesimal layers each having a reflec-
tion coefficient. Thus, the total reflection can be approximated by integrating the
contribution of reflection from all the infinitesimal homogeneous axial segments.
The resultant reflectance is then written as:

R(λ) =| (nglass − n0)

(nglass + n0)
+

∫ +∞

0

1

2n(z)

∂n

∂z
exp (

2π

λ

∫ z

0

n(z′)dz′)dz |2 (4.12)

Where n(z)is the refractive index of the polymer brush at the axial position z.
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• The refractive index of the hydrated polymer varies linearly with the monomer
volume fraction φ(z) as

n(z) = [(nnipam × φ(z)) + (nwater × (1− φ(z))) (4.13)

Values for the refractive indices of water [30], glass [31] and PNIPAM [19] and their
variation with the wavelength were taken from previous reports.

• The density profile of the brush is assumed to be made up of linear segments with
different gradients. Our aim is to describe the reflectance spectra with the least
possible number of fitting parameters. We have tried to fit our experimental data
using profiles composed of either a single constant+linear density gradient (figure
4.16a), having 3 free parameters, which we call in the following a “single-phase”
model, or composed of two such constant+linear gradients (figure 4.16b), having 6
free parameters (called “two-phase” profile). With such a simplified density model,
we are however able to approximate many different shapes ranging from a simple
step-like profile to a gradual density decay described by a concave or convex shape.

• The total amount of polymer is conserved (eq. 4.14), which reduces the number of
free parameters for a two phase profile to 5, and for a one phase profile to 2.

hdry =

∫ zmax

0

φ(z)dz (4.14)

Figure 4.16: Schematic showing (a) a one-phase and (b) two-phase profile with the pa-
rameters used to decribe each profile. The parameters in black are independent and used
to fit the profile, while the parameters in gray are deduced from the conservation of the
total amount of monomer. Parameters h, h1, and h2 are the distances from the wall
(z=0) to the midpoint of the linear decays. Image adapted from Varma et al [29].

Under these assumptions, we obtain the reflectance as a function of the 5 (2 for a one
layer model) parameters:

R(λ) = (r0 + r1 + r2)2 (4.15)

with

r0 =
(nglass − n1

nglass + n1

)
(4.16)

r1 =
1

4
exp

[
4iπn1

λ
(h1 + d1

n1

2(n1 − n2)
)

]
×
(
Ei(
−2iπd1n

2
2

(n1 − n2)λ
)− Ei(

−2iπd1n
2
1

(n1 − n2)λ
)

)
(4.17)

91



r2 =
1

4
exp

[
4iπ

λ
[(n2(

hs − h1φ1

φ2

)+n1h1+
d2nwn2

2(n2 − nw
)

]
×
(
Ei(
−2iπd2n

2
w

(n2 − nw)λ
)−Ei(

−2iπd2n
2
2

(n2 − nw)λ
)

)
(4.18)

Where Ei is the exponential integral function, ∆n=nnipam-nwater, nw=nwater, n1=∆n×
φ1 + nw, and n2 = ∆n × φ2 + nw. The five adjusted parameters h1, φ1, φ2, d1 and d2

are shown on figure 4.16, and hdry is the dry thickess of the PNIPAM brush measured by
ellipsometry. d1 and d2 are the density gradients.

The formula for a single phase profile is straightforwardly obtained by setting r2 = 0,
φ2 = 0, and h1 = hs/φ1.

Fitting of the experimental spectral reflectances using the above relations was per-
formed using Mathematica in order to determine the values of the 5 (2) adjustable pa-
rameters allowing the quantitative description of the measured spectra. A discussion
regarding our fitting procedure, the uniqueness of the fit solution, and a comparison of
our model with the output of other models for the density profile is provided at the end
of the chapter.

4.4.5 Density profiles at high temperatures

Starting with a simple situation, I first discuss the density profiles of the brushes ob-
tained at temperatures well above the LCST (typically T ≥ 35◦C). As seen on figure
4.17, where I present data obtained for brush HD4, we find that at high temperatures,
the reflectance spectra can be well fitted using a single-phase density profile having a con-
stant volume fraction (φ=0.9∼1). Figure 4.17 shows that both the single- and two-phase
models converge to similar best-fit solutions, which correspond to a density profile that is
essentially step-like. Moreover, the distance z at which the brush density drops to zero is
observed to be, within about 10%, in good quantitative agreement with the value of hdry
measured independently by ellipsometry. This was observed for all the brushes studied
here. This provides a first validation of our data analysis, and shows that, as expected,
PNIPAM brushes at temperatures well above the LCST are collapsed under the form of
a homogeneously dense layer.

Figure 4.17: (a) experimental reflectivity data (black dots) corresponding to the HD4
brush at T = 36◦C, along with their best fit obtained using a one phase profile (blue
dotted line) and a two phase (red solid curve) profile. (b) corresponding density profiles
obtained using a one phase profile (dotted blue) and two phase profile (solid red).
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4.4.6 Density profiles at low temperatures and brush swelling

Far below the LCST, at temperatures ∼ 25◦C, we find that the reflectance curves cannot
be properly captured using a φ(z) profile having a step-like shape or composed of a uni-
form density region topped by a single linear decay. Instead, the reflectance is accounted
for by a more complex density profile having a decay composed essentially of two linear
gradients. These two gradients are needed to fit the experimental reflectivity curves, as
shown in figure 4.18A and B.

Figure 4.18: (A) experimental reflectivity data (black dots) corresponding brush HD4 at
T = 25◦C, compared to the best fit solutions obtained with a single-phase profile (blue
dotted line) and a two-phase (red solid curve) profile. (B) corresponding one phase profile
(dotted blue) and two phase profile (solid red). (C) experimental and best-fit reflectance
spectra for the MD and LD brushes at 25◦C. (D) density profiles obtained for the HD,
MD, and LD brushes. The distance z to the substrate has been normalized by the hdry
for each brush. Inset: swelling ratio α as a function of grafting density (normalized by
σHD) determined from the density profiles extracted from data fits (•). The dependence
of α expected from eq. 4.22 is plotted for comparison for ν = 1/2 (solid line) and ν = 3/5
(dotted line). Images adapted from Varma et al [29].

Such features of the density profile were observed for all the brushes studied, and in
particular also for MD and LD brushes of lower grafting density, as seen on figure 4.18C
and D. Figure 4.18D shows that, for HD, MD and LD brushes, the density profiles display
a similar double-gradient decay, and that, as the brush grafting density is decreased, the
monomer volume fraction at the wall, φ0, decreases, while the overall height of the brush
hswell (the distance z at which φ = 0), normalized by the brush dry thickness, increases.
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The above ratio, α = hswell/hdry, corresponds to the swelling ratio of a brush, and
quantifies the variation of the spatial extent of a brush between the good and poor solvent
situations. As illustrated on figure 4.18D and summarized in table 4.2, we observe that
α is consistently on the order of 3 for all HD brushes (having the same σ and different
N), and increases to α ' 6.5 for the MD brush and 11 for the LD brush. Such values
of α for the HD and MD brushes are in qualitative agreement with those obtained from
a previous experimental studies using surface force apparatus performed on samples of
comparable grafting densities [12], as well as with recent numerical computations [32].

We now analyze the observed dependence of α on σ in the framework of a simple
brush model proposed by Alexander and de Gennes [33, 34]. The model is based on the
following assumptions (see figure 4.19):

• The chains are uncharged and non-adsorbing i.e not attracted to the substrate

• The chains, composed of N monomers, are uniformly stretched, having the free
chain ends on top of the brush at height h

• The density profile of the brush φ is uniform (i.e. φ(z) is step-like)

• Each attached chain is described as a series of correlation blobs that do not overlap
with each other, and whose size is set by the average distance between tethering
points, d = 1/

√
σ.

Figure 4.19: schematic showing a brush grafted onto substrates and described as blobs
in the alexander de gennes picture.

The size of a blob is given by:

db = gνa (4.19)

where g is the number of monomers in a blob, a is the monomer size, and ν an exponent
< 1 that will be specified below.

The height of a brush swollen in a solvent can thus be expressed as:

hswell = nbdb (4.20)
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with nb, the number of blobs per chain, equals N/g. Replacing db = d, nb and g in
equation 4.20 yields the following expression for hswell:

hswell = Na(
d

a
)1−1/ν (4.21)

The brush swelling ratio, α = hswell/hdry, can then be computed, recalling that hdry =
Na3/d2:

α = (
d

a
)3−1/ν =

[ 1

a(σ)1/2

]3−1/ν

(4.22)

Theoretical predictions for brushes immersed in a good solvent are based on ν = 3/5,
i.e. the blob size is that of isolated chain of g monomers obeying a Flory scaling. It has
been found however, in experiments performed on brushes of high grafting densities, that
a value of ν = 1/2 describes more accurately the swelling data [35], suggesting that blobs
are better described as gaussian entities.

We can already use the above framework to interpret our data regarding α:

• α values for all HD brushes are consistent with a value of around 3, indicating that
brush swelling is independent of the chain length, as expected from equation 4.22.

• we find that α is larger for lower grafting densities, as qualitatively anticipated
from equation 4.22. Moreover, from the theoretical prediction for α, we expect that

an n-fold reduction of σ should induce a n
(3− 1

ν )

2 fold increase of the swelling ratio.
Starting from the average value of the swelling ratio for HD brushes (α ∼3.1), and
using the two limit values of ν (1/2 and 3/5), the swelling ratio of the MD brush,
which is 3.5 times less dense, should thus lie in the range of 5.8-7.1, while α for the
LD brush, whose density is 7 times lower than the HD sample, should have a value
in the range 8.2-11.4. Indeed, the above scaling analysis is fully consistent with our
measured values for the MD (α = 6.5), and LD (α = 11) brushes from the RICM
experiments, as seen in figure 4.18D (inset).

4.4.7 Estimation of brush parameters

Our measurements of the brush swelling ratios are therefore in excellent agreement with
the above theoretical scaling analysis. Moreover, using self-consistent field theory, Zhulina
et al [36] have obtained, for a more realistic (parabolic) brush density profile, a relation-
ship between hswell and d that displays the same scaling as that of equation 4.22, and
differs quantitalively from it by a prefactor of order 1. This has prompted us to use
equation 4.22 to estimate the values of the molecular parameters σ and N for the various
brushes studied.

For this, we employ relation 4.22 with ν = 1
2

and a = 0.6 nm1 to compute σHD from α
for the HD brushes. Using σHD, the number of monomers per chain, N , can be estimated
from hdryσ = Na3. The grafting densities of the MD, and LD brushes are computed by
dividing σHD respectively by 3.5 and 7, as suggested by ellipsometry measurements, and
chain lengths can subsequently be estimated as before.

This procedure provides us with an estimation of the grafting density and chain length
of the various brushes studied, as reported in Table 4.2. We also compute the Flory

1The monomer size a can be calculated using the relation ρ = M0/(NAa
3) with ρ, the NIPAM

monomer density = 0.95gcm−3, M0=113g mol−1, and NA the Avogadro’s number.
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radius(RF ) (radius of the unperturbed coil that the chains form in a free solution) and
build the ratio of RF to the average distance between grafting points d. As shown in table
2, this ratio is found to be larger than 1 for all the studied brush samples, both in swollen
and collapsed state showing that the studied polymer layers exist in the brush regime at
all the temperatures, including far above the LCST where water is a poor solvent.

Brush h
(a)
dry

(nm)
α(b) σ(c)

(nm−2)
N (d) RF

d
(e) Rc

d
(f)

HD1 200 2.8 0.3 3100 41 4.8
HD2 167 3.2 0.3 2580 36 4.5
HD3 138 3.4 0.3 2130 33 4.2
HD4 108 2.75 0.3 1670 28 3.9
HD5 90 3 0.3 1390 25 3.7
HD6 70 2.95 0.3 1080 22 3.4
HD7 62 3.2 0.3 960 20 3.2
HD8 22 3.4 0.3 340 11 2.3
HD9 17 2.8 0.3 260 9 2.1
HD10 13 3.5 0.3 200 8 1.9
MD 40 6.5 0.088 2150 18 2.3
LD 29 11 0.045 3100 16 1.9

Table 4.2: Characteristics of PNIPAM brushes. (a) dry thickness measured by ellipsome-
try. (b) Swelling Ratio determined from reflectivity spectra at 25◦C. (c) Grafting density
estimated from equation 4.22, with ν=1/2 and an average swelling ratio of α = 3.1 for
all HD brushes. MD and LD densities estimated from their dry thicknesses compared
to HD control wafers. (d) number of monomers per chain estimated from equation. (e)
Ratio of the Flory radius RF = aN3/5 [34] and the estimated average distance between
tethering points. (f) Ratio of the collapsed radius Rc = aN1/3 [34] and the estimated
average distance between tethering points.

4.4.8 Polydispersity in the brush

From the results shown on figure 4.18D, we observe that the experimental brush profiles
deviate from the expected parabolic profiles predicted both by SCF theory [37] and
simulation [38] under good solvent conditions. However, such predictions have been
obtained for monodisperse brushes. As shown by self consistent field theory [37,39], such
a parabolic shape is predicted to be lost when polydispersity is accounted for in the
polymer brush. In the presence of polydispersity, the brush density profile, starting at
the same monomer density at the wall, is predicted to adopt a concave shape that drops
at φ = 0 further away from the grafted surface [37,39], as illustrated in figure 4.20a.

In order to compare our profiles with those expected for monodisperse brushes, we
compute parabolic profiles φ(z)=φ0(1−( z

hswell
)2) for the HD4, MD and LD brushes: these

profiles have to satisfy the mass conservation constraint, namely
∫ hswell

0
φ(z)dz = hdry,

and start at the same φ0 as that determined from fitting the experimental data. Under
such conditions, the parabolic profiles are entirely determined without any free parameter.
We compare the theoretical parabolic profiles with those determined from our modelling
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Figure 4.20: (a) SCF predictions of density profiles for a monodisperse (dotted line) and a
polydisperse brush (solid line). Image taken from [37]. (b) Comparison of experimentally
determined (solid lines) and computed parabolic (dotted line) profiles for HD4, MD and
LD brushes. (Image adapted from Varma et al [29].)

on figure 4.20b. In agreement with the above-mentioned predictions, we observe that
the φ(z) profiles we extract display the concave shape and the large-distance tail that
characterize polydisperse brushes.

It can be seen from figure 4.20b that φ drops to 0 at a distance z larger than that
of the parabolic decays. This means that the brushes swell more than expected for
monodisperse chains, by about 50-60 percent for the three grafting densities (αpoly/αmono

corresponding to 1.5-1.6 (figure 4.20b). The magnitude of such a polydispersity-induced
overswelling is theoretically predicted to depend on the polydispersity index [39], which
is defined as the ratio of the weight to number average molar mass of the chains Mw/Mn.
From the simulation results obtained by de Vos et al. [39], who computed the amount
of overswelling as a function of the brush polydispersity index, we estimate here that a
50-60% overswelling should correspond to Mw/Mn in the range 1.25-1.3.

As the measured swelling ratios for our polydisperse brushes are larger than for mono-
disperse brushes of the same σ and N , which is the assumption made in our Alexander-de
Gennes analysis above, we conclude that we underestimate (using equation 4.22) σ by a
factor of 2-2.5, and in turn overestimate N by the same factor.

4.4.9 Density profiles across the LCST: vertical phase separa-
tion

Finally, we describe the density profiles needed to account for the reflectance spectra at
temperatures close to the LCST. As seen on figure 4.21a, the reflectance curves obtained
experimentally at different temperatures are seen to be quantitatively described using
our simple density model.

As the temperature of the solvent is increased towards the LCST, the following fea-
tures emerge in the density profiles (figure 4.21b):

• A region having high and uniform segment density emerges close to the surface,
and extends away from the substrate.

• The segment density profile φ(z) adopts a shape that indicates the presence of a
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Figure 4.21: (a) Reflectance spectra from brush HD4 as a function of temperature. Solid
lines are the measured spectra, dashed lines are the best fits obtained with the profiles
displayed in (b). Inset, swelling ratio as a function of temperature, showing a marked
transition around the LCST. Image adapted from Varma et al [29].

double decay in the density: a dense brush region is surmounted by a dilute brush
region.

• The interface separating the dense and dilute regions becomes thinner and sharper.

• The distance from the substrate at which the segment density φ drops to zero,
i.e. the brush height, can be seen to decrease as the temperature of the solvent is
increased, as evident from the inset of figure 4.21b.

We thus find that, close to the LCST of the polymer, a two-phase profile is mandatory
in order to account for the experimental reflectivity spectra. Such a feature is observed,
at T ' 32◦C, in the density profiles of all HD brushes with hdry greater than 60 nm, as
shown in figure 4.22.

For HD brushes with hdry smaller than 20 nm, the reflectance curves are seen to be
well fitted, over the whole temperature range, using a single-phase density profile. At
temperatures close to the LCST, both the single- and two-phase profiles yield equally good
fits (data not shown). We therefore cannot conclude on whether a two-phase profile exists
at the LCST for the thinnest brushes investigated: while our spectral RICM technique
allows us to quantitatively monitor the variations with T of the overall extension of
PNIPAM brushes as thin as 13 nm, we believe that discriminating fine details in the
vertical structure of such thin layers is beyond the sensitivity limit of the technique.

We can conclude, at this stage, that a double decay of the density profile, reminiscent
of what has been obtained by neutron reflectivity (see figure 4.5 on page 80), is manda-
tory in order to describe accurately the measured reflectance spectra of the HD brushes,
irrespective of chain length in the range N = 1000− 3000.

A further support to such a vertical structuring upon collapse of PNIPAM brushes
comes from the results obtained with MD and LD brushes. As shown on figure 4.23,
these two brushes also display, around the LCST, a φ(z) profile exhibiting an inner phase
of high and constant density surmounted by a much more dilute layer whose density
gradually decays towards zero.

Interestingly, we note that while vertical phase separation could be clearly seen be-
tween 30 and 34◦C for the HD brushes (figure 4.21b), this range is reduced to 32-34◦C for
the MD brush and to 33-34◦C for the LD brush (figure 4.23). This shows that vertical
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Figure 4.22: (a) reflectance spectra of brushes HD1, HD2, HD3, HD4, HD5, HD6, HD7
at 32◦C(solid lines) and fits(dashed lines) with the two -phase profiles plotted in (b),
showing a consistent phase separation for all six thicknesses. Brushes of smaller dry
thicknesses do not appear on the figure as their potential separation cannot be resolved
using the described set up. Image adapted from Varma et al [29].

structuring of the brushes is affected by the grafting density, and suggests that it may
even disappear for low enough grafting densities.

Figure 4.23: Density Profiles obtained from the reflectance spectra (not shown) as a
function of temperature for (a) the low density brush and (b) the medium density brush.
Adapted from Varma et al [29].

Overall, the above results and observations are qualitatively fully consistent with the-
oretical predictions regarding vertical phase separation in PNIPAM brushes. Indeed,
Kroger and Halperin have recently shown [1], using self-consistent field theory incorpo-
rating the empirical χeff (φ) determined by Afroze et al [21] (see page 78), that vertical
phase separation should occur around the LCST in PNIPAM brushes, and that the tem-
perature range in which such a phase separation exists gets narrower as the brush grafting
density is decreased. This is shown on figure 4.24.

A more careful look at figure 4.24 however reveals that SCF theory predicts vertical
phase separation to occur already around 27◦C for high density brushes [1], while we
observe that the two-phase profiles are found at temperatures greater than 30◦C, as
concluded also from neutron reflectometry studies [17,18]. This quantitative discrepancy
could be attributed to the fact that the empirical χeff determined by Afroze [21], and used
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Figure 4.24: Theoretical PNIPAM brush density profiles computed by Kroger and
Halperin at various temperatures. The brush grafting density decreases from left to
right. Vertical phase separation is seen at 27 and 29◦C for the highest σ (left panel), at
29◦C only for the medium density (middle panel), and not seen for the lowest σ (right
panel). Images taken from [1].

in SCF computations [1], accounts only semi-quantitatively for the PNIPAM/water phase
diagram. These differences between theoretical and experimental observations raise the
need to further extend the study of PNIPAM/water phase diagram in order to determine
more accurately the φ-dependence of χeff . Alternatively, the present data obtained on
brushes could be used to deduce χeff (φ) from a confrontation with theoretical predictions.

4.4.10 Robustness of fits and comparison with other models

The results presented and discussed above have been obtained using the simple density
model described in the Materials and Methods section on page 91. We discuss here the
robustness of our fitting procedure, and the various assumptions made regarding the
shape of the density profiles.

Fitting was achieved iteratively, starting from the collapsed (high temperature) spec-
trum for which initial trial values of the fit parameters can be obtained from the brush
dry thickness. In order to ensure that the set of parameters yielding a quantitative fit
of the data is unique, we compare systematically the quality of the fits obtained with
one- and two-phase models. Far above the LCST, when the brush is fully collapsed, the
two models, whose respective parameters are left free to vary, converge to the same best-
fit solution that consists of a single step-like profile whose extension is in quantitative
agreement with our independent ellipsometric measurement, as first illustrated on figure
4.17. This shows the uniqueness of the solution in the collapsed state, since modeling
with 2 or 5 free parameters leads to similar profiles. The same strategy is applied at all
temperatures: we systematically compare the fits obtained assuming a single-phase and
a two-phase model, and show that, as discussed earlier, a two-phase model is mandatory
in order to describe quantitatively the experimental data below and around the LCST.
Once this has been identified, we further check, at selected temperatures below and at the
LCST, that the profiles describing our data are indeed unique. This is done by calculating
the reflectance spectrum with parameters spanning the whole range of values accessible
under the physical constraints (volume fractions bounded in the range 0-1 and overall
conservation of the monomer amount). We thus verify, by exploring the full parameter
space, that there is only one profile that describes quantitatively the experimental data.

Fitting of spectral reflectances with the equations 4.15-4.18 relies on several modeling
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Figure 4.25: (a) we have used two one-phase profiles with identical amounts of monomer,
only differing by their smoothness, to derive the spectral reflectance curves shown in (b)
(black solid line and red dashed line). The straight-line profile was also used to calculate
the exact reflectance without using the Born Approximation (Black dotted line in (b)).
The three curves do not show any significant difference. Image adapted from Varma et
al [29].

assumptions, in particular:

• The reflection coefficients of each infinitesimal layer are small enough to consider
that light propagation through the sample is not affected by the reflected wave (Born
approximation). We verified this point by comparing reflectance values derived from
Eq. 4.15 to the exact numerical calculation, taking into account possible multiple
reflections in the layers. Figure 4.25b shows that no significant difference was
observed.

• The density profile of the brushes is described as a series of straight lines, while real
profiles certainly exhibit smoother features. However, reflectance calculated from
smoother profiles (erf functions) do not show differences with our simplified model,
as seen on figure 4.25.

Moreover, we have compared the best fits obtained with our piecewise-linear model
and with other analytical forms for the density profile, namely the parabolic and expo-
nential decays that are frequently used to describe brushes. A comparison is given on
figure 4.26, for the MD brush at temperatures below and at the LCST.

It can be seen that:

• our simplified model allows for excellent quantitative data fits while the two other
profile shapes either miss (parabola) or only partially (exponential) reproduce the
features of the reflectivity spectra,
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Figure 4.26: Experimental spectra obtained for the MD brush at 25◦C (a) and 33◦C(c)
along with the best-fit spectra computed, as indicated on the panels, from an expo-
nentially decaying profile(φ(z) = φ0 exp

−z
h ), a parabolic profile (φ(z) = φ0[1 − ( z

h
)2), a

piecewise linear approximation of the parabola (convex piecewise linear) and our piece-
wise linear model. The rightmost panels show such profiles at 25◦C(b) and 33◦C(d). All
profiles satisfy the conservation of monomer amount (

∫∞
0
φ(z)dz = hdry). Adapted from

Varma et al [29].

• our simplified model can be used to approximate more complex density profiles,
while retaining the important features of the reflectivity spectra, as shown on figure
4.26 and 4.25. This supports the fact that the density profiles obtained here are
quantitatively reliable approximations of the actual density decay of the brushes,
and that the quality of the fits would be only marginally enhanced by employing
a higher number of segments to refine profile discretization, at the cost of a larger
number of free parameters.

4.4.11 Hysteresis

Finally, we have probed the reversibility of the collapse/swelling transition of PNIPAM
brushes with our spectral RICM technique.

As shown on figure 4.28, which provides, for the MD brush, the reflectance measured
at λ = 600 nm during a heating/cooling cycle, we observe a hysteretic response of the
brush between 31 and 34◦C.
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Figure 4.27: Reflectance for a MD brush, measured at a wavelength of 600 nm upon
heating (red) and subsequent cooling (blue), illustrating the shift in the transition tem-
perature. Adapted from Varma et al [29].

Such a behavior was observed for all the brushes that were used in our study. We
have quantified the hysteresis in two different ways:

• From the reflectivity vs temperature curves measured at a given wavelength (figure
4.27), we compute the shift in temperature, ∆T , required in order to overlap the
cooling curve with the heating curve in the transition region.

• We measure the difference between the two temperatures at which the reflectance
spectra, upon heating and cooling, are identical over the whole spectral range.
These two methods yielded consistent values for the temperature hysteresis ∆T .

In figure 4.28(a), ∆T is plotted as a function of the brush dry thickness hdry, for the
various HD, MD and LD brushes. It can be seen that below a threshold in thickness
of hdry ∼15nm, no hysteresis is observed. Above this threshold, as hdry increases, the
hysteresis increases from 0.3 upto 0.75◦C. Furthermore, we observe that the MD and LD
brushes show higher results on the ∆T (hdry) plot as compared to the HD samples. From
these observations, we conclude that the magnitude of the hysteresis cannot be simply
controlled by hdry, i.e. the observed hysteresis does not only depend on the amount of
monomer bound to the surface.

In order to clarify which parameter influences the hysteresis, we have plotted ∆T as
a function of the average number of monomers per chain (N, as determined previously
from the swelling ratio) for each brush, as shown in figure 4.28(b). Doing so, we observe
that the results for the LD and MD samples are horizontally shifted and closely follow
the ∆T plots as seen for the HD brushes.

Overall, it can be seen that below a threshold in chain length, no hysteresis is ob-
served, while above this threshold, ∆T increases with N, independently of the brush
grafting density. These results indicate that the observed hysteresis is essentially gov-
erned by the length of the grafted chains.
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Figure 4.28: Hysteresis amplitude ∆T is plotted for the brushes listed in Table 1 as a
function of (a), their dry thickness hdry and (b), the chain length. Error bars in (b) and (c)
are estimated for the dispersion of the mesaured values of ∆T at different temperatures
and different wavelengths. Image taken from Varma et al [29].

Physical origins of hysteresis

Hysteresis in the thermal response of PNIPAM brushes has already been reported in sev-
eral previous works using SPR and QCM. Two possible mechanisms have been proposed
in these previous studies in order to explain such a hysteresis [4–8].

• Inter monomer hydrogen bonding: in the collapsed brush state, the formation of
inter-monomer hydrogen bonds may act as transient crosslinks that must be dis-
rupted upon reswelling of the chains. This mechanism has been suggested from
experiments on PNIPAM chains in solutions [40].

• Entanglements: the presence of entanglements create topological constraints that
limit the extent of chain swelling, and thus delay the swelling kinetics as the tem-
perature is decreased across the LCST.

Both mechanism have been proposed on a qualitative basis, and no systematic studies
of hysteresis as a function of brush parameters have yet allowed discrimination between
the two. For the present study, we tried to understand our experimental results by
supporting one of these mechanisms.

The presence of H-bonds “crosslinks” As per to the first mechanism, hysteresis
in PNIPAM chains is expected to arise due to the difference in energy barrier between
the collapse and swelling processes. If inter-monomer H-bonds were solely responsible
for hysteresis, ∆T should be directly proportional to the amount of monomers, i.e. hdry,
and smoothly vanish to zero as hdry tends to zero, in contrast to the threshold observed
in our data (figure 4.28(a)). Moreover, such a mechanism cannot account for the larger
hysteresis observed for low graftig densities for the same hdry i.e. for the same amount of
monomers, as seen in HD brushes. Hence, we rule out inter-monomer crossliking to be
the reason behind the observed hysteretic behaviour.

The presence of entanglements This mechanism has a kinetic origin in which
the hysteresis is mainly governed by the time required to relax the topological constraints
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due to entanglements compared to the time scale at which the temperature is decreased.
In our study, we find such a mechanism to be fully consistent with our results, as we now
detail.

In polymeric systems, surrounding chains impose topological constrains on each other
as they cannot cross. Although a clear picture of an entanglement is elusive, it can be
assumed as a possible knot between two neighbouring chains in an overlapping situation
(figure 4.29(a)). The collective efforts of surrounding chains on a random strand is to
restrict its motion into a tube like region (figure 4.29(b)) where each monomer is effectively
confined by a constraining potential in the tube with the primitive path as its centre.
The tube comprises of Ne number of entangled strands of size a [20].

Figure 4.29: (a) The crossing over of two chains leading to the formation of an entan-
glement. (b) A random chain topologically constrained into a tube like region by the
surrounding chains [20].

These entanglements form only when the polymer chains are longer than a critical
length Nc (or, equivalently, have a molecular mass larger than the critical mass for entan-
glement, Mc). This is consistent with the experimental studies showing the dependence
of the viscosity of polymeric melts on the chain molecular mass, wherein deviation from
the entangled regimes was observed for polymeric chains having molar mass less than Mc.

Such a critical length accounts for the observed threshold in the ∆T (N) curve shown in
figure 4.28(b). More precisely, we find this threshold to be aroundNc=300 monomers/chain.
Accounting, as discussed in the section dedicated to the effect of brush polydispersity on
page 97, for a possible over-estimation of N by a factor of ∼ 2, we consider that Nc,
determined from our hysteresis measurements, lies in the range of 150-300. This leads to
a critical mass Mc=NcM0 in the range 17-34 kg.mol−1, which covered the reported value
of PNIPAM entanglement mass of 23kg.mol−1 [41].

Increasing the density of entanglements in a semi-dilute solution of linear chains is
known to slow down their relaxation [42]. It can thus be expected that increasing the
density of entanglements within a brush will delay further its re-swelling, thereby yielding
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a larger apparent hysteresis at a given rate of temperature change. This is in agreement
with our results showing that ∆T is larger for longer chains, for which the number of
entanglements per chain increases.

Time scale of relaxation As a further validation step, we have compared the
lifetime of entanglements with the time scale of temperature change in our experiments.
τexp represents the time required to change the temperature of the solution by about 1◦C
around the transition. We fixed the rate of temperature decrease to ∼0.15◦C.min−1 in all
our experiments, yielding τexp ∼ 400s. The lifetime of entanglements, on the other hand,
depends on the relaxation mechanism by which the constraints are released. In the case
of free linear chains in a solution or a melt, the entanglement dynamics is controlled by
the diffusion of the molecules along its tube, by a process known as reptation. However,
for tethered chains attached to a fixed site, reptation is suppressed and the only process
by which they can relax entanglements is through an arm-retraction mechanism. Such a
mechanism, known to govern the dynamics of star or branched polymers [43], describes
the fact that a chain having one end fixed in space can escape the tube formed by its
neighbours only by retracting a part, or all of its length, along this tube. This occurs at
the cost of a large entropic penalty and a low probability of occurrence, such that the
relaxation time of a tethered chain grows exponentially with the number of entanglements
per chains [43–45]. Thus, the retraction time for a chain having N monomers is given
by [44,44]:

τarm(s) ∼ τ0N
2 exp(µs2N/Ne) (4.23)

where τarm(s) is the time to retract a fraction s (0 ≤ s ≤ 1) of the chain made of a total
of N units along the tube length, and Ne = Mc/(2M0) ∼ 100 (It was considered that
Ne is approximately half of Nc, as suggested from rheology studies on polymer melts,
with Mc =23kgmol−1). The constant µ ∼15/8, and the pre-exponential time τ0N

2 is the
Rouse time of the equivalent “free” chain [44,45]. From the works of Yuan et al [42], we
can estimate the rouse time of PNIPAM chains of length N≈ 1800 units in solution in
water at 25◦C to be of the order of 6× 10−3s.

Thus, we can estimate that, for N≈1800, τarm(s) is comparable to or larger than
τexp ∼ 400s for any s ≥ 0.55, and reaches upto 1012 s for full chain retraction (s=1).
This estimate is only in terms of the order of magnitude, as the value of µ or the exact
pre-exponential factor are not firmly established [20, 45] (we have used a Rouse time
determined at room temperature, whereas the pre-exponential time might actually be
much larger since the chain dynamics above the LCST is supposed to be significantly
slower). However, such an analysis allows us to conclude that:

• Entanglements relaxed by arm-retraction indeed have a lifetime that is comparable
to the experimental time scale.

• The observed hysteresis most likely results from the entanglements that are relaxed
by sub-chain rearrangements at the proper lengthscale (i.e. involving s such that
τarm(s) ≈ τexp).

Overall, our results along with their analysis strongly support the fact that the hys-
teretic response of our PNIPAM brushes has essentially a kinetic origin, and arises from
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the long-lived entanglements that delay swelling, as proposed theoretically in the descrip-
tion of the swelling dynamics of collapsed globules [46].

Figure 4.30: (a) Spectral Reflectance and (b) extracted density profiles of the medium
density brush at 33◦C upon heating and cooling. Image adapted from Varma et al [29].

We close this chapter by recalling that upon heating across the LCST, PNIPAM
brushes display a non-uniform density profile exhibiting a dense phase close to the grafted
substrate, surmounted by a more dilute layer. Our analysis of the reflectivity spectra mea-
sured during cooling also leads to similar non-uniform density profiles, as illustrated in
figure 4.30 for the MD brush. A remarkable point is that when comparing the profiles
extracted from a fit of the spectra measured at the same temperature, in the hysteresis
region, we observe that a brush displays a denser inner region and a less extended outer
layer when cooled (figure 4.30(b)). This is in good agreement with the above picture
describing hindered swelling of the brushes upon cooling. Such a result provide the first
direct experimental evidence that a brush exhibits two different non-uniform structures
when crossing the LCST from the swollen and from the collapsed state, in agreement
with qualitative pictures proposed in previous works on brushes [8] or globules [40].

4.5 Conclusion

I have describe an original optical set up based on Reflection Interference Contrast Mi-
croscopy, employed to characterize PNIPAM brushes. Spectral RICM performed over the
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visible spectrum provides detailed information regarding the thickness, density, and verti-
cal structure of PNIPAM polymer brushes in water. RICM allows us to obtain a fast and
in-depth characterization of the brushes. Thus, the technique offers significant advance-
ments over Neutron Reflectivity and Spectral Ellipsometry techniques. The important
features of the technique are:

• The optical set-up is based on a microscope that enables easy combination with
other imaging techniques.

• RICM allows spatially-resolved reflectance measurements, that allows us to map
possible thin film heterogeneities.

• The measurements are performed onto transparent glass substrates, whereas NR
and SE require opaque silicon wafer substrates. This allows for direct in situ charac-
terization of the brushes, that can then be used for the target biological applications,
which typically require transparent substrates for microscopy.

We have applied the spectral RICM to study the effect of molecular parameters on the
thermal response of PNIPAM brushes. The reflectivity changes measured over the brush
surface yield information about the non-homogeneous structural changes in PNIPAM
brushes as a function of the solvent quality, and our analysis provides one of the very few
evidence for vertical phase separation in PNIPAM brushes.

Moreover, RICM has allowed shedding light on the physical mechanism underlying
the hysteretic response of PNIPAM brushes upon cycling in temperature. The hysteretic
response of the brush is observed to have a kinetic in origin. It arises from the interchain
entanglements that delay the brush re-swelling process.

Finally, RICM comes as an interesting alternative approach to characterize polymer
brushes in terms of their length, grafting density and polydispersity. Indeed, the charac-
terization of “grafted-from” brushes, in terms of grafting density and molecular weight,
is a challenging task [47], even though their synthesis is easy. A promising method to
characterize such polymer brushes is chromatography, that involves degrafting the teth-
ered chains from the surface and subsequently analysing their size and distribution [48].
Herein, a large amount of polymer sample is required in order to perform an accurate
solution characterization. This process is hence better suited for brushes grafted on sub-
strates having large specific surfaces. Alternatively, polymerization can be performed, in
parallel with brush growth, using free initiator in solution [35]. This strategy assumes that
polymerization in the bulk and from the surface obeys the same kinetics. However, such
an assumption has been shown to break down [49] due to surface-induced crowding [50]
and termination effects [51]. X-ray photoelectron spectroscopy is also used in order to
determine the surface coverage of polymerization initiator, but relies on an assumption
regarding the fraction of initiator that actually leads to chain growth [52]. These various
means for determining the molecular parameters of grafted-from brushes pose limitations
in terms of ease of use or quantitative reliability. In this context, the analysis from RICM
comes as an interesting approach for brush characterization, as it provides a direct in situ
evaluation of the brushes without the need for additional bulk solution measurements or
removing the grafted brushes from their substrate. Doing so, we can estimate not only σ
and N, but also the polydispersity index and the errors associated with the assumption
on which the present analysis relies.The utility of RICM lies in the fact that it allows
for an in situ and non-destructive characterization of brushes that overcome many of the
limitations encountered with other characterization methods.
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Chapter 5

Dually-responsive polymers:
synthesis and characterization

5.1 Abstract

In the current chapter, I first introduce the structural concepts of azobenzene that are rel-
evant to the formation of responsive polymers. I then report the synthesis of azobenzene
based dually responsive poly(DMA-AZAA) copolymers and poly(DMA-NIPAM-AZAA)
terpolymers via free radical polymerization and ARGET-ATRP protocol respectively.
The synthesized polymers are characterized in terms of temperature and light induced
changes in solution properties. I show that the synthesized poly(DMA-NIPAM-AZAA)
terpolymer exhibits tuneable properties at temperatures close to the physiological tem-
perature of 37◦C, which makes it a good candidate for future use in applications related
to the spatial control of cell adhesion.

5.2 Introduction

In the previous chapters, we focused on brushes made up of PNIPAM that were used to
pattern proteins and to perform a detailed structural characterization. The thermore-
sponsive nature of PNIPAM brushes, along with their conformational changes across the
LCST, forms the basis for a range of applications, for instance, the control of protein
adsorption and cell release [1].

As a stimulus, temperature is usually applied at a macroscopic scale and is challeng-
ing to control for applications that require a good spatial resolution on a surface. The
applications of polymer brushes for the control of cell adhesion, especially at the single
cell level, call for responsive polymers whose conformation can be changed by applying
a stimulus that can be controlled in space and time. Moreover, the design of responsive
polymers for biological applications has to take into account that the change in their
conformation needs to occur close to physiological temperature, where the cells are the
most active, and that the applied stimulus must not be harmful to the cells. To achieve
these objectives, it is appealing to use light as a trigger [2]. Thus, we chose to design
light responsive polymers, which can change conformation upon irradiation at a particu-
lar wavelength.
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Light-induced conformational changes are most often obtained by using dually respon-
sive polymers. A general strategy to design such macromolecules involves introducing a
photochromic molecule into a temperature-responsive polymeric system [3]. The confor-
mational change of such polymers is thus expected to depend on the isomerization of the
photochromic species. Many dually responsive polymers have been designed previously,
and for the present study we focus only on a specific type, having azobenzene as the
photoresponsive moieties. Azobenzene is chosen for the following reasons:

• Thermal and chemical stability and ability to graft on diverse polymeric chains in
a robust fashion [3].

• A very fast light triggered isomerization with excellent reversibility [4, 5].

The details of functional group transformations and the factors influencing these
changes are more evident by studying the photochemistry and electronic spectra of the
azo derived species.

5.2.1 The photo-isomerization of azobenzene

Aromatic azobenzene compounds exist in two interconvertible trans and cis states. The
almost coplanar structure of the former state is resonance stabilized as a result of conju-
gation between the atoms leading to higher stability as compared to the latter form that
has phenyl rings rotated out of the plane [6] (figure 5.1(a)).

Figure 5.1: Schematic showing (a) the reversible photoisomerization between trans and cis
form, and (b) the absorption spectra of trans-azobenzene (solid line) and cis-azobenzene
(dashed line) in a suitable solvent. Images taken from [6].

The photo-induced trans-cis isomerization involves significant changes in the struc-
ture of the two forms. A decrease in the distance between the carbon atoms of the para
substituted groups in azobenzene from about 9.0 Å in trans form to 5.5 Å in cis form can
be seen. The trans azobenzene has no dipole moment, however under the transformation
to cis form, the dipole moment changes to 3.0 Debye [7] (figure 5.1(a)).
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The main feature of the absorption spectra of azo compounds is a low-intensity n-π∗

absorption in the visible region for the cis form, and a higher intensity π-π∗ absorption
in the ultraviolet region for the trans form (figure 5.1(b)). Such a difference between the
characteristic peaks occurs due to structural symmetry in the former, and non-planar
distortions seen in the latter [8]. The wavelengths at which absorption occurs depend on
the particular structure of the azo molecule. For unsubstituted azobenzenes, the spectra
generally exhibit a high intensity absorption in the ultraviolet region close to 320 nm [9].
However, substitution by an electron donating group for example−NH2, involves a gen-
eral migration of electron density from the donor group towards the azo group thereby
causing a shift in the intense trans peaks towards higher wavelengths. Such a shift de-
pends upon the electron donating strength of the substituents [8].

These properties, if manifested in polymers, are of importance in the conformational
changes of macromolecules and in designing polymers responsive to light. The challenge
in polymer chemistry lies in applying these fundamental changes taking place at the
molecular level in designing dually responsive polymers.

5.2.2 Azobenzene based responsive polymers

In general, it has been shown that the marked changes across the LCST of a polymer
arise from the balance of hydrophobic/hydrophilic interactions of individual chains [10].
Depending on the desired property of the polymer, these interactions can be modified by
varying the overall polymer composition and hence its LCST, as previously predicted [11].
The LCST is shifted to higher temperatures in the presence of hydrophilic co-monomer
and decreases to lower temperatures in the presence of a hydrophobic co-monomer.

Based on the above principle, a variety of dually responsive polymers have been de-
signed that exhibit tuneable thermo- and photo-responsive properties.

Poly(NIPAM-co-AZAAm)

In the pioneer work by Irie et al. [12], PNIPAM with azobenzene based N-phenylazophenyl
acrylamide (AZAAm) groups was polymerized with the aim of inducing phase separation
of polymer solution upon photo-irradiation [12]. The incorporation of the azobenzene
moieties increased hydrophobicity in the parent PNIPAM system, thereby decreasing the
overall LCST of the copolymer (figure 5.2(a)). The isomerization of non polar trans form
to polar cis form under UV irradiation increased the solubility of the system, thereby
increasing the phase separation temperature (figure 5.2(b)). A reversible effect was
seen under Visible light irradiation, under which the LCST was seen to switch back
to low temperature. An important observation to note is that the magnitude of the light-
induced shift of the LCST was found to depend non-monotonously on the molar content
of azobenzene, with a clear optimal content around 2.7% yielding a maximal shift (figure
5.2(a)), and that at optimal content the phase separation of the polymer solution could
be switched isothermally under light irradiation.

These results showed an efficient way to tune the LCST of the copolymer. However,
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in the perspective of biological applications, the LCST of such poly(NIPAM-co-AZAAm)
is already too far below 37◦ to be suitable.

Figure 5.2: (a) Variation of the LCST with the Azo molar content in the copolymer. (◦)
UV-irradiated solutions, (•) dark-adapted or blue-irradiated solution. (b) Turbidity mea-
surements (solution transmittance as a function of temperature) showing the difference
in LCST before (•) and after (◦) UV-irradiation. Images taken from [12].

Poly(DMA-co-AZAA)

Copolymers of N,N Dimethylacrylamide (DMA) and 4-phenyl-azophenyl acrylate (AZAA)
were prepared by Kröger et al [13] in order to control the phase separation over a wide
range of temperature. These authors have shown that while PDMA homopolymer is wa-
ter soluble at any temperature, an LCST in a water was induced by copolymerization with
the more hydrophobic AZAA species. They found that, similarly to the observations by
Irie [12], the overall LCST decreased with increasing amount of the azobenzene-bearing
monomer (figure 5.3(a)). Moreover, they observed that the reversible shift in LCST upon
UV/Visible irradiation was very large (between 15 and 20◦C towards hight temperatures
under UV, see figure 5.3(b)) and did not significantly depend on the molar content of
AZAA.

The light-induced shift in LCST was attributed to the isomerization and change in
dipole moment of the azobenzene moieties upon irradiation. These DMA-based copoly-
mers exhibited photo-tuneable properties, and AZAA incorporation at about 7 mol%
appear to make them suitable for biology, since 37◦C is between the LCSTs observed for
trans and cis forms of AZAA.

However, a possible drawback of such copolymers is that the average value of the
LCST cannot be tuned independently of the AZAA content. Furthermore, the observed
effect of AZAA content on the magnitude of the LCST shift is in strong contrast with
observations by Irie [12].
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Figure 5.3: (a) LCST of p(DMA-co-AZAA) solutions as a function of azobenzene content
in the polymer. (•) dark-adapted sample, (4) UV-irradiated, (�) blue-irradiated. (b)
Variation of solution transmission as a function of temperature for dark-adapted (◦),
UV-irradiated (�), and blue-irradiated (5) sample of copolymer with 7 mol% AZAA.
Images taken from [13].

Poly(DMA-co-AZAA/AZAAm)

More recently, light responsive copolymers similar to those synthesized by Kröger et al
were designed by Shimoboji et al in order to be conjugated to enzymes and reversibly reg-
ulated their activity upon light irradiation. Two different azobenzene based monomers,
namely AZAA and its amide derivative (AZAAm) were copolymerized with DMA [14].

Figure 5.4: Effect of photo-irradiation on the LCST of (a) DMA-co-AZAA (5.9 mol%)
and(b) DMA-co-AZAAm (9.6 mol%). Images taken from [14].

Surprisingly, the two copolymers were found to display opposite photo-induced effects:
the LCST of the poly(DMA-co-AZAA) copolymer was shifted upward upon UV irradia-
tion (figure 5.4(a)), in agreement with the above results [13], while the DMA-co-AZAAm
copolymer solution showed a LCST that was lowered under UV (figure 5.4(b)).
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5.2.3 Design strategy

From the three groups of results we have presented above, we see that copolymers based
on NIPAM only, while they exhibit the wanted photo-induced effects and isothermal
switching ability, can be used only at temperatures that are well below physiological con-
ditions. On the other hand, copolymers based on DMA are more interesting candidates
in the biological context. However, the discrepancies observed regarding the magnitude
of the photo-induced shift in LCST, as well as the highly counter-intuitive effect reported
by Hoffmann et al [14] with AZAAm (the more polar form of AZAAm yielding a lower
LCST), raise questions regarding the robustness and reproducibility of these results.

In this context, we have chosen (i) to try to reproduce previous polymer synthesis
[13, 14], with the scope of optimizing the copolymer composition to make it suitable for
future biological applications, and (ii) to synthesize a new dually-responsive polymer.

Our polymers, synthesized from the monomers shown on figure 5.5, are:

• N,N Dimethylacrylamide (DMA) copolymerized with N-4-phenyl-azophenylacrylate
(AZAA).

• N-isopropylacrylamide (NIPAM) copolymerized with DMA and N-phenyl-azophenyl-
acrylamide(AZAAm).

Figure 5.5: schematic showing the different monomers NIPAM, DMA along with the
chromophores AZAA and AZAAm used to design dually responsive copolymers.

Figure 5.6 summarizes the goal we wish to achieve in our present study. We aim at
designing a polymer such that it exhibits a transition at temperature Ta very close below
37◦C. When the azobenzene chromophore is isomerized, it transforms from the non polar
trans to polar cis form, thereby inducing a shift of LCST to a higher temperature Tb. At
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any T lying between Ta and Tb, the polymer conformation is thus expected to be changed
reversibly and isothermally under light irradiation.

Figure 5.6: At any temperatures between Ta and Tb, the polymer of interest should
be switched between state a (water soluble) and state b (water insoluble) via photo-
isomerization.

5.3 Materials and Methods

Materials

N-isopropylacrylamide (NIPAM, 99%), triethylamine (TEA, 99.7%), copper (I) chlo-
ride (CuCl, 99% extra pure), copper (II) bromide (CuBr2, 99% extra pure), 1,1,7,7-
pentamethyl-diethylenetriamine (PMDETA, 99%), and anisole were purchased from Acros
Organics. Ascorbic acid (AA, 99%), ethyl isobutyrate (EiB), and tin 2-ethylhexanoate
were obtained from Sigma Aldrich. Tris[2-(dimethylamino)ethylamine] (Me6TREN , 99%
pure) was obtained from Alfa Alesar. Methyl 2-chloropropionate (MCP, 95% pure),
4-hydroxyazobenzene (99% pure), 4-amino-azobenzene (99% pure) and N,N-dimethyl-
acrylamide (99% pure) were purchased from Tokyo Chemical Industries (TCI). 2,2’-
azobis-butyronitrile (AIBN) was provided by Dr. Laurent Heux from the CERMAV
Laboratory, Grenoble. Methanol, 1,4-dioxane and diethyl ether were obtained from VWR
chemicals. Tetrahydrofuran (THF), sodium acetate, n-hexane, absolute ethanol and chlo-
roform were obtained from Fischer chemicals (Laboratory Grade). Dimethylsulphoxide
(DMSO) was obtained from Prolabo Merck Eurolabs.

All reagents were used as received except for (i) DMA, from which trace amounts of
polymerization inhibitor were removed by passing over an “inhibitor remover” pre-packed
column obtained from Sigma Aldrich, and (ii) NIPAM, which was recrystallized twice in
n-Hexane at 60◦C and then dried for at least one day before use.
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5.3.1 Synthesis of photoresponsive monomers

Two azobenzene containing monomers, namely N-4-phenyl-azophenyl acrylate (AZAA)
and N-4 phenyl-azophenyl acrylamide(AZAAm), were synthesised.

Synthesis of 4-phenyl-azophenyl acrylate (AZAA) monomer The synthe-
sis of the acrylate monomer was performed following a condensation reaction as de-
scribed previously in the works of Menzel et al [13]. In a round bottom flask, 4-hydroxy-
azobenzene (0.02 mol, 3.96 grams) and triethylamine (TEA, 0.022 mol, 3.06 mL, acting
as a promoter) were dissolved in 20 mL of diethyl ether (figure 5.7). The flask was tightly
sealed using a rubber septum, cooled to 0◦C in an ice bath and stirred continuously under
argon supply for about 30 minutes. A solution of acryloyl chloride (0.02 mol, 1.62mL)
in 10 mL of diethyl ether was then added dropwise using a glass syringe. The reaction
solution was constantly stirred, and the formation of triethylammonium salt in the form
of a precipitate was observed immediately upon the acryloyl chloride addition. After ad-
dition of the acryloyl chloride, the reaction mixture was washed thrice using an aqueous
solution of sodium hydrogencarbonate (6 weight %,). This was done to ensure complete
removal of unreacted polar compounds. The organic solution was then dried via solvent
evaporation technique. The dry crude product obtained was recrystallized from a mix-
ture of ethanol and water (1:1). The final product was characterized using UV/Visible
spectroscopy and 1H NMR spectroscopy. The yield was around 50 %.

Figure 5.7: schematic showing the synthesis of 4-phenyl-azophenyl acrylate (AZAA)
monomer

Synthesis of 4-phenyl-azophenyl acrylamide (AZAAm) monomer AZAAm
was prepared by the condensation of 4-amino-azobenzene and acryloyl chloride, using a
protocol adapted from [15] (figure 5.8).

In a triple-neck round bottom flask, 4-amino-azobenzene (0.02 mol, 3.49 grams) was
dissolved in 30 mL of THF solvent, to which TEA (0.03 mol, 4.18mL) was added. A
volumetric glass pipette, equipped with a stopcock was fixed to one of the necks of the
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Figure 5.8: schematic showing the synthesis of 4-phenyl-azophenyl acrylamide (AZAAm)
monomer

flask. The flask was tightly sealed, purged with argon and stirred at 0◦C in an ice bath
for about 30 minutes. Acryloyl chloride (0.02 mol, 1.62mL), dissolved in 8mL of THF was
added dropwise via the glass pipette. The resulting solution was maintained at 0◦C and
constantly stirred. The salt formation took place immediately upon the acryloyl chloride
addition. After completion, the reaction mixture was stirred for about 48 hours at room
temperature. The precipitate was removed by filtration, and the organic solution was
washed three times with an aqueous sodium hydrogencarbonate solution to remove the
polar compounds. The organic layer was then dried and the crude product was purified
over a silica column using a 1:1 n-hexane:sodium acetate solution as the eluent. Prior to
this step, the proper choice of eluent was made by carrying out Thin Layer Chromatog-
raphy. The final solution was dried and collected. The yield was around 65%.

5.3.2 Synthesis of Stimuli responsive polymers

Copolymerization of DMA with AZAA monomer

The copolymer poly(DMA-co-AZAA) was synthesized by free radical polymerization, as
described previously [13]. DMA (0.05 mol) was dissolved with varying feed ratios of
AZAA in 20 mL of 1,4-dioxane solvent. AIBN (0.5 mmol) was used as the polymeriza-
tion initiator (figure 5.9). The solution was degassed under argon for 15 minutes and
heated to 60◦C for varying amounts of time depending upon the monomer compositions
of AZAA added. The polymerization was stopped by cooling the solution in an ice bath,
and the polymer was precipitated into diethyl ether solvent. The resulting polymer was
collected and characterized using turbidity measurements and UV/visible spectroscopy.

Copolymerization of NIPAM with DMA and AZAAm

Terpolymer poly(DMA-NIPAM-AZAAm) were synthesized using the ARGET-ATRP pro-
tocol (figure 5.10). DMA and NIPAM in varying molar ratios were dissolved in 1.5mL
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Figure 5.9: schematic showing the structure of AZAA monomer, DMA, and
Copolymer(DMA-co-AZAA)

methanol as the solvent under a closed sealed flask with constant stirring.

Figure 5.10: schematic showing the ARGET-ATRP protocol to generate the ter-polymer
DMA-NIPAM-AZAAm

Following this, 1.5mg CuBr2 and 40µL PMDETA were sequentially added in the mix-
ture solution. Ascorbic acid (30 mg) was then added to the mixture. AZAAm in varying
amounts was finally added along with 15µL EiB initiator while constantly stirring the
solution. Polymerization lasted until a viscous solution was formed. Chain growth in the
solution was monitored from time to time by precipitating a fixed aliquot of the polymer
solution in diethyl ether solvent kept in an ice bath.

An alternative strategy was used to design poly(DMA-NIPAM-AZAAm) terpolymers.
A catalyst solution having CuCl (10 mg), Me6TREN (100µL) and Sn(EH)2 (100 µL)
in 1 mL DMSO was prepared and purged under argon supply. A monomer solution
containing NIPAM (1g, 8.88 mmol), DMA (0.54 mL, 5.25 mmol), AZAAm (43mg, 0.17
mmol) along with 3µL MCP initiator in 1ml DMSO was separately prepared and purged
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under argon supply. The degassed catalyst solution was then injected into the monomer
solution with constant stirring and the final mixture was left to polymerize for prescribed
time periods. The reaction was started by the initial addition of 200 µL of the catalyst
solution, after which a rate of fresh catalyst injection of 100 µL/hour was maintained
using a syringe pump. Fixed amounts of polymer aliquots were precipitated at regular
intervals in cold diethyl ether.

5.3.3 Characterization of polymers

Turbidity measurements

Turbidity measurements allows us to optically probe the solubility changes of a polymer
in solution. This is done by monitoring the changes in solution transmission as a function
of temperature. As the solvent temperature increases, an initially transparent polymer
solution starts to phase separate by turning “cloudy”. At this point, the transmission
values begin to decrease. From such cloud point measurements, we define the LCST as
the particular temperature T50% at which the transmission drops to half of the initial
value.

Turbidity measurements were performed using a home built set-up comprising of a
collimated laser diode (1mW), a thermostated sample holder equipped with Peltier ele-
ments, and a photodetector. The changes in transmittance were recorded at λ= 632nm,
well above the absorption bands of azobenzene.

An empty quartz cuvette was first placed in the sample holder and light from the
laser diode was allowed to pass through it. Transmitted light was collected at the pho-
todetector and converted to a readout voltage via a built-in amplifier. Following this, a
polymer solution, kept at 4◦C for about 2 hours prior to the experiments, was placed into
the cuvette. The readout voltage recorded for the clear and cold polymer solution was
equal to that of the empty cuvette, and was taken as 100% transmission. The sample
was then subjected to alternate heating and cooling cycles between 25 and 70◦C. The
Peltier elements allowed control of the heating and cooling within fraction of degrees,
with a variation rate fixed at 0.01◦C/second. The transmission and temperature values
were recorded as a function of time with an Agilent Datalogger (34970A) interfaced with
Labview.

Turbidity measurements allowed:

• Estimating the LCST of the polymer solution

• Studying the effect of light irradiation on the LCST shift

• Assessing the ability of the polymers to undergo isothermal photoswitching

UV Visible Spectroscopy

UV/visible spectra were recorded on a JASCO-V650 instrument and methanol was used
as the solvent. The spectra were recorded over a range of 200-650 nm using in a double-
beam configuration. The incoming light was split into two beams before it reached the
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sample. One beam was used as the reference passing through pure solvent, and the
other beam passed through the sample. The reference beam intensity was taken as 100%
transmission (or 0 absorbance), and the resultant spectrum displayed the ratio of the two
beam intensities, thus showing the net absorbance only for the molecule of interest. The
intensity of light passing through a sample (I) was compared to the intensity of light
passed through the reference (I0), giving rise to a resultant transmittance T given by the
relation T = ( I

I0
). The absorbance ( Abs. ) was then computed as:

Abs. = −log(T ) (5.1)

UV-Visible spectroscopic analysis were done in the present study in order to

• characterize the absorption peaks of the synthesized chromophores

• Investigate their reversible photo-isomerization, and

• Quantify the monomer content of chromophores in the resulting polymers.

In both turbidimetry and UV/Vis spectroscopy experiments, photo-isomerization was
achieved using:

• A high-power UV source (CS2010 from Thorlabs, 27W/cm2 at 365 nm).

• A fibred blue laser diode equipped with a collimated lens (LEDMOD 470 from
Omicron-Laserage, 300 mW at 465 nm).

Nuclear Magnetic Resonance (NMR) spectroscopy

NMR spectroscopy allows confirming the identity of the photochromic monomers syn-
thesized. Depending on the strength of the external magnetic field, the magnetic nuclei
(1H) gets aligned to the direction of the the applied field and oscillates with a resonance
frequency. All protons present in the sample give different resonance signals due to the
differing electronic environments surrounding the nuclei. Upon application of an external
magnetic field, the electrons generate a local magnetic field that “shields” the proton
from the applied magnetic field, which must therefore be increased in order to achieve
resonance. Such increments are very small, and usually exist in parts per million (ppm).
This operation therefore gives the chemical shift that provides information about the
structure of the molecule.

1H NMR spectra were recorded on a Bruker 400 MHz spectrometer. Chemical shifts
for 1H NMR spectra were referenced relative to residual protium in deuterated methanol
(CD3OD, δ = 3.31 ppm). 1H NMR spectra were performed at the ICMG Chemistry
Nanobio Platform, Grenoble, under the supervision of Dr. Jerome Fortage.

In the following section, I present the results obtained during my studies on responsive
polymers in terms of the structural characterization of the photochromic species and the
solution properties of the designed polymers.
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5.4 Results

5.4.1 Characterization of the synthesized monomers

At first, we have probed the reversible cis-trans isomerization of the synthesized chro-
mophores AZAA and AZAAm via UV/Visible absorption spectroscopy.

The electronic absorption spectra for a dilute solution of AZAA in methanol shows
an intense trans absorption peak (π-π∗ transition) around 322 nm in the UV region and
a low intensity cis absorption peak (n-π∗ transition) around 440 nm in the visible region
(figure 5.11 black and red peaks respectively). The λmax values for the two absorption
peaks of AZAA in methanol were consistent with values obtained previously [13].

Figure 5.11: Absorption spectra of a dilute AZAA solution in presence of (a) UV irradi-
ation showing the decrease in the trans band (black curve) and increase in the cis band
(red curve)(b) Blue irradiation for 1 and 5 minutes showing the increase in the trans
absorption band (black curve) and a corresponding decrease in cis band.

Under UV irradiation, we observe a strong decrease in the intensity of trans absorption
band accompanied by an increase in the cis absorption band (figure 5.11(a)). This effect
lasts until the photo-stationary state is reached, where the absorption peaks are seen to
remain unchanged in response to UV irradiation. The UV isomerization effect was seen
to last up to 3 minutes. Following this, a reversible cis − trans transformation can be
induced by shining blue light, which is marked by a gradual increase in the intensity of
the trans absorption band and a subsequent decrease in the intensity of cis band. The
blue-irradiation effect was seen to be prolonged up to 5 minutes.

The characteristic spectra for a dilute solution of AZAAm in methanol shows a high
intensity trans absorption peaks around 354 nm and a cis absorption peak around 440 nm
(figure 5.12(a)). Both the UV induced enhancement in cis peaks and the blue irradiation-
induced increase in the trans peaks correspond to the reversible isomerization in AZAAm.
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Figure 5.12: Absorption spectra of a dilute AZAAm solution showing reversible changes
in trans (black curves) and cis peaks (red curves)in presence of UV and Visible light
irradiation.

NMR spectra for the Chromophores

The 400MHz 1H NMR spectra were used to confirm the structures of AZAA and AZAAm
species. The AZAA species has different set of protons that are magnetically and chem-
ically non equivalent.

The spectrum associated with AZAA is shown in figure 5.13. It shows three single
peaks corresponding to the three protons of the acryloyl group having chemical shifts δ
in the range 6-6.8 ppm. The two protons ortho to the azo bond ( -N=N- ) are shielded
strongly by the nitrogen atom and display two doublets having δ= 7.8-8.2 ppm. A
proton at a free para position gives a triplet peak. The proton next to the oxygen leads
to a doublet at δ values around 7.4 ppm. The characteristic chemical shifts for the
various protons are well correlated with those obtained from literature [13] in methanol.
The spectrum therefore indicates a successful AZAA synthesis having properly assigned
peaks.

The spectrum for AZAAm is shown in figure 5.14. The characteristic peaks for the
azobenzene and acryloyl protons are depicted as δ= 5.8-6.6 (3H) for the acryloyl protons,
δ= 7.4-7.6 (3H) and 7.8-8.0 (6H) for the azobenzene species. The characteristic peaks for
the different protons in methanol have not been previously reported. As a comparison,
the spectra recorded in DMSO [14] show marginal variations with respect to our data.
This suggests a successful AZAAm synthesis with no unwanted peaks due to any impu-
rities.

The absorption studies, along with NMR structural characterization, indicate a suc-
cessful synthesis of the photochromic monomers. We have exploited their features for the
design of dually responsive polymers, as described now.

5.4.2 DMA-co-AZAA copolymer: synthesis and characteriza-
tion

We have prepared a set of DMA-co-AZAA copolymers by free radical polymerization. The
overall polymer composition was varied by changing the molar contents of AZAA (from
3.5 to 12 mol% in the feed) in order to place the LCST at about 37◦C. The characteristics
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Figure 5.13: The NMR spectra for AZAA showing the characteristic peaks corresponding
to the various protons.

Figure 5.14: The NMR spectra for AZAAm showing the characteristic peaks correspond-
ing to the various protons.

of the various co-polymers are summarized in Table 5.1.

We have investigated the light induced-isomerization of the azobenene group of the
photosensitive copolymers. The electronic spectra for a copolymer solution (Cp5 , as
shown in the Table 5.1) are shown on figure 5.15. It shows that the absorption peaks
are located at wavelengths that closely match those obtained for the AZAA monomer
(referring to figure 5.11). UV irradiation decreases the intense trans band (black curves)
and leads to the appearance of a cis peak (red curves) post the isomerization. During
the relaxation of the excited azobenzene back to its initial state via blue irradiation, the
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Co-
polymer

feed
DMA/AZAA
molar ratio

actual
AZAA
content
(mol%)

LCST-
(dark)/◦C

LCST-
(UV)/◦C

LCST-
(Vis)/◦C

∆TUV /
◦C

Cp1 100:3.5 4.0 100 - -
Cp2 100:8 9.1 72 74 73 2
Cp3 100:9 11.6 45 - - -
Cp4 100:9.5 11.2 42 - - -
Cp5 100:10 11.2 34 38 34.5 4
Cp6 100:12 30 40 - - -

Table 5.1: List of the various DMA copolymers, with their solution properties.

Figure 5.15: The absorption spectra for DMA-co-AZAA(10) showing the reversible cis−
trans isomerization

trans peak re-emerges at its initial position (green and blue curves). Such an effect is
seen for all the synthesized copolymers. These spectra show a successful incorporation of
the AZAA into the copolymer.

Following this, we have quantified the actual AZAA content in the copolymers using
the UV/Vis spectroscopic data.

Estimation of the molar content in the copolymer

The molar contents of AZAA have been estimated from the absorption peaks in the spec-
tra as follows.

First, a reference absorption spectrum of the photoresponsive monomer is measured
with a dilute AZAA solution of known molar concentration CAZAA

mono . Then, a dilute solu-
tion of the copolymer of interest is prepared at a known mass concentration of polymer,
and an absorption spectrum is subsequently measured.
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The monomer and polymer solution concentrations are chosen so that they both follow
the Beer-Lambert law, for which the respective absorption can be written as:

Absmono = CAZAA
mono × L× ε (5.2)

and

Abspoly = CAZAA
poly × L× ε (5.3)

where L is the length of the quartz cuvette, ε is the molar absorption coefficient of the
chromophore, and CAZAA

poly is the molar concentration of AZAA in the polymer solution.
Assuming that the molar absorption coefficient of AZAA is the same in its monomer and
polymerized form, CAZAA

poly can be expressed as:

CAZAA
poly = CAZAA

mono

Abspoly
Absmono

(5.4)

From this relationship, we can express the number of moles of AZAA present in the
polymer solution of known volume V as:

nAZAApoly = CAZAA
mono

Abspoly
Absmono

V (5.5)

By measuring the absorbance Abs at the cis or trans peaks for the monomer and poly-
mer solutions, and knowing V and the reference concentration CAZAA

mono , we can therefore
compute nAZAApoly .

Besides, the mass of polymer in the solution, mpoly, is related to the monomer content
as:

mpoly = nDMAMDMA + nAZAApoly MAZAA (5.6)

with n and M the number of moles and molecular weight of the two monomers. From
eq. 5.6, with MDMA = 99.1 g/mol, MAZAA = 252.3 g/mol, and the known polymer mass
in the solution, we can compute the amount of DMA in the solution:

nDMA =
mpoly − nAZAApoly MAZAA

MDMA
(5.7)

From eqs. 5.5 and 5.7, we can finally compute the actual molar content of AZAA in
the copolymer, xAZAA, as

xAZAA =
nAZAApoly

nDMA + nAZAApoly

(5.8)

The estimated molar contents of the azobenzene moieties in the copolymer are pre-
sented in Table 5.1.

The estimated values show little deviation at low feed ratios, but are seen to be largely
inconsistent above 10% feed content. The observed discrepancy in chromophore contents
suggests a poorly controlled incorporation of AZAA into the polymer at large molar con-
tents using conventional radical polymerization.
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Thermoresponsive properties

In order to understand the variation of LCST with respect to the added photochromic
monomer, we have studied the solution properties for the set of synthesized copolymers
using turbidity measurements.

We observed that at least 3.5 mol% azobenzene moieties needed to be incorporated
into the polymer to induce a phase separation upon heating. This is consistent with
previous attempts towards synthesizing azobenzene based DMA copolymers [13]. Figure
5.16 shows that the LCST of the dark-adapted solutions (stable trans form of AZAA)
progressively decreases as the AZAA feed ratio is increased from 3.5 to 10%, and increases
beyond 10%.

Figure 5.16: Variation of LCST as a function of added azobenzene chromophore.

The introduction of hydrophobic azobenzene groups should make the resulting poly-
mer less soluble, thereby decreasing the LCST. This is consistent with the behaviour
observed at AZAA molar content lower than 10%.

However, the increase in LCST for higher feed contents of 12 mol % is counter-
intuitive. Reports of such a non monotonic LCST variation are rare but have been
observed previously by Liu et al for PNIPAM based terpolymers having variable com-
positions of hydrophilic oligo(ethylene oxide) side groups and azobenzene moieties [16].
These authors attributed the surprising increase in LCST at high chromophore content
to a phenomenon of clustering of the hydrophobic azo groups, inducing the formation of
small (∼ 100 nm) micelle-like chain aggregates that were stable and more water-soluble
at high temperatures than individual chains, thus shifting to larger temperature the for-
mation of the large (micron-size) aggregates typically detected in turbidity measurements.
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Photo-responsive properties

We have probed the photo-response of the designed copolymers by studying the depen-
dence of their LCST in response to UV/Visible light irradiations. Figure 5.17 shows the
transmittance changes of an aqueous solution of the Cp5 copolymer (see Table 5.1) under
different light exposures.

Figure 5.17: Transmission changes of an aqueous solution of Cp5 (10 mol % AZAA) when
heated in dark (red curves), in presence of UV irradiation (blue curves), and in presence
of visible irradiation (green curves).

Upon heating the dark-adapted copolymer solution (red curve), it starts to phase-
separate and becomes turbid around 32◦C, and its LCST, defined as T at which T% =
50%, is found to be around 34◦C. On cooling the system, the turbid solution again be-
comes transparent (cooling curves not shown here).

The UV irradiated Cp5 solution displays a LCST around 38◦C, consistent with the
isomerization of trans azobenzene into the more polar cis form that increases the solu-
bility of polymer in solution. Under the visible light exposure (λ ∼ 465 nm), the polar
cis form are re-isomerized to the less polar trans species, which leads to a LCST back
around 34◦C (green curve). The LCSTs differ by a value of 4◦C between UV and visible
irradiation. These results show that the Cp5 copolymer solution undergoes phase sepa-
ration at temperatures that can be reversible tuned under alternate exposure of UV and
Visible lights. These findings are consistent with previous results showing a light induced
reversible shift in LCST in DMA-co-AZAA and DMA-co-AZAAm copolymers by about
5◦C [14].

In an attempt to demonstrate a photo-induced isothermal phase transition, we have
investigated the effect of UV/Visible photocycling on the solubility changes of an aqueous
Cp2 copolymer solution. As seen in figure 5.18, at temperatures close to the LCST, where
the solution appears cloudy, irradiation with UV light leads to a spontaneous increase in
transmittance value. Conversely, irradiating the solution with visible light leads to reap-
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pearance of cloudiness in the solution, that is characterized as a decrease in transmission.
This provides our first proof-of-principle for the possibility of isothermal photo-switching
of the DMA-AZAA copolymer solubility.

Figure 5.18: (a) Transmission of a water solution of Cp2 as a function of temperature: at
two different temperatures in the transition region, shining UV light is seen to increase
the transmission, while shining blue light brings the transmission back to its initial level.
(b) same data plotted as a function of time.

It is however important to note at that stage that, although the expected photo-
induced effects were seen with Cp2 and Cp5 aqueous solutions, their response in temper-
ature calls for comments. Indeed, it is seen on figure 5.17 and 5.18 that the decrease in
solution transmission, signing the good to poor solvent transition, occurs over a rather
broad range of temperature (typically 10◦C), such that our definition of a single LCST
as T50% might be questionable. Such a spread transition is reminiscent of the obser-
vations of Hoffmann et al [14] (see figure 5.4), from which we have directly adapted
the free radical polymerization scheme to produce similar DMA-AZAA copolymers here.
On the one hand, conventional free radical polymerization is known to yield polymers
with a fairly broad mass distribution (high polydispersity). On the other hand, it is
documented for other thermoresponsive polymers that chains of different length exhibit
different LCST [17]. Overall, we are thus tempted to attribute the observed broad ther-
mal transition as resulting from high polydispersity of the synthesized polymers.

In addition, the expected photo-induced control of polymer solubility were observed
only with Cp2 and Cp5 copolymers, while, as seen in Table 5.1, the 4 other copolymers,
some having compositions very close to Cp5, did not show any shift of the LCST under
light irradiation. This, added to the fact that the actual molar content of AZAA ap-
peared difficult to control accurately, encouraged us to explore a different design strategy
to obtained the desired polymeric systems.
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5.4.3 DMA-NIPAM-AZAAm terpolymer: synthesis and char-
acterization

We have synthesized a novel acrylamide based terpolymer following the ARGET-ATRP
protocol. This method is chosen for it allows a proper control of polymerization growth, as
shown in the previous chapters, in contrast to free radical polymerization. The polymeric
system comprises of predominant fractions of NIPAM along with varying amounts of
DMA and N-phenyl-azophenyl-acrylamide (AZAAm) as the photoresponsive monomer.
Herein, we use only acrylamide based monomers in order to avoid species having dif-
ferent rates of polymerization reactions. The feed ratios of the chromophores are kept
low in order to avoid any possible aggregation in polymeric chains, as discussed above [16].

As performed previously, the characteristic photochemistry of the terpolymers is first
verified by recording their absorption spectra. As shown in figure 5.19, the location
of the absorption bands show marginal variations from that of the individual AZAAm
chromophores along with a photo-induced disappearance/re-appearance of the absorp-
tion bands. These results indicate a successful addition of azobenzene monomer in the
polymer system.

Figure 5.19: Absorption spectra showing reversible trans cis isomerization in P(DMA-
NIPAM-AZAAm) in a dilute solution of Terp1. (see table 5.2)

Estimation of molar content

For the estimation of the molar content of the azobenzene chromophore in the terpolymer
DMA-NIPAM-AZAAm, we have used UV/Vis spectroscopy, as for DMA-AZAA copoly-
mers, by simply adapting equations 5.6 and 5.8 to a three-component situation. The
characteristic features of the prepared terpolymers are shown in Table 4.2.

We observe that the feed and determined chromophore contents are closely related
over the whole range of incorporated feed percentages. This suggests that ARGET-
ATRP allows a better growth control of polymeric chains. These fundamental studies
encouraged us to investigate the solution properties of the terpolymer systems.

135



Ter-
polymer

fed molar
ratio (DMA-
NIPAM-
AZAAm)

AZAAm
actual
content

LCST-
(dark)

LCST-
(UV)

LCST-
(Vis)

∆TUV

Terp1 50:50:2.5 2.25 34.2 36.4 34.4 2.2
Terp2 50:50:2 2.01 38.0 39.4 38.6 1.4
Terp3 50:50:1 0.53 47.7 52 46.9 4.3
Terp4 40:60:1 0.68 42 44.7 43 2.7
Terp5 30:70:1 0.58 32.7 34.8 33 2.1
Terp6 40:60:1.2 0.75 39.1 43.5 40.5 3.8
Terp7 40:60:1.5 0.98 38.2 40.4 38.9 2.2
Terp8 37:63:1.2 0.80 36.9 39.4 37.2 2.5

Table 5.2: Summary of the characteristic features of the terpolymers synthesized via
ARGET-ATRP protocol.

Solution Properties

All the different terpolymers synthesized following the ARGET-ATRP protocol display a
LCST in water and exhibit light-induced LCST variations, in contrast to DMA-co-AZAA.
In order to obtain phase separation around the desired temperatures, we have tried to
optimize our terpolymer system by varying the polymeric compositions in the following
way:

• Varying the net hydrophobicity of the system by changing the incorported amounts
of the azo chomophore

• Changing the relative comonomer DMA:NIPAM ratios with fixed azo contents

• Minutely adjusting the relative comonomer ratios and the azo content in the ter-
polymer simultaneously.

Effect of varying the NIPAM:DMA molar content on LCST

With an aim to tune the LCST at 37◦C, we first investigated the effect of varying the
comonomer composition in the reaction feed. This involved decreasing the relative molar
ratios of DMA with respect to NIPAM, keeping a fixed azo molar content in the ter-
polymer. We observe that with progressive decrease in DMA molar contents and the
corresponding increase in NIPAM molar contents, the LCST values for Terp3 (black
curves), terp4 (blue curves) and terp5 (red curves) can be varied over a large range of
temperature (figure 5.20).

The incorporation of DMA, a hydrophilic monomer, accounts for an increase in the
overall solubility of the system. Thus, a progressive decrease in the relative amounts of
DMA leads to a decrease in the LCST of the resulting terpolymer. In contrast to what
we have obtained with DMA-AZAA copolymers, we observe a sharp transition from clear
to turbid solutions, occurring over a narrow range of temperature, suggesting a much
narrower polydispersity of the chains using ARGET-ATRP. These results encouraged us
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Figure 5.20: Turbidity measurements for different terpolymers terp3 (black curve), terp4
(blue curves) and terp5 (red curves) with varying DMA:NIPAM molar content.

to further tune the LCST so as to achieve the target temperature.

Effect of AZAAm content on LCST

Next, we have studied the effect of varying the azobenzene content on the resulting LCST.
This was done by varying the AZAAm molar ratios in the polymerization feed, keeping
the molar ratio of NIPAM and DMA fixed. Doing so, we observe (in figure 5.21) that
sharp transitions in temperature are obtained. The LCSTs for the terpolymers Terp1
(red curves), Terp2 (green curves), and Terp3 (black curves) are seen to increase with a
decrease in the overall hydrophobicity of the azo-content, as expected.

Furthermore, as reported in Table 5.2, solutions of Terp3 are seen to display, among
the set of designed terpolymers, the largest difference in LCST under UV/Visible illumi-
nation. We observe that changing the azo content in the final polymer induces an effect
on the magnitude of the LCST variation, leading us to the fact that phase separation
in the copolymer depends on the amount of the chromophore species. These results are
consistent with the previous findings of Irie [12].

Optimizing the terpolymer composition

With the above findings in hand, we have made a last attempt of varying the overall
composition of the terpolymer system. The molar content of all the three monomers
was varied minutely, keeping the azo contents close to 1% in the polymerization feed
because we observed maximum LCST shift close to these azo percentages. By optimizing
the incorporated amounts from terp6 to terp8 (figure 5.22(a)), the approach leads us to
a terpolymer that exhibits LCST values of almost 37◦C in its dark-adapted state (red
curve).

In addition to this, the polymer solution exhibits a highly efficient photoswitching
(figure 4.22(b)). A completely phase separated solution, under UV irradiation is seen to
completely solubilize into a clear solution which can then be reversibly phase separated
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Figure 5.21: Turbidity measurements for different for different terpolymers terp1 (red
curve), terp2 (green curves) and terp3 (black curves) having decreasing molar content of
AZAAm.

Figure 5.22: (a) variation of LCST for different polymeric compositions: 42◦C for terp4
(black curve), 39.1◦C for terp6 (blue curves) and 36.9◦C for terp8 (red curves). (b) The
isothermal photoswitching seen for the case of terp8 (T = 37.5◦C).

under visible irradiation. These solubility changes take place spontaneously over repeated
UV/Visible cycles showing an efficient isothermal photoswitching at 37◦.

At this stage, we have obtained a terpolymer that has a sharp LCST at the desired
temperature and tuneable properties under light irradiation. With successful attempts
at synthesizing the terpolymer, we proceeded with monitoring the polymerization growth
of the designed terpolymers.
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Polymerization growth

We first checked the polymerization kinetics of a Terp6 polymer solution. A fixed aliquot
of polymer solution, at regular intervals, was precipitated in a suitable solvent. From
each precipitated mass of polymer, we calculated the monomer to polymer conversion
percentage and monitored it along the polymerization duration, as shown in figure 5.23.
We observe that a large percentage of monomers get polymerized within the first 15
minutes of the reaction, with marginal increase over longer times. This indicates that,
although we have achieved, with this ARGET-ATRP protocol, a good control over the
molar content of the polymers, our procedure still does not allows for proper “living”
polymerization.

Figure 5.23: Monomer conversion as a function of polymerization time.

The poor living character seen under ARGET-ATRP of terp6 could possibly be ex-
plained by previous observations:

• The polymerization of several acrylamide based polymers including PNIPAM and
DMA was studied by Matyjaszewski et al. [18] via the ATRP protocol. The low
conversion was experimentally demonstrated to arise due to a competitive complex-
ation of copper catalyst with polyacrylamides to form species with lower catalytic
activity.

• Zhang et al [19] showed that the active Cu(I) complex, responsible for polymeriza-
tion in ATRP, is highly unstable and undergoes disproportionation in polar solvents
to generate reduced Cu(0) and Cu(II) species in the solution, which could induce
in our case a rapid exhaustion of the active for of the copper catalyst.

These findings led us to synthesize the terpolymer using an altenative approach.

DMA-NIPAM-AZAAm terpolymer synthesis : an alternative approach

In an attempt to improve the control over polymerization kinetics, we have performed a
terpolymer synthesis having the optimized composition of DMA:NIPAM:AZAAm (37:63:1.2).
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The design strategy involved preparing separately, a catalyst solution and a solution con-
taining the monomers. The catalyst solution was injected into the monomer solution via
automated injections with a constant infusion rate of around 100µL per hour.

Although an extensive study regarding polymer synthesis and characterization was
not performed, it is worth showing the interesting results that we obtain with the cur-
rent synthetic procedure. Absorption studies performed on the terpolymer exhibited an
efficient isomerization, and a molar contents around 1.29% that almost matched with the
chromophore feed ratio.

As performed previously, the polymerization growth is monitored in terms of the
monomer to polymer percentage over the course of the reaction. As shown in figure 5.24,
the percentage of monomers getting polymerized increases steadily over time, thereby
indicating a proper control of polymerization. These results, though at their early stage
without any concrete characterization support, suggest a living/controlled polymeriza-
tion under the present conditions.

Figure 5.24: Schematic showing the rate of polymerization growth in terms of the con-
version ratios over the course of time

Dually responsive properties

In order to verify the dually responsive nature of the terpolymer, we have studied the
effect of light exposure on the LCST. The terpolymer solution (conc. 3g/L) is exposed
to alternate UV and Visible irradiation. As shown in figure 5.25(a), it exhibits well sep-
arated LCST under light induced isomerization, having values in close agreement with
those observed for terp8, which has the same monomer composition. In dark, the poly-
mer phase separates at temperatures very close to 37◦C. An LCST shift of around 4◦C is
recorded for a UV-irradiated solution, with the LCST switching back to its initial values
under blue light irradiation. The solubility of the polymer solution is seen to be reversibly
changed under the UV/blue exposure at T = 37◦C (figure 5.25(b)). The above results
show that the polymer, designed via an alternative strategy, still demonstrates tuneable
properties close to physiological temperatures.
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Figure 5.25: (a) the variation of LCST under different light irradiations: (black curve)
dark-adapted, (red curve) UV irradiated, (blue curve) blue-irradiated. (b) the effect of
photoswitching at constant temperature: three successive UV/Vis cycles have been done,
with increasing UV exposure time.

Finally, we have investigated the effect of varying the polymer concentration on the
phase behaviour of the terpolymer. It can be seen on figure 5.26(a) that the transi-
tions in transmission curves are shifted to higher temperatures as the amount of polymer
in the solution decreases. The LCST of the terpolymer solution therefore decreases at
higher concentrations of polymer, as shown on figure 5.26(b). These results, obtained
over a range of polymer mass fraction of 0.01-1 %, provide a first hint regarding the bulk
phase diagram of this new terpolymer in water. As discussed in the previous chapter
concerning PNIPAM, such a phase diagram, which remains to be completed, may be use-
ful for understanding the conformation changes occurring in brushes of such a terpolymer.

Figure 5.26: (a) transmission curves of terpolymer solutions of different concentrations.
(b) decrease in the LCST upon increasing the polymer concentration.

In contrast to the monotonous decrease observed for the LCST as the polymer con-
centration is increased, we observe that the magnitude of the photo-induced shift of the
LCST goes through a maximum in the range1-3 g/L. This is illustrated on figure 5.27.
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While we do not have a clear explanation for such a non-trivial effect, we believe that
it may result, as proposed by Liu et al [16] and briefly mentioned above, from a subtle
interplay between intra- and inter-chain aggregation mediated by the AZAAm moieties.
If such aggregation effects actually control the observed bell-shaped dependence of the
LCST shift, this will require further characterization of the polymer solutions using e.g.
dynamic light scattering in order to probe the size of such objects.

Figure 5.27: Variation with polymer concentration of the photo-induced shift of the
LCST.

5.5 Conclusion

We have synthesized two different classes of azobenzene based dually responsive poly-
mers, which were characterized by turbidimetry and UV/Vis spectroscopy.

DMA-co-AZAA copolymers were synthesized via free radical polymerization tech-
nique. Some of these copolymers exhibited a LCST that could reversibly be shifted under
light irradiations. The UV/Visible spectral studies showed large discrepancies between
estimated and theoretical azobenzene contents. The copolymers present non-conventional
LCST variations as a function of the chromophore contents, broad phase transitions, and
poor reproducibility of the photo-induced effects, which suggested poor control of the
polymerization.

As an alternative to the above, we have reported the synthesis of a novel DMA-
NIPAM-AZAAm based terpolymer via the ARGET-ATRP protocol. We have optimized
the overall polymer composition to design a terpolymer that shows a sharp LCST close
to 37◦C and an efficient isothermal photoswitching, which is highly encouraging in the
perspective of designing photoresponsive brushes for cell biology.
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Using a modified polymerization route, we have improved the living character of the
polymerization of these acrylamide based polymers by ATRP. We have reported prelimi-
nary results regarding the controlled synthesis of P(DMA-NIPAM-AZAA), and presented
initial turbidimetry results in good agreement with those obtained with polymers elab-
orated via ARGET-ATRP protocol. An extensive study based on the current synthesis
protocol is now required to better characterize the polymer properties.
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Chapter 6

Conclusion and perspectives

The work presented in this manuscript is the start of a long-term project, aiming at
designing a new class of cell culture substrates, based on responsive polymer brushes.
Such substrates are expected to allow for the manipulation of the adhesive environment
of the cells, on-demand, via the application of a proper light stimulus. This highly multi-
disciplinary project requires the combination of skills and tools from surface chemistry,
polymer physics, optics, and calls for strong interactions with partners from cell biology.

In this context, we have addressed several important experimental aspects over the
course of this PhD project:

• We have set up a surface functionalization protocol allowing to design well controlled
responsive polymer brushes using the ARGET-ATRP.

• As a direct application of such functional surfaces in the biological context, we have
designed a versatile brush patterning method that has been employed for protein
and cell patterning at the surface of soft hydrogels. This patterning method is now
used as a routine tool in the laboratory.

• We have developed an original optical setup based on RICM that we have used for
the characterization of the conformation change in PNIPAM brushes.

• The above study has provided one of rare experimental proof for the vertical phase
separation occurring in PNIPAM brushes upon crossing the LCST, and has allowed
us to clarify the physical mechanism at the origin of the hysteretic behavior of
PNIPAM brushes during temperature cycles.

• We have proposed an analysis of the RICM data that allows us to estimate most
of the molecular parameters of polymer brushes obtained by the “grafting-from”
technique.

• In a first attempt to design polymers having more advanced functionalities than
PNIPAM, we have initiated the synthesis of dually-responsive (photo- and thermo-
) polymers based on acrylamides. Our first results have shown that terpolymers
incorporating a small fraction of azobenzene-bearing monomer can be reversibly
switched, at physiological temperature, between a water soluble and insoluble state
upon light irradiation.

At that stage of the project, several perspectives are open.
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6.1 Synthesis and characterization of dually respon-

sive terpolymer

At short term, an in-depth study of the designed terpolymers is required. The charac-
terization of the terpolymer, synthesized via the alternative catalyst infusion approach
proposed here, needs to be done at varying polymer compositions in order to validate our
results and to better optimize the performance of the system. In particular, in order to
fully validate the polymerization strategy, the molecular weights and size distributions
of the terpolymers should be systematically investigated using size exclusion chromatog-
raphy techniques that were missing in the laboratory during the course of the present
work.

As mentioned at the end of the previous chapter, the full phase diagram of these
new dually-responsive polymers should be built, and the subtle intra- and interchain
interactions between the Azo moieties should be better characterized using, e.g. light
scattering techniques.

6.2 Photo-responsive polymer brushes

A further goal of the project is to design brushes using the above terpolymers. Since
our surface functionalization protocol and our bulk synthesis route are both based on
ARGET-ATRP, we expect that growing terpolymers from surfaces should require only
marginal adaptations of the protocol established for polymerization with free initiators.

We expect the dually-responsive brushes to collapse at 37◦C. Light irradiation should
then bring about a conformational change in the brushes such that a UV exposure would
lead to brush swelling, and under blue light, the brushes would again collapse. As pre-
sented in chapter 3, a study using RICM would allow monitoring accurately the change
in conformation taking place upon UV/blue irradiation, and to determine the lifetime of
the photo-excited state once the light stimulus is removed.

If a proof of principle for a light-induced swelling/collapse of the brushes is obtained,
an extension of the RICM microscope allowing for structured illumination of the surface
should permit to create, at will, patterns of collapsed/swollen regions over the brush.

6.3 Dynamic cell adhesion

At longer term, we aim at exploiting such a reversible swelling/collapse mechanism to
study the dynamics of cell adhesion (figure 6.1). As pointed out in the introduction
chapter, cell adhesion on a surface grafted with a low density polymer brush depends on its
swelling and collapse. Isothermal switching of the photoresponsive brushes could therefore
be a new tool in order to study cell adhesion/detachment dynamics, as illustrated on figure
6.1.

Such a dynamics could moreover be probed by monitoring the cells’ focal adhesions,
i.e. the regions of integrin clusters where intimate cell/surface contact occurs. Such
focal adhesions can readily be seen by RICM microscopy, as shown on figure 6.1. In this
context, the RICM setup that has been developed thus appears as a versatile technique
allowing for both in situ characterization of the brush conformation and cell imaging.

Finally, a far reaching application of photoresponsive brushes lies in the possibility
they open for guiding cells on a surface. As illustrated on figure 6.2, manipulation of the
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Figure 6.1: (a) Schematic showing the selective detachment of a cell under light irra-
diation at 37◦C. (b) 3-wavelengths RICM image of a fibroblast adhered on a surface:
the black elongated regions visible at the cell periphery correspond to focal adhesions,
where intimate cell/surface contact takes place. (c) Single-wavelength RICM images of a
fibroblast adhered over an annular pattern of a PNIPAM brush: as the temperature is de-
creased from 37 to 25◦C (from left to right), the central brush-covered region swells under
the cell and induces repulsive forces provoking cell detachment, which can be observed
as the disappearance of focal adhesions in the annular bright region.

adhesive microenvironment of the cells under light irradiation should allow to “move” cells
on the surface, change at will the geometrical constraint they experience, and dynamically
build model assemblies by bringing multiple cells to contact.

Figure 6.2: Principle of cell adhesion manipulation and guiding using photo-induced
swelling/collapse.

Achieving such long-term goals however requires a systematic optimization of the poly-
mer brushes, in terms of the molecular parameters permitting protein adsorption/release
upon collapse/swelling, but also in terms of their photo-response, which has to take place
at wavelengths which are not toxic to the cells. This will call for a constant shuttle
between substrate design, polymer optimization and cell adhesion studies.
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Chapter 7

Résumé étendu en français

Les cellules régulent leur organisation interne en fonction de l’évolution de leur environ-
nement extérieur. Cela régit les fonctions biologiques essentielles et est d’une importance
majeure pour un grand nombre d’applications. Un objectif fondamental de la biologie
cellulaire est de comprendre comment ces comportements complexes sont engendrés par
différents signaux environnementaux auxquels la cellule est exposée. Une façon de démêler
certains des mécanismes en jeu peut s’effectuer par l’étude de l’adhérence des cellules sur
des substrats. Le contrôle et la compréhension des interactions adhésives cellule-substrat
est à la fois un défi fondamental et un défi technologique. Des progrès importants ont été
réalisés dans la conception de substrats pour la culture cellulaire in vitro et l’étude des
mécanismes adhésifs. Cependant, les questions relatives à la dynamique et la robustesse
des interactions surfaces/cellules restent largement ouvertes.

Le chapitre 1 introduit les phénomènes d’adhésion cellulaire ainsi que les stratégies
utilisées pour contrôler et étudier ces adhesions. Les interactions des cellules avec des sub-
strats innovants apportent des réponses aux questions fondamentales concernant l’adhésion.
Les substrats “actifs” sont introduits comme des outils potentiels dans ce contexte car ils
permettent d’immobiliser des protéines et d’étudier des adsorptions spécifiques des cel-
lules. Les méthodes de mise en forme cellulaire imposent des restrictions à la surface des
cellules, créant ainsi un environnement bien défini sur lequel les cellules seront adhérentes.
Ceci permet d’étudier la sensibilité et la réponse des cellules à des signaux externes. Les
“matériaux intelligents” sont définis pour concevoir des substrats souples qui présentent
des propriétés adhésives ajustables qui peuvent être modifiées de manière réversible sur
demande. Différents types de matériaux allant des monocouches auto-assemblées (SAM)
aux films polymères utilisés pour concevoir des substrats intelligents ont été longuement
discutés. La vaste littérature relative à l’utilisation de ces candidats pour des études des
bio-interfaces montre un énorme potentiel dans la conception de substrats fonctionnels
intelligents pour comprendre les phénomènes associés à la dynamique de l’adhésion cel-
lulaire. Les matériaux utilisés jusqu’à maintenant présentent des limitations en ce qui
concerne la réversibilité et le contrôle spatial de l’adhésion cellulaire. Cela soulève une
série de questions qui définissent le cadre de cette thèse, en mettant l’accent sur la concep-
tion de brosses de polymères permettant un contrôle spatial et temporel de l’attachement
de surface pour les études de cellules individuelles.

Le contrôle de l’adhésion cellulaire nécessite une bonne conception de l’architectures
des brosses. La conception des brosses de polymères se fait grâce à des protocoles de

151



synthèse bien contrôlés. Le chapitre 2 présente les brosses de polymères et discute des
mécanismes efficaces et pratiques pour l’élaboration de brosses de polymères stimuli-
sensibles. Nous discutons l’élaboration de brosses obtenues par polymérisation radi-
calaire par transfert d’atome initiée en surface, et l’une de ses variantes permettant la
régénération in situ du catalyseur de polymérisation, en mettant l’accent sur le PNIPAM
(Poly-N-isopropylacrylamide), un polymère therosensible. Des surfaces avec des patterns
bien définis à base de PNIPAM sont fabriquées en utilisant une technique nouvelle et
polyvalente d’ablation UV. Les substrats patternés de PNIPAM sont utilisés en partic-
ulier pour l’élaboration et le transfert de micro-motifs de protéines sur des hydrogels de
polyacrylamide, dans la perspective d’études de l’adhésion cellulaire utilisant la micro-
scopie à force de traction (TFM).

La conception de ces brosses stimuli-sensibles fait appel à une détermination précise de
leurs propriétés de surface ainsi qu’à la quantification des changements conformationnels
associés. Le chapitre 3 décrit un dispositif original implémentant une version spectro-
scopique de la microscopie en reflexion à contraste interferentiel (RICM). Le RICM est
utilisé pour étudier la réponse thermique des brosses PNIPAM sur une gamme de den-
sités de surface σ et de longueurs de châınes N . Les aspects importants relatifs aux
études RICM sont la validation d’outils pour caractériser l’effondrement et le gonfle-
ment des brosses de polymères lors d’un changement de qualité du solvant, permettant
d’obtenir des informations quantitatives sur les changements des propriétés physiques
des brosses de PNIPAM en fonction de la température. L’étude expérimentale s’intéresse
à l’influence de paramètres tels que la densité de greffage, et la longueur de la châıne
sur les propriétés de la brosse. Les résultats présentent l’une des très rares preuves
expérimentales du phénomène de séparation de phase verticale des brosses PNIPAM. Ils
confirment la prédiction théorique de l’existence d’un mécanisme de séparation de phase
locale régissant les changements qui ont lieu le long de l’épaisseur de la brosse en fonction
de la température. L’étude de la réponse en température de brosses des PNIPAM sur
le cycle de chauffage / refroidissement clarifie l’origine physique de leur comportement
hystérétique.

Les polymères sensibles à des stimuli sont utilisés en tant que commutateurs moléculaires
conçus pour contrôler les interactions entre les objets auxquels ils sont liés. Ces polymères
possèdent des propriétés ajustables et présentent un intérêt particulier pour les études
des dynamiques d’adhérence cellulaire. Ces études exigent que les polymères soient sensi-
bles à des stimuli qui ne perturbent pas fortement les conditions physiologiques. Dans ce
contexte, le chapitre 4 traite de la synthèse en masse et la caractérisation de polymères
photo-thermo-réactif par polymérisation radicalaire et ATRP. La composition des entités
monomères est modifiée afin de concevoir des polymères qui assurent l’efficacité de com-
mutation conformationnelle à 37 ◦C, proche de l’environnement physiologique des cellules.
Les polymères synthétisés sont caractérisés par turbidimétrie en termes de leur change-
ment de solubilité dans l’eau en fonction de la température et de l’histoire d’irradiation
lumineuse à laquelle ils sont exposés. Ils présentent des propriétés accordables proches
de la température physiologique de 37 ◦C, ce qui en font de bons candidats pour une
utilisation future dans les applications liées au contrôle spatial et temporel de l’adhésion
cellulaire.
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