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Résumé

Les revétements polymeres stimuli-sensibles permettent d'ajuster les propriétés de surface par
des stimuli externes (i.e. des variations des conditions environnementales) via des changements
dans leur conformation physique, la chimie de surface, ou les deux. Cette capacité permet leur
utilisation comme éléments fonctionnels dans les nanotechnologies tels que des valves dans les
dispositifs microfluidiques, comme lubrifiants, ou comme substrats pour la culture de tissus
biologiques. Cependant, de tels revétements souffrent généralement d'un inconvénient majeur,
afin de déclencher un changement de la conformation physique du revétement polymeére
(gonflement) via un stimulus, il est nécessaire de changer au moins une de ses propriétés physico-
chimiques qui produit des variations simultanées des propriétés de surface (i.e. potentiel de
surface, adhésion). Ce travail vise a surmonter cette limitation en étudiant une nouvelle
génération de revétements hiérarchiques fonctionnels dont les propriétés physiques et la chimie
de surface peuvent étre modulées indépendamment et de maniére réversible en utilisant
différents stimuli tels que la température et le pH. Les revétements hiérarchiques sont constitués
de matrices des microgels a base de poly-(N-isopropylacrylamide) bidimensionnelles
fonctionnalisés en surface avec des polymeres dont les dimensions caractéristiques et les
propriétés de surface peuvent étre controlées indépendamment par différents stimuli en fonction
des propriétés de surface souhaitées. Ce travail démontre que les dimensions caractéristiques
(i.e. diamétre hydrodynamique, épaisseur de couche) peuvent en effet étre contrélées sans
affecter les propriétés de surface (i.e. potentiel de surface, adhérence) des réseaux de microgels

fonctionnalisés. La réactivité des revétements fonctionnels a été étudiée a I'aide de la Diffusion



Dynamique de la Lumiére et de I'Appareil de Forces de Surface permettant de déterminer avec
précision l'adhésion, la friction, le potentiel de surface, le diametre hydrodynamique et
I'épaisseur de la couche sous différents stimuli. Enfin, la capacité de ces substrats fonctionnels
pour produire un détachement cellulaire déclenché par des stimuli dans le cadre de la culture

cellulaire a été étudiée.

Mots-clés : Surface, revétement polymeére, matériel fonctionnel, microgel, culture cellulaire.



Abstract

Stimuli-responsive polymer coatings enable surface properties to be tuned by external stimuli
(i.e. variations of environmental conditions) via changes in their physical conformation, surface
chemistry, or both. This capacity enables their use as functional elements in nanotechnologies
such as valves in microfluidic devices, as lubricants, or as substrates for culture of biological
tissues. However, such coatings usually suffer from a major shortcoming, in order to trigger a
change in the physical conformation of the polymer coating (swelling) via a stimulus, it is
necessary to change at least one of its physicochemical properties which results in simultaneous
variations of the surface properties (i.e. surface potential, adhesion). The present work aims to
overcome this limitation by investigating a new generation of responsive hierarchical coatings
whose physical properties and surface chemistry can be tuned independently and reversibly using
different stimuli such as temperature and pH. The hierarchical coatings consist of two-
dimensional poly-(N-isopropylacrylamide) microgel arrays surface-functionalized with polymers
whose characteristic dimensions and surface properties can be independently controlled by
different stimuli according to the desired surface properties. This work shows how the
characteristic dimensions (i.e. hydrodynamic diameter, layer thickness) can indeed be controlled
without affecting the surface properties (i.e. surface potential, adhesion) of the functionalized
microgel arrays. The responsiveness of the functional coatings was investigated using Dynamic
Light Scattering and the Surface Forces Apparatus allowing adhesion, friction, surface potential,

hydrodynamic diameter, and layer thickness to be accurately determined under different stimuli.



Finally, the ability of these coatings as functional substrates to produce stimuli-triggered cell

detachment during cell culture was studied.

Keywords : Surface, polymer coating, responsive material, microgel, cell culture.
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opposing layers of covalently attached bare microgel () and microgel-co-PEG (A ) at room
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eye. Error bars correspond to the standard deviation of the measured friction coefficients (n = 2).

Figure 4.17. Overlap of the friction force, Fs, as a function of the normal force, Fn, between two
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Figure 5.2. bEnd.3 relative cell density on microgel-functionalized substrates at 37 °C, compared
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Figure 5.3. Relative cell density of U138 (first row), MCF7 (second row) and bEnd.3 (third row)
cells obtained on day 3 (first column) and day 5 (second column) of incubation calculated by
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applying stimuli by decreasing temperature to 20 °C (blue) and then further adjusting the pHto 5
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Figure 5.4. Relative cell density obtained on day 5 of incubation of U138 (first row), MCF7 (second
row) and bEnd.3 (third row), at 37 °C (red) and after sequentially applying stimuli by decreasing
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from their substrates using trypsin and counted using a haemocytometer. *p<0.05 compared to
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Figure 5.5. Non-specific protein adsorption with varying temperature evaluated using SPR on
surfaces coated with bare microgel (ll) and microgel-co-PEG (A) interacting with BSA (solid lines)
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Figure 5.6. Schematic representation of cell adhesion and stimuli-triggered cell detachment using
temperature and pH control from A) cationic PNIPAM bare microgels (bare microgel) and B)
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Figure 5.SM1. AFM images of bare microgel (A, D), microgel-co-PDMA (B, E) and microgel-co-PEG
(C, F) covalently attached to AUTES-GLA functionalized glass substrates obtained before (A, B, C)

and after (D, E, F) sterilization by immersion for 5 minutes in 70 % ethanol and air dried for 40
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minutes in the PeakForce tapping mode. Imaging was performed in air at 25 °C and 30 % relative
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Chapter 1 — Introduction

1.1 Stimuli-Responsive Surfaces

Response to stimulus is a basic function of living systems. Indeed, living organisms have
successfully adapted to specific, and often extremely harsh, environments through millions of
years that enable them to survive and thrive. To sustain life, nature has developed complex
molecular assemblies and interfaces with specific chemical function and structure which are able
to respond to changing conditions in their surroundings. Examples in nature of surfaces and
interfaces that exhibit an stimuli-responsive behavior are abundant. Echinoderms show light-
responsiveness by changing the colour of their skin at night.! Chameleons posses an exceptional
camouflage ability that enables them to adapt the patterns and colours of their skin according to
their surroundings to hide from predators.? But perhaps a more relatable example, at least to all

the readers of this text, is the multi-stimuli-responsiveness of the human skin.

The human skin is a multi-layered structure that responds to variations in the environment such
as temperature, pressure, light, and the presence of microorganisms. Skin is the largest organ
that humans posses, an average-sized person has 1.8 m? of skin which weights, on average, 4 kg.3
The skin is composed of several layers, a basal dermis layer of connective tissue that contains the
blood vessels, hair follicles and sweat glands and an upper epidermis made up of epithelial cells
and pigmented melanocytes.? The skin is also one of the most versatile organs in the body. It is
capable of maintaining a temperature of approximately 32 °C (depending on age, sex and weight)

by responding to temperature variations via the secretion of sweat, if the temperature rises, or

through the erection of the hairs of the skin to keep a layer of warm air close to the skin in cold
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environments.® Its elastic nature makes it resistant to shock, pressure and deformation while
maintaining its original shape.? It also plays a metabolic role by synthesizing vitamin D when
exposed to UV irradiation, which is vital for ossification and production of testosterone.? Further,
the skin is able to perceive physical stimuli and transmit it to the brain through an intricate
network of sensorial receptors.® Because the responsive structure of human skin (and other
creatures found in nature) is composed of bio-macromolecules or bio-polymers such as collagen,
proteins, polysaccharides and nucleic acids, considerable effort has been dedicated to replicating

these structures in the laboratory.

Scientists have focused on the synthesis of polymers that mimic biopolymers to develop a variety
of materials that serve industrial and scientific applications. Ideally, synthetic polymers should
exhibit abilities beyond providing structural support, such as mediating an active and dynamic
participation between the material and its surroundings. To do so, it is possible to incorporate
multiple functional groups in the polymer structure that are susceptible to change in character
(e.g. charge, polarity, conformation) in response to small changes in environmental conditions
and are synergistically amplified to produce significant differences in the macroscopic properties
of materials. However, specific challenges exist in mimicking biological systems, where structural
and compositional gradients across wide length scales are necessary to obtain coherent and

deliberate behaviors.

1.2 Surface functionalization with polymers

Polymers offer an expansive range of surface functionalization possibilities seemingly limited only
by the imagination. In fact, polymers are ubiquitous in products used everyday such as rubber

and are also major components of living beings because polymers make up DNA and diverse types
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of proteins.® Theoretical research into polymeric materials began in earnest in the 19t and 20t
centuries with the recognized polymeric nature of rubber used during the industrial revolution.’
Fundamental knowledge on the field was later established with Staudinger’s macromolecular
theory which established that polymers are composed of many elementary units (monomers)
covalently bound together and was further supported by experiments performed by Carothers
who first synthesized nylon.®=2° The motivation behind using polymers for surface modification is
the ability to customize the surface properties in a specific and sophisticated manner according
to the required application. In other words, the wide commercial availability as well as
widespread knowledge of polymerization pathways of a plethora of polymeric compounds allow

making a choice that takes into consideration the desired properties of the final material such as

16-18 |19—

porosity of the structure,1? wettability,'3'> chemical and biological stability, mechanica
21 and thermal resistance???3 as well as biocompatibility and biodegradation characteristics.?42°
Further, different approaches are available to immobilize polymers on different types of surfaces

according to the properties of the substrate and the characteristics of the polymer layer that are

needed.

The main methods for functionalizing the surface of substrates with polymeric materials are
“grafting to”, “grafting from”, and “grafting through” techniques. The “grafting to” approach
takes advantage of reactive sites on the surface to directly attach a polymer chain onto a
substrate. “Grafting to” can be applied either through chemisorption by forming a chemical bond
between reactive sites on the surface of the substrate and a reactive functional group on the

polymer, or by physisorption via physical interactions. A typical example of surface

functionalization by using “grafting to” via chemisorption involves polymers end-functionalized
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with sulfur atoms to form covalent attachments of thiols and disulfides groups to metal surfaces
such as Ag, Au, and Cu through metal-thiolate bonds.?’~3° Moreover, it is also possible to form
covalent bonds between organic groups and metal surfaces through metal-carbon linkages using
aryl diazonium, as well as metal-carbene and metal-nitrene mt bonds formed via diazo derivatives
or metal-acetylide and metal vinylidene bonds formed with acetylene derivatives.3° However, the
“grafting to” approach does not provide high surface coverage of the polymers due to the steric
hindrance that arises from the presence of polymers chains already attached to the surface that
prevent the diffusion of other polymer chains close to the remaining reactive sites on the
substrate.3! Similarly, if the polymer chain has several functional groups able to form bonds or
attractive interactions with the substrate, it is unlikely that polymer chains are immobilized in a
direction orthogonal to the surface but are rather deposited lengthwise on the substrate and thus
occupy additional space and increase the steric hinderance. During “grafting to” through
physisorption, polymerimmobilization happens via physical interactions such as electrostatic, van
der Waals or dipole attractions. This method is relatively simpler than chemisorption, however,

since no covalent bonds are formed with the surface the grafting stability is weaker.3%33

The “grafting from” immobilization approach involves immobilizing initiators on a surface and
growing polymer chains from them. This process is also called surface initiated (SI)
polymerization. Several polymerization pathways may be applied in this technique; mainly,
reversible deactivation radical polymerization (RDRP), reversible addition-fragmentation chain
transfer (RAFT), nitroxide-mediated polymerization (NMP) or atom transfer radical
polymerization (ATRP).3* The advantage of this technique over the “grafting to” methodology is

that it is possible to obtain a densely packed polymer layer on the surface.3>738 It is also a viable
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method to fabricate multilayered core/shell architectures on nanoparticles with customizable
polymer layer thicknesses.34 Finally, in the “grafting through” approach, monomers are covalently
bound to the surface and are copolymerized with free monomers in solution to form a
homogeneous and continuous layer whose thickness can be adjusted by regulating the conditions
of the polymerization process and the density of monomers initially anchored to the surface.3*!
One of the most powerful aspects of polymer functionalization of substrates is the ability to create

responsive materials for which one or more properties can be modulated by external stimuli.

1.2.1 Stimuli-responsive polymers

Responsive polymers can modulate their physical and/or chemical properties through changes in
their surrounding environment. These polymers, also known as smart or intelligent materials,
respond to a variety of stimuli such as variations in the pH,*? light irradiation,*® the presence of
small molecules and biomolecules***> or temperature®®*’ depending on their physicochemical
properties. Inspiration for progress in polymer science has often been provided by observations
in the natural world. For example, the exceptional lubrication and load-bearing capacity provided
by the synovial fluid in mammalian articulations, which is mainly composed of the polymers
hyaluronic acid and lubricin.?**® Nonetheless, replicating the outstanding performance of these
naturally occurring structures in the laboratory is no simple task given the complexity of physical
arrangements as well as the constant and subtle interplay with the environment that surround
them. To confront some of these challenges, the development of stimuli-responsive polymers
focuses on creating networks capable of inducing minimal molecular, yet orchestrated changes

that lead to significant and specific physicochemical responses to external stimuli.
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The design of polymeric materials considers the energetic and spatial restrains involved in
producing a response from a polymer. For instance, the mobility of the segments of a polymer
chain is higher in suspension, compared to immobilized on surfaces, or crosslinked to form gels,
due to increasing spatial restrictions.*® Segment interactions within these spatial restrictions
determine the energy requirements of the system to undergo a transition from an initial state to
a final state upon applying a stimulus. For polymers suspended in solution, stimuli-triggered
responses are easy to achieve due to favorable energy inputs from Brownian motion that
positively contribute to the displacement of solvent molecules from the polymer segments.>® The
phase separation of polymer chains across the lower critical solution temperature (LCST) serves
as an example. At temperatures below the LCST, favorable hydrogen-bonding between the
polymer and the solvent produce a negative free energy (AG < 0) and homogeneous mixing.> On
the contrary, above the LCST, phase separation takes place as the enthalpy (AH) overcomes the
entropic energy (AS) contribution and results in unfavorable free energy for the system which
phase-separates. Linear polymers anchored to a surface by one end of the chain (as may take
place with the “grafting to” and “grafting from” methods) experience different restrictions to
their freedom of movement along the chain. Thus, segments closer to the anchoring point need
a higher energy input to undergo stimuli-triggered responses because less space and free volume
are available to do so compared to segments further from the surface which have more
energetically favorable freedom of movement for rearrangement. Stimuli-triggered
responsiveness of end-anchored polymer chains is an entropic process (AS) where the disorder of
the anchored chains has a more significant contribution to the free energy (AG) than the

conformational variations produced from changes in enthalpy (AH).>? Stimuli-responsive gels
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synthesized from polymers undergo physicochemical changes triggered by variations in the
conditions of the environment in a similar manner than end-grafted polymer chains (AS
contributes to AG to a greater extent than AH). The reason is that gels are usually crosslinked
either by chemical (through covalent bonds)? or physical (via hydrogen-bonding, hydrophobic,
van der Waals or 1t — 1t stacking interactions)>* means to retain their structural integrity and which
restrain the mobility of the polymer segments when a stimulus is applied. Once that energy
considerations involved in the polymer response are established, it is possible to consider the

different types of stimuli that can be used to obtain a desired behavior.

Due to the wide variety of functional groups that can be incorporated into polymer segments it is
possible to obtain versatile structures that respond to single or multiple triggers either punctually
or in a gradient. However, in this section only a few of these triggers are discussed: variations in
pH, light irradiation, and temperature. pH-responsive polymers have ionizable functional groups
in their structures which allows them to donate or accept protons upon sensing pH changes in
the surrounding environment. By changing the degree of ionization, the electrostatic repulsions
along the polymer chain vary, which influences the hydrophobicity of the polymer as it extends
or collapses via the approach or separation of the backbone segments of the chain.>>=%° pH-
responsive polymers can be divided into two categories: polyacids and polybases. Polyacids have
pKa values of roughly 5 and donate protons to the surrounding solution and swell under basic pH
conditions.>>~®% Some examples of polyacids include poly(acrylic acid) (PAA) and poly(methacrylic
acid) (PMAA). On the contrary, polybases accept protons from the surrounding solution and
extent under acidic pH conditions. Some of the most used polybases contain amino groups, such

as poly(N,N’-dimethylaminoethylmethacrylate) (PDMAEMA) or in poly(vinyl pyridine) (PVP).

33



Additionally, polymers containing acetal/ketal functional groups may also be categorized as pH-
sensitive, although their pH-responsive mechanism takes place via linkage cleaving rather than
by changes in ionization.®¥®3 Photo-responsive polymers contain photo-chromic functional
groups in their structures that allow them to respond to light irradiation through three main
mechanisms. The most widely known photo-responsive molecule is azobenzene, which
undergoes a trans-to-cis photoisomerization upon light irradiation that induces a photo-chromic
transition.®* Light irradiation may also produce shrinking and extending through ionization-
mediated molecular rearrangements, as it happens with lecuo and spiropyran derivatives.®7
The final photo-responsive mechanism takes place through dimerization, for example, with the
photo-reactive molecule cinnamate which dimerizes upon being exposed to UV irradiation.°

Controlling polymer responses through pH and irradiation offers the means to develop versatile

smart materials.

Thermo-sensitive polymers are a useful choice when developing smart materials because
temperature can be controlled internally (within the polymer network) or externally (by changing
the temperature of the surrounding environment) allowing polymers to respond in either a
localized or generalized fashion. Some polymers exhibit an LCST, which is the lowest temperature
at which temperature-induced mixing occurs. Below a certain temperature, polymer chains and
solvent molecules are in a single homogeneous phase whereas above it, phase separation driven
by entropy takes place. Several polymeric molecules exhibit an LCST, such as: poly(N-
vynilcaprolactone) (PVCL), poly(N,N’-diethylacrylamide) (PDEAM) or PDMAEMA.’%72 However,
the most widely studied thermo-responsive polymer is poly-(N-isopropylacrylamide) (PNIPAM)

that exhibits an LCST at roughly 32 °C which is conveniently close to the physiological
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temperature.’® In fact, the reason behind the predominance of PNIPAM in the development of
smart materials is its wide commercial availability and relative ease to modulate its properties by
incorporating different monomers in its structure. For example, incorporating hydrophilic or
hydrophobic monomers into the PNIPAM chains allows to either rise or decrease the LCST of the
resulting polymer, respectively.”*”> Similarly, additional stimuli-responsive monomers can be
incorporated in PNIPAM chains to obtain multi-stimuli responsive polymers, e.g., thermo- and
pH-responsive materials.*¢’677 Further, the extensive amount of research involving PNIPAM
(including in our research group)’®-8° provides a solid foundation of acquired knowledge on the
properties and responsive behavior of PNIPAM to build upon. These reasons illustrate the rational

behind the decision of selecting PNIPAM as the keystone polymer of the present work.

1.2.3 Remarks on the properties of poly(N-isopropylacrylamide)

PNIPAM is synthesized by radical polymerization from the N-isopropylacrylamide (NIPAM)
monomer, which was first prepared in the 1950’s.882 This molecule has a vinyl group in its
structure that enables polymerization, an amide functional group that gives the molecule a
hydrophilic character and makes it water-soluble, and an isopropyl group that provides the
molecule with its hydrophobic properties. Once the NIPAM monomer is polymerized, the thermo-
responsive properties of PNIPAM are govern by the interactions between the amide and isopropyl
functional groups and the water molecules in the solvent. These interactions are directed by the
energy considerations mentioned previously, whereby the solubility of PNIPAM changes across
the LCST. In other words, at temperatures below the LCST, hydrogen bonding interactions
between water molecules and the amide function are favorable and the polymer is soluble while

at temperatures above the LCST the hydrogen bonds become partially disturbed, which makes
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the hydrophobic character of the isopropyl groups more dominant as the polymer chains fold into
themselves during the coil-to-globule transition and the mixture phase-separates.?3%°
Nonetheless, the transition to the hydrophobic state is not absolute, even at temperatures well
beyond the LCST, because the amide groups retain some of their hydrophilic functionality.®® The
LCST is often determined by finding the cloud point of the polymer suspension and the
endothermic transition peak by differential scanning calorimetry;°°?> however, the transition is
also closely dependant on the mass fraction of the polymer in solution.”®> Moreover, for PNIPAM
chains arranged in an ordered network such as in hydrogels or microgels, the change of phase is
referred to as the Volume Phase Transition Temperature (VPTT) which also depends on the
concentration.®8 The LCST and VPTT are often used interchangeably in the literature, probably
because, at low polymer concentrations, both take place within a similar temperature range.?3°*
Nonetheless, in the context of this work it is important to make this distinction given that the
entirety of the study was performed using PNIPAM microgels. Therefore, the characteristics of

the different conformations that PNIPAM may adopt during synthesis must be addressed.

The method of preparation of PNIPAM and its final conformation have a significant impact on the
properties and responsive behavior of the product. Linear PNIPAM chains have been prepared by
several methods, including free radical polymerization in aqueous®°>® as well as organic
solutions?191 yia redox in aqueous media,%?7%* by ionic polymerization,'® or by ionizing
radiation-induced polymerization.1°®1%7 |n addition to linear chains, the conformation of PNIPAM
can be arranged into ordered networks to create hydrogels, microgels, thin films or membranes.
However, the most common conformations of PNIPAM found in the literature (aside from linear

chains) are in the form of hydrogels and microgels due to their exceptional customizability,
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capacity to carry and transport payloads within the polymer network, and fine-tuned multi-

responsive properties.

In general, stimuli-responsive gels are formed by physical and/or chemical crosslinking of polymer
chains and are described as semi-solid materials used to immobilize a solvent within their
networks. Gels can be further classified according to the nature of the solvent they retain:
organogels contain organic solvents while hydrogels hold aqueous solvents due to the hydrophilic
nature of its polymeric components.%® Moreover, hydrogels may be synthesized in the form of
spherical particles denominated nanogels if their diameter is less than 100 nm; microgels for
diameters between 100 nm and 100 um and macrogels for diameters greater than 100 um.%°
The diffusion rate for a spherical particle is inversely proportional to the diameter according to
the Stokes-Einstein diffusion principle, and the time required for a stimulus to reach the centre

105-112 Therefore, nanogels provide

of a gel sphere is proportional to the square of the diameter.
the fastest response time when exposed to a stimulus but are more challenging to manipulate
and analyse precisely because of their small size. Consequently, microgels represent a practical
compromise between ease of manipulation and response time. Another advantage of microgels
over hydrogels is the ability to immobilize discrete particles on a surface (as opposed to a
continuous layer) via physisorption or chemisorption. In fact, if a continuous hydrogel layer
immobilized on a substrate sustains damage through applied mechanical force, it is likely to
propagate throughout the polymer layer,!* as opposed to a microgel coating where the damage
may be contained to single microgels or a reduced number of neighboring microgel particles.*?

The swelling behavior of PNIPAM hydrogels and microgels may be controlled via temperature

variations in a similar manner than linear chains; however, due to the more restricted mobility of
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the polymer chains (due to the crosslinking in the polymer network), the energy requirements
vary slightly and according to the considerations mentioned previously. Finally, the phase
transition across the VPTT may produce changes to the properties of the PNIPAM microgels other
than the associated hydrophilicity. For example, as the microgels shrink with increasing
temperature, the refractive index of the microgels approaches that of the polymer as water is
expelled from the network,®* the elasticity of the particles changes as the Young’s modulus
increases,®” and (in the case of functionalized PNIPAM microgels) the density of functional groups
at the surface increases, which could result in more significant electrophoretic mobilities in

ionizable microgels.®®

1.2.4 Remarks on the properties of polyethylene glycol (PEG)

Polyethylene glycol (PEG) is a benchmark in polymer science and a polymer of choice in
biomedical applications. Even though PEG is not a stimuli-responsive polymer, the properties that
it imparts to functional materials make it extremely useful and a centrepiece of this project. Its
importance is due to its high structural flexibility, amphiphilicity and high hydration capacity.'*
PEGs were first synthesized in the 1850’s via cationic or anionic polymerization (depending on the
catalyst type) of ethylene glycol and a century later they had become commonplace in
applications ranging from anti-freeze, lubricants for medical devices, food additives, laxatives and
for coatings destined for dermatological applications, suppositories, tablets and pills.1*> Starting
in the 1970’s the term PEGylation began being used to refer to the conjugation of PEG to

biomolecules or immobilized on the surface of nanoparticles or bioimplants.'® Even though PEG

is usually recognized as a biocompatible molecule, PEG can undergo oxidation in biological
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environments and fluids which limit its long-term use.'*”1*8 Similarly, PEG may also accumulate

in healthy cells and compromise their viability.11>11°

Because of the repeating ethylene oxide units, the backbone of PEG is highly polar which increases
the hydrophilicity of the polymer chain and makes it soluble in most organic and inorganic

solvents.'?® PEG has traditionally been used for protein and nucleic acid purification;!2%122

123124 and for drug delivery systems.?412% Further, non-specific

conjugation with proteins
adsorption of biomolecules on nanoparticles and biomedical implants may adversely affect the
chemistry of conjugated drugs, or cause aggregation or charge neutralization which typically leads
to the removal of the nanoparticles from the bloodstream.'2°713! A potential solution to this
challenge is immobilizing PEG chains on the surface of nanoparticles which has been shown to

129-131 |mmobilizing PEG chains on

improve solubility and increase retention and circulation time.
the surface of such materials also provides anti-fouling properties via steric hinderance that repels
proteins from the surface as well as by making the interphase of the material electrically neutral
and thus reducing the electrostatic interactions with the charged proteins.'327134 Additionally,
because of its hydrophilic nature, immobilizing PEG chains on a surface creates a hydration layer
difficult to displace and which inhibits protein deposition.3> The presence of a hydration layer at

the surface is also useful in tribological studies, whereby it is possible to reduce friction and wear

between two PEG-functionalized surfaces in shear via aqueous lubrication.3137

1.3 Selected applications of PNIPAM in biomedicine

The popularity and commercial availability of PNIPAM in its different polymeric conformations
have translated into widespread use in diverse fields such as biomedicine, surface engineering,

microfluidics, or photonics. Introducing the myriad of applications that PNIPAM may be used for
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is beyond the scope of this work. Instead, some examples within the most relevant fields of
interest of this project are discussed. Hence, this section presents some examples of applications

of PNIPAM to drug delivery systems, lubrication applications and cellular culture.

1.3.1 Drug delivery applications involving PNIPAM

A stimuli-responsive polymeric vehicle suitable for delivery of therapeutic agents in the body must
conform to conditions found in biological environments or in vivo. ldeally, the system must be
easy to deliver; capable to carry payloads to a specific site and to release it in response to a
stimulus; and be composed of non-toxic, biocompatible and biodegradable components. PNIPAM
is an excellent candidate for the development of drug delivery systems (DDS) because its LCST (or
VPTT) is close to the physiological temperature upon which it undergoes a sharp phase transition.
Further, when arranged into ordered networks, i.e. hydrogels or microgels, it is able to entrap
water in its interstitial space and create a polymer matrix permeable to small molecule drugs,
proteins, or cells for delivery to specific sites of the body.3® Despite these advantages, PNIPAM
DDS still confront several challenges. For instance, low biodegradability, weak mechanical
strength, relatively low drug loading capacity and burst release of drug molecules.?>13%141 Tg
confront some of these challenges, a common approach is to forego of pure PNIPAM structures
and instead synthesize PNIPAM-based hybrid materials by incorporating inorganic nanoparticles,
organic molecules, or other polymers during preparation.1#>43 Some examples of DDS that use
PNIPAM to improve their performance include inorganic nanoparticles, micelles, hydrogels and

microgels.

Functionalizing inorganic nanoparticles with PNIPAM improves the colloidal stability in

suspension. Inorganic nanoparticles synthesized from metals are extensively used in biomedicine
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for diagnosis, therapy and bioimaging. These particles range between 2 — 100 nm in diameter and
display unique electronic, mechanical, chemical, optical, and magnetic properties.'** 147 Above
all, these particles are particularly useful as vehicles because they can easily traverse biological
barriers and enter cells via endocytosis to deliver therapeutic agents in a targeted fashion or to
perform hyperthermia treatments.'#®14° For example, the passive accumulation of nanoparticles
intumor tissue increases with decreasing nanoparticle diameter in agreement with the enhanced
permeability and retention (EPR) effect, whereby the tumor blood vessels become more
permeable and facilitate the incorporation of nanometric-sized materials.’>%'> Delivery
specificity of nanoparticles can be further improved by functionalizing the surface of the
nanoparticles with ligands such as folic acid for recognition by the folate receptor that is often
overexpressed on the surface of cancer cells or with arginine-glycine-aspartate (RGD) peptides to
target the integrins on the endothelium of tumors.®>71>* However, the efficacy of inorganic
nanoparticles as DDS is compromised by poor colloidal stability that may lead to particle
aggregation and premature clearance by the body.'**1>> Numerous reports have established that
diverse polymer matrices improve the long-term stability of nanoparticles against
aggregation.'*®715% More specifically, functionalizing the surface of Au nanoparticles with PNIPAM
chains or with reticulated PNIPAM layers that form a continuous shell or corona around the
nanoparticles also improves colloidal stability via steric repulsions arising from the highly
hydrated polymer even in extreme pH environments, in solutions with elevated ionic strength or
after removing the citrate that typically stabilizes gold nanoparticles.%914 |n another example,
incorporating PNIPAM on the surface of Au nanoparticles enabled the modification of their

optical properties with temperature, which could be useful in designing bioimaging techniques.®>
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Significant improvements to the stability and tunability of the optical properties of Au

nanoparticles expand their applicability and relevance in the field of biomedicine.

PNIPAM in amphiphilic block copolymers form the core segment of micelles above the LCST due
to the hydrophobic interactions between the dehydrated polymer chains.'%1%8 For instance,
PEG-b-PNIPAM block copolymers self-assemble into micelles in water above the physiological
temperature and can encapsulate both hydrophilic and hydrophobic drugs in the interior of the
particle; upon decreasing the temperature, the micelles disassemble and release their payload.'®
PNIPAM-based micelles composed of different polymer blocks may offer additional advantages.
For example, micelles formed from PNIPAM copolymerized with N,N’-dimethylacrylamide block
polylactic acid (poly(NIPAM-co-DMA)-b-PLA), can be internalized by the cells by endocytosis
above the LCST to deliver therapeutic agents.'’® Further, the biodegradability of PNIPAM
copolymerized with N-2-hydroxyethylmethacrylamide oligolactates block PEG (poly(NIPAM-co-
HPAM-lactate)-b-PEG) micelles can be tuned so the micelle degrades after 24 hours, a relatively
fast time that is useful for delivery of biologically active molecules.'’* The use of micelles as DDS
is attractive because they exhibit a sharp and significant change of properties associated with

relatively small changes in environmental temperature.

PNIPAM hydrogels have a crosslinked (either physically or chemically) porous network structure
that swells with water below the VPTT that permits loading therapeutic agents and shrink above
the VPTT to release the therapeutic agents according to the diffusion coefficient within the
network. Because of the low viscosity of PNIPAM hydrogels below the transition temperature,
they can be easily injected subcutaneously and form a gel network in situ at physiological

temperature, constituting a drug depot for gradual release.l’2'73 After increasing the
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temperature, the release of the encapsulated payload from the hydrogel network may happen
quickly (‘burst effect’) and be followed by a sustained, linear release.’*’> To decrease the burst
release effect, PNIPAM hydrogels can be copolymerized with dextran or with carboxymethyl
chitosan which shows a more sustained and controlled release of therapeutic agents from the
hydrogel network upon changing temperature.t’®1”” PNIPAM hydrogels have also been used for
oral delivery of insulin and calcitonin (acid labile drugs), in this case, the polymer network protects
the drugs during passage through the stomach for release in the intestine.’®'7° Finally, PNIPAM
hydrogels can also be used for transdermal delivery of pharmaceutical agents. For instance,
hydrogels can be shaped into microneedle (MN) arrays that penetrate the skin. PNIPAM MNs can
then be loaded with insulin as well as black phosphorus nanoparticles (BPNPs) such that when
the arrays are exposed to near infrared (NIR) irradiation, BPNPs convert light to heat causing the
PNIPAM network to shrink and release insulin to the body.*®° In another example, a wearable
device (similar in shape to an adhesive bandage) composed of an electrospun heating element
placed beneath PNIPAM hydrogel sheets demonstrated gradual and on-demand release of a
hydrophilic model molecule (methylene blue) upon heating the device by applying a voltage
through the heating elements.'® Transdermal DDS are an excellent strategy to deliver
therapeutic agents in a convenient and painless manner which increases patient compliance and

quality of life.

The use of PNIPAM microgels as DDS offers important advantages over hydrogels because they
combine the interstitial space available for drug loading characteristic to hydrogels with the high
mobility of discrete nanoparticles. Like hydrogels, microgels can be modified chemically to

improve their retention and circulation time, to make them biodegradable, to increase their drug
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loading capacity and to tailor the drug release kinetics according to the desired application. In
addition, the rate of microgel response vis-a-vis external stimuli is faster than for bulk gels.0%-112
These qualities make microgels versatile and powerful vehicles for therapeutic agents destined
to different sites in the body.'8%18 The Serpe group, for instance, developed a drug reservoir
device meant to be implanted and made of PNIPAM copolymerized with acrylic acid microgels,
PNIPAM-co-PAA, sandwiched between two layers of gold and whose release dynamics could be
controlled on demand via changes in temperature, pH and the thickness of the top gold
layer.184185 |n a different example, PNIPAM microgels copolymerized with PAA and surface-
functionalized with folic acid ligands were loaded with doxorubicin, an anti-cancer drug, in order
to demonstrate the in vitro tumor-targeted delivery ability of this vehicle.’®® The microgel
particles exhibited specific binding with the folate receptors overexpressed in tumor tissues, the
release of doxorubicin was mediated via temperature and was observed to improve when in the
vicinity of the more acidic extracellular matrix (ECM) of cancer cells.*®® This study also illustrates
the advantage of highly mobile microgel particles over stationary hydrogels as DDS. The previous
examples involving PNIPAM microgels employed a release of the therapeutic agent at
temperatures above the VPTT. However, in some clinical applications, such as in dermatology, it
is preferable to decrease the temperature than raising it to avoid causing damage to healthy
tissue.’®”188 This represents an important challenge because the release dynamics of therapeutic
agents from a swollen PNIPAM microgel, i.e. below the VPTT, take place through passive diffusion,
a much slower release mechanism.'8919° A proposed alternative is to synthesize a PNIPAM
microgel surrounding vaterite (CaCOs) microcrystal templates with mesoporous cavities.'*! After

the template is dissolved in mild acidic conditions, a therapeutic agent (dextran was used as a
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model molecule) can be loaded inside the mesopores of the PNIPAM microgel which becomes
entrapped once the temperature is raised above the VPTT and releases from the polymeric
network upon cooling. This is a promising approach because it can be customized to respond to
additional stimuli such as pH, irradiation or ionic strength and the pore size can be modulated to

encapsulate molecules with a wide range of molecular weights.

1.3.2 Applications of PNIPAM to cellular culture

Cellular culture is a fundamental technique in the biomedical sciences, in cancer research and in
regenerative medicine. Typically, cells are grown on culture dishes, flasks or multi-well plates

192 Once

made of borosilicate glass, polystyrene, polycarbonate, or polydimethylsiloxane (PDMS).
cells are ready to harvest, the standard procedures to achieve it involve enzymatic digestion of
binding proteins at the cell-substrate interface that make up the ECM using, for example, trypsin-
EDTA, or by crude mechanical scrapping.l®®'%* However, these detachment methods have
significant drawbacks, particularly, nonspecific enzymatic proteolysis compromises regular cell
function because critical cellular receptors in the membranes are damaged during this process
which may impair subsequent cell adhesion, proliferation as well as survival.*>=*°*7 |n addition,
enzymatic treatment also acts on cell-cell junctions so the integrity of confluent cell layers is lost
and continuous cell monolayers can not be harvested for tissue transplant. On the contrary,
coating thermo-responsive PNIPAM on cellular culture substrates offers a gentler and more
efficient detachment alternative because the polymer changes its physicochemical properties,
namely the polymer layer thickness and wettability, across a well defined transition temperature

close to the temperature of cellular incubation that may be used to trigger spontaneous cellular

detachment.1%8199 |n this section, the factors leading to cell adhesion on substrates are presented,
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the role of PNIPAM on developing substrates that promote thermo-triggered cellular detachment
are then discussed, and lastly a number of examples are introduced to illustrate its potential

applications to cellular culture.

Protein adsorption on culture substrates precedes cellular adhesion and it depends on
electrostatic attractions, the wettability of the surface, and steric impediments. Protein
adsorption is a critical step in cell adhesion and proliferation because proteins bind with integrin

and proteoglycan receptors on the cell membranes and the ECM 200201

Proteins are composed of
amino acids with a variety of side groups that are either positively or negatively charged, polar or
non-polar, which makes these macromolecules both amphiphilic and amphoteric.?°? Therefore,
proteins can interact with the substrate through a variety of physicochemical phenomena
governed by interfacial energy differences, increases of entropy and electrostatic attractions or

202204 Interfacial energy differences lead to protein adsorption on a surface when the

repulsions.
Gibbs free energy decreases, which usually happens when a hydrophobic surface (or a
hydrophobic polymer layer coating a substrate) in contact with an aqueous phase drives protein
adsorption to increase the entropy in the water phase.?°? In addition, hydrophilic surfaces that
contribute to a low interfacial energy with the surrounding aqueous phase also lead to the
adsorption of a layer of water molecules at the interphase that creates a repulsive barrier via
hydration forces that is difficult to displace by hydrophobic molecules.?%> Electrostatic
interactions may lead to protein adsorption if the net charge of the surface is opposite to the net
charge of the proteins; in general, positively charged surfaces produce more significant protein

adsorption.2% Coating hydrophilic macromolecules or polymers of a certain chain length on a

substrate disfavours protein adsorption because such protein deposition would force the
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extended chains to switch from a state of high freedom of mobility to a more reduced and
compressed state, which decreases the entropy and raises the Gibbs free energy.??’ The
physicochemical nature of the substrate, the charge density and wetting properties determine
whether protein adsorption and subsequent cell adhesion and proliferation are viable.
Conveniently, these characteristics can be modulated through rational design of PNIPAM

coatings.

When the temperature moves across the LCST or VPTT of a PNIPAM layer coating a substrate, the
coil-to-globule conformational change is accompanied by variations to the polymer layer
thickness, wettability and charge density if PNIPAM bears ionizable functional groups.®® Sakurai,
Okano et al. first demonstrated that this behavior can be exploited to produce cellular
detachment from culture substrates to obtain confluent cell monolayers without using enzymatic

209 microgels,210'211

digestion.?%® Since then, numerous PNIPAM conformations such as brushes,
and hydrogels?'2?13 have been studied for their potential thermo-triggered cell detachment
ability of various cell lines.20214-217 Similarly, diverse fabrication methods have been employed
to create PNIPAM brushes on cellular culture substrates, the most important ones include:
electron beam polymerization (EBP);2!® via UV irradiation;?!*?2% surface-initiated atom transfer
radical polymerization (SI-ATRP);2?! or surface-initiated reversible addition-fragmentation chain
transfer (SI-RAFT).?22 On the other hand, surface functionalization has also been obtained via
electrostatic attractions for PNIPAM microgels?1%21! and hydrogels.?*3 Despite the significant
advancements in surface fabrication, cellular attachment/detachment mechanisms remain

complex processes that are heavily dependent on surface properties, cell type and environmental

conditions.??3 Nevertheless, the wide range of fabrication opportunities offer ample room to
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customize the nature of the substrates according to specific cell lines and incubation protocols to

obtain suitable thermo-triggered cellular detachment.

A variety of cells grown on PNIPAM-functionalized substrates spontaneously detach following a
decrease in temperature because the polymer coating changes its conformation and hydration
state.224225 Cells are initially seeded on PNIPAM-functionalized substrates at 37 °C when PNIPAM
chains are collapsed and exhibit a rather hydrophobic character which facilitates protein
adsorption and later cell adhesion through integrin binding with substrate-immobilized proteins.
Once temperature decreases beneath the phase-transition temperature of PNIPAM, the polymer
chains adopt a more extended, coil-like conformation, and the polymer layer becomes more
hydrated which leads to cell detachment from the substrate through two distinct but
interdependent steps. First, decreasing the temperature does not affect the bindings between
the cells and the ECM.?%% |n fact, the hydration of the polymer layer beneath the transition
temperature has a greater impact on the protein conformation in the ECM and the strength of
the bonds between the ECM and the PNIPAM layer.??” Second, successful cell detachment
requires morphological changes by the cytoskeleton of the cells, from spread and flattened when
adhered to spherical prior to detachment.??® The cytoskeleton of cells attached to a substrate
exert tension forces trough actin-based fibers in equilibrium with focal adhesion points formed
with the ECM, when the temperature decreases and the ECM-PNIPAM bonding weakens, the
tension equilibrium is disturbed and mechanotransduction signaling is relayed to the nuclei which
produces morphological changes that promote detachment.?2°=231 This transformation implicates

metabolic energy inputs by the cells; therefore, the cell type, temperature variation, adsorbed
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proteins and surface properties determine the thermo-triggered cell detachment ultimately

observed.225232

Cells recovered from thermo-responsive PNIPAM substrates have been shown to positively
contribute to the fields of tissue engineering and regenerative medicine. As an example, Fig. 1.1
shows a cell sheet suitable for graft transplantation obtained from a thermoresponsive PNIPAM-
functionalized substrate.?33 Because cells can be retrieved as monolayers that include the ECM,
they can attach more easily to native tissue during transplant without the need for sutures and
with less incidence of graft rejection.?34723% For example, PNIPAM substrates are used to produce
tissues for corneal epithelial reconstruction that result in successful restoration of visual
capacity.?3’72%° |n addition, several monolayers of cell sheets cultured on PNIPAM-functionalized
substrates can be stacked together for future use in cartilage and periodontal regeneration
therapy.?*%241 PNIPAM cellular culture substrates are also essential during the production of

three-dimension tissue printing.242-24>
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Figure 1.1. Cell sheet recovered from a thermoresponsive PNIPAM-functionalized cell culture

dish. Reproduced with permission from.?33

1.3.3 Applications of PNIPAM for lubrication

Friction forces are ubiquitous in daily life and industrial processes and there are instances when
it is desirable to increase or decrease their magnitude. For example, friction makes seemingly
trivial activities such as walking, grasping objects, and driving cars possible. On the other hand,
large amounts of energy are lost to friction and mechanical equipment sustains wear damage
from friction stress. In humans, friction plays a major role in the health of articulations and joints
which are lubricated by the synovial fluid composed of water and naturally occurring biopolymers
such as hyaluronic acid and lubricin.?*® However, if cartilage or joints are damaged and must be
replaced by artificial implants, the bulk properties of the materials as well as the interfacial

tribological behavior are paramount to the usefulness of the implant and the quality of life of the
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patient. For instance, high friction, wear, and corrosion of artificial joints in aqueous
environments may produce aseptic loosening after joint replacement surgery which causes pain
and discomfort and may lead to loss of mobility.?*¢?4’ Because water is an abundant, low-cost,
and environmentally friendly lubricant found in nature, more sophisticated materials that use
hydration lubrication as an advantage must be studied. PNIPAM is one of such materials because
below the LCST, hydrogen bonding between the amide groups and water molecules forms a
hydration layer surrounding PNIPAM. Above the LCST, the hydrogen bonding between PNIPAM
and water is broken, and the hydration layer disappears. This behavior has been exploited to
modulate the tribological properties with temperature between surfaces functionalized with

PNIPAM brushes, hydrogels and microgels in relative motion.

PNIPAM linear chains grafted by one end to a surface and surrounded by a good solvent stretch
out into the bulk of the solution to form a brush-like structure that reduces friction. The
tribological properties of polymer brushes can be modulated by controlling the chain grafting
density, the chain length, the chain stiffness, the solvent quality, and the degree of cross-linking
between the chains.?*® In general, the best way to reduce friction between two surfaces is to keep
them separated during sliding. In hydrodynamic lubrication, lubricants are used to improve the
normal force generated while sliding and thus avoid contact between the surfaces. Under more
drastic conditions, for example at low velocities or at high normal applied forces between the
surfaces, the lubrication is in the boundary regime. In this regime, the separation between the
surfaces is reduced to a few nanometers and the friction force and wear rate increase. When
PNIPAM brushes are in a stretched conformation below the LCST, the solvent is absorbed within

the polymer layer and forms a hydration layer that keeps the surfaces separated and adhesion
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and friction low.?*° In addition to the hydration layer, the polymer backbones also contribute to
keeping the surfaces separated through steric repulsions and allows them to bear normal loads
in the order of hundreds of megapascals.?*? At this stage, PNIPAM chains strongly anchored to
the substrate, through covalent bonds, for instance, contribute to low friction forces by
decreasing the amount of chains sheared away from the surface.?*° Similarly, friction forces can
be kept low by ensuring a suitably high chain grafting density in order to decrease the
interpenetration of polymer chains which could produce draft while sliding.?*® On the contrary,
when the temperature increases above the LCST of PNIPAM and the polymer chains change
conformation from coil to globule, the hydration layer disappears, and hydrophobic polymer-
polymer attractions increase adhesion and friction forces between the sliding surfaces.2?*° Friction
can also be controlled isothermally via the quality of the solvent, otherwise known as the co-non-
solvency effect. For example, in pure water or in pure ethanol at room temperature, PNIPAM
brushes are swollen, and the associated friction forces are low. However, in a mixture of 10-90 %
ethanol-water, also at room temperature, the friction coefficient was found to be two orders of
magnitude (roughly 120 times) higher.?>* PNIPAM structures arranged in a hydrogel conformation

also exhibit similar temperature-dependent tribological tunability.

Hydrogels are a promising platform for biotribological studies given their close resemblance to
biological connective tissues such as cartilage and corneal stroma.?>? Unlike isotropic materials
whose response to strain is linear-elastic and may be described using Hooke’s law,2>3 hydrogels
exhibit multiple responses with strain. First, a linear-elastic regime for low strains governed by
the water content imbedded in the polymer network which leads to; second, the failure of the

material which is determined by the crosslink density of the gel.?>* Further, when hydrogels are
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fully swollen they can sustain large strains without permanent damage, however, relatively low
applied stress can lead to permanent failure.?**?>> The tribological properties of PNIPAM
hydrogels have been shown to be temperature-dependent, i.e. low friction below the VPTT and
high friction above the VPTT, and follow the hydration-dehydration behavior across the VPTT
previously discussed.?*® In addition, friction forces can be controlled via the co-non-solvency
effect with PNIPAM hydrogels with similar results as those obtained with PNIPAM brushes.?*” On
both of these examples, however, hydrogels were not synthesized entirely from PNIPAM but
rather as composite gels, or double-network structured gels, in an effort to improve the poor
mechanical strength that prevents high load-bearing.?>® In fact, upon sliding on PNIPAM hydrogels
during tribological experiments, it is common to observe failures or cracks that propagate through
the polymer network.'3 In addition, hydrogels have a slower reaction time to an applied stimulus
than nano- or microgels.1%°712 Hence, tribological studies that involve PNIPAM often use microgel

structures for their robustness and fast response time.

Compared to hydrogels, microgels have a larger surface area and offer a faster and localized
response to external stimuli due to their discrete particle distribution. In addition, the damage
incurred to a microgel coating during sliding does not propagate like it does on hydrogel coatings
and can be limited to individual microgels.*> PNIPAM microgels improve lubricity during sliding
through several ways. Microgel particles are highly deformable, which combined with the high
water content in their interior allows them to sustain relatively high applied normal loads.”®%>°
The smaller the microgel particle size, the higher the number of microgel particles that are found

within the contact area of two surfaces sliding in relative motion which decreases friction forces

and wear.2%0 Further, “free” microgels, i.e. microgels that are not surface-immobilized but in
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suspension, may act as bearings during sliding due to their spherical shape and reduce friction
forces through their rolling motion.?®® As was observed with PNIPAM brushes and hydrogels,
when the temperature raises above the VPTT of PNIPAM microgels, the associated friction forces
raise as well due to the dissipation of the hydration layer.”® However, interesting modifications
can be done to the microgel system in order to improve friction with temperature variations. For
example, the typical paradigm to trigger the phase transition of PNIPAM microgels is to raise the
temperature of the surrounding environment. This approach is easily accomplished in the
laboratory; however, it is not so practical if a localized response is desired. Chen et al. proposed
synthesizing a microgel shell surrounding gold nanoparticle cores to take advantage of the
photothermal capacity of gold nanoparticles to trigger the shrinking of the PNIPAM shell via NIR
irradiation to increase the friction force.?®! Two more groups succeeded in obtaining lower
friction forces close to and even above the VPTT of PNIPAM microgels, however in both cases
additives acting in synergy with PNIPAM contributed to better lubrication.?>®%2 For instance,
friction forces were measured for PNIPAM microgels in bovine calf serum (BCS) to better recreate
the tribological environment in vivo.?>® Three friction regimes were identified; first, below the
VPTT, hydrodynamic lubrication kept friction forces low. Second, close to the VPTT, proteins in
the BCS adsorbed onto the increasingly hydrophobic PNIPAM microgel network which
contributed to lower friction forces. Lastly, above the VPTT, proteins in the BCS and PNIPAM
microgels precipitated from suspension and surface rugosity increased which produced higher
friction forces.?*® In a different study, PNIPAM microgels were copolymerized with PEG methyl
ether methacrylate (PEGMA) (PNIPAM-g-PEG) in an effort to retain a higher water content above

the transition temperature and promote lower friction forces. Even though friction forces with
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PNIPAM-g-PEG microgels increased above the VPTT, when 1H-benzotriazole (BTA), an
anticorrosive agent, was added, friction forces were observed to decrease above the VPTT due to
adsorption of BTA on the microgels which led to more efficient boundary lubrication.?6? PNIPAM
microgels are a promising platform for controlling the tribological properties of materials,
however, their performance remains inadequate beyond the VPTT and finer-tuned materials are

necessary.

1.4 Challenges with PNIPAM-based functional coatings for modulation

of surface properties

As was described in the introduction, the surface is of utmost importance because it is at the
boundary between the material and the environment. Thus, the surface’s chemical nature,
physical conformation and topography, stability, and capacity to respond to external stimuli
determine the range of possible interactions that take place with the surroundings. By
functionalizing the surface through chemistry by using macromolecules such as stimuli-
responsive polymers, properties like surface adhesion or wettability can be modulated through a
variety of external stimuli such as light, pH or temperature. Hence, this type of functionalization
confers a responsive or smart behavior to the surface that boosts versatility and adaptability
through diverse environmental conditions. PNIPAM, a thermo-responsive molecule, undergoes a
coil-to-globule transition across its LCST which is associated to a hydrophilic-to-hydrophobic
transition. In other words, to trigger a change in the physical conformation of PNIPAM, it is
necessary to modulate its physicochemical properties and the two changes are linked and

interdependent.
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The interplay between the physical conformation and hydrophilicity/hydrophobicity changes are
at the heart of what makes PNIPAM a widely used polymer. Indeed, there are many instances
where the simultaneous modulation of the physicochemical properties is suitable to a variety of
applications. For example, the change in conformation and hydrophilicity with temperature is
part of what makes drug loading and releasing with PNIPAM-based hydrogels or microgels a
simple process. Similarly, by modulating the hydrophilic/hydrophobic behavior of a PNIPAM
coating via the temperature of the environment, the adhesion and detachment of proteins and
cells on a substrate can be controlled. Further, it is possible to control the friction forces between
two surfaces in relative motion by changing the layer thickness and hydrophilicity of a PNIPAM
coating, which determines if the lubrication is either in the hydrodynamic or in the boundary
regime. However, it is not always desirable to produce a simultaneous change in the physical
conformation (swelling) and on the surface chemistry properties (wettability, surface potential,
adhesion) of a PNIPAM layer. In other words, this exact behavior can represent a challenge, rather
than an advantage, in a different set of applications. For instance, if the objective is to be able to
control the flow rate of a fluid inside of a capillary tube, i.e., in a microfluidics device, via the
swelling of a PNIPAM layer, the surface adhesion will inevitably change as well.?%3 Hence, even
though the flow rate can be controlled by the thermo-triggered swelling of the PNIPAM layer, the
functional surface becomes susceptible to non-specific adsorption of proteins or cells in biological
or otherwise complex samples which may compromise the overall performance of the
device.?%42% Similarly, it could be advantageous to develop an anti-fouling polymer coating
capable of preventing protein deposition or the formation of biofilm across a temperature range

both below and above the LCST/VPTT of PNIPAM. Ideally, such a material should provide a fine-
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tuned and independent control of the conformation or swelling of the polymer layer and of its

surface properties.

1.5 General working hypothesis and objectives

1.5.1 General working hypothesis

By synthesising a hierarchical structure composed of a microgel surface-functionalized with
polymer chains it is possible to control the surface properties and the swelling behavior

independently.

1.5.2 Objectives

The general objective of this work is to be able to independently control the surface properties
of a polymer layer, such as the surface potential or the adhesion, and the physical properties, i.e.,

the swelling/shrinking behavior.

To achieve this goal, the proposed platform is composed of surface-immobilized
thermoresponsive microgels synthesized from PNIPAM and whose swelling can be controlled via
temperature variations. The surface of the microgels is functionalized with polymer chains of
different natures: a pH-responsive PDMAEMA polymer chain and a non pH-responsive polymer
chain, PEG (used as a control). It is expected, upon changing the temperature, to be able to control
only the swelling behavior of the microgels without affecting the surface properties provided by
the polymer chains. The surface properties of the polymer layer should be modulated with pH
without affecting the degree of swelling of the microgels. Hence, the project is divided into four
specific objectives: (i) preparation and characterization of surface-functionalized microgels (ii)

demonstration that physical conformation and surface properties of the surface-functionalized
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microgels can be controlled independently in suspension and immobilized on a surface, (iii)
application of the independent control of the swelling and surface properties to the control of
the tribological properties in the nano- and mesoscales and, (iv) application of surface-
functionalized microgels to promote initial cell-substrate adhesion while favoring a temperature-

triggered cell detachment.

i) Preparation and characterization of surface-functionalized microgels.

Cationic PNIPAM microgels have been previously prepared and their stimuli-responsive behavior,
stability and mechanical properties characterized, including by members of our group and by
collaborators.”799596.266 However, an independent control of the swelling and wettability
properties remains elusive. Core/shell PNIPAM based microgels have been designed to improve
the hydrophilicity of the PNIPAM above the VPTT.267-270 These are generally synthesized via a two-
staged seeding polymerization which produces a continuous polymer shell on the microgel cores.
However, such a synthesis approach results in an increase of the VPTT, a widening of the breadth
of transition, and the thermoresponsiveness becomes linear.?’'2’3 |nstead, by using a “grafting

”

to” approach, end-functionalized PDMAEMA (pH-responsive) and PEG (pH-unresponsive)
polymer chains were used to form covalent bonds with the amine groups on the surface of the

microgels via peptide-coupling.

i) Demonstration that physical conformation and surface properties of the surface-functionalized

microgels can be controlled independently in suspension and immobilized on a surface.

The independent control of the swelling ability and the surface properties of bare microgels and

microgels functionalized with PDMAEMA (microgel-co-PDMAEMA) and microgels functionalized
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with PEG (microgel-co-PEG) was verified by modifying the temperature and the pH of the
environment surrounding the particles both in suspension and immobilized on a substrate. In
suspension, the Dynamic Light Scattering (DLS) technique was used to characterize the
hydrodynamic diameter to evaluate the swelling and the surface potential, expressed as the zeta
potential, as an indicator of a surface property. Meanwhile, once bare and surface-functionalized
microgels were immobilized on a substrate, the Surface Forces Apparatus (SFA) technique was

used to evaluate the polymer layer thickness and adhesion in the static mode.

iii) Application of the independent control of the swelling and surface properties to the control of the

tribological properties in the nano- and mesoscales.

The ability to independently control the swelling and adhesion of the polymer layer, and therefore
the friction forces between two surfaces in relative motion was explored. In addition, this study
aims to expand the knowledge on the mechanical and tribological properties of PNIPAM
microgels used for lubrication applications by determining if a continuum of friction forces exists
between the nano- and the mesoscales. Thus, the variations in the tribological behavior of bare
and surface-functionalized microgels with temperature and pH was studied in the nanoscale using

the SFA in the dynamic mode and using a custom-made tribometer for analysis in the mesoscale.

iv) Application of surface-functionalized microgels to promote initial cell-substrate adhesion while

favoring a temperature-triggered cell detachment.

PNIPAM-based polymer coatings have been successfully used to develop functional substrates for
cell culture applications capable of producing spontaneous thermo-triggered cellular

detachment.179214274 However, a wide variability of results exists due to the wide range of surface
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fabrication methods, culture protocols and cell lineages used.?%0212275-277 |n addition, the inability
of PNIPAM coatings (including in the microgel conformation) to produce thermo-triggered cell
and protein detachment has also been reported.?1?’8 Hence, in this section, the cell lineages,
culture protocols and fabrication techniques were kept constant so as to isolate the effect of the
substrate, coated with either bare or surface-functionalized microgels, on cellular detachment

with variations in temperature and pH.

1.6 Structure of the thesis

In addition to chapter 1 which serves as the introduction, the present thesis is composed of one
chapter of methodology, three chapters of results and discussions, one chapter of general
discussion and one chapter of general conclusions and perspectives. The three chapters of results
and discussions are presented in a mixed format addressing the objectives previously established.
In other words, chapter 3 is presented as a published article, chapter 4 compiles the results and
discussions obtained for the tribology section of the thesis which are not intended for publication,
and chapter 5 is in the format of a submitted article. Chapter 6 is an overall discussion of all
acquired results and compares them to those reported in the literature. Finally, the conclusion in
chapter 7 summarizes the key findings of the present work, evaluates the challenges encountered

and proposes future perspectives.

Chapter 3 addresses objectives (i) and (ii) of this thesis. It centers on the surface-functionalization
of the thermo-responsive PNIPAM microgels and analyses the potentials and limitations
associated with independently controlling the swelling behavior and the surface properties both
in suspension and immobilized on a substrate. This section was published as an article: Guerron,

A., Giasson, S. (2021) Multiresponsive Microgels: Toward an Independent Tuning of Swelling
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and Surface Properties. Langmuir, 37(38), 11212-11221. All experimental work, data processing

and writing was done by Alberto Guerron, with the advice of Pr. Suzanne Giasson.

Chapter 4 deals with objective (iii), the impact of independently controlling the swelling ability
and surface properties on the tribological properties of microgel-coated substrates in the nano-
and mesoscales. Studies on the nanoscale were done using the SFA at Pr. Suzanne Giasson’s
laboratory at the University of Montreal and those in the mesoscale were done using a custom-
made tribometer in collaboration with Dr. Sylvie Descartes at the Contact and Structure
Mechanics Laboratory (LaMCoS) at the National Institute of Applied Sciences of Lyon, France. All
experimental work, data processing and writing was done by Alberto Guerron, with the advice of
Pr. Suzanne Giasson and Dr. Sylvie Descartes. This collaborative work was made possible thanks
to the financial support of the International Research Group — Controlled Multifunctional

Materials.

In chapter 5 the potential of bare and surface-functionalized microgels to develop cell culture
dishes with the ability to produce stimuli-triggered cellular detachment was explored (objective
iv). This project was done in collaboration with several research groups of the Medicament
Formulation and Analysis Axis (AFAM) at the Faculty of Pharmacy of the University of Montreal
and the results are part of a publication: Guerron, A., Phan, H. T., Pefialoza-Arias, C., Brambilla,
D., Roullin, V. G., Giasson, S. (2022) Selectively triggered cell detachment from PNIPAM microgel
functionalized substrates, submitted to Colloids and Surfaces B: Biointerfaces. The majority of
the experimental work was done by Alberto Guerron, with the exception of the surface plasmon
resonance (SPR) experiments that were done by Huu Trong Phan. Carolina Pefialoza-Arias trained

Alberto Guerron in cell culture techniques. All data processing and writing was done by Alberto
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Guerron, with the advice of Pr. Davide Brambilla, Pr. Valérie Gaélle Roullin and Pr. Suzanne

Giasson.

Chapter 6 constitutes a general discussion of the work performed in this thesis. The results are
evaluated, critiqued, and compared to the state of the art to position this work in the context of

other research groups.

Finally, chapter 7 serves as a conclusion of this work. Potential perspectives and applications for

the developed microgels are proposed.
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Chapter 2 — Experimental Methodology

2.1 Methodology — main experimental techniques

Throughout this work a variety of experimental techniques were necessary to manipulate
products and to obtain data. The most important one, however, is the Surface Forces Apparatus
(SFA) technique, used extensively to study the swelling and surface properties of microgel-coated
surfaces. The majority of the results discussed in chapters 3 and 4 derive directly from
experiments using the SFA and led to the determination that the developed functional substrates
were suitable to be used in the study reported in chapter 5. In addition, a custom made
tribometer (tribo-brush) was used to investigate the tribological properties of microgel-coated
surfaces in the mesoscale for which the experimental protocol described in chapter 3 had to be
modified. While other analytical techniques presented in this work are commonly available in
research laboratories, the SFA and the tribo-brush are highly specialized tools used for a very
specific set of applications. Therefore, the methodology section focuses in describing these
techniques and does not delve into the fundamentals of operation of the secondary

instrumentation techniques that were used as a support.

2.1.1 The Surface Forces Apparatus

The SFA was initially developed by Tabor, Winterton and Israelachvili in the 1970’s and it allows
to measure the interaction forces between two surfaces as a function of their separation
distance.'™3 Prior to their work, direct measurement of intermolecular forces had been reported
by Derjaguin et al. in 1954 who used an electro-torsion balance (based on a design originally

conceived by Coulomb in 1785 to measure electrical forces)* to measure van der Waals forces
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between two glass surfaces down to a separation distance of 100 nm due to the high rugosity of
glass.” Today, the SFA is the only technique capable of simultaneously measure force and the
absolute separation distance between two surfaces (Fig. 2.1).% By using the SFA, it is possible to
measure the normal and lateral forces between two surfaces across a controlled liquid or vapor
medium. A major advantage of the SFA is the exceptional resolution and sensitivity that it offers.
The normal and lateral distance resolutions are about 0.1 nm and 1 um, respectively, while the
force sensitivity is about 10 N.” Further, it allows to visualize the contact between two surfaces
in real-time to study time- and rate-dependent effects, and to measure the refraction index as

well as the contact area between the surfaces.??

FECO fringes

p—

Spectrometer

— Silica disk

Mica

Silver ' Spring of stiffness, k
layer

Figure 2.1. Schematic representation of the surface forces apparatus. Adapted and

reproduced with permission from?2°.
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The most common substrate used in the SFA is muscovite mica due to its transparency and
remarkably smooth surface and malleability that makes it easy to manipulate.®’!! Mica surfaces
are cleaved manually to obtain sheets a few micrometers thick, which makes them transparent
enough to be used in optical interferometry. The system to be investigated, be it polymers,
biomolecules, or thin films, is immobilized on the mica or suspended in a liquid and studied
between the two mica surfaces. The mica sheets are glued onto half-cylindrical fused-silica disks
(radius, R =2 cm) and mounted in the SFA in a crossed-cylinder configuration such that the curbed
axes of the cylinders are perpendicular to each other (Fig. 2.2). This configuration allows to have
a single point of contact between the surfaces given that it is mathematically equivalent to a
sphere-on-a-plane configuration when the separation distances (D) are much smaller than the
curvature (R) of the surfaces according to the Derjaguin approximation,” a condition that is
respected in SFA experiments. This set-up also provides additional experimental advantages
compared to, for example, two parallel plates: alignment is easier to achieve, and different points
of contact along the axes of the silica disks can be studied by simply displacing the disks laterally.
This is useful, for example, to verify repeatability of measurements at different regions of a pair
of mica sheets or to avoid debris or contamination. Further, the normal force, Fn, between
cylindrical surfaces is related to the interaction energy between flat surfaces, W, according to the
Derjaguin approximation,’ Fx(D)/R = 2nW, which makes it easy to compare the experimental data
with model predictions. For this reason, and to be able to quantitatively compare data from

different experimental set-ups, the normal force data are usually presented normalized by R.
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Derjaguin Approximation

Figure 2.2. Schematic representation of the crossed-cylinder geometry of the silica disks and

mathematical equivalent geometry. Adapted and reproduced with permission from?°.

The separation distance between the two surfaces is controlled by three distinct mechanisms of
increasing sensitivity. A coarse micrometer allows positioning to about 1 um, the fine micrometer
(which deflects a helical spring that in turn bends a stiffer double-cantilever spring by 1/1000 of
this amount) allows positioning to about 1 nm. Finally, a piezoelectric crystal tube which expands

or contracts vertically when a voltage is applied, is used for positioning to 0.1 nm.

2.1.1.1 Measurement of the separation distance (D)

Measurement of the separation distance with subnanometer resolution is done by optical
interferometry. First, the mica sheets are coated with a layer of silver approximately 50 nm thick
before they are glued onto the curved silica disks (silvered sides down). The mica surfaces, the
material confined between them, and the semitransparent, highly reflective silver layers on their
backsides form a Fabry-Perot interferometer. White light is passed through the lower surface,

and the wavelengths that interfere constructively after multiple reflections between the silver
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layers emerge through the top surface. The emerging light is collimated onto the slit of a grating
spectrometer and can be observed directly with an eyepiece or recorded with a camera for
further analysis.'? The resulting pattern is called Fringes of Equal Chromatic Order (FECO) and the
shape of these fringes is directly related to the geometry of the contact area.®!* For example,
when the surfaces are in physical contact, they appear flattened due to the elastic deformation
of the substrate (Fig. 2.3). On the contrary, when the surfaces are not in contact, the fringes are
round (Fig. 2.3). The wavelength interference pattern at the adhesive contact between bare mica
surfaces in air or in dry nitrogen gas is used as D = 0. This distance is measured from a fringe of
order n and of wavelength 19. Introducing a material confined between the mica surfaces
increases the separation distance, D, between the front sides of the mica surfaces as well as the
optical path which causes the fringes to shift to larger wavelengths with respect to 19. Hence, the
separation distance between two mica surfaces of identical thickness can be calculated with the

following equation:”®

o [1=2%/2 ]
t (277.'D> B 2n sin —1_1%/1%_171
N N ey V7 _2
(1 + n?)cos mﬂ +(m2-1)

where the positive (+) sign represents odd fringes of order n and the negative (-) sign represents

Nmica

even fringes of order n-1. n = ; Where n,,;., corresponds to the refractive index of mica

Nmedium

and Ny,eqium the refractive index of the medium between the two mica surfaces at wavelength
AR, 2% and 22_, correspond to the wavelengths of the even and odd FECO fringes, respectively,

when the surfaces are in adhesive mica-mica contact in air (or nitrogen gas). A2 and A2_,
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correspond to the wavelengths of the even and odd FECO fringes, respectively, when the surfaces

are at a separation distance D.

Mica-mica contactin air

50 -100 pm

__/ Confined
D ﬁ_' material

Figure 2.3. Principle of the measurement of the separation distance by using FECO. The
variation in wavelength, AA, allows the determination of the separation distance, D, and the
shape of the fringes indicate geometrical changes incurred upon physical contact. Adapted

and reproduced with permission from?4,

2.1.1.2 Measurement of the normal force, Fy

The interaction forces in a direction normal to the surfaces are determined from the deflection
of a double-cantilever spring supporting the lower surface (Fig. 2.1). A double cantilever beam is
used to minimize tilting or sliding of the surfaces during the experiment. The spring constant, k,

is determined by placing small weights on one of its ends and measuring the resulting deflection
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with an optical microscope. During a normal force, Fn, measuring experiment, the deflection of
the spring is monitored by observing the variation in wavelength of the FECO as the surfaces are
moved toward or away from one another using the fine or piezoelectric displacement controls.
At large separation distances, when no force is detected and there is no deflection of the springs,
each incremental approaching or separating step imposed by the displacement controls,
ADimposed, produces a measured displacement of equal magnitude, ADmeasured. Therefore, the
deviation in distance, AD = ADimposed - ADmeasured, is zero and the normal force is null according to
Hooke’s law, AFn(D) = kAD. However, if interaction forces, either attractive or repulsive, are
exerted on the surfaces the spring will experience a deflection and thus the imposed and
measured distances are no longer the same, ADimposed # ADmeasured , and the magnitude of the
interaction force is calculated by using Hooke’s law (Fig. 2.4). Further, if the gradient of a force
vs. distance curve, dF/dD, exceeds k, force measuring is no longer possible due to mechanical
instability which is manifested by a spontaneous jump from one stable region to the next.
Therefore, the precision in determining Fy depends on the spring constant, k, as well as on the
resolution of measuring the change in separation distance, AD. By using this principle, it is possible
to construct a force profile, where Fy is measured at each incremental approaching or separating
step. Force profiles are typically reported normalized by R, the radius of the silica disks, in

accordance with the Derjaguin approximation.
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Spring of stiffness, k

Figure 2.4. Principle of the determination of the normal force from Hooke’s law. This diagram

depicts a repulsive force between the two surfaces.

2.1.1.3 Measurement of the lateral force, Fs

The lateral force, Fs, or friction force between two surfaces at different applied normal loads can
also be measured with the SFA.%% To measure Fs, the top silica disk is mounted onto a support
coupled to vertical force measuring springs coupled to strain gauges arranged in a Wheatstone
bridge configuration. Sliding is generated by the action of a single-axis, motor-driven, horizontal
micrometer which produces a displacement of the top surface at a controlled velocity and over a
desired displacement distance (Fig. 2.5). The strain experienced by the friction gauges is
transmitted to an amplifier as an output signal generated in volts (V). This signal is converted to
Newtons through a calibration curve of the form Fs = cV, where the constant c is determined
experimentally by placing small weights on the friction measuring springs and measuring the
voltage output corresponding to each applied weight. The sensitivity in measuring Fs depends on

the stiffness of the measuring springs and on the sensitivity of the strain gauges.
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Figure 2.5. Schematic representation of the experimental set-up used to measure the lateral

force, Fs, using the SFA.

2.1.1.4 Analysis of the FECO fringes

The geometry of the FECO fringes can be used to identify when two surfaces come into physical
contact as well as to measure the contact area between two surfaces with a precision of
approximately 1 um.” In addition, the shape of the fringes is correlated to the topography of the
surface and represents the shape of the surface or of any thin film trapped between. This
characteristic is useful to identify any damage imparted to the surface as soon as it occurs (Fig.

2.6).
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Figure 2.6. FECO fringes of the apex of the contact between two identical mica surfaces coated
with PNIPAM microgels. The shape of the contacts shows A) no damage to the polymer layer
or the mica substrate at low applied normal loads, and B) damage to the surfaces at high

applied normal loads.
2.1.2 Experimental methodology used for the tribo-brush
Microgel synthesis and surface functionalization with PEG-NHS 5 kDa and PDMAEMA-COOH 4.8

kDa polymer brushes was achieved as described in chapter 3.1®

2.1.2.1 Covalent attachment of microgels on silicon wafers and borosilicate lenses

2.1.2.1.1 Activation of the silicon wafers and borosilicate lenses

Silicon wafers were cut into 3 cm by 2 cm rectangles with a diamond-tip pencil. Then, silicon
wafers and borosilicate lenses were sonicated in ethanol for 10 minutes before activating the
surfaces by sonicating for 10 minutes in a saturated sodium hydroxide solution prepared in 1:1
ethanol:water. After the first alkaline sonication, the surfaces were thoroughly rinsed with milli-
Q water and sonicated for an additional 10 minutes in the saturated sodium hydroxide solution.

The surfaces were thoroughly rinsed with milli-Q water before sonicating for 10 minutes in milli-
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Q water. Finally, the surfaces were rinsed in anhydrous ethanol and immediately used for

aminoalkylsilane functionalization.

2.1.2.1.2 Aminoalkylsilane functionalization of silicon wafers and borosilicate lenses

Aminoalkylsilane monolayers were grafted to silicon wafers and borosilicate lenses substrates via
self-adsorption from solution immediately after activation. A solution of 2-(3,4-
epoxycyclohexyl)ethyltrimethoxysilane (ECHETES) at a 50 mM concentration was prepared in
anhydrous ethanol and stirred for 10 minutes. After mixing, freshly activated silicon wafers and
borosilicate lenses were immersed in the ECHETES solution for 2 hours. The resulting epoxy-
functionalized surfaces were thoroughly rinsed with anhydrous ethanol. ECHETES grafting was

completed by annealing the substrates for 1 hour at 120 °C under atmospheric pressure.

2.1.2.1.3 Microgel immobilization on ECHETES-functionalized substrates

Microgels were immobilized on ECHETES-functionalized substrates via a covalent bond between
the microgel amine groups and the epoxy function. ECHETES-functionalized silicon wafers and
borosilicate lenses were immersed in 0.1 % (w/v) bare or surface-functionalized microgel
suspensions at 37 °C for one hour. Then, the samples were rinsed with milli-Q water and dried

under a stream of nitrogen gas.

2.1.2.2 Friction measurements with the tribo-brush

Tribological tests were performed using a tribo-brush as described in previous publications.’/18
Microgel-coated silicon wafers are attached to a movable stage connected to a displacement
table by tension gauges. A single axis motion controller imparts the reciprocating motion on the
displacement table while the tension gauges measure the lateral forces. A microgel-coated

borosilicate lens is fixed onto a static support directly above the silicon wafer and the surfaces
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are brough to a separation distance of ca. 1 mm with the aid of a coarse micrometer. The surfaces
were then carefully brought into physical contact with a fine micrometer. The normal applied load
is tuned with the fine micrometer and measured by tension gauges. A schematic of the

components of the tribo-brush is shown in Fig. 2.7.

ﬂ ﬂNnrmaI load

— Borosilicate lens
Silicon wafer«_

“« 1

* Velocity

Support stage

| Friction force
! | measuring springs

| —P——

Displacement table

Figure 2.7. Scheme of the experimental set up for dynamic force measuring experiments in

the mesoscale using the tribo-brush.

The tests were performed at sliding speeds between 4 — 8 um/s over a sliding distance of 200 um
using normal loads between 0.05 — 1.0 N across milli-Q water adjusted to a specific pH. A 3-cycle
reciprocating motion was imposed using a single axis motion controller. For all samples, friction
measurements were performed at a minimum of two contact positions. Results reported herein

were done in duplicate for bare microgel and microgel-co-PEG.

2.1.2.3 Topographical characterization by Atomic Force Microscopy

Atomic Force Microscopy (AFM) imaging was carried out using a Multimode microscope equipped

with a Nanoscope V extended controller (Digital Instruments, Santa Barbara, CA). The imaging
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was performed in dry air (30 % relative humidity) at 25 °C and 24 hours after the preparation of
the surfaces. The PeakForce tapping-mode was employed using an ACTA silicon probe from APP
Nano with a resonance frequency of 200 — 400 kHz. AFM images were treated and analyzed using
Nanoscope Analysis software (version 1.4). The surface density of immobilized microgels was
determined using Particle Analysis mode of the Nanoscope Analysis software and averaged over

different surface areas of 10 pum x 10 um and 5 pm x 5 um scan size.
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Chapter 3 — Multiresponsive microgels : toward an

independent tuning of swelling and surface properties
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3.1 General Introduction to Chapter 3

Stimuli-responsive polymers are powerful tools to develop surfaces capable of interacting with
their surroundings and adapting their properties in response to internal, or external triggers such
as temperature, light, pH or ionic strength.> Among the wide range of molecules available,
thermo-responsive PNIPAM is one of the most versatile and widespread options. The popularity
of PNIPAM lies on its ability to undergo a sharp coil-to-globule conformational transition at its
LCST which is found at roughly 32 °C, upon which the polymer changes from a highly hydrated
state to a rather hydrophobic one.3™ This transition is immensely useful and, unsurprisingly, has
been exploited in diverse applications ranging from microfluidics, to photonics, to the
biomedicine field.® Nonetheless, this property can also represent a challenge, rather than an
advantage, if the objective is to control the swelling degree of a polymer layer while at the same

time keeping the surface properties, for example the wettability, constant.

The central hypothesis of this work is that, by synthesizing a hierarchical structure composed of
a thermo-responsive PNIPAM microgel surface-functionalized with either pH-responsive or pH-
insensitive polymer chains, it is possible to control the surface properties and the swelling

behavior independently.

In this chapter, we demonstrate the ability to independently modulate the swelling of PNIPAM
microgels without affecting the surface properties governed by the polymer chains grafted on its
surface. First, a pH-responsive polymer chain (PDMAEMA) and a pH-insensitive polymer chain
(PEG) were grafted to the microgel surface by forming a covalent bond between the amino
functional groups on the microgels and a carboxyl group on the end-functionalized polymers via

peptide coupling. The grafting was verified spectroscopically by using NMR and ATR-FTIR. Then,
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the possibility of controlling the swelling and the surface potential independently was assessed
in suspension by using DLS and changing the temperature and the pH of the media surrounding
the bare and surface-functionalized microgels. Once that the desired behavior was demonstrated
in suspension, the microgels were immobilized on a substrate and the properties of the microgel
layers were studied by using the SFA technique. The swelling was evaluated by measuring the
variation in layer thickness and adhesion was used as an indicator of the surface properties. Both

parameters were studied as a function of temperature and pH.

This study is the subject of a publication included in the Journal of the American Chemical Society,
Langmuir, published on the 15 of September 2021 and titled: Multiresponsive Microgels: Toward
an Independent Tuning of Swelling and Surface Properties.’ The entirety of the experimental work
and data processing was done by Alberto Guerron. The article was written by Alberto Guerron

with the advice of Pr. Suzanne Giasson.
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3.2 Abstract

Dual-responsive poly-(N-isopropylacrylamide) (PNIPAM) microgels surface-functionalized with,
polyethylene glycol (PEG) or poly-2-dimethylaminoethyl methacrylate (PDMAEMA), were
developed to enable the swelling behavior of the microgels to occur independently of the surface
properties provided by the polymers. The thermo-triggered swelling and pH-triggered surface
properties of the microgels were investigated in aqueous suspension using Dynamic Light
Scattering and on substrates using the Surface Forces Apparatus. Grafting polymer chains on the
microgel surface did not impede the thermo-triggered swelling behavior of the microgels in
suspension and immobilized on substrates. An unprecedented decoupling of the swelling
behavior and surface properties could be obtained. More particularly, the thermo-triggered
swelling behavior of the PNIPAM underlying microstructure could be tuned below and above the
phase transition temperature with no change in the surface potential and adhesion provided by

the surface non-responsive PEG.
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3.3 Introduction

Stimuli-responsive materials have been intensively studied over the past several decades for a
wide range of potential applications such as microfluidics,'® drug delivery systems,!
biomedicine'>'? and lubrication.'*'> Polymers are often used as responsive surface coatings
because of their flexibility and ability to respond to different stimuli. Indeed, such materials are
capable of altering their chemical and/or physical properties in response to external stimuli such
as variations in pH,'® light,'” ionic strength'>8 or temperature.’®?° Depending on the external
stimuli, the polymer can undergo physical and/or chemical modifications giving rise to changes in
macroscopic properties of the surface such as variations in the polymer coating thickness,
adhesion, friction or wettability. 1621725
However, as chemical and physical changes in the polymer properties are usually not decoupled,
the targeted response can arise with other undesired responses. For instance, the important
thermo-triggered volume phase transition of poly-(N-isopropylacrylamide) (PNIPAM) microgels is
associated with a hydrophilicity/hydrophobicity transformation. Indeed, PNIPAM microgels exist
in a highly swollen and hydrated state below the volume phase transition temperature, VPTT, (ca.
32 — 35 °C) and undergo a sharp volume transition above the VPTT expelling water and forming a
rather hydrophobic network.? The phase transition of a variety of polymers can be favorable for
developing multiresponsive structures useful for applications such as actuators,?®?’ anti-
fouling,?%%%2% drug delivery systems,30-32 self-healing surfaces®*3* or photonics.3>3° But it can also
be problematic when a change in the swelling behavior of a polymer coating is required with no

change in the surface properties (i.e. wettability, adhesion) such as in microfluidics.3”3 Such

challenges can be overcome using functional multiresponsive PNIPAM-based hydrogels
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incorporating hydrophilic polymers or oligomers into or at the surface of the PNIPAM gel. For
example, Shi et al. have developed structured copolymer hydrogel substrates for immunoassay
exhibiting thermo-responsiveness while minimizing the change in surface wettability.?°
Nonetheless, the extent of the swelling response as well as the independent control of the
swelling and wettability properties remains elusive. Core/shell PNIPAM-based microgels can also
be designed to improve surface hydrophilicity of the PNIPAM above the VPTT.323°41 These are
generally prepared by a two staged seeding polymerization providing a continuous polymer shell
on the microgel cores. However, such synthesis approach leads to important changes in the
swelling behavior of the PNIPAM-based microgels. Particularly, the VPTT increases, and the

breadth of transition widens and becomes linear with temperature.?=%

Herein, we present the synthesis and characterization of unprecedented dual thermo- and pH-
responsive microgels whose swelling behavior and surface properties can be decoupled. We used
a site-specific grafting-to, as opposed to a grafting-from approach or a two-staged seeding
polymerization, to minimize the impact on the VPTT of the PNIPAM microgels. The microgels are
based on cationic thermosensitive poly-(N-isopropylacrylamide) microgels which are surface-
functionalized with responsive or non-responsive polymers as illustrated in Fig. 3.1. The thermo-
triggered swelling and pH-triggered surface properties of the microgels in suspension and on
substrates were investigated by dynamic light scattering (DLS) and using the Surface Forces

Apparatus (SFA).
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Figure 3.1. lllustration of the concept for independent control of swelling and surface

s

properties using thermo-responsive PNIPAM microgels surface-functionalized with A) pH-

insensitive PEG and B) pH-sensitive PDMAEMA.

3.4 Materials and Methods

Ruby mica sheets were purchased from S & J Trading Inc. (Glen Oaks, NY, USA). Plasma Prep Il
from SPI Supplies was used to activate freshly cleaved mica surfaces using 5.0 grade argon from
Praxair Technology Inc. (Mississauga, ON, Canada). Milli-Q quality water was obtained from a
Millipore Gradient A10 purification system (resistance 18.2 MQcm, TOC < 3 ppb). Silicon wafers
were obtained from University Wafer Co (100 mm diameter, boron-doped (100) orientation, one
side polished). N-isopropylacrylamide (NIPAM), 2-aminoethylmethacrylate hydrochloride
(AEMH),  2,2’-azobis-(2-methylpropylacrylamide)  (V50), triethanolamine (TEA), N-
hydroxysuccinimidyl (NHS), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC),
glutaraldehyde (GLA), sodium cyanoborohydride (NaBH3CN) and Whatman 1 filter paper were
purchased from Sigma-Aldrich (St. Louis, MO, USA). 11-aminoundecyltriethoxysilane (AUTES) was
purchased from Gelest Inc. (Morrisville, PA, USA). Sodium hydroxide and N,N’-methylene-bis-

acrylamide (MBA) were obtained from EMD Chemicals Inc. (Gibbstown, NJ, USA). Hydrochloric
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acid, sulphuric acid and hydrogen peroxide were purchased from Anachemia (Lachine, QC,
Canada). Carboxy terminated Poly(N,N-dimethylaminoethylmethacrylate) (PDMAEMA-COOH)
4800 g/mol, Pl = 1.14 and a-Carboxy w-Hydroxy terminated polyethylene glycol (PEG-COOH),
14300 g/mol, Pl = 1.10, were purchased from Polymer Source (Dorval, QC, Canada). Methoxy
polyethylene glycol succinimidyl carboxymethyl ester (PEG-NHS), 5000 g/mol, PI = 1.05 and 10000
g/mol, Pl = 1.05, were obtained from JenKem (Plano, TX, USA). UV cured Norland optical adhesive
81 was purchased from Norland Products Inc. (Cranbury, NJ, USA). Dialysis cellulose membrane
was obtained from Spectrum Laboratories Inc. (Rancho Dominguez, CA, USA). Anhydrous and 95%
ethanol were purchased from Commercial Alcohols (Brampton, ON, Canada). All chemical

products were used as received without further purification.

3.4.1 Microgel Synthesis

Synthesis of PNIPAM microgels was carried out using a well-established protocol thoroughly
described in a previous publication.? Briefly, NIPAM was combined inside a three-necked round-
bottomed flask with MBA and AEMH. The reagents in the three-necked flask were diluted in 40
mL of milli-Q water, the flask was connected to a condenser and heated gently to 80 °C while
degassing with a stream of nitrogen gas. V50 was diluted separately in 10 mL of milli-Q water,
heated gently to 80 °C and degassed with nitrogen gas. After thorough dilution and heating the
V50 solution was added to the three-necked flask and the reaction was monitored for 4 hours.
The concentrations of NIPAM, MBA, AEMH and V50 correspond to 94.2 %, 2.9 %, 1.5 % and 1.4 %
(w/w), respectively. Following polymerization, the resulting colloidal suspension was cooled
down before filtering with a Whatman 1 filter paper. Then, it was transferred to a 6000 — 8000

g/mol cellulose membrane and dialyzed against 100 times the volume of distilled water for 72
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hours changing the dialysis wash every 12 hours. The concentration of the microgels in the
resulting suspension (1 % w/v) was determined by measuring the weight difference before and
after drying. The microgel suspensions were stored at 7 °C. Due to the low concentration of AEMH
used in the initial feed, it was challenging to determine the final content of amino groups in the
microgels. However, previous reports on the same cationic microgels suggest that the AEMH
monomer conversion is completed after 12 — 15 minutes.* Moreover, increasing the
concentration of AEMH in the initial feed has shown to result in a steeper initial conversion rate
of the monomer and an uneven distribution of primary amines in the microgel.* For 1.5 % w/w
AEMH, an amount of 171 umol of the primary amines per gram of microgels was determined with

20 % of these amines located at the microgel surface.*

3.4.2 Surface functionalization of microgels

Microgels whose surface was functionalized with PDMAEMA (microgel-co-PDMAEMA) were
prepared from an aqueous solution of 0.5 mM of PDMAEMA-COOH with 10 mM of NHS and 10
mM of EDC and stirred for 10 minutes at 7 °C inside a glass bottle covered in tin foil to block light
out. After proper diluting and cooling, the microgel suspension was added to that solution to
obtain a 0.1 % (w/v) microgel concentration. The suspension was left to react overnight at 7 °C

with constant stirring and protected from external light.

For the microgels surface-functionalized with PEG, three different PEG chain lengths were
investigated (5, 10 and 14.3K). Microgels functionalized with PEG-NHS 5k and 10k were prepared
from an aqueous solution of 0.5 mM of PEG-NHS with 100 mM of TEA. The microgel suspension
was added to the polymer solution at 0.1 % (w/v) microgel concentration and left to react

overnight with constant stirring at room temperature. Microgels surface-functionalized with PEG-
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COOH 14.3k were prepared from an aqueous solution of 0.5 mM of PEG-COOH with 10 mM of
NHS and 10 mM of EDC and stirred for 10 minutes at 7 °C inside a glass bottle covered in tin foil
to block light out. The microgel suspension was then added to the polymer solution at 0.1 % (w/v)
microgel concentration and the solution was left to react overnight at 7 °C with constant stirring
and protected from external light. The reported results correspond to microgel-co-PEG using PEG-
NHS 5k unless otherwise stated. All functionalized samples were purified by dialysis following the
coupling reaction in 25000 g/mol cellulose membranes against 100 times the volume of distilled

water for 72 hours and changing the dialysis wash every 12 hours.

3.4.3 Microgel immobilization on mica substrates

Physisorption and covalent attachment were used to immobilize the microgels on mica surfaces.
Microgel immobilization via physisorption was done by immersing freshly cleaved mica substrates
in 0.1 % (w/v) bare or functionalized microgel suspensions at 37 °C for one hour. Then, samples
were rinsed with milli-Q water and dried under a stream of nitrogen gas. Functionalization of
the mica surfaces was required prior to covalent attachment. First, water/argon plasma was used
to produce silanol groups on the mica surfaces as previously reported.* Briefly, freshly cleaved
mica surfaces were placed inside a plasma chamber under a vacuum pressure of 0.5 mTorr. Argon
and water vapor were introduced at partial pressures of 80 and 300 mTorr, respectively. Plasma
activation was performed for 5 minutes at 40 W, followed by an additional 5 minutes in the
plasma chamber under vacuum (0.5 mTorr). Activated mica surfaces were removed from the

chamber and were immediately used for surface functionalization with aminoalkylsilane AUTES.

Aminoalkylsilane monolayers were grafted to mica substrates via self-adsorption from solution.

A solution of 1 mM AUTES was prepared in anhydrous ethanol and stirred for 10 minutes. After
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mixing, freshly activated mica surfaces were immersed in the AUTES solution for 20 minutes. The
resulting amino-functionalized surfaces were thoroughly rinsed with anhydrous ethanol. The
AUTES grafting was completed by annealing the surfaces for 1 hour at 120 °C under atmospheric
pressure. Then, the surfaces bearing AUTES monolayers were immersed ina 0.1 % (w/w) aqueous
solution of glutaraldehyde for 30 minutes, allowing the coupling reaction between the AUTES
amine group and the glutaraldehyde carbonyl function to occur in the presence of NaBH3CN.4647
After the coupling reaction, the substrates were thoroughly rinsed with milli-Q water prior to
microgel immobilization. Microgels were immobilized on glutaraldehyde-functionalized mica
substrates via covalent bonds between the microgel amine groups and the glutaraldehyde
carbonyl functions. A 0.1 % (w/v) aqueous suspension of bare or functionalized microgels was
prepared and heated gently to 37 °C in a water bath. Glutaraldehyde-functionalized mica

substrates were then immersed in the microgel suspension and kept in the solution for 1 hour.

Then, mica substrates were thoroughly rinsed with milli-Q water and dried under nitrogen.

3.4.4 Spectroscopic characterization by NMR and ATR-FTIR

Proton magnetic resonance was performed with a Bruker Avance 700 NMR. The dialyzed bare or
functionalized microgels were diluted by a factor of 10 with deuterated water and approximately
1 mL of the microgel suspension was placed inside an NMR vial. Supplementary spectroscopic
analysis was performed by ATR-FTIR. A milliliter of microgel suspension was placed on an
aluminum foil sheet and evaporated in a stove at 120 °C for 1 hour prior to analysis by infrared
microscopy using a Digilab FTS 7000 spectrometer coupled to a Digilab UMA 600 microscopic
infrared. Measurements were done with a germanium ATR crystal and detected with a MCT

detector with a 4 cm™ resolution.
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3.4.5 Polymer layer thickness determination

The thickness of surface-immobilized polymer layers was determined in air at 25 °C using a J.A.
Woollam Co., INC. M-2000V ellipsometer at 75° angle of incidence. Silicon wafers were cut into
6 cm? pieces with a diamond-tip pencil and sonicated in ethanol for 10 minutes before activating
in a piranha solution (H2S04:H20, = 70:30 v/v) for 45 minutes. After activation, surfaces were
rinsed with ethanol and dried with nitrogen prior to immersing in a 1 mM AUTES solution in
anhydrous ethanol for 20 minutes. After silanization, the surfaces were rinsed with ethanol, dried
with nitrogen, and annealed at 120 °C for 1 hour. Then, the substrates were immersed in a PEG-
NHS 5k solution according to the grafting protocol described previously (Surface functionalization

of microgels) in the presence and absence of the coupling agent TEA.

3.4.6 Hydrodynamic diameter and zeta potential determination

The hydrodynamic diameter and zeta potential of bare and functionalized microgels in
suspensions were determined using a Zetasizer Nano ZS 3600 (Malvern Instruments, U.K.) and a
folded capillary cell DTS 1070 (Malvern Instruments, U.K.). The results were acquired and
analyzed using Zetasizer Software (version 7.11). The dialyzed suspensions were diluted tenfold
with distilled water prior to analysis and pH was adjusted with 1 M hydrochloric acid or sodium

hydroxide solutions.

3.4.7 Water contact angle measurements

The water contact angle was determined on the surface-immobilized microgels using a FTA2000
dynamic contact angle analyzer (First Ten Angstrom). Surfaces were prepared according to the
protocol previously described (Microgel immobilization on mica substrates). All measurements

were carried out in the static mode. A droplet (3-5 pL) of milli-Q water of a given pH was deposited
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on the surfaces and the contact angle was determined using the FTA32 Video software. The
contact angle was measured at least on three different locations on three independently

prepared substrates.

3.4.8 Surface force measurements

The interaction forces between two microgel-bearing surfaces were measured as a function of
the separation distance, D, using the Surface Forces Apparatus (SFA 2000). The protocol for
measuring interaction forces using the SFA has been previously well described.*®4° Briefly, silver-
backed mica surfaces were glued silver side down onto the cylindrical disks (radius of 2 cm) using
Norland 81 UV cured glue. The two disks were mounted in the SFA chamber in a cross-cylinder
configuration and were brought into adhesive contact in air to set the contact separation distance
(D = 0) between the two mica surfaces. The SFA disks were then dismounted under a laminar-
flow cabinet and microgel immobilization was performed according to the chemisorption
protocol previously described (Microgel immobilization on mica substrates). After the microgel
grafting, the disks were reinstalled and the SFA chamber was filled with an aqueous solution of
defined ionic strength (0.1 mM NaxSO0a4) or pH (4 < pH < 10) and left at a given temperature for
several hours allowing the temperature to stabilize. The force profiles were determined using a

cantilever, supporting the lower surface, of stiffness 588 + 15 N/m.

3.4.9 Topographical characterization by Atomic Force Microscopy

Atomic Force Microscopy (AFM) imaging was carried out using a Multimode microscope equipped
with a Nanoscope V extend controller (Digital Instruments, Santa Barbara, CA). The imaging was
performed in dry air (30 % relative humidity) at 25 °C and 24 hours after the preparation of the

surfaces. The PeakForce tapping-mode was employed using an ACTA silicon probe from APP Nano
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with a resonance frequency of 200-400 kHz. AFM images were treated and analyzed using
Nanoscope Analysis software (version 1.4). The surface density of immobilized microgels was

determined using Particle Analysis mode of the Nanoscope Analysis software.

3.5 Results and Discussion

The results are divided in three sections: (i) the characterization of the surface-functionalized
microgels using NMR, FTIR and ellipsometry to assess the coupling reaction between the end
functional groups of the polymers (PEG and PDMAEMA chains) and the primary amines of the
microgel; (ii) the analysis of the hydrodynamic diameter and zeta potential to assess the
independent control with temperature and pH; and (iii) the responsiveness of the microgels
immobilized on substrates to assess the same independent control of swelling and surface

properties.

3.5.1 Characterization of the microgels in aqueous suspension

In neutral media at 24 °C, the bare microgels have a hydrodynamic diameter of ca. 225 nm (Fig.
3.2A) and a surface potential of ca. 12 mV (Fig. 3.3). These characteristic properties are in
agreement with previously reported studies on the same microgels.34?1°051 The positive surface
potential results from the ionizable primary amine moieties (apparent pK, of 7.0 — 7.5)>%°3
brought by the initiator (V50) and the AEMH monomers. The surface charge density provided by
the amino groups on the bare microgels prepared in our study (4.6x10* C/m?) was estimated
from the zeta potential measurements using the Grahame equation derived from the Gouy-

Chapman theory.>*>’ This result is in agreement with published work on the same cationic
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microgels.* The charge density was found to decrease two-fold for microgel-co-PDMAEMA and

35-fold for microgel-co-PEG.
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Figure 3.2. Hydrodynamic diameter as a function of A) temperature in neutral media and B)

pH of bare microgel (), microgel-co-PDMAEMA (e) and microgel-co-PEG (A) in aqueous

suspension (0.1 % w/v). In B) open and filled symbols correspond to diameters obtained at 39

°C (above the VPTT) and at 24 °C (below the VPTT), respectively. Inset shows the size of

aggregated microgels at pH 10. Error bars represent the standard deviation of three

independent experiments.
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PEG (A) in aqueous suspension (0.1 % w/v) of different pH. Filled and open symbols represent
measurements at 24 °C and 39 °C, respectively. Error bars represent the standard deviation

of three independent experiments.
Spectroscopic analysis was performed on the microgels to assess their surface functionalization
with PEG and PDMAEMA. The NMR spectrum of the bare microgels (Fig. 3.4) shows two peaks
characteristic of the isopropyl group: one at 1.1 ppm corresponding to methyl groups and one at
3.8 ppm corresponding to CH bonds. The coupling between the functional carboxyl end groups of
the polymer chains (PEG and PDMAEMA) and the primary amines of the microgels is expected to
occur through a peptide bond. However, the NMR signal of that peptide bond cannot be
discerned (Fig. 3.4) because PNIPAM has a high content of amide groups relative to primary
amines. Therefore, the expected change in the NMR spectrum caused by the peptide bond is
buried by the major amide band. Nevertheless, resonance bands characteristic of PEG and

PDMAEMA are observed in the spectra of microgel-co-PEG and microgel-co-PDMAEMA. For
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microgel-co-PEG, the peak at 3.6 ppm corresponds to the methylene unit in the repeating group
(—OCH,CH2—). For microgel-co-PDMAEMA, the peaks at 4.1 ppm and 2.4 ppm correspond to the
O-CH; groups in the side chain and the methyl groups bonded to the tertiary amine of PDMAEMA,
respectively.”® As the NMR spectra were collected after the purification steps described in
Materials and Methods, the results suggest that the polymer chains are covalently grafted to the
microgel. To support the NMR results, the bare and functionalized microgels were also
characterized by ATR-FTIR (Fig. 3.S.1). The ATR-FTIR results also indicate that PEG and PDMAEMA
chains are found in the samples and do not conclusively demonstrate the formation of peptide
bonds between the polymer chain ends and the microgels. In fact, the low content of amine
groups (1.5 % w/w AEMH) makes the identification of the coupling between polymer chains and
the microgel as well as the polymer grafting density unlikely to be conclusive. To overcome this
limitation, ellipsometry was used to indirectly assess the attachment of PEG-COOH on an amino-
functionalized substrate mimicking the microgel surface. The change in the layer thickness after
the polymer grafting was determined with and without the coupling agents (see Materials and
Methods for experimental details). In the absence of the coupling agents, no increase in thickness
was measured relative to that of the immobilized amino-functionalized layer. In contrast, when
the reaction took place in the presence of the coupling agents, an increase in the layer thickness
of 2.8 £+ 0.5 nm was measured. These results strongly suggest that the coupling between the
carboxyl end groups of the polymer chains and the amino groups of the AUTES layer takes place
through a covalent peptide coupling. Moreover, the decrease in the surface potential of the
microgels upon polymer grafting, discussed hereafter, suggests the neutralization of the amine

groups most likely resulting from a peptide bond.
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Figure 3.4. 'H-NMR spectra of bare microgels, microgel-co-PEG and microgel-co-PDMAEMA

0.1 % (w/v) in deuterium solution.

3.5.2 Stability of microgels in suspension and immobilized on substrates

The stability and the potential degradation of the microgels were investigated within the pH and
temperature ranges under study. The degradation of the microgels and surface-functionalized
microgels with time and increasing temperature is expected to be minimal. The reason is that the

carbon-carbon polymer backbone is not susceptible to hydrolysis and the amide and ester groups
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in PNIPAM hydrogels (reticulated with MBA) have previously shown less than 8.5 % of
degradation after 120 hours in pH 10 and pH 1 solutions at 30 °C.>>®% AEMH is stable in acidic or
neutral media when in its protonated form but hydrolyses in alkaline media.®* However,
homopolymers of AEMH have shown to slightly degrade (< 3 %) in a pH 10 solution at 50 °C after

72 hours.!

To verify the robustness of the attachment of the microgels on the substrates, physisorbed and
covalently attached microgels on surfaces were immersed in aqueous solutions of different pH (4
< pH < 10) for 24 hours at room temperature and analyzed using AFM. 24 hours is approximately
three times longer than the time required for the responsive behavior measurements reported
hereafter. The microgels immobilized on mica surfaces form homogeneous layers (Fig. 3.5 and
Fig. 3.5.2-4) of similar grafting densities; 22.5 + 1.3, 23.5 + 1.9 and 24.0 + 0.9 particles/um?for the
bare microgels, microgel-co-PDMA and microgel-co-PEG, respectively. No significant change in
the size, the morphology and the grafting density with pH was observed for all surfaces bearing
covalently attached microgels (Fig. 3.5.5). However, the physisorbed microgel layers immersed in
pH 4 and 10 show a significant reduction in the grafting density compared to the initial coverage
(Fig. 3.5.6). These results indicate that the physisorption of microgels is not sufficient to provide
a robust surface attachment whereas covalent attachment is. The covalent attachment is
expected to occur between the carboxyl groups on the substrates (provided by GLA) and the
primary amines on the microgel surface. The results suggest that some surface amine groups
remain available for the covalent coupling with the substrates despite the presence of PEG or
PDMAEMA. These remaining surface charges are indeed responsible for the non-negligible zeta

potential of the microgels measured at 39 °C, close to the grafting temperature (Fig. 3.3). The
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robust covalent attachment also suggests that the potential steric repulsions arising between
polymer chains on the microgel surface and the carboxyl-functionalized substrate do not prevent
the amine groups to reach the substrate. This is probably due to the small size of the polymer

chains relative to the microgel.

Figure 3.5. AFM images of (A) bare microgel, (B) microgel-co-PDMAEMA and (C)
microgel-co-PEG covalently attached to AUTES-GLA functionalized mica substrates
(24 hours after grafting) in air at 25 °C and 30 % relative humidity. PeakForce tapping

mode. Image scale, 5 x 5 um?2.

3.5.3 Tuning size and surface property of microgels in suspension

At room temperature and below the VPTT, the PNIPAM network is in its swollen and hydrophilic
state. Above the VPTT, the H-bonds between the polymer and water molecules are disfavored
whereas intramolecular attractive interactions prevail and induce a polymer network shrinking.?
It is known that the volume of PNIPAM microgels can decrease up to 60 % when transitioning
above the VPTT in aqueous suspensions.®>?! The hydrodynamic diameter of all microgels (bare
and surface-functionalized) decreased by roughly 50 % (ca. 225 nm to ca. 125 nm) between 24 °C
and 39 °C in neutral and acid media (Fig. 3.2A-B). The VPTT of the bare microgels and microgel-

co-PEG, determined by the tangent method, corresponds to 35 °C while that of microgel-co-

115



PDMAEMA is slightly less (34 °C) (Fig. 3.5.7). The VPTT of the microgel-co-PEG is not affected by

the molecular weight of the grafted PEG (Fig. 3.S.8A).

To evaluate the thermo-triggered swelling capacity of the microgels in suspension, the following

arbitrary swelling ratio, T-Qsusp, Was used:

T-Qsusp = dswollen/dcollapsed (1)

where dswoiien and dcoiiapsed are the hydrodynamic diameters at 24 °C and 39 °C. dcoliapsed Was
determined at 39 °C since the variation in the microgel size above that temperature is not
significant (Fig. 3.2A-B, Fig. 3.5.7). The values of T-Qsusp are reported in Table 3.1 for all microgels
and at different pH values. The swelling ratio of the bare microgels (ca. 1.8) is slightly lower than
previously reported.>* The values of T-Qsusp, for surface-functionalized microgels range from 1.70
to 2.10 depending on the pH, showing that the surface functionalization of the microgels does
not impede their thermo-responsiveness. For pH > 7, all microgels aggregated above the VPTT
(Fig. 3.2B, inset) most probably due to the low degree of ionization of the amine groups making
the NIPAM/NIPAM attractions dominant. In acid conditions, the microgels did not aggregate
above the VPTT. This is explained by the presence of the surface charges (Fig. 3.3) which most
probably provide sufficient electrostatic repulsions between the microgels to keep them
dispersed. These results show that the swelling behavior can be thermo-triggered independently

of the surface chemistry.
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Table 3.1. Thermo-triggered swelling ratios of microgels in suspension, T-Qsusp, as defined by
equation 1 and immobilized on a surface, T-Qimm, as defined by equation 3 of bare microgel,

microgel-co-PDMAEMA and microgel-co-PEG at different pH.

Bare Microgel Microgel-co-PDMAEMA Microgel-co-PEG

p H T- Qimm T- qusp T'Qimm T- qusp T'Qimm T‘qusp

2-4* 1.78+0.37 1.89+0.06 2.22+0.21 2.10+0.04 1.86+0.27 1.93+0.07
7 1.78+0.40 1.74+0.07 2.38+0.46 1.89+0.02 1.77+0.10 1.70%0.10

10 1.23+0.15 Aggregated 2.32+0.14 Aggregated 1.61+0.02 Aggregated

* pH 2 is for the microgels in suspension and pH 4 for surface-immobilized microgels.

As the underlying PNIPAM structure of the microgels contains pH-sensitive amine groups, the
effect of pH on the swelling behavior was also investigated (Fig. 3.2B). A decrease in the degree
of ionization of the amine groups (AEMH) with increasing pH should induce a decrease in the
electrostatic repulsions within the network and therefore produce a microgel shrinking. To
determine the swelling triggered by variations in pH (between pH 2 and 10) at constant

temperature, the following arbitrary swelling ratio in suspension, pH-Qsusp, Was used:

PH-Qsusp = dpp 2/ Ay 10 (2)

where dpy 2 and dph 10 are the hydrodynamic diameters at pH 2 and 10. The values of pH-Qsusp,
reported in Table 3.2, range from 1.02 to 1.22. The largest pH-triggered swelling was observed
with the bare microgels. These results indicate that despite the presence of primary amines in the
microgels, the pH-triggered swelling is significantly less than the thermo-triggered swelling (Table

3.1-3.2).
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Table 3.2. pH-triggered swelling ratios of microgels in suspension, pH-Qsusp, as defined by
equation 2, and immobilized on a surface, pH-Qimm, as defined by equation 4, at different

temperatures.

Bare Microgel Microgel-co-PDMA Microgel-co-PEG

Temperature (°C) pH-Qimm PH-Qsusp PH-Qimm PH-Qsusp PH-Qimm PH-Qsusp

23 —24* 1.74+0.24 1.22+0.05 1.27+0.11 0.95+0.03 1.02+0.04 1.05+0.03

39 — 43** 1.20+0.24 Aggregated 1.32+0.11 Aggregated 0.89+0.12 Aggregated

* 23 °C and 24 °C correspond to the lowest recorded temperature of the agueous medium
surrounding the surface-immobilized microgels and of the microgels suspension, respectively.

** 39 °C and 43 °C correspond to the highest recorded temperature of the microgels suspension

and the aqueous medium surrounding the surface-immobilized microgels, respectively.

Surface potential was used as an arbitrary parameter to evaluate the ability of tuning the surface
properties of the microgels. The variation in the surface potential of the microgels as a function
of pH at different temperatures is reported in Fig. 3.3. Below the VPTT (24 °C), a decrease in the
surface potential of 12 mV and 6 mV with increasing pH is observed for the bare microgels and
microgel-co-PDMAEMA respectively. This is explained by the surface amine groups whose degree
of ionization decreases with increasing pH. However, the surface potential of microgel-co-PEG (5k
— 14.3k) did not show any significant pH-dependence, suggesting the absence of pH-sensitive
surface groups (Fig. 3.3, Fig. 3.5.8B). This result suggests the neutralization of the primary amines
of the microgels upon peptide coupling (Fig. 3.3). However, for the microgels carrying surface
charges (bare microgels and microgel-co-PDMAEMA), the thermo-triggered volume phase

transition is also associated with a variation in zeta potential as significant as that triggered by the
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pH (Fig. 3.3). This is explained by the size reduction of the microgels with increasing temperature
(Fig. 3.2A-B), which gives rise to an increase in the surface charge density of the particles (Fig.
3.3). Nevertheless, the results suggest that the surface potential is pH-dependent for the charged
microgels (bare microgels and microgel-co-PDMAEMA) at constant temperature and pH-

insensitive for the neutral microgel-co-PEG.

Water contact angle (Bw) measurements were carried out to assess the surface property changes
with pH. Upon variations in pH, the degree of charges of the microgels bearing weakly ionizable
groups should be altered giving rise to wettability changes between hydrophilicity at low pH and
hydrophobicity at high pH. However, the contact angle is not only dependent on the surface
chemistry of the outermost layer but also on the surface roughness. In fact, significant differences
in By at pH 2 have been reported between rough (ca. 79°) and flat (ca. 10°) PDMAEMA surfaces.®?
In addition, only a small change in the water contact angle (5°) over a large pH range was reported
on a flat PDMAEMA surface.?? Therefore, the measurements were carried out at constant
temperature (to eliminate surface roughness changes caused by the volume phase transition) and
the reported results (Fig. 3.5.9) are for qualitative comparison only. On the bare microgel, a slight
increase in By with increasing pH was observed as expected from the decrease in the degree of
ionization of the amine groups. However, on the microgel-co-PEG layers, no significant change in
Bw with pH was observed which agrees with the non-significant change in surface potential with
pH observed in suspension (Fig. 3.3). In addition, a slightly larger 8, on the microgel-co-
PDMAEMA, relative to bare microgel, was observed. These results agree with the 0, values
reported for PDMAEMA functionalized surfaces (between 60° and 110° depending on

temperature and pH)®27®* and confirm the surface functionalization of the microgels.
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In summary, the surface potential of the microgels in a highly hydrated state (below the VPTT)
can be tuned with pH via surface functionalization independently of the swelling. More
particularly, microgels surface-functionalized with the pH-sensitive PDMAEMA allows the surface
potential to be tuned with pH. Conversely, functionalizing microgels with the pH-insensitive PEG
makes the surface potential, the wettability, and the swelling of the cationic microgels insensitive

to pH.

3.5.4 Tuning size and surface property of microgels immobilized on

substrates

The responsiveness of the surface-immobilized microgels was assessed by measuring the
interaction forces between two opposing microgel-bearing substrates as a function of separation
distance under different conditions of temperature and pH. The resulting force profiles are
illustrated in Fig. 3.6 with each curve being the most representative of three independent and
reproducible experiments (Fig. 3.5.10). The interaction range is related to the microgel layer
thickness and the amplitude of the force on separating the surfaces to the adhesion between two
microgel layers. The force profiles measured on approaching the surfaces are purely repulsive for
all microgels regardless of the pH and the temperature. Repulsions between dense and neutral
polymer layers in good solvent generally originate from an osmotic repulsion effect brought about
by compression of the polymer chains. Such steric repulsions become non-negligible at separation
distances about twice the unperturbed thickness of the polymer layer and increase progressively
with compression due to the overlap of the polymer network. The electrostaticinteractions which

might arise from the ionizable amine groups are expected to be negligible due to the low surface
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potential (< 25 mV, Fig. 3.3) and to the short Debye length (ca. 18 nm for 0.1 mM Na,SO; in
aqueous solution). Therefore, the unperturbed thickness of the microgel layers was defined as
half the distance between two microgel-bearing surfaces at which the repulsive forces become

non-negligible (at F/R =1 mN/m).
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Figure 3.6. Interaction forces as a function of separation distance, D, measured on the
approach and separation (insets) between two identical immobilized bare microgel (A, H),
microgel-co-PDMAEMA (B, @) and microgel-co-PEG (C, A) layers at pH 4 (red), pH 7 (green)
and pH 10 (blue) at 23 °C (filled symbols) and 43 °C (open symbols). D = 0 corresponds to the
adhesive mica— mica contact. Each curve corresponds to the most representative one of three

independent and reproducible experiments (Fig. 3.5.10).

The unperturbed layer thicknesses of bare and functionalized microgels in neutral media range
between 115 and 160 nm (Fig. 3.6), corresponding to ca. 50 % of the microgel diameter in
suspension (Fig. 3.2A). These results show the large capacity of the microgels to deform once
immobilized on a surface, as previously reported.?3%>%¢ Successive force profiles on approach
were determined at constant temperature and pH to assess the swelling reversibility and the
stability of the grafting (Fig. 3.5.11). History effects could be observed between the first and

second force profiles. These effects, often observed between polymer layers,'®2? are most
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probably due to a more favorable conformation of the microgels caused by their first compression

as well as the possible expulsion of residual physisorbed microgels.

The interaction range for all immobilized microgel layers decreases with increasing temperature
regardless of the pH. This shows that the characteristic ability of PNIPAM microgels to collapse at

temperature above the VPTT was maintained on surfaces.

To evaluate the thermo-triggered swelling capacity of the immobilized microgels, the following

arbitrary swelling ratio, T-Qimm, was used:

T-Qimm = Dswollen/Dcollapsed (3)

where Dswoilen and Dcoligpsed are the separation distances at the onsets of interaction forces
evaluated at F/R = 1mN/m at 23 °C and 43 °C, respectively. The swelling ratios are reported in

Table 3.1 for all microgels.

In general, the surface swelling response is as important as that observed in suspension. As the
surface immobilized microgels are initially flattened on the surface (at neutral pH), this suggests
a relatively important surface response due to the closely packed arrangement of the microgel
layers as shown in Fig. 3.5 and Fig. 3.5.2 — 4. Lateral compression arising from the close
neighboring particles can lead to an anisotropic (perpendicular to the surface) swelling, which
would give rise to a more important change in thickness compared to isotropic swelling in
suspension. Similar anisotropic swelling behaviors for hydrogel and microgel nanoparticles have

been reported in the past.!6:

The thermo-triggered swelling response appeared to depend on pH for bare microgel and

microgel-co-PDMAEMA. Indeed, swelling is expected to arise with decreasing pH due to the
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increase in the degree of ionization of the amino groups as observed in suspension (Fig. 3.2B). To
evaluate the pH-triggered swelling capacity of the immobilized microgels, the following arbitrary

swelling ratio, pH-Qimm, was used:
pH-Qimm = Dpp 4/ Dy 10 (4)

where Dp 4 and Dpy 10 are the separation distances at the onsets of interaction forces evaluated
at F/R = 1ImN/m at pH4 and 10, respectively. pH-Qimm values are reported in Table 3.2 and
compared with the pH-Qsusp. The slight dependence of pH-induced swelling for all microgel layers
agrees with the pH-triggered swelling observed in agueous suspension (Table 3.2). Nevertheless,
the thermo-triggered swelling is more significant than pH-triggered swelling. This is particularly
true for microgel-co-PEG, where T-Qimm ranges from 1.61 to 1.86, depending on pH (Table 3.1),

and pH-Qimm is 1.02 (Table 3.2).

The ability to control the surface properties of the surface-immobilized microgels was assessed
by measuring the adhesion force on separating two opposing microgel-bearing surfaces upon
variation in pH and temperature. The surfaces were slowly separated stepwise after being
brought into a relatively compressed regime (at a distance corresponding to ca. 30 % of the
unperturbed layer thickness). No adhesion force could be measured below the VPTT (at 23 °C) for
all microgels under all studied pH conditions (Fig. 3.6, insets). The absence of adhesion below the
VPTT is explained by the good solvent conditions for the polymers and the presence of charged
groups (at low pH) providing electrostatic repulsion. Above the VPTT, adhesion appeared to
depend on the surface chemistry of the microgels (Fig. 3.6, insets). Indeed, adhesion was

measured above the VPTT between immobilized microgel-co-PDMAEMA (for all pH) and bare
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microgel (pH > 4). These results suggest that at pH 4, the surface charges of the bare microgels
above the VPTT (ca. 25 mV, Fig. 3.3) provide sufficient electrostatic repulsion to overcome the
hydrophobic attractions caused by NIPAM/NIPAM interactions. On the contrary, the lower
surface charge of the microgel-co-PDMAEMA at pH 4 (ca. 12 mV, Fig. 3.3) does not provide
enough electrostatic repulsion to overcome the NIPAM/NIPAM attractions. These results can be
compared with the aggregation of microgels observed in suspension (Table 3.3). All microgels in
suspension aggregated above the VPTT only at high pH while adhesion could be measured at low
pH (above the VPTT). This is explained by the fact that adhesion was assessed on separating the
compressed microgels. As previously mentioned, force profiles in approaching the surfaces were
purely repulsive (Fig. 3.6) and did not exhibit any attractive forces causing the aggregation in
suspension. This is most probably associated with the limited resolution in measuring forces
which is determined by the force measuring spring used in these experiments (i.e., a compromise
had to be made for the selection of the spring stiffness to make the determination of the
immobilized microgel thickness possible). In a compressed conformation, the polymers can
rearrange so that interactions promoting attraction can prevail such as NIPAM/NIPAM segment
interactions (attractive above the VPTT). However, no adhesion force was measured between
microgel-co-PEG layers above the VPTT regardless of pH. These results suggest that grafting
polymer chains, more particularly PEG, on surface-immobilized microgels may provide a way to
tune the swelling behavior via temperature without affecting the surface properties as also

observed in suspension.
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Table 3.3. Zeta potential and adhesion of bare microgel, microgel-co-PDMAEMA and
microgel-co-PEG at different pH above the VPTT.

T=39-43°C* Bare Microgel Microgel-co-PDMAEMA Microgel-co-PEG
Zeta Zeta Zeta
pH potential (mV) Adhesion potential (mV) Adhesion potential (mV) Adhesion
2 —4x* 24.7 No 16.6 Yes 6.8 No
7 23.6 Yes 12.7 Yes 4.1 No
10 -1.9 Yes 2.0 Yes 1.9 No

* 39 °C and 43 °C correspond to the highest recorded temperatures of microgels in suspension
and surface-immobilized, respectively.

**pH 2 corresponds to microgels in suspension and pH 4 to surface-immobilized microgels.

3.6 Conclusion

Cationic thermo-sensitive PNIPAM microgels were successfully surface-functionalized with PEG
and PDMAEMA polymer chains to to enable the swelling of the microgels to be reversibly
triggered independently of the surface property. The ability to independently control the swelling
and surface properties using temperature and pH as triggers was investigated for microgels in
aqueous suspension and microgels immobilized on substrates. Polymer chain grafting did not
impede the ability of cationic PNIPAM microgels to undergo a volume phase transition above the
VPTT, either in suspension or immobilized on a substrate. Due to the presence of amino groups
throughout the entirety of the microgel polymer network, the swelling behavior was also pH-
dependent. However, the thermo-responsive swelling was more significant than the pH-triggered

one. The microgels functionalized with PEG exhibited the most promising behavior. Indeed, the
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thermo-triggered swelling of microgel-co-PEG did not give rise to changes in the microgel surface
properties (i.e. surface potential and adhesion) within a wide range of pH values. It was possible
for the immobilized microgel-co-PEG to undergo a volume transition (swelling/shrinking) with no
change in adhesion, suggesting that the surface of the thermo-responsive microgels remains
rather hydrophilic above the VPTT. For the microgel-co-PDMAEMA, the unexpected pH-triggered
surface-response suggests that the surface grafting density and thickness of the PDMAEMA
corona was insufficient and should be further optimized. Nonetheless, this work confirms the
possibility of tuning the swelling behavior of microgels without changing the adhesive properties.
Responsive surfaces whose swelling properties can be reversibly and externally altered over space
and time independently of the surface chemistry are very innovative and will enable revolutionary
advances in technologies, particularly in biomedical surface engineering and microfluidics where

advanced assembly of functional components are increasingly required.
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Figure 3.5.1. ATR-FTIR spectra of dried bare microgel, microgel-co-PDMAEMA and microgel-
co-PEG.

129



Figure 3.5.2. AFM images of bare microgels covalently attached to AUTES-GLA

functionalized mica substrates, in duplicate, imaged 24 hours after grafting,
in air at 25 °C and 30 % relative humidity. Obtained in the PeakForce tapping
mode. Image scale, (A-B) 25 x 25 um; (C-D) 5 x 5 pum and (E-F) 1 x 1 pum.
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Figure 3.5.3. AFM images of microgel-co-PDMAEMA covalently attached to

AUTES-GLA functionalized mica substrates, in duplicate, imaged 24 hours after
grafting, in air at 25 °C and 30 % relative humidity. Obtained in the PeakForce
tapping mode. Image scale, (A-B) 25 x 25 um; (C-D) 5x 5 um and (E-F) 1 x 1 um.
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Figure 3.5.4. AFM images of microgel-co-PEG covalently attached to AUTES-
GLA functionalized mica substrates, in duplicate, obtained 24 hours after

grafting, in air at 25 °C and 30 % relative humidity obtained in the PeakForce

tapping mode. Image scale, (A-B) 25 x 25 pum; (C-D) 5x 5 um and (E-F) 1 x 1 um.
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Figure 3.5.5. AFM images of bare microgel (A, D, G), microgel-co-PDMAEMA (B, E, H) and
microgel-co-PEG (C, F, 1) covalently attached to AUTES-GLA functionalized mica substrates
obtained after 24 hours of immersion in aqueous 0.1 mM Na;SOa4 pH 7 solution (A, B, C), pH 4
solution (D, E, F) and pH 10 solution (G, H, 1) in the PeakForce tapping mode. Imaging was

performed in air at 25 °C and 30 % relative humidity. Image scale, 1 x 1 um.
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Figure 3.5.6. AFM images of bare microgel (A, D, G, J), microgel-co-PDMAEMA (B, E, H, K) and
microgel-co-PEG (C, F, I, L) physisorbed on mica substrates obtained 24 hours after microgel
physisorption (A, B, C) and after 24 hours of immersion in aqueous 0.1 mM Na»SO4 pH 7
solution (D, E, F), pH 4 solution (G, H, 1) and pH 10 solution (J, K, L) in the PeakForce tapping
mode. Imaging was performed in air at 25 °C and 30 % relative humidity. Image scale, 1 x 1

um.
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Figure 3.5.10. Interaction forces as a function of separation distance, D, measured on the
approach and separation (insets) between two identical immobilized bare microgel (A, H),
microgel-co-PDMAEMA (B, e) and microgel-co-PEG (C, A) layers at different pH values of 4
(red), 7 (green) and 10 (blue) at 23 °C (filled symbols) and 43 °C (open symbols). D = 0
corresponds to the adhesive mica — mica contact. The shaded areas represent the variability
in the measured profiles. The reported results are from at least three independent

experiments.
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Table 3.5.1. Separation distance at the onset of the interaction forces measured in the
approach for bare microgel, microgel-co-PDMAEMA and microgel-co-PEG as a function of
temperature at different pH values.

Sample Temperature (°C) pH Onset (nm)

4 189+1

23 7 155+1

10 108+ 1

Bare Microgel

4 1061

43 7 87+1

10 88+1

4 2011

23 7 179+1

Microgel-co- 10 158+ 1
PDMAEMA 1 90+ 1
43 7 75+1

10 68+1

4 2161

23 7 210+1

10 211+1

Microgel-co-PEG

4 116 %1

43 7 119+1

10 131+1
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Table 3.5.2. Hydrodynamic diameter for bare microgel, microgel-co-PDMA and microgel-co-

PEG as a function of temperature at different pH values.

Sample Temperature (°C) pH Hydrodynamic diameter (nm)
2 250+ 2
24 7 224+ 5
10 204+ 8
Bare Microgel

2 132+4
39 7 129+5

10 1037 £134
2 2371
24 7 223+1
Microgel-co- 10 249+ 8
PDMAEMA 2 113+ 2
39 7 118+ 1
10 410+ 19
2 238+6
24 7 217 +7
10 226+ 1

Microgel-co-PEG

2 123 +3
39 7 128+ 6

10 3309 £ 1103
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Chapter 4 — Tribological properties of PNIPAM microgels in the

nano- and mesoscales

4.1 Introduction

The friction behavior of pH-responsive soft microgel particles indicates that the tribological
properties are more closely dependant on nanoparticle swelling than on the degree of ionization
or the surface charge.! In fact, increasing swelling of the particles was associated with a decrease
in elasticity while the friction coefficient was observed to increase with elasticity. Similarly, the
tribological behavior of thermosensitive microgels varies significantly with conformational
changes associated with phase transitions above and below the VPTT as well as partial
contributions from attractive forces between layers.?? Further, polymer adhesion is one of the
main mechanisms that controls the tribological behavior and it can be tuned via external stimuli
such as temperature, pH, or ionic strength.%® Results presented in chapter 3 showed that grafting
polymer chains on the surface of the microgels does not inhibit the thermo-responsive behavior
of PNIPAM. Further, it was shown that the surface properties, i.e. the surface potential and
adhesion, could be modulated via surface-functionalization independently of the swelling.” For
example, the surface-immobilized microgel-co-PEG underwent a thermo-triggered volume
transition (swelling/shrinking) with no variation in the microgel-microgel adhesion. This is an
important distinction between microgel-co-PEG and bare PNIPAM microgels, for which swelling
behavior is closely associated to changes in surface wettability and adhesion.?’ On the other
hand, even though adhesion between two opposing layers of covalently-immobilized PDMAEMA

chains has been measured in basic pH as well as at temperatures above the VPTT (40 — 50 °C),%1°
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no adhesion forces could be measured between microgel-co-PDMAEMA in basic media at 23 °C
and only arose when heated to 43 °C regardless of pH.” This suggests that the grafting density or
the molecular weight of PDMAEMA polymer chains on the microgel are insufficient to fully

express their characteristic behavior.

This chapter investigates if the control of surface properties of bare and surface-functionalized
microgels translates to changes in their respective tribological behavior. More specifically, the
hypothesis of this section is that the friction behavior does not depend exclusively on particle
swelling but also on surface chemistry. The tribological behavior of bare and surface-
functionalized microgels in the nanoscale was determined under dynamic constrain using the SFA
technique. Shearing is achieved by sliding the upper surface in reciprocating motion with the help
of a digital encoder-controlled motor-driven micrometer and the friction force is measured with
a Wheatstone Bridge connected to resistance strain gauges while the bottom surface is mounted

on double-cantilever springs that remain stationary during sliding as shown in Fig. 4.1 below.

Velocity

| =

Motor-driven
micrometer

Friction force
measuring springs

Silica disks

\
\Doub\e-cantilever

springs

Figure 4.1. Scheme of the experimental setup for dynamic force measuring experiments in

the nanoscale with the SFA.
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The nanotribological properties of bare microgel with increasing normal applied load were
studied in neutral media at 23 °C prior to modifying the pH of the medium surrounding the
microgel layers. Then, microgel-co-PEG and microgel-co-PDMAEMA layers were studied under
the same temperature and pH range. Previous work on similar microgels showed that the effect
of sliding speed on the friction force is negligible at 25 °C.? Therefore, the sliding speed used in
this study (3 um/s) was chosen as a compromise between the time needed to perform sliding
experiments and ensuring that sliding takes place over a distance that ranges several surface-
immobilized microgel units. The friction force is often expressed as a function of the applied load
to determine the coefficient of friction, u, which is the ratio of the friction force and the applied
normal load according to Amonton’s law: Fs = uFn.'**"3 The experimental curves used to calculate
the coefficient of friction presented in this section are the most representative of two or more
independent trials and the experimental error is not shown. The error in measuring friction forces
is less than the resolution (of the friction gauges) in measuring friction forces, which is roughly
0.02 mN. Therefore, including identical error bars on all data points would hinder reading

comprehension.

Lastly, the presence of an overlap of tribological properties measured in the nanoscale with the
SFA and in the mesoscale with a custom-made tribometer (henceforth referred to as: tribo-
brush)*1> was determined. When using two different tribometers, an overlap refers to two or
more controlled parameters of each measuring technique. In this case, the overlap is between
the applied normal forces that can be obtained in the SFA (nanoscale) and with the tribo-brush

(mesoscale). This study was performed in collaboration with the tribology team of Dr. Sylvie
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Descartes in the Contact and Structure Mechanics Laboratory (LamCoS) at the National Institute
of Applied Sciences (INSA) in Lyon, France. This work seeks to provide an expanded knowledge of
the tribological properties of bare and surface-functionalized microgel layers such as lubrication
properties, load bearing capacity and resistance to wear and would permit to better envision

potential applications for this type of material.

4.2 Tribological properties of bare and surface-functionalized microgels

in the nanoscale

4.2.1 Effect of the normal applied load on covalently attached bare

microgels

By measuring the strain on the springs supporting the upper surface in real time during shear it is
possible to plot the friction traces that represent the strain on the lateral force gauges as a
function of displacement (Fig. 4.2). These traces provide important insight into the friction
properties of the microgel layers. A null trace means that no friction could be detected, this
scenario may arise if the microgel layers are not in contact or if they slide against each other in a
well lubricated manner. In the presence of friction, the friction traces depend on the nature and
type of the friction. Particularly, the traces may adopt the shape of a pseudo-periodical wave, as
illustrated in Fig. 4.2, which indicate that the corresponding friction is in the steady-state prior to
changes in the direction of displacement. In this case, a very important value can be calculated
from the traces: the friction force, which is obtained by calculating the average value of the
plateaus of at least one cycle of the traces. For example, in Fig. 4.2 the plateau averages are
calculated from the traces between ca. 90 —240s, 250-390s, and 400 — 500 s. Then, the absolute

values of the plateau averages are calculated, and the mean of all absolute values is converted
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from volts to Newtons by using the calibration of the gauges. Finally, stiction peaks may appear
in the friction traces when the direction of the displacement is inverted. These sudden spikes in
the friction force may arise from adhesion between the surfaces or the reorganization of the

materials that compose them.
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Figure 4.2. Friction traces (gray) and imposed displacement to the upper surface by the
actuator (red), of covalently immobilized bare microgels in the presence of 0.1 mM Na3SOas in

neutral media at 23 °C, under a normal load of 23 mN and at a sliding velocity of 3 um/s.

The friction force is positively correlated with the applied normal load on the surface. In other
words, the friction force increases with the applied normal load. Such a graph was prepared for
bare microgel layers sliding at a velocity of 3 um/s in neutral agueous media with 0.1 mM Na;SO4
at 23 °C (Fig. 4.3). Salt was added to enhance the screening of the electrostatic repulsion between
the microgel-coated surfaces (the expected Debye length in the system is ca. 18 nm).” Several
observations can be drawn from this graph. For applied normal loads between ca. 1 mN and 4
mN, a plateau in Fs vs. Fy can be observed. This phenomenon is attributed to uneven pressure
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applied on the contact area between the microgel layers while sliding, which is discussed in detail
later in this chapter.? The presence of a plateau in the Fs/Fy curve has been previously reported,®
however, it is unusual and it disagrees with Amontons’ law. On the contrary, the results herein
suggest that a return to linearity is possible beyond the saturation in Fs. For applied loads between
ca. 4 mN and 10 mN, Fs increases linearly with Fy according to Amontons’ law.'”8 In this regime,
the slope provides the coefficient of friction which corresponds to p = 0.31 (Fig. 4.3). As
comparison, the coefficient of friction of microgel particles in good solvent conditions can be
roughly 10 times lower.>? Indeed, the high water content of bare microgel particles as well as
their non-negligible surface potential (ca. 12 mV) is expected to increase the osmotic pressure
which decreases the mutual interpenetration between two polymer layers and helps to keep the
sliding surfaces separated.®21920 However, the first data point at which friction force was
detected in Fig. 4.3 took place at a separation distance (found in the static force mode) of ca. 106
nm. This separation distance is approximately halfway between the onset of interaction forces
and the hardwall, which indicates that the microgel layers are in contact and in the compressed
regime so that friction forces arise from boundary lubrication. Further, no friction force could be
measured at normal applied loads lower than ca. 1 mN because of the low sensitivity of the strain
gauges (123.7 N/V) in the friction device used for these experiments. In comparison, previous
reports that utilize instrumentation with higher sensitivity are able to detect normal applied loads

in the order of 102 mN.1®
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Figure 4.3. Friction force, Fs, measured between layers of bare microgels covalently attached
on AUTES-GLA functionalized mica surfaces in the presence of 0.1 mM Na;SO4 in neutral
media at 23 °C as a function of normal applied load and under a sliding velocity of the upper

surface of 3 um/s. Coefficient of friction corresponds to u = Fs/Fn. Dashed line is a guide for

Previous tribological studies involving cationic PNIPAM microgels performed with the SFA
technique have reluctantly explored high applied loads due to the potential damage that may be
imparted to the mica substrate.'®2! Nevertheless, exploring the load-bearing capacity of these
microgels is crucial to better understand the physical properties of this type of material as well as
determining potential applications. At the risk of damaging the surfaces, normal loads ranging
from 1 to 49 mN were applied to bare microgel surfaces in pH 10 aqueous solution at 23 °C and
at a sliding speed of 3 um/s and the quality of the contact was observed in real time by using

Fringes of Equal Chromatic Order (FECO) interferometry. No damage to the surface was observed



at applied loads below 7 mN and small damage appeared exclusively on the edges of the contact
area at ca. 9 — 10 mN as shown in Fig. 4.4. Fringes that show imperfections on the sides of the
apex suggest that debris from sheared microgels begins to accumulate on the leading-edge during
sliding and does not necessarily reflect permanent damage to the underlying mica surfaces.
Further, as discussed in Fig. 4.3, for normal applied loads between 4 and 10 mN, the plateauin Fs
vs. Fn is surpassed, thereupon a linear dependence is observed, and the coefficient of friction can
be evaluated. Significant damage to the surface was recorded at the apex as well as on the edges
of the contact area at normal applied loads of ca. 12 — 16 mN, indicating potential damage to the
polymer layer as well as to the mica surfaces. Finally, at an applied load of ca. 49 mN, the quality
of the optical fringes deteriorated significantly and the damage to both the polymer layers and

the mica surfaces is clearly observed.
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Figure 4.4. Fringes of equal chromatic order (FECO) obtained at the apex of the contact
position and scanning to the sides of the apex of two similar bare microgel layers after sliding
at a velocity of 3 um/s for different applied loads. Deformations to the fringes correspond to

microgels and/or surface deformations.
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4.2.2 Effect of pH on the coefficient of friction of covalently attached bare

microgels

Due to the presence of ionizable amine groups both on the surface of the microgels as well as
throughout the polymer network, variations in the surface potential as well as the pH-induced
swelling are expected to produce meaningful differences in the coefficient of friction. When
microgels are in their swollen conformation, the diffusion of the free chains on the surface of the
microgels is promoted by the favorable interactions between the polymer and the solvent which
is expected to increase osmotic pressure and contribute to keeping the sliding surfaces separated
and in the hydrodynamic lubrication regime. The purpose of changing the pH is to verify if at a
given microgel conformation (i.e. swelling) at constant temperature, the friction behavior can be
controlled by modulating the surface properties (i.e. surface potential). Nevertheless, the results
presented in Fig. 4.5 suggest that there is no significant change in the coefficients of friction of
bare microgels immersed in water at pH 4 (1 = 0.52) and pH 10 (n = 0.45) compared to that of
bare microgels in neutral media (1 = 0.31) at 23 °C. The coefficient of friction of bare microgels in
pH 4 media is higher than in neutral and basic media, which contradicts the expected trend, i.e.,
microgels in acid media exhibit a higher surface potential and a more important degree of
swelling. For instance, the surface potential of bare microgels in pH 4 (11.8 £ 1.2 mV) is higher
than in pH 10 (-0.2 = 0.5 mV) and the pH-triggered swelling ratio of the microgel particles, pH-
Qimm, increased by 1.74 + 0.24 between pH 10 and pH 4.7 Previous studies have shown that pH-
triggered swelling of core/shell microgels synthesized from polystyrene-poly(acrylic acid) showed
a 4 to 10-fold increase in the coefficient of friction between pH 10 and pH 4 media.! Similarly,

several tribological studies involving charged polymer brushes in different pH values revealed a
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similar trend.'?132% The higher coefficient of friction in acid media might be due to the overlap

and entanglement of the pendant chains of bare microgel, which are likelier to be more extended

when ionized in acid media compared to basic media. The change in elasticity of the polymer layer

with pH was also studied to determine if it played a role in the friction forces.
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Figure 4.5. Friction forces, Fs, measured between layers of bare microgels covalently attached

on AUTES-GLA functionalized mica surfaces in the presence of 0.1 mM Na;SO4 in neutral

media (green), in water at pH 10 (blue) and in water at pH 4 (red) at 23 °C as a function of

normal applied load and under a sliding velocity of the upper surface of 3 um/s. Coefficients

of friction correspond to u = Fs/Fn. Dashed lines are guides for the eye.

Increasing elasticity of polymer layers is associated with lower coefficients of friction between

surfaces sliding past each other because it affects the energy dissipation during sliding.3?? To

evaluate the role of elasticity in controlling friction, an arbitrary value of elasticity (E) was

estimated from the slope of the force profiles (chapter 3) in the low load regime (<10 mN/m) by:

E = A(Fy/R)/AD, where A(Fy/R) is the change in normal force obtained in the static mode,
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Fy, normalized by the diameter of the silica disk, R, and AD is the variation in the separation
distance. An increase in the pH-triggered swelling ratio of immobilized microgels, pH-Qimm, is
associated with a decrease in elasticity as can be observed in Fig. 4.6A. Although the coefficient
of friction, y, increases with elasticity, as expected, between pH 7 (1 =0.31) and pH 10 (i = 0.45),
it increases with decreasing elasticity during the transition to pH 4 as illustrated in Fig. 4.6B.
Indeed, friction results in pH 4 (u = 0.52) are not in agreement with the trend towards lower
coefficients of friction with higher degree of ionization, lower elasticity, particle swelling and
higher water retention.»® The lack of coherence in expected trends as well as the negligible
variation in the coefficient of friction with changing physical and surface properties of the bare
microgel layer indicate that the observed variations in the tribological properties are non-
significant. As an example, an approximate increase in pH-Qimm of 74 % between pH 10 and pH 4
(Fig. 4.6) is associated with a negligible variation in the coefficient of friction (Fig. 4.5). The lack of
variation in p with pH-Qimm and pH-induced changes to the surface potential might arise from the
fact that Fs is not significant before the microgels are largely confined, at separation distances
below 110 nm, due to insufficient sensitivity of the strain gauges in the friction device. When the
microgels are in the compressed regime, electrostatic repulsions do not have a meaningful

contribution to the friction behavior.
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Figure 4.6. Effect of elasticity on the behavior of bare microgel layers in the presence of 0.1
mM Na3SO4 in neutral media at 23 °C and under a sliding velocity of the upper surface of 3
um/s. A) Elastic modulus (E) as a function of the swelling ratio of immobilized microgels (pH-

Qimm) and B) coefficient of friction (1) as a function of the elastic modulus between two

identical opposing bare microgel layers.

4.2.3 Effect of functionalizing the microgel surface with PDMAEMA and PEG

polymer chains

The tribological properties of surface-functionalized microgels, i.e. microgel-co-PDMAEMA and
microgel-co-PEG, were studied to determine if the surface chemistry has an effect of the friction
behavior. Specifically, surface potential measurements in suspension of microgel-co-PEG (chapter
3) revealed a negligible variation in zeta potentials between pH 2 and pH 10 media.’ In addition,
static force measurements of surface-immobilized microgel-co-PEG layers showed that the
electrostatically induced swelling (1.02 +0.04) is lower than that of bare microgel layers (1.74

+0.24) between pH 10 and pH 4 media (chapter 3).” These observations suggest a finer-tuned
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control of the surface properties of microgel-co-PEG which could potentially translate to a

different tribological behavior than bare microgel layers.

The plateau in Fs/Fn that was observed for bare microgels for normal applied loads between ca.
1 and 4 mN (Fig. 4.5) is also present in microgel-co-PDMAEMA (< 4 mN) and microgel-co-PEG (<3
mN) layers (Fig. 4.7A). The emergence of the plateaus is independent of the pH of the medium
and at friction forces similar in magnitude to that of bare microgel layers, as illustrated in Fig.
4.7A. The apparent saturation of Fs with Fy has been previously reported with the same type of
bare microgels'® as well as with core-shell microgels,® the latter particles offer a similar
architecture to the surface-functionalized microgels presented in this work. However, this
behavior is unusual as the general case is for Fs to increase with Fn. To better understand this
behavior, the contact mechanics between microgel-coated surfaces was explored by visualizing
the contact area in real-time through multiple beam interferometry.® Similarly, it is important to
consider the multi-layered experimental set up used in SFA experiments (silica-glue-mica) and
their respective deformation under applied normal loads. The deformation of the surface is
expected to be determined by the epoxy glue used to bind the silica disk to the mica since the
Young’s modulus of the glue (7 GPa) is significantly lower than that of the silica disks (75 GPa) and
of mica (170 GPa). At large separation distances (ca. 300 nm) and low normal applied loads, the
microgels deform while the glue layer remains unaltered. On the contrary, at shorter separation
distances the aspect of the contact region is increasingly deformed, with substantial deformation
taking place far from the apex. In fact, it was observed that above a certain load, the point of
closest approach barely changes with Fn.2® The heterogeneity in the contact area and associated

anisotropic applied pressure gives rise to the plateau observed in Fs. However, unlike the results
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reported in previous work, here it was observed that Fs returns to a linear dependency with Fy at
normal applied loads above ca. 5 mN for bare and surface-functionalized microgels independently
of the pH of the media (Fig. 4.7B) and without imparting damage to the surface (Fig. 4.4), which

makes it possible to calculate the coefficient of friction from their respective slopes.
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Figure 4.7. Friction forces, Fs, measured between layers of bare microgel (), microgel-co-
PDMA (e) and microgel-co-PEG (A) covalently attached on AUTES-GLA functionalized mica
surfaces in the presence of 0.1 mM Na;S0;, in neutral media (green), in water at pH 10 (blue)
and in water at pH 4 (red) at 23 °C as a function of normal applied loads <4 mN (A) and < 12

mN (B) and under a sliding velocity of the upper surface of 3 um/s.

The coefficient of friction of surface-functionalized microgels was calculated from the slope of
Fs/Fn curves in the linear regime. Microgel-co-PEG layers showed a linear dependency beyond the
plateau in Fs/Fn at normal applied loads lower than microgel-co-PDMAEMA. Therefore, the
maximum normal loads that were applied to microgel-co-PEG surfaces were also lower to prevent
potential damage to these surfaces. The slope of the curves of microgel-co-PDMAEMA (Fig. 4.8A)

and microgel-co-PEG (Fig. 4.8B) layers show that changes in pH do no produce meaningful
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differences in the coefficient of friction and that the gap between the curves are similar to those

observed for bare microgel layers as a function of pH (Fig. 4.5).
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Figure 4.8. Friction forces, Fs, measured between layers of microgel-co-PDMA (A, ) and
microgel-co-PEG (B, A) covalently attached on AUTES-GLA functionalized mica surfaces in the
presence of 0.1 mM Na3SOq in neutral media (green), in water at pH 10 (blue) and in water at
pH 4 (red) at 23 °C as a function of the normal applied load and under sliding velocity of the

upper surface of 3 um/s. Coefficients of friction correspond to u = Fs/Fn. Dashed lines are

guides for the eye.

No clear trend is apparent in the coefficient of friction of either bare or surface-functionalized
microgels with varying pH. To compare the relation between the coefficient of friction and the
surface functionalization of microgels in different pH environments, the results are summarized
in Table 4.1. For microgels bearing surface charges, i.e. bare microgel and microgel-co-

PDMAEMA, the coefficient of friction increased slightly between pH 7 and 10. This behavior was
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expected due to the decrease in particle swelling, decrease in the surface potential, and the
increasing hydrophobicity caused by more favorable polymer-polymer interactions as opposed to
polymer-solvent interactions. However, during the transition between pH 7 and 4 media, the
coefficients of friction of bare microgel and microgel-co-PDMAEMA unexpectedly increased
despite the previously reported swelling of the surface-immobilized microgels as well as
increasing surface potentials.” This observation suggests that grafting PDMAEMA chains on the
surface of bare microgels produces no measurable effect on the tribological behavior of the
microgels. The relatively small variation in the coefficient of friction of microgel-co-PEG with pH
could potentially suggest some degree of control of the tribological properties. However, the
length of the PEG and PDMAEMA chains is insignificant compared to the hydrodynamic diameter
of bare microgels and thus the chain lengths are likely insufficient to significantly alter the
tribological properties of surface-functionalized microgels relative to bare microgels. In fact, the
contour lengths of the PEG (ca. 22 nm)?3 and PDMAEMA (ca. 8 nm)*° polymer chains are relatively
small compared to the overall size of microgel-co-PEG and microgel-co-PDMAEMA particles, and
represent roughly 9 % and 3 %, respectively, of the hydrodynamic diameters (chapter 3). The
effect of the chain length is further diminished when the sliding happens in the compressed
regime of the microgels. Because the friction forces were not measurable before the microgels
are largely confined, the effect that the surface properties may have had in the tribological

properties of surface-functionalized microgels is suppressed.
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Table 4.1. Coefficients of friction of bare microgel, microgel-co-PDMAEMA and microgel-co-

PEG at different pH at 23 °C.

Bare Microgel-co- Microgel-co-
microgel PDMAEMA PEG
pH 4 0.52 0.39 0.37
pH 7 0.31 0.33 0.40
pH 10 0.45 0.45 0.38

4.3 Tribological properties of covalently attached microgel layers in

the mesoscale

The interest behind expanding the study of the friction behavior of microgel coated surfaces is to
determine if a continuum in the friction forces exists between the nano- and meso-scales.
Identifying such overlap could provide useful information such as load-bearing capacity and
resistance to wear which could suggest potential applications for this type of material. For
example, it is acknowledged that the elasticity of cell culture substrates plays a major role in cell
adhesion, differentiation, and propagation.?*26 Similarly, the study of the friction properties of
PNIPAM polymer coatings may contribute to better understanding more complex systems, such
as lubrication and wear mechanisms in synovial joints.?”2° Friction experiments with the SFA
revealed that the maximum normal applied force that could be generated was ca. 49 mN. At this
pressure, significant damage to the microgel-coated layers and the mica substratum was
observed (Fig. 4.4). Therefore, a different experimental set up is necessary to explore the friction
behavior under normal applied loads greater than 49 mN and on a substrate more resistant than
mica. Therefore, the results in this section were obtained in partnership with Dr. Sylvie Descartes
whose laboratory is equipped with a custom-made tribometer, the tribo-brush, whose lower
detection limit conveniently overlaps with the upper detection limit of the SFA and which can
generated higher applied loads.**> However, since the mica-bearing silica disks used in the SFA
are not compatible with the tribo-brush, the methodology had to be modified to perform the

experiments with microgel-coated silicon wafers sliding underneath a stationary, microgel-
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coated, borosilicate lens as described in the methodology chapter. The sphere-on-a-plane spatial

configuration in the tribo-brush is equivalent to the cross-cylinder configuration used in the SFA.

4.3.1 Topographical characterization of bare microgel and microgel-co-PEG
covalently-immobilized on an ECHETES-functionalized silicon wafers and

borosilicate lenses

To estimate the surface-covering of the microgels on the substrates, covalently attached
microgels were analyzed using AFM. Chemically grafting polymers onto a surface depends on the
properties of the substrate as well as the functional layer the polymer network forms bonds
with.3%3! The grafting densities of microgel and microgel-co-PEG on silicon wafers and borosilicate
lenses functionalized with ECHETES are slightly higher to those on mica substrates functionalized
with AUTES-GLA reported in chapter 3. All microgels formed dense and homogeneous coatings
on both silicon wafers and on borosilicate lenses (Fig. 4.9). On borosilicate lenses, bare microgels
showed a particle grafting density of 15.6 * 1.2 particles/um? while the density increased to 17.8
+ 1.4 particles/um? for microgel-co-PEG (Fig. 4.9A,B). On silicon wafers, the particle grafting
density was 16.6 + 0.9 particles/um? for bare microgels and 14.9 + 1.5 particles/um? for microgel-
co-PEG (Fig. 4.9C,D). These results suggest that the difference in grafting densities between bare
microgels and microgel-co-PEG are non-significant. In comparison, the particle grafting density
on AUTES-GLA functionalized mica substrates reported in chapter 3 for bare microgels (22.5 £ 1.3
particles/um?) and microgel-co-PEG (24.0 + 0.9 particles/um?) are slightly higher than on silicon
wafers and borosilicate lenses. The relatively small increase in particle grafting density between
ECHETES-functionalized silicon wafers and borosilicate lenses and AUTES-GLA mica substrates

observed here is not expected to play a major role in the tribological behavior and therefore it is
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possible to proceed with friction experiments using the tribo-brush and compare them to those

obtained with the SFA.

Figure 4.9. AFM images of bare microgels (A,C) and microgel-co-PEG (B,D) covalently
attached to ECHETES functionalized borosilicate lenses (A,B) and silicon wafers (C,D)
24 hours after grafting in air at 25 °C and 30 % relative humidity. Peakforce tapping

mode. Image scales 5 x 5 um?.

4.3.2 Effect of the sliding speed on covalently attached bare microgels

Sliding friction forces, Fs, between two similar microgel layers as a function of the normal applied
load, Fn, were measured in the steady-state regime at sliding speeds ranging between 4 — 8 um/s
across milli-Q water at room temperature. Friction forces between two similar bare microgel
layers showed that increasing the sliding speed did not significantly alter the measured friction
force (Fig. 4.10). However, it appears that the shape of the friction traces became progressively

deformed when the sliding speed increased from 4 to 6 um/s (Fig. 4.10B) as well as from 6 to 8
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um/s (Fig. 4.10C). This is possibly due to the reconfiguration of the microgel coating during shear.
Increasing the sliding speed did not have a significant impact on the coefficient of friction between
bare microgel layers. The coefficient of friction decreased from 0.30 to 0.25 when the sliding
speed increased between 4 and 6 um/s (Fig. 4.11A). The increase in sliding speed is associated
with a reconfiguration of the microgel layer which is evidenced by the more important standard
deviation observed for normal applied loads of 0.3 N and 0.5 N at a sliding speed of 6 um/s (Fig.
4.11A). However, when the sliding speed increased to 8 um/s, the coefficient of friction does not
decrease further (Fig. 4.11A), and the microgel-coated layer does not appear to experience
additional reconfiguration because the standard deviation for normal applied loads between 0.2
—0.5 N is lower than at 6 um/s (Fig. 4.11B). In fact, Increasing the applied normal load showed a
more significant impact on the magnitude of the measured friction forces than the sliding speed
(Fig. 4.11B). These results suggest, as was observed in the nanoscale with the SFA, that the sliding

speed does not have a major impact on the measured friction forces at 23 °C in the mesoscale.
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Figure 4.10. Friction forces, Fs, of two opposing layers of covalently-immobilized bare microgel
at an applied normal load, Fn, of 0.05 N across milli-Q water and at a sliding speed of A) 4

um/s, B) 6 um/s and C) 8 um/s.
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Figure 4.11. Variation in the friction force, Fs, with normal applied load at a sliding speed of 4
um/s (grey), 6 um/s (red) and 8 um/s (blue) A) and with sliding speed at normal applied loads
of 0.2 N (grey), 0.3 N (red) and 0.5 N (blue) B) of two opposing layers of covalently-immobilized
bare microgel layers across milli-Q water at room temperature. Dashed lines are guides for

the eye. Error bars correspond to the standard deviation of the friction force.

4.3.3 Effect of the normal applied load on covalently attached bare
microgels and microgel-co-PEG

Friction forces for these microgel-coated surfaces were obtained at a sliding speed of 4 um/s,
which is the slowest speed available in the tribo-brush and the closest to the speed used in the
SFA experiments (3 um/s), allowing the comparison of the results between techniques in the
nano- and meso-scales to be achieved. Typical friction traces between the bare microgel and
microgel-co-PEG layers at a sliding speed of 4 um/s are illustrated in Fig. 4.12. The friction traces
of bare microgel and microgel-co-PEG layers exhibit smooth sliding friction forces up to 0.35 N for

bare microgel (Fig. 4.12A) and 0.40 N for microgel-co-PEG (Fig. 4.12C). Beyond these normal
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applied loads, stiction peaks appeared immediately prior to changes in the direction of the
displacement (Fig. 4.12B,D). Stiction peaks may arise from some microgels being dragged during
sliding at applied loads > 0.35 N. The evolution of the normal applied loads with time that was
used to obtain the friction forces in Fig. 4.12 are presented in Fig. 4.13. The normal applied loads
are smooth and stable during sliding with bare microgel surfaces and exhibit a slight cyclical shape
during sliding with microgel-co-PEG most likely due to a misalignment of the movable stage.
Nevertheless, the alignment of the stage does not appear to impact the shape and periodicity of
the friction traces of microgel-co-PEG, as can be observed over two independent experiments in

Fig. 4.14 for normal applied loads < 0.50 N.
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Figure 4.14. Friction forces, Fs, of two independent experiments with covalently attached
microgel-co-PEG layers at room temperature and at sliding speed of 4 um/s at seven

progressively increasing normal applied loads across milli-Q water at room temperature.

To assess the cause of the stiction peaks, AFM and optical microscopy images of the microgel-co-
PEG coated silicon wafers were obtained at the end of the experiment, i.e. following shearing
under an applied load of 1.0 N. First, the wear track was highlighted as a continuous line on the
silicon wafer surface by optical microscopy and the length was determined by comparing the wear
track to the width of the AFM cantilever (provided by the manufacturer). The track length was ca.
213 um, which corresponds to the displacement imposed on the movable stage which was set to
200 um (Fig. 4.15A). AFM images of both extremities of the wear track confirmed that microgel
debris accumulated at the ends of the track due to sliding. Further, the round contour at the

extremities of the wear track corresponds to the shape of the microgel-coated borosilicate lens
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(Fig. 4.15B,C). The centre of the wear track, shown in Fig. 4.15D,E, and which contains almost no
microgels, was used to determine the width of the track which lies between 8 and 12 um. For
comparison, by using the Hertz equation for contact stress under the maximum normal applied
load used in this study (1.0 N), the theoretical width of the friction trace corresponds to ca. 120
um. The discrepancy between the hertzian and measured contact areas suggest that immobilizing
microgel-co-PEG via covalent attachments improves the load bearing capacity and resistance to
wear of the material. With both bare microgel and microgel-co-PEG coated surfaces, the friction
behavior obtained with the tribo-brush follows Amonton’s law and the small difference in the
coefficients of friction of bare microgel (i = 0.23) and microgel-co-PEG (i = 0.25) suggests, as was
observed in the nanoscale with the SFA, that the coefficient of friction does not depend on the

surface properties of the immobilized microgel layers (Fig. 4.16).

Figure 4.15. Microscopic characterization of the wear track on a silicon wafer surface with a
covalently attached microgel-co-PEG layer following shear experiments at room temperature

at a sliding speed of 4 um/s and under a maximum normal applied load of 1.0 N. A) optical
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photograph of the wear track, B) top extremity of the wear track, C) bottom extremity of the
wear track, D) centre of the wear track and E) amplification of the wear track in D). AFM

images were obtained in the PeakForce tapping mode at room temperature and at 30 %

relative humidity.
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Figure 4.16. Friction force, Fs, as a function of the normal applied load, Fn, between two
identical opposing layers of covalently attached bare microgel () and microgel-co-PEG (A)
at room temperature and at a sliding speed of 4 um/s across milli-Q water. Dashed lines are

guides for the eye. Error bars correspond to the standard deviation of the measured friction

coefficients (n = 2).

4.3.4 Overlap of friction and normal forces of bare microgel layers on the
nano and mesoscales

A continuum in the friction force (Fs) was identified across the overlap of normal forces (Fn)
between tribological techniques, i.e., in the nanoscale (SFA) and the mesoscale (tribo-brush). A
single friction experiment with bare microgel coated surfaces across pH 10 media at 23 °C was

performed with the SFA and compared to a friction experiment with the tribo-brush at 25 °C
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across milli-Q water (Fig. 4.17). The friction test with the SFA was done in pH 10 media for
practical reasons: these were the conditions at the end of a set of friction experiments, therefore
the maximum normal load possible with the double-cantilever spring of the SFA could be applied
fully with the risk of damaging the surfaces. At normal applied loads < 3 mN, a plateau in the
friction force with increasing normal applied load can be observed for bare microgels in the
nanoscale (left inset, Fig. 4.17) as was also reported in Fig. 4.5. For normal applied loads between
5 and 50 mN a linear dependency of Fs with Fy can be observed for bare microgel layers in the
nanoscale (right inset, Fig. 4.17) which obeys Amonton’s law and from which the coefficient of
friction, u = 0.45, can be calculated (Table 4.1). The friction behavior in the mesoscale, obtained
with the tribo-brush, is linear within the range between 30 — 800 mN. A continuum of the
measured friction was found between the lowest recorded normal applied load on the tribo-
brush (30 mN) and the highest recorded normal applied load with the SFA, 50 mN (right inset, Fig.
4.17). According to the observations made of the contact through FECO interferometry, the
integrity of the surface is maintained for normal applied loads < 16 mN and sharply deteriorates
at normal applied loads of ca. 50 mN (Fig. 4.4). On the contrary, the friction traces between the
bare microgels at the lowest recorded normal applied load with the tribo-brush, 30 mN (Fig.
4.12A), show no degradation in quality. In other words, the plateaus obtained in the steady-state
sliding are smooth and no stiction peaks can be observed when the displacement changes
direction. These observations suggest that a continuum exists in the detection of friction forces
at the nano- and mesoscales which does not involve damage to the polymer surface or the

underlying substrates.
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Figure 4.17. Overlap of the friction force, Fs, as a function of the normal force, Fn, between
two identical opposing layers of covalently attached bare microgels on AUTES-GLA
functionalized mica in the nanoscale (A) and on ECHETES functionalized silicon wafer and
borosilicate lens (H) in the mesoscale at pH 10 (blue) and in pH 7 (green) for sliding velocities
of 3 and 4 um/s, respectively. Insets depict amplifications of the friction behavior at denoted

scales.

4.4 Challenges that limited the scope of the tribological properties of

covalently attached microgels

Two technical challenges surrounding the experimental set up for tribological measurements in
the nanoscale with the SFA severely impacted the scope of this study. First, the friction device
used to measure the dynamic forces between sliding surfaces has its electronic components
exposed to the environment and when the temperature is raised, the atmosphere inside of the
SFA chamber becomes saturated with humidity which interferes with the circuits. Second, while
attempting to overcome the challenges with humidity, one of the semiconductors making up the

Wheatstone bridge of the friction device became damaged and resulted in a 16-fold loss in
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sensitivity which prevented the detection of friction forces before the microgels were in the

compressed regime.
4.4.1 Temperature-dependent tribological properties of microgel layers

It is acknowledged that the swelling and surface properties of PNIPAM-based microgels change
with raising temperature as the microgel network transitions from highly swollen and hydrated
to shrunken and rather hydrophobic across the VPTT.3233 Such a transformation is associated with
more favorable NIPAM-NIPAM segment interactions above the VPTT, as opposed to more
favorable NIPAM-solvent interactions below the VPTT. This behavior produces adhesion forces
between two bare microgel layers separating in a step-wise fashion from the compressed
microgel regime (chapter 3).” In fact, polymer adhesion is one of the main mechanisms through
which the tribological properties of a polymer layer can be tuned through several stimuli such as
temperature, pH or ionic strength.*> For example, adhesion between PNIPAM-based cationic
bare microgel layers above the VPTT depends on the pH and can be measured in pH 10 and 7
media, when the electrostatic repulsions are weaker due to a lower degree of ionization of the
amine groups in the polymer network, but it is not detectable in pH 4 media due to higher surface
potentials provided by the fully protonated surface amine groups.’ Further, decoupling of the
microgel swelling and associated transition to a rather hydrophobic network can be achieved by
surface-functionalizing bare microgels with PEG chains (microgel-co-PEG).” These observations
suggested that the tribological properties of bare and surface-functionalized microgels could
potentially be regulated by modifying the conditions of the environment. The basis for this
prediction are supported by previous work on the same type of microgels which demonstrated

that when the temperature is raised above the VPTT, the friction force becomes closely
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dependent on the sliding speed and a lift force tangential to the direction of shear arises due to
elastohydrodynamic effects.? Similarly, the coefficients of friction of microgels synthesized from

thermo-responsive N,N-diethylacrylamide increased 4-fold across the VPTT.3

Raising the temperature of the environment surrounding the surface-immobilized microgels
created important interferences in the performance of the electronic components due to excess
humidity and condensation. The microgel-bearing mica pieces, glued onto silica disks, are
installed inside of a hermetically sealed chamber which provides a clean environment and precise
control of the temperature and properties of the media surrounding the samples. A single drop
of aqueous solution of defined ionic strength and pH is placed between the two opposing silica
disks (Fig. 4.1), to maintain the microgels hydrated, and to provide a medium to regulate the
ionization of the charged amino groups of the microgels through variations in pH. When the
chamber was heated by means of two steel heating rods integrated into the bottom of the
chamber, the atmosphere inside of the chamber became saturated with humidity originating
from the water droplet between the silica disks and formed condensation beads on the interior
surfaces. Humidity and condensation were not an issue when measuring normal forces in a
heated environment because the upper disk support is made entirely of stainless steel and does
not include any electronic components while the bottom disk support consists of a double
cantilever force-measuring spring also made from stainless steel (Fig. 4.1). However, the circuitry
of the friction device used to measure dynamic forces is exposed to the environment and is not
protected by any isolation which makes it vulnerable to environmental humidity and
condensation (Fig. 4.18). Excessive humidity on the circuits of the friction device was manifested

through an overload of signal to the SFA amplifier which produced low quality friction traces. As
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an example, a friction experiment of two mica surfaces in shear across a droplet of milli-Q water
at 32 °C is shown in Fig. 4.19. Bare mica was chosen for this example because of its smooth
surface, high surface energy leading to strong adhesion and ease of preparation. The friction
output showed a considerable amount of noise in the signal, an almost imperceptible increase in
the lateral force despite considerable increments in the normal applied loads, and absence of the
square function before the highest applied normal load, at which point damage to the surface
was observed (Fig. 4.19). Low quality friction data at high temperature is an important
impediment to collecting useful and reliable results involving covalently-attached thermo-
responsive microgels. A friction device with isolated circuitry that protects it from humidity is thus
necessary before proceeding in this type of measurement. Unfortunately, coating the circuitry

with an insulator implies a further decrease in the sensitivity of the whole device.

Figure 4.18. Photograph of the friction device with circuitry exposed to the environment used

to collect friction forces in dynamic force experiments.
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Figure 4.19. Evolution of friction forces, Fs, between two opposing mica surfaces with
increasing normal applied load (colour of the traces in the direction of the arrow) at 32 °C and

at a sliding speed of 3 um/s across milli-Q water.

4.4.2 Damage to the friction device and resulting loss of instrumental

sensitivity
During the friction experiments at high temperature one of the semiconductors in the friction
device’s Wheatstone bridge became damaged and an alternative circuit had to be fashioned. This
solution, however, resulted in an important loss of sensitivity. Before the friction device was
damaged, the sensitivity of the lateral force gauges was of 7.7 N/V which enabled the detection
of lateral forces as low as 0.4 mN. Once the device was damaged and repaired, the sensitivity of
the friction device decreased to 123.7 N/V which represents a 16-fold decrease in sensitivity. Such
a loss proved to be detrimental to the study because friction forces could not be detected before
a separation distance of ca. 106 nm, roughly halfway between the separation distance at the
onset of the interaction forces and the hardwall (at 23 °C). At this separation distance, the

microgels were largely compressed and the measured friction forces originated from osmotic
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pressure at the boundary lubrication regime. Consequently, the effect of pH and of surface
functionalization on the tribological properties of microgels could not be discerned because
electrostically induced swelling and surface potential effects are detected in the hydrodynamic
lubrication regime, when the microgel layers are barely in physical contact. The low instrumental
sensitivity also explains the lack of effect that the pH and surface functionalization have on the
coefficients of friction since no electrostatic or osmotic repulsion (the latter due to the presence

of polymer chains) is expected when the microgels are in the compressed regime.

4.5 Conclusion

The tribological behavior of bare and surface-functionalized microgels immobilized on different
substrates was determined using two different techniques, in the nanoscale with the SFA and in
the mesoscale with the tribo-brush. With the SFA, the friction behavior was not affected by the
nature of the surface-functionalization of the microgels or by variations in the surface potential
of the polymer layers by adjusting the pH of the media at 23 °C. Similarly, no meaningful
difference in the friction behavior of bare microgel and microgel-co-PEG layers was observed with
the tribo-brush. However, it was possible to identify an overlap in the friction forces between the
two scales. The objective to determine if the tribological properties of microgel-coated surfaces
could be kept constant independently of the swelling degree of the polymer layer could not be
accomplished. Significant improvements to the instrumentation coupled to the SFA, particularly
involving the formation of condensation beads on the friction device at elevated temperatures,
must be done prior to further investigation. The recommendation to future studies with microgel-
coated surfaces in the mesoscale is to obtain AFM images of the friction trace after each
increment in the normal applied load to precisely identify the wear resistance of the functional
surfaces. Further, the inability to raise the temperature of the system above the VPTT of the
microgels prevented the study of one the most promising characteristic of microgel-co-PEG vis-
a-vis the bare microgel — keeping the polymer layer non-adhesive above the transition

temperature.

184



4.6 References

(1)
(2)
(3)

(4)
(5)
(6)
(7)
(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

Giraud, L.; Bazin, G.; Giasson, S. Lubrication with Soft and Hard Two-Dimensional Colloidal
Arrays. Langmuir 2017, 33, 3610-3623.

Vialar, P.; Merzeau, P.; Giasson, S.; Drummond, C. Compliant Surfaces under Shear:
Elastohydrodynamic Lift Force. Langmuir 2019, 35, 15605-15613.

Banquy, X.; Charrault, E.; Giasson, S. Normal and Lateral Interactions between
Thermosensitive Nanoparticle Monolayers in Water. J. Phys. Chem. B 2010, 114 (30), 9721
9728.

Friedrich, K. Polymer Composites for Tribological Applications. Adv. Ind. Eng. Polym. Res.
2018, 1, 3—-39.

Myshkin, N.; Kovalev, A. Adhesion and Surface Forces in Polymer Tribology - A Review.
Friction 2018, 6, 143—155.

Zheng, H. Adhesion and Friction Mechanisms of Polymer Surfaces and Thin Films. In
Polymer Adhesion, Friction and Lubrication; John Wiley & Sons, Ltd, 2013; pp 391-442.
Guerron, A.; Giasson, S. Multiresponsive Microgels: Towards an Independent Tuning of
Swelling and Surface Properties. Langmuir 2021, 37, 11212-11221.

Okubo, M.; Ahmad, H.; Suzuki, T. Synthesis of Temperature-Sensitive Micron-Sized
Monodispersed Composite Polymer Particles and Its Applications as a Carrier for
Biomolecules. Colloid Polym. Sci. 1998, 276, 470—475.

Fournier, D.; Hoogenboom, R.; Thijs, H.; Paulus, R.; Schubert, U. Tunable PH- and
Temperature-Sensitive Copolymer Libraries by Reversible Addition-Fragmentation Chain
Transfer Copolymerization of Methacrylates. Macromolecules 2007, 40, 915-920.
Nordgren, N.; Rutland, M. Tunable Nanolubrication between Dual-Responsive Polyionic
Grafts. Nano Lett. 2009, 9 (8), 2984—2990.

Borozenko, O.; Machado, V.; Skene, W. G.; Giasson, S. Organophosphonic Acids as Viable
Linkers for the Covalent Attachment of Polyelectrolyte Brushes on Silica and Mica Surfaces.
Polym. Chem. 2014, 5, 5740-5750.

Han, L.; Yin, J.; Wang, L.; Chia, K.-K.; Cohen, R.; Rubner, M.; Ortiz, C.; Boyce, M. Tunable
Stimulus-Responsive Friction Mechanisms of Polyelectrolyte Films and Tube Forests. Soft
Matter 2012, 8, 8642—8650.

Liu, X.; Thormann, E.; Dedinaite, A.; Rutland, M.; Visnevskij, C.; Makuska, R.; Claesson, P.
Low Friction and High Load Bearing Capacity Layers Formed by Cationic-Block-Non-lonic
Bottle-Brush Copolymers in Aqueous Media. Soft Matter 2013, 9, 5361-5371.

Popa, M.; Peditto, F.; Sfarghiu, A.-M.; Berthier, Y.; Descartes, S. A Tribological Approach to
Understand the Behavior of Oral-Care Silica during Tooth Brushing. Biotribology 2016, 6,
1-11.

Trunfio-Sfarghiu, A. M.; Berthier, Y.; Meurisse, M.-H.; Rieu, J.-P. Multiscale Analysis of the
Tribological Role of the Molecular Assemblies of Synovial Fluid. Case of a Healthy Joint and
Implants. Tribol. Int. 2007, 40, 1500-1515.

Vialar, P.; Merzeau, P.; Barthel, E.; Giasson, S.; Drummond, C. Interaction between
Compliant Surfaces: How Soft Surfaces Can Reduce Friction. Langmuir 2019, 35, 15723
15728.

Berman, A.; Drummond, C.; Israelachvili, J. Amontons’ Law at the Molecular Level. Tribol.

185



(18)

(19)

(20)
(21)
(22)
(23)
(24)
(25)

(26)

(27)

(28)

(29)

(30)
(31)

(32)

(33)

Lett. 1998, 4, 95-101.

Gao, J.; Luedtke, W. D.; Gourdon, D.; Ruths, M.; Israelachvili, J.; Landman, U. Frictional
Forces and Amontons’ Law: From the Molecular to the Macroscopic Scale. J. Phys. Chem.
B 2004, 108, 3410-3425.

Banquy, X.; Zhu, X. X.; Giasson, S. Mechanical and Frictional Properties of Nanoparticle
Monolayers Grafted on Functionalized Mica Substrates. J. Phys. Chem. B2008, 112, 12208—
12216.

Raviv, U.; Giasson, S.; Kampf, N.; Gohy, J.-F.; Jérome, R.; Klein, J. Lubrication by Charged
Polymers. Nature 2003, 11 (425), 163-165.

Vialar, P. Propriétés Mécaniques et Nanotribologiques de Monocouches Auto-Assemblées
de Microgels de Poly(NIPAM) Cationique En Milieux Aqueux, Université de Bordeaux, 2018.
Tambe, N.; Bhushan, B. Nanoscale Friction and Wear Maps. Philos. Trans. R. Soc. A 2007,
366 (1869), 1405-1424.

Devanand, K.; Selser, J. C. Asymptotic Behavior and Long-Range Interactions in Aqueous
Solutions of Poly(Ethylene Oxide). Macromolecules 1991, 24, 5943-5947.
Khademhosseini, A.; Langer, R. A Decade of Progress in Tissue Engineering. Nat. Protoc.
2016, 11, 1775-1781.

Engler, A.; Sen, S.; Sweeney, L.; Discher, D. Matrix Elasticity Directs Stem Cell Lineage
Specifications. Cell 2006, 126, 677—-689.

Swift, J.; lvanovska, |.; Buxboim, A.; Harada, T.; Dingal, D.; Pinter, J.; Pajerowski, D.; Spinler,
K.; Shin, J.-W.; Tewari, M.; Rehfeldt, F.; Speicher, D.; Discher, D. Nuclear Lamin-A Scales
with Tissue Stiffness and Enhances Matrix-Directed Differentiation. Science (80-. ). 2013,
341, 975-990.

Wang, C.-S.; Xie, R.; Liu, S.; Giasson, S. Tribological Behavior of Surface-Immobilized Novel
Biomimicking Multihierarchical Polymers: The Role of Structure and Surface Attachment.
Langmuir 2019, 35, 15592-15604.

Xia, W.; Adibnia, V.; Huang, R.; Murschel, F.; Faivre, J.; Xie, G.; Olszewski, M.; De Crescenzo,
G.; Qi, W.; He, Z.; Matyjaszewski, K.; Banquy, X. Biomimetic Bottlebrush Polymer Coatings
for Fabrication of Ultralow Fouling Surfaces. Angew. Chem. 2018, 131, 1308-1314.
Banquy, X.; Burdynska, J.; Lee, D.-W.; Matyjaszewski, K.; Israelachvili, J. Bioinspired Bottle-
Brush Polymer Exhibits Low Friction and Amontons-like Behavior. J. Am. Chem. Soc. 2014,
136 (17), 6199-6202.

Nedela, O.; Slepicka, P.; Svorcik, V. Surface Modification of Polymer Substrates for
Biomedical Applications. Materials (Basel). 2017, 10, 1115-1137.

Minko, S. Grafting on Solid Surfaces: “Grafting to” and “Grafting from” Methods. In Polymer
Surfaces and Interfaces; Stamm, M., Ed.; Springer: Berlin, Heidelberg, 2008; pp 215-234.
Leon-Lopez, T.; Ortega-Vinuesa, J.; Bastos-Gonzalez, D.; Elaissari, A. Cationic and Anionic
Poly-(N-Isopropylacrylamide) Based Submicron Gel Particles: Electrokinetic Properties and
Colloidal Stability. J. Phys. Chem. B 2006, 110, 4629-4636.

Pelton, R. Poly(N-Isopropylacrylamide) (PNIPAM) Is Never Hydrophobic. J. Colloid Interface
Sci. 2010, 348, 673—-674.

186



Chapter 5 — Selectively triggered cell detachment from

PNIPAM microgel functionalized substrates

Extracellular Matrix (ECM)

Bare microgel

37°C,pH7.2 20°C, pH7.2
3 — 5 days incubation Irreversible protein &
cell adhesion

Mechanotransduction
signaling to nucleus

Protein folding

Change in cell @
morphology

37°C, pH7.2 20°C,pH7.2
3 —5 days incubation Partial cell detachment

187



5.1 General Introduction to Chapter 5

PNIPAM-based substrates are widely applicable in the biomedical field. Indeed, because of the
sharp coil-to-globule transition that PNIPAM undergoes across the LCST, conveniently situated
close the physiological temperature, it has been used in a variety of drug delivery systems, to
improve lubrication in artificial joints, as well as in biosensor platforms.*” The change in the
swelling degree that PNIPAM experiences with temperature is also closely associated to a drastic
change in its surface properties; namely, surfaces coated with PNIPAM experience a transition
from a highly hydrated and hydrophilic state to rather hydrophobic which has important
repercussion on the surface wettability.82° This characteristic behavior has been shown to
effectively mediate cellular adhesion on a substrate and to provide a useful mean to detach cells
from culture dishes without having to rely on enzymatic digestion or mechanical scrapping which
can be harmful to cellular integrity and function.*™*2 Despite the clear advantages that PNIPAM-
based substrates offer to cellular culture methodology, the broad variability in surface fabrication
techniques, culture protocols and studied cell lines make it challenging to obtain comparative
results. For instance, cell culture substrates functionalized with PNIPAM microgels have either
succeeded,*6 or failed,'”*® to produce a temperature-triggered cell detachment upon reducing

the temperature.

The guiding hypothesis for this section of the thesis is that by using a hierarchical polymer
structure, it is possible to promote the initial cell-substrate adhesion while favoring a
temperature-triggered cell detachment. Underlying the hypothesis is the observation that
microgel-co-PEG surfaces exhibit a superior hydrophilic character vis-a-vis bare PNIPAM

microgels, which may positively contribute to cellular detachment.
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In this chapter, we showed that microgel-co-PEG has the best ability to detach cancer cell lines
when the temperature was reduced below the VPTT of the PNIPAM microgel. First, glass
coverslips were functionalized with bare and surface-functionalized microgels according to the
methodology described in chapter 3. The initial cellular attachment of the endothelial cell line
bEnd.3 after 24 hours of incubation on bare and surface-functionalized surfaces was then verified
by using two techniques: fluorescence microscopy to visualize and count cells stained with a
fluorescent marker, and by counting with a haemocytometer after enzymatically detaching the
cells from the substrate using trypsin-EDTA. The thermo- and pH-triggered cell detachment was
evaluated with the same analytical techniques and by using bEnd.3 cells as well as with the
cancerous cell lines MCF7 and U138. The superior ability of microgel-co-PEG to detach cells was
attributed to its enhanced hydrophilicity which promotes protein and cellular detachment. To
verify this assertion, the ability of microgel-co-PEG to prevent non-specific protein adsorption was
assessed with surface plasmon resonance. The novelty of this work is that it normalizes
experimental conditions to isolate the effect that the substrate may have on the cell detachment

ability.

This study is the subject of a publication submitted to the Elsevier Publishing, Colloids and
Surfaces B: Biointerfaces, and titled: Selectively triggered cell detachment from PNIPAM microgel
functionalized substrates. Microgel synthesis, functionalization, and surface preparation was
done in the laboratory of Pr. Suzanne Giasson while the cell culture as well as
attachment/detachment experiments were done in the laboratories of the Medicament
Formulation and Analysis Axis (AFAM) at the Faculty of Pharmacy of the University of Montreal.

The majority of the experimental work was done by Alberto Guerron, with the exception of the
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surface plasmon resonance experiments that were done by Huu Trong Phan. Carolina Pefialoza-
Arias trained Alberto Guerron in cell culture techniques. All data processing and writing was done
by Alberto Guerron, with the advice of Pr. Davide Brambilla, Pr. Valérie Gaélle Roullin and Pr.

Suzanne Giasson.
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5.2 Abstract

Hypothesis

Stimuli-triggered  cell  attachment/detachment from responsive cationic  poly(N-
isopropylacrylamide) microgel-coated surfaces is influenced by electrostatic interactions,
wettability, and the swelling of the polymer layer. Grafting non-responsive polymer chains to the
microgel surface allows swelling and surface properties of the coating to be independently
modulated. Such multi-responsive coatings promote initial cell adhesion and allow a stimuli-

triggered cell detachment.

Experiments

Dual thermo- and pH-responsive cationic poly(N-isopropylacrylamide) microgels were surface-
functionalized with polyethylene glycol (PEG) or poly-2-dimethylaminoethylmethacrylate
(PDMAEMA) and covalently immobilized on glass coverslips to determine their stimuli-triggered

cell detachment ability towards cultured bEnd.3, MCF7 and U138 cell lineages.

Findings

Microgels whose surface was functionalized with PEG chains presented cell adhesion and
proliferation rates comparable to controls, while providing the best thermo-triggered
detachment performance with MCF7 and U138 cells. This behavior was associated with a
preserved hydrophilic character of the microgel surface regardless of the temperature and pH.
Swelling behavior of all microgels tuned by pH gave rise to significant cellular detachment only
for U138 cells. However, bEnd.3 cell detachment could not be triggered neither by temperature

nor pH, regardless of the microgel surface coating.
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5.3 Introduction

Cell culture is a fundamental technique in health sciences and biomedicine which intersects
diverse fields such as cell biology, tissue engineering and regenerative medicine.*® Cells are grown
under controlled conditions and often need to be detached from their growth substrate to permit
their passage or further testing. For several decades, the standard procedure to achieve this goal
involved unspecific enzymatic digestion of binding proteins at the cell-substrate interface which
are part of the extracellular membrane (ECM), using for instance trypsin-EDTA, or crude
mechanical scrapping.2®?! These methods, however, are known to be potentially harmful to
cellular integrity and may compromise signaling pathways, adhesion, proliferation as well as cell
survival.?>=2* For instance, cells detached by enzymatic treatment have shown to lose surface
proteins in the ECM, such as collagens or glycoproteins like fibronectin, laminin and vitronectin,
which increases the risk of inflammation and graft rejection when transplanted.?>=?” Further, the
degradation of cell-cell junctions caused by trypsin-EDTA treatment prevents the harvesting of
continuous tissue layers which limits tissue transplantation?® or their collection following three-
dimensional tissue printing.?°3? To overcome these important challenges, stimuli-responsive
polymer coatings have shown to be good alternatives for controlling cell detachment and

beneficial for cell and tissue harvesting.3334

Temperature- and pH-responsive polymer coatings are among the most widely used functional
surfaces for cell culture.3> pH-responsive substrates, such as chitosan-based polymer layers, can
promote cellular detachment via pH variations which induce changes in the ionization degree of
chitosan and therefore changes in the swelling and hydrophilicity of the polymer layer.3637

However, degradation of pH-sensitive polymer layers through changes in pH, such as those
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occurring with poly (amino ester)-functionalized surfaces, may result in a non-controlled break
down of the anchoring between cells and substrates.3%3° Thermo-responsive surfaces based on
poly(N-isopropylacrylamide) (PNIPAM) are extensively studied due to their sharp volume phase
transition temperature (VPTT) around a lower critical solution temperature (LCST) of ca. 32 °C.1?
The temperature-triggered changes in the swelling and hydrophilicity of PNIPAM can be used to
mediate protein and cellular adhesion. Indeed, conformational changes in PNIPAM-based
substrates, when transitioning from a compact and rather hydrophobic state at physiological
temperature (above the VPTT) to a highly hydrated structure (below VPTT), were shown to
promote cellular detachment.*® The thermo-triggered cell detachment ability of PNIPAM

14,17

functionalized surfaces,'? including PNIPAM brushes,*! microgels*!” and hydrogels*? have been

1443-46 Djverse techniques

exploited to develop responsive surfaces to recover various cell lines.
have been used to fabricate PNIPAM-based substrates such as surface-initiated atom transfer
radical polymerization*” or electron beam polymerization*® (“grafting-from” approaches) or by
immobilizing PNIPAM gels (“grafting-to” approaches) via electrostatic interactions.**” The main
rationale for using PNIPAM-based surfaces for cell culture is generally based on the assumption
that the polymer layer undergoes a hydrophilic — hydrophobic transition across the LCST, often
justified by contact angle measurements.194949-55 yet, contact angle measurements on PNIPAM
report angles below 90° above the LCST® with a water content at 40 °C as high as 60 wt%.>” High
water content above the transition temperature is not the hallmark of a hydrophobic material

and has prompted observations that PNIPAM is never truly hydrophobic.® Moreover, some

studies report the absence of cell detachment triggered by temperature on PNIPAM substrates
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suggesting that hydrophilic — hydrophobic transition is not solely responsible for controlling

detachment. 1718

Herein, we present cell culture on dual thermo- and pH-responsive PNIPAM microgels, whose
swelling behavior and surface properties can be independently tuned promoting cellular adhesion
while maintaining stimuli-responsive detachment abilities. Unlike previous reported studies,
experimental conditions were normalized for a more reliable comparison between different
surfaces to better assess the role of wettability and surface charge on tuning the cell adhesion
and detachment. The microgels are based on cationic thermosensitive poly(N-
isopropylacrylamide) surface-functionalized with responsive or non-responsive polymers. Initial
cellular adhesion was investigated with bEnd.3 cells, as this murine cell line, like most strongly
adherent endothelial cell lines, is subjected to irreversible membrane damages during enzymatic
cell detachment.”® Further, thermo- and pH-triggered detachment ability was complemented
with two widely-used cancerous cell lines, i.e. MCF7 and U138, to explore the impact of cell nature

on the tunable detachment efficiency.

5.4 Materials and Methods

Milli-Q quality water was obtained from a Millipore Gradient A10 purification system (resistance
18.2 MQcm, TOC < 3 ppb). Square cover glass 22 mm in length No. 48366-067 was purchased
from VWR (West Chester, PA, USA). Circular cover glass 15 mm in diameter No. 12-545-83 was
obtained from Fisher Scientific (Saint Laurent, QC, Canada). 6-well plates Cellstar were purchased
from Greiner Bio-One (Kremsmiinster, Austria) and 24-well plates Costar from Corning

Incorporated (Corning, NY, USA). N-isopropylacrylamide (NIPAM), 2-aminoethylmethacrylate
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hydrochloride (AEMH), 2,2’-azobis-(2-methylpropylacrylamide) (V50), triethanolamine (TEA), N-
hydroxysuccinimidyl (NHS), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC),
glutaraldehyde (GLA), sodium cyanoborohydride (NaBH3CN), dimethylsulfoxide (DMSO), Bovine
Serum Albumin (BSA), 16-Mercaptohexadecanoic acid (16-MHA), 3-Mercaptopropionic acid (3-
MPA), and Whatman 1 filter paper were purchased from Sigma-Aldrich (St. Louis, MO, USA). 11-
aminoundecyltriethoxysilane (AUTES) was purchased from Gelest Inc. (Morrisville, PA, USA). N,N’-
methylene-bis-acrylamide (MBA) were obtained from EMD Chemicals Inc. (Gibbstown, NJ, USA).
Hydrochloric acid, sulphuric acid and hydrogen peroxide were purchased from Anachemia
(Lachine, QC, Canada). Dimethylformamide (DMF) was obtained from ACP (Montreal, QC,
Canada). Carboxy-terminated Poly(N,N-dimethylaminoethylmethacrylate) (PDMAEMA-COOH)
4800 g/mol, Pl = 1.14 was purchased from Polymer Source (Dorval, QC, Canada). Methoxy
polyethylene glycol succinimidyl carboxymethyl ester (PEG-NHS), 10000 g/mol, Pl = 1.05, was
obtained from JenKem (Plano, TX, USA). HyClone Dulbecco’s Modified Eagle Medium (DMEM)
with high glucose, L-Glutamine and Phosphate-Buffered Saline (PBS) were purchased from Cytiva
(Mississauga, ON, Canada). Fetal Bovine Serum (FBS), trypsin-EDTA (trypsin) and penicillin-
streptomycin were obtained from Gibco (Waltham, MA, USA). bEnd.3 cells (CLR-2299, passages
17 to 21), MCF7 cells (HTB-22, passages 2 to 5) and U138 cells (HTB-16, passages 125 to 129) were
purchased from ATCC. Trypan blue solution was obtained from Wisent Inc. (St-Bruno, QC,
Canada). Hoechst 33342 staining solution was purchased from Cayman Chemicals (Ann Arbor, Ml,
USA). Dialysis cellulose membranes were obtained from Spectrum Laboratories Inc. (Rancho

Dominguez, CA, USA). Anhydrous and 95% ethanol were purchased from Commercial Alcohols
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(Bramtpton, ON, Canada). All chemical products were used as received without further

purification.

5.4.1 Microgel Synthesis

Synthesis of PNIPAM microgels was carried out according to a well established protocol described
previously.? Briefly, NIPAM (7.10 mmol) was combined inside a three-necked round-bottomed
flask with MBA (0.18 mmol) and AEMH (0.10 mmol). The reagents in the three-necked flask were
diluted with 40 mL of milli-Q water, the flask was connected to a condenser and heated gently to
80 °C while degassing with a stream of nitrogen gas. V50 (0.06 mmol) was diluted separately in
10 mL of milli-Q water, heated gently to 80 °C and degassed with nitrogen gas. After thorough
dilution and heating, the V50 solution was added to the three-necked flask and the reaction was
monitored for 4 hours. Following polymerization, the resulting colloidal suspension was cooled
down before filtering with a Whatman 1 filter paper. Then, it was transferred into a 6 — 8 kDa
MWCO cellulose membrane and dialyzed against distilled water (ratio 1:100 v:v) for 72 hours,
changing water every 12 hours. The microgel concentration in the resulting suspension (1 % w/v)
was calculated by measuring the weight difference before and after drying. Microgel suspensions

were stored at 7 °C prior to further use.

5.4.2 Surface functionalization of microgels

Microgels whose surfaces were functionalized with PDMAEMA (microgel-co-PDMA) were
prepared from a 15 mL aqueous solution of 0.5 mM of PDMAEMA-COOH with 10 mM of NHS and
10 mM of EDC and stirred for 10 minutes at 7 °C inside a glass bottle covered in aluminium foil to
block light out. After proper diluting and cooling, the microgel suspension was added to that

solution to obtain a 0.1 % (w/v) microgel concentration. The suspension was left to react
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overnight at 7 °C with constant stirring and protected from external light. Microgels with surfaces
functionalized with PEG (microgel-co-PEG) were prepared from a 15 mL aqueous solution of 0.5
mM PEG-NHS with 100 mM TEA. The microgel suspension was added to the polymer solution to
obtain a 0.1 % (w/v) microgel concentration and left to react overnight with constant stirring at
room temperature. All functionalized samples were purified by dialysis following the coupling
reaction using 25 kDa MWCO cellulose membranes against distilled water (ratio 1:100 v:v) for 72

hours, while changing water every 12 hours.

5.4.3 Microgel immobilization on gold and glass substrates

Microgels were immobilized onto functionalized gold and glass through amide coupling between
amino groups in the microgel network and carboxyl groups of a functional layer coating the

substrates as described hereafter.

For the preparation of gold substrates used in SPR experiments, dove BK7 prisms of 20 x 12 x 3
mm were sonicated in ethanol for 10 minutes and dried under nitrogen. Clean surfaces were then
treated with piranha solution (H,S04:H,0, = 70:30 v:v) for 45 minutes at room temperature and
thoroughly rinsed with anhydrous ethanol. Activated surfaces were then immediately coated with
1 nm Cr and 45 nm Au using a Cressington 308R sputter contact (Ted Pella Inc. Redding, CA). The
SPR sensors were then immersed overnight in a solution consisting of 8:2, 16-MHA : 3-MPA, 1
mM in DMF to form a self assembled monolayer (SAM). Samples were then rinsed with ethanol
and dried with a stream of nitrogen. Carboxyl groups in the SAM were activated with coupling
agents (EDC 350 mM, NHS 110 mM) for 5 minutes. Activated surfaces were briefly rinsed with

milli-Q water and immersed in an aqueous 0.1 % w/v microgel suspension and incubated in the
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dark for 3 hours at room temperature. After microgel immobilization, sensor surfaces were rinsed

with milli-Q water for 5 minutes.

Square and circular microscope glass cover slides were sonicated in ethanol for 10 minutes and
dried under nitrogen before activating in a piranha solution (H2SO4:H,0; = 70:30 v:v) for 45
minutes at room temperature. After activation, the surfaces were rinsed with ethanol and dried
under nitrogen and were used immediately for surface functionalization with aminoalkylsilane

AUTES.

Aminoalkylsilane monolayers were grafted to activated glass via self-adsorption from solution. A
solution of 1 mM AUTES was prepared in anhydrous ethanol and stirred for 10 minutes. The
freshly activated glass surfaces were immersed in the AUTES solution for 20 minutes. The
resulting amino-functionalized surfaces were thoroughly rinsed with anhydrous ethanol. AUTES
grafting was completed by annealing the surfaces for 1 hour at 120 °C under atmospheric
pressure. Then, the surfaces bearing AUTES monolayers were immersed in a 0.1 % (w/w) aqueous
solution of glutaraldehyde for 30 minutes, allowing the coupling reaction between the AUTES
amine group and the glutaraldehyde carbonyl function to occur in the presence of NaBH3CN.>%60
After the coupling reaction, substrates were thoroughly rinsed with milli-Q water prior to
microgel immobilization. Microgels were immobilized on glutaraldehyde-functionalized
substrates via covalent bonds between the microgel amine groups and the surface glutaraldehyde
carbonyl functions. A 0.1 % (w/v) aqueous suspension of bare or functionalized microgels was
prepared and heated gently to 37 °C in a water bath. Glutaraldehyde-functionalized substrates

were then immersed in the microgel suspension and kept in solution for 1 hour. Then, the
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substrates were thoroughly rinsed with milli-Q water and dried under nitrogen. Microscope glass

slides used as controls were sonicated in ethanol and dried under nitrogen prior to use.

5.4.4 Topographical characterization by Atomic Force Microscopy

Atomic Force Microscopy (AFM) imaging was done using a Multimode microscope equipped with
a Nanoscope V extend controller (Digital Instruments, Santa Barbara, CA). The imaging was
performed in dry air (30 % relative humidity) at 25 °C and 24 hours after the surface preparation.
The PeakForce tapping-mode was employed using an ACTA silicon probe from APP Nano with a
resonance frequency of 200 — 400 kHz. AFM images were treated and analyzed using Nanoscope
Analysis software (version 1.4). The surface density of immobilized microgels was determined

using Particle Analysis mode of the Nanoscope Analysis software.

5.4.5 Cell culture

bEnd.3 (ATCC CRL-2299, passages 17 to 21), MCF7 (ATCC HBT-22, passages 2 to 5) and U-138
(ATCC HBT-16, passages 125 to 129) cell lines were cultivated in DMEM containing 10% FBS, 1%
penicillin/streptomycin and 2 mM L-glutamine at 37 °C and 5% CO. according to previously
established culture protocols.*17%1 Initial cell attachment experiments were performed 24 hours
after seeding in 6-well plates of 34.8 mm well diameter and on 22-mm square glass slides. Cell
detachment experiments were conducted 3 and 5 days after seeding using 24-well plates of 16

mm well diameter and on circular microscope glass slides of 15-mm diameter.

5.4.6 Initial cellular attachment

The efficiency of the initial attachment of cells on the substrates was verified with the bEnd.3 cell

line 24 hours after seeding. Bare and functionalized glass slides were sterilized by immersion in
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70% ethanol for 10 minutes and kept inside a sterile biological hood for drying. About 52 x 10*
cells were seeded on glass, microgel-functionalized glass or the PDMS flat-bottom of the well
plates, in duplicate, and left in the incubator for 1 hour. Thereafter, 3 mL of medium were added
and plates were incubated for an additional 24 hours. After this time, the medium in each well
was replaced with 3 mL of warm medium containing 1 ugxmL?! Hoechst 33342 staining solution
and plates were left in the incubator for 15 minutes. Plates were then immediately imaged by
fluorescence microscopy (Zeiss Axio Observer equipped with a Zeiss LD Plan-Neofluar 20x 0.4 Ph
2 Korr lens) and the cells captured on the images (n = 4 per substrate) were automatically counted
using ImageJ software equipped with an automatic nuclei counter plugin (ITCN). Afterwards, each
well was rinsed twice using warm PBS. The glass microscope slides, with and without microgel-
functionalization, were carefully transferred to individual polystyrene petri dishes (35 x 10 mm,
Falcon) and 3 mL of trypsin were added to completely submerge the glass substrates in the cell-
detaching solution. Three mL of trypsin were also added to the wells containing cells seeded
directly on the bottom of the wells. Plates and petri dishes were then kept in the incubator for 5
minutes before transferring the cell suspensions to individual Eppendorf tubes for centrifugation
(125 g for 5 minutes) and careful resuspension in 1 mL of warm medium. 50 uL aliquots of each
cell suspension were diluted with the same volume of trypan blue staining solution and cells were
counted, in triplicate, using a Neubauer haemocytometer (Hausser Scientific) and a Leica CME

optical microscope.

5.4.7 Stimuli-triggered cellular detachment

The ability of microgel-functionalized surfaces to provide stimuli-triggered cellular detachment

was verified using bEnd.3, MCF7 and U138 cell lines 3 and 5 days after seeding. Bare and
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functionalized glass slides were sterilized by immersion in 70% ethanol for 10 minutes and kept
inside a sterile biological hood for drying. About 16,000 cells were seeded on glass, microgel-
functionalized glass and the PDMS flat-bottom of the well plates, in triplicate, and left in the
incubator for 1 hour before adding 1 mL of DMEM medium (pH = 7.2) and incubated for the
desired time while replacing the medium by a fresh one every 48 hours. After the prescribed time
had elapsed, the medium in each well was replaced with 1 mL of warm medium containing 1
ngxmL?! Hoechst 33342 staining solution and plates were left in the incubator for 15 minutes.
They were immediately imaged by using fluorescence microscopy. Afterwards, one set of wells,
including the bare PDMS ones and those containing bare glass and microgel-functionalized glass
substrates, was rinsed twice with warm PBS and treated with 1 mL of warm trypsin cell-detaching
solution. Each cell suspension was transferred to individual Eppendorf tubes for centrifugation
(125 g for 5 minutes) followed by careful resuspension in 1 mL of fresh medium. 50 pL aliquots of
each suspension were diluted in the same volume of trypan blue staining solution and the cells
were counted, in triplicate, using a Neubauer haemocytometer. Meanwhile, the remaining two
sets of wells were rinsed twice with warm PBS; 1 mL of test medium at 20 °C (pH = 7.2) was added
to one set and 1 mL of medium at 20 °C and pH 5 was added to the second set. Both sets of wells
were left to stand at 20 °C. After, the media were replaced with similar ones but containing 1
ugxmL?! Hoechst 33342 staining solution. The wells were left to stand for an additional 15 minutes
before imaging by using fluorescence microscopy. After imaging, each well was rinsed with warm
PBS twice before treating with 1 mL of warm trypsin. All cell suspensions were collected in

individual Eppendorf tubes for centrifugation (125 g for 5 minutes) and resuspension in 1 mL of
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fresh medium. 50 uL aliquots of each suspension were diluted in the same volume of trypan blue

staining solution and cells counted using a Neubauer haemocytometer.

5.4.8 Non-specific protein adsorption on microgel-functionalized surfaces

Non-specific protein adsorption on surfaces bearing immobilized bare microgel and microgel-co-

PEG was assessed by using Surface Plasmon Resonance (SPR).

Adsorption of BSA and FBS on surfaces bearing immobilized bare microgels and microgel-co-PEG
was measured with a portable 4-channel SPR instrument based on a dove prism design previously
reported®? at different temperatures (25, 32 and 40 °C). The microgel-functionalized SPR sensors
were mounted in the SPR system placed in a room equipped with a temperature controller. The
temperature of the system was allowed to stabilize for 3 hours. A baseline signal was established
by injecting PBS buffer (137 mM NaCl, 2.7 mM KCI, 2 mM KH2POa4, and 10 mM NazHPOa, pH 7.4)
through the sensor until the output signal was stable. Protein solution (BSA or FBS, 1 mgxmL?in
PBS buffer) was injected for 10 min, then the channel was rinsed with PBS buffer to remove
unbound protein molecules. The protein adsorption was reported as Aspr shift. Data were
acquired in real-time with the P4SPR control software. In all cases, the solution was injected using

a 1-mL syringe and reacted in the PDMS fluidic cell under static flow conditions.

5.4.9 Statistical Analysis

Data were collected in triplicate and significant difference was determined by performing a two-
way analysis of variance (ANOVA) followed by Tukey tests to compare experimental conditions

using GraphPad Prism 7 software.
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5.5 Results and Discussion

5.5.1 Initial cellular adhesion is similar on all microgel-functionalized

substrates.

Initial cellular adhesion (observed after 24 hours of incubation) took place on all surface-
immobilized microgels to a similar extent relative to the controls (Fig. 5.1 — 5.2). Initial cellular-
substrate adhesion is known to occur within the first hours of contact between cells and
substrates.®®*%% This initial adhesion is mediated by complex physicochemical interactions
including hydrophobic, coulombic, and van der Waals forces.®>® Cells adhere and grow more
easily on hydrophobic surfaces than on hydrophilic ones, due to the difficulty to displace adsorbed
water molecules on hydrophilic surfaces.®”®® Accordingly, it has been widely reported that
PNIPAM-functionalized surfaces, exhibiting a hydrophobic character under physiological
conditions (which correspond to temperature above the VPTT), readily support the adhesion and
growth of a variety of cell lineages to a comparable extent than typical hydrophobic cell-culture
surfaces such as polystyrene or polydimethylsiloxane (PDMS). 1735406166 Flyorescence and atomic
force microscopy images included in Fig. 5.1 show dense and homogeneous microgel coatings
on glass as well as the ability of bEnd.3 cells to adhere and proliferate on them. The unperturbed
thickness of a single layer of bare and surface-functionalized microgels in neutral medium at 23
°C was determined by using the Surface Forces Apparatus (SFA) technique in our previous work
and was found to be of approximately 25 —30 nm above the VPTT (43 °C) and of 57 — 80 nm below
the VPTT (23 °C).%° Previous studies have suggested that the required thickness of a PNIPAM layer

enabling efficient cell attachment and proliferation ranges between 20 — 45 nm®7% which agrees
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well with results observed in Fig. 5.1. No change in the microgel grafting density and particle
morphology was observed for neither bare nor surface-functionalized microgels before and after
sterilisation by immersion in 70% ethanol for 5 minutes and subsequently dried in air as shown in
Fig. 5.SM1 in the Supporting Material section. This indicates that the covalent attachment of the
microgels on the glass substrates guarantees a robust coating unlike the electrostatic interactions
previously reported.>?” In addition, we previously showed that these surface-immobilized
microgels are robust and stable in harsh pH environments (2 < pH < 10) and at elevated

temperature (43 °C) during 24 hours.%°

The initial cellular attachment of bEnd.3 cells on microgel-functionalized surfaces was
guantitatively assessed by either fluorescence microscopy (Fig. 5.2A) or by counting them with a
haemocytometer after enzymatic detachment using trypsin (Fig. 5.2B). The initial surface cell
density measured on all microgel-functionalized substrates, PDMS and bare glass controls was
not significantly different. This strongly suggests that the initial cell attachment was mediated by
a combination of electrostatic and hydrophobic attractions. Above the VPTT, electrostatic
attractions are possible between the positively charged microgels® and the negatively charged
cells and hydrophobic attractions might arise between cells and the relatively hydrophobic bare
microgel and microgel-co-PDMA layers above the VPTT (microgel-co-PEG layers were found to

remain hydrophilic above the VPTT).%°
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Figure 5.1. Merged fluorescence microscopy images (ca. 1.5 X 105 pm?) of bEnd.3 cells grown on
glass substrates functionalized with A) bare microgels, B) microgels-co-PDMA and C) microgels-co-
PEG obtained after a 5-day incubation following seeding. Cell nuclei were stained with Hoechst
33342. Insets show AFM images (25 um?) of the corresponding microgel-functionalized substrates
obtained in the PeakForce tapping mode following sterilization by immersion in 70% ethanol for 5
minutes and air dried for 40 minutes. AFM imaging was performed in air at 25 °C and 30% relative

humidity.
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Figure 5.2. bEnd.3 relative cell density on microgel-functionalized substrates at 37 °C,

compared to glass as a control, after a 24-hour incubation following cellular seeding and

205



calculated A) by fluorescence microscopy from surface-immobilized cells and B) from trypsin-

detached suspensions using a haemocytometer chamber. Mean + SD (n=3).

5.5.2 Substrate nature may temporarily alter cell proliferation kinetics for

endothelial but not for cancer cell lines.

As previously mentioned, temperature-responsive PNIPAM coatings have been successfully
exploited to induce cell detachment for a wide range of cell lineages.'**3-%¢ Similarly, pH-
responsive polymer coatings can be used to trigger cellular detachment from substrates.36-3971
However, comparing the efficiency of stimuli-responsive substrates to trigger cell detachment
remains challenging due to the wide variety of polymer conformations (brushes, hydrogels,
microgels), cell lineages and incubation protocols found in the literature. 1442°67273 For instance,
it has been reported that PNIPAM microgels can either enable*1¢ or prevent!”!® temperature-
triggered cell detachment. To address these issues, experimental protocols in this work were

normalized in order to provide comparative results.

The ability of cells to proliferate on bare and surface-functionalized microgel substrates under
standard culture conditions (at 37 °Cin neutral culture media) was investigated after 3 and 5 days
of incubation by fluorescence microscopy and by counting trypsin-detached cells with a
haemocytometer. All cell lines (U138, MCF7 and bEnd.3 cells) proliferated successfully on bare
and surface-functionalized microgel-coated surfaces to a similar extent than the controls (Fig. 5.3,
red bars). Unlike initial adhesion (Fig. 5.2), which is regulated by passive adhesion mechanisms
and characterized by the initial cell-substrate contact and early cell spreading, these assays

provide insight into the active cell adhesion mechanisms, which involve cell metabolism,
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flattening (late spreading) and crawling.”*7¢ After three days of incubation, no significant
difference in the relative surface cell density (compared to cells grown on glass) was observed for
MCF7 and U138 cells seeded on bare and surface-functionalized microgel substrates (Fig. 5.3, first
and second rows). However, the surface density of bEnd.3 cells grown on bare microgels was
significantly less than that on glass (ca. 40% ) (Fig. 5.3, third row) while the initial (or passive)
adhesion was similar to that of the controls (Fig. 5.2). On the contrary, bEnd.3 cells grown on
microgels-co-PDMA and microgels-co-PEG showed no significant difference in proliferation
compared to those grown on bare microgel and glass after 3 days of incubation (Fig. 5.3, third
row). These observations suggested that electrostatic attractions between the negatively-
charged cell membrane and the positively-charged bare microgel-coated substrate were
beneficial for passive adhesion. However, the higher degree of hydrophobicity and surface charge
of bare microgels, compared to that of surface-functionalized microgels, may have resulted in
non-specific protein adsorption disfavoring cell proliferation. Indeed, the presence of proteins in
the culture medium, able to partially adhere to the microgel-coated substrate through
hydrophobic or electrostatic interactions, could slow down the formation of integrin bonding and
subsequent focal adhesion during phases Il and Il of cellular proliferation.3>’” On the contrary,
MCF7 and U138 cells did not display a lower relative cell density after 3 days of incubation on
bare microgel substrates despite a similar non-specific protein adhesion (Fig. 5.3, 1°t and 2"
rows). This is most likely due to the characteristics of cancerous cell lineages able to spread and
metastasize to distant sites through a process known as epithelial-mesenchymal transition (EMT).
In this process E-cadherin proteins mediate the dissociation of adherens junctions, leadingto the

mesenchymal migratory phenotype which allows them to invade other tissues.”®¥2 Nonetheless,
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the possible steric impediment caused by non-specific protein adsorption on the bare microgel
substrate diminishing bEnd.3 cell proliferation after 3 days of incubation appeared to be
surmounted with time, as on day 5 of incubation, the surface density of bEnd.3 cells on bare

microgels was statistically similar to that of the glass controls (Fig. 5.3 and 5.4).
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fluorescence microscopy from surface-immobilized cells, at 37 °C (red) and after sequentially
applying stimuli by decreasing temperature to 20 °C (blue) and then further adjusting the pH

to 5 (green). *p<0.05 compared to glass control. Mean % SD (n=3).
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Figure 5.4. Relative cell density obtained on day 5 of incubation of U138 (first row), MCF7
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decreasing the temperature to 20 °C (blue) and further adjusting the pH to 5 (green). Cells
were detached from their substrates using trypsin and counted using a haemocytometer.

*p<0.05 compared to glass control. Mean * SD (n=3).

5.5.3 Temperature, but not pH, triggers a significant cell detachment from

functionalized substrates.

The relative cell densities of U138 and MCF7 cells grown on bare and surface-functionalized
microgels decreased with temperature and the effect of temperature was more significant on day
5 compared to day 3 of incubation (Fig. 5.3). This behavior may be explained by the fact that after
a few days of incubation, cells reach confluence and thus are more likely to detach from the
substrate when a stimulus is applied.®3%> U138 (day 5) and MCF7 (day 3 and 5) cells grown on
microgels-co-PEG were the only ones displaying a significant decrease in the relative surface
density upon decreasing the temperature (below the VPTT) (Fig. 5.3). This observation was
supported by the number of trypsin-detached cells (measured with haemocytometer) after a 5-
day incubation (Fig. 5.4). These results suggested that temperature-triggered cell detachment
from PNIPAM microgel-coated functional substrates was improved by functionalizing the
microgels with PEG chains which enhanced the hydrophilicity of the microgel surface even at
temperatures above the VPTT, as previously observed.®® As the temperature decreases (from
above to below the VPTT), the PNIPAM polymeric network swells, becomes increasingly hydrated
and more elastic. The variations in the surface and mechanical properties of the microgel layers
during the transition are likely associated with conformational changes of the proteins in the ECM
at the cell-substrate junction from unfolded to more globular configurations.®-8 Consequently,

the focal contacts formed during the active adhesion phase are disturbed and signals are relayed
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downstream to the nucleus through either direct or indirect mechanotransduction, which may
induce shape changes of the cells facilitating detachment from the surface.?992 Therefore, it is
possible that the presence of PEG chains on the microgels improving hydrophilicity contributes to
cell morphology changes promoting detachment to a greater extent than bare PNIPAM microgels.
Okano et al. have previously demonstrated that hydration of PNIPAM did not completely govern
cell detachment from culture surfaces but rather active cellular processes, i.e. consuming
metabolic energy, enabled cell morphological changes essential to complete cell detachment.®®
The observation that thermo-responsive detachment of bEnd.3 was not achieved regardless of
the substrate they were cultured on, number of days of incubation or the analytical technique
used to evaluate the relative cell density (Fig. 5.3 and 5.4) can be explained by the fact that cell
lineages demonstrate distinct metabolic rates at different environmental conditions. The fact that
the bEnd.3 cells behaved differently than the U138 and MCF7 cells is not completely unexpected.
Indeed, the absence of cellular detachment from PNIPAM microgels has also been reported in the
past and attributed to irreversible and non-specific protein adsorption on the microgel-coated
surfaces.”*® bEnd.3 cells express high levels of the platelet endothelial cell adhesion molecule-1
(PECAM-1) that makes them intrinsically more adherent®*> compared to U138 and MCF7
cancerous cell lineages which can migrate more easily through the EMT process. The absence of
temperature-triggered detachment of bEnd.3 cells further supports previous observations that

cell type is determinant in the cell detachment behavior.1442:56.72,73

211



5.5.4 pH-triggered detachment only affected cell recovery to a minor

extent.

Electrostatic effects provided by the polymer substrates can influence cellular detachment via
changes in the degree of protonation mediating cellular adhesion through fibronectin
adsorption.3®377! previous work confirmed the pH responsiveness (surface potential and swelling
increase with decreasing pH) of the surface-immobilized microgels in their swollen state (below
VPTT).®® Accordingly, a certain decrease in the relative surface density of U138 and MCF7 cells
grown on bare and surface-functionalized microgels with decreasing pH at 20 °C was observed
after 5 days of incubation. However, this tendency was only statistically significant in the case of
U138 cells (Fig. 5.3). These observations suggested that factors other than pH contributed to
cellular detachment. The results show that cell lineage plays a critical role in the pH-triggered cell
detachment ability of microgel-coated substrates given that bEnd.3 cells, which adhere more
strongly to substrates than MCF7 and U138 cells, did not detach to a significant extent with
decreasing pH (Fig. 5.3 and 5.4). Increasing surface potential (through pH changes) should
promote electrostatic attractions between the microgel layers and cell membranes.”* However,
the simultaneous swelling of the polymer network with increasing pH also increases the layer
thickness and hydrophilicity of the microgel layers, which are both contributing factors to cellular
detachment.®>’? These phenomena might be partially responsible for the observed detachment,
via mechanotransduction, of U138 (statistically significant) and MCF7 (downward trend) on day
5 of incubation (Fig. 5.3 and 5.4). The extent of the surface potential variations upon pH changes
could also explain the different pH-triggered cell detachments observed for a same cell line but

on different substrates. For instance, a significant pH-triggered decrease in the relative surface
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cell density of U138 and MCF7 incubated for 5 days on PDMS compared to glass (Fig. 5.3) might
be partially due to the more important change in surface potential with pH (AZ = -46 mV)°® than
that of glass within the same pH range (A7 = -4 mV).®” For the same reason, the temperature-
triggered cell detachment (Fig. 5.3 and 5.4) can be partially due to the different temperature-
triggered surface potential variations previously reported on the bare microgels (Al = -11 mV),
microgel-co-PDMA (AT = -7 mV) and microgel-co-PEG (AT = -4 mV) between 39 °C and 24 °C in
neutral media.®® Hence, for bare and surface-functionalized microgels, the polymer layer
thickness and hydrophilicity are probably more favorable to cellular detachment than variations

in the surface potential.

5.5.5 Non-specific protein adsorption on functionalized coatings plays an

important role in detachment ability.

Cellular adhesion and proliferation are mediated by the attachment between integrin proteins
secreted by the extracellular membranes and the substrate.®® The formation of integrin bonding
enables cells to spread and flatten by forming focal attachments to the substrate that are
subsequently strengthen by modifications of the cytoskeleton of the cells.®® Wei et al. have
previously established that the adsorption of BSA (a model protein) on surface-immobilized
PNIPAM microgels could be irreversible with temperature, i.e. BSA adsorbed on PNIPAM
microgel-coated surfaces at 37 °C, but failed to desorb from the surfaces once the temperature
was reduced to 25 °C.'” Therefore, the irreversible non-specific adsorption of BSA on microgel-
coated surfaces could justify the inability of cells to detach by decreasing the temperature below

the VPTT of the microgels.
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To assess the role of non-specific protein adsorption in cell detachment, the non-specific
adsorption of BSA or FBS proteins was studied by SPR (Fig. 5.5). On bare microgel substrates, the
SPR response due to BSA adsorption was observed to increase roughly three-fold between 25 °C
and 40 °C. This could be explained by the increasing hydrophobicity of microgel coating with
temperature, leading to enhanced hydrophobicinteractions between proteins and substrate (Fig.
5.5). Similarly, FBS (a more complex collection of proteins) gave rise to significant SPR signal shifts
with increasing temperature, indicative of a more important protein adsorption on bare microgel-
coated substrates (Fig. 5.5). However, neither BSA nor FBS incubated on microgel-co-PEG surfaces
produced any significant SPR response within the same temperature range. These results strongly
support the observation that the microgels-co-PEG remained hydrophilic above the VPTT®® and
are therefore capable of repelling most of serum proteins (Fig. 5.5). This may have facilitated

cellular detachment when the temperature decreased from 37 to 20 °C, as illustrated in Fig. 5.6.
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presence of the PEG surface-functionalization (orange layers, row B) disfavors the interactions

between the ECM and the flattened cells and promotes detachment at 20 °C.

5.6 Conclusion

The ability of dual temperature- and pH-responsive PNIPAM-based microgel coatings to trigger
cellular detachment was studied. Promoting initial cellular attachment and triggering
spontaneous cellular detachment from microgel-functionalized glass substrates was found
possible via the swelling of the polymer layer through variations in temperature and medium pH.
Nonetheless, the stimuli-triggered detachment was more efficient with cell lines whose

phenotypes favor substrate detachment, such as cancerous lineages. As for more strongly
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adherent cells, endothelial bEnd.3 cells adhered both onto bare and surface-functionalized
microgel-coated surfaces to a similar extent than to the glass controls but were found the most
difficult to detach. Microgel-co-PEG showed the best ability to detach MCF7 and U138 cells when
the temperature was reduced below the VPTT of the PNIPAM microgel. It was proposed that the
enhanced temperature-triggered cell-detaching ability of microgel-co-PEG was likely due to the
microgels remaining hydrophilic and thus preventing non-specific protein adsorption regardless
of the temperature. Once the pH of the media was adjusted to 5 from 7.2 (following a
temperature decrease) the cell-detaching ability of all microgels improved, relative to the glass
controls, for U138 cells. However, cellular detachment remained closely dependent on the cell
type because no statistically significant temperature- or pH-triggered cellular detachment was
observed with cultures involving strongly anastomosed and adherent bEnd.3 cells. These
functional substrates could be useful in applications involving scarce, valuable cell lines
susceptible to deterioration during enzymatic treatment or to prevent the development of biofilm

on implanted medical devices.

5.7 Supporting Material

AFM images depicting grafting stability in ethanol of bare and functionalized microgels attached

to carboxy-functionalized glass surfaces.
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5.11 Supplementary Information

Figure 5.SM1. AFM images of bare microgel (A, D), microgel-co-PDMA (B, E) and microgel-co-
PEG (C, F) covalently attached to AUTES-GLA functionalized glass substrates obtained before (A,
B, C) and after (D, E, F) sterilization by immersion for 5 minutes in 70 % ethanol and air dried for
40 minutes in the PeakForce tapping mode. Imaging was performed in air at 25 °C and 30 %

relative humidity. Image scale, 5 x5 um.
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Chapter 6 — General Discussion of the Thesis

Discussions on Chapter 3: Multiresponsive Microgels: Towards an

independent Tuning of Swelling and Surface Properties.

Objective (i): Preparation and characterization of surface-functionalized microgels.

The first step of this project was to functionalize the surface of PNIPAM microgels with polymer
chains and to verify that the attachment was achieved. Previously, core/shell PNIPAM-based
microgels have been synthesized using a two-staged seeding polymerization methodology that
exhibit dual- or multi-stimuli responsive behaviors.'™ However, the choice to adopt a grafting to
surface-functionalization approach was made to diminish the impact to the VPTT and the breadth
of transition of the bare PNIPAM microgels.>” Thus, PDMAEMA and PEG chains end-
functionalized with carboxylic acid functions (see chapter 3) were selected to form a covalent
amide attachment with the surface-amino groups on the microgels via peptide coupling using
EDC and NHS that act as dehydration and addition promoters, respectively.®® The formation of
the peptide bond was evaluated either directly by spectroscopic characterization using NMR and
ATR-FTIR, or indirectly using DLS to determine the surface potential of bare and surface-

functionalized microgels and by ellipsometry.

Ideally, spectroscopic analysis was expected to reveal an increase in the intensity of the amide
band in the spectra of surface-functionalized microgels relative to bare microgels and a
proportional decrease in the primary amine band. However, two factors related to the chemical
composition of the microgels prevented this observation. First, the concentration of primary

amines, provided by the AEMH monomer copolymerized with PNIPAM during synthesis, is too
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low (1.5 % w/w) to be able to discern any significant decrease in intensity after grafting polymer
chains. Second, the amide coupling that is formed during conjugation of the end-functionalized
polymer chains and the primary amines on the surface of the microgels can not be detected
spectroscopically because the signal is buried by the much stronger amide band from PNIPAM.
Previous reports have also discussed on the inability to identify significant changes in the amide
band by using ATR-FTIR during the EDC/NHC mediated conjugation of folic acid and vinyl functions
on PNIPAM microgels copolymerized with relatively higher concentrations (up to 5 % w/w) of poly
acrylic acid (PAAC).19'! Nevertheless, the NMR and ATR-FTIR spectra reported in chapter 3 shows
that additional bands corresponding to functional groups in PDMAEMA or PEG chains are added
to the spectra of bare microgels after the grafting reaction. Further, because spectra were
collected after the purification by dialysis step, it strongly suggests that the PDMAEMA or PEG
chains that remain in the sample are covalently attached to the microgel. In addition,
supplementary analysis was done to confirm indirectly that polymer chains were grafted on the

surface of the microgels.

Intrinsic characteristics of bare microgels were modified upon grafting PDMAEMA or PEG chains
on their surface. For instance, the surface potential of bare microgel at 24 °C in neutral media
(12.4 £ 1.3 mV) decreased upon surface-functionalizing with PEG chains (0.3 £ 0.2 mV), which are
not ionizable in suspension, and thus indicates that the primary amines on the bare microgel were
neutralize during the coupling reaction. Variations in the surface charge have been used in the
past to confirm that surface-functionalization of a charge-bearing PNIPAM microgel was
successful.’® Further evidence that surface-functionalization on PNIPAM microgels took place was

shown in chapter 3 by measuring the surface potential of bare and surface-functionalized
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microgels as a function of pH. It was observed that the surface charge of bare microgel and
microgel-co-PDMAEMA, both charge bearing microgels, decreased between pH 2 and 10. On the
contrary, the surface charge of microgel-co-PEG remained neutral within the same range of pH
because PEG chains are insensitive to pH. Microgel-co-PEG also showed the ability to prevent
non-specific protein adsorption at temperatures above the VPTT whereas bare microgel
sustained considerable non-specific protein fouling above the VPTT (see chapter 5). Previous work
reported a different indirect approach to validate surface functionalization of a PNIPAM-co-PAAC
hydrogel, which involved grafting a fluorescent antibody using EDC/NHS and measuring the
fluorescence by confocal laser microscopy.? This method showed that the antibody was grafted
on the carboxylic functions but not on the underlying non-functional substrate. The final indirect
method that was used to confirm that peptide coupling was possible was done by ellipsometry.
A silicon wafer was functionalized with a molecule bearing primary amines (AUTES) to mimic the
microgel surface and the peptide coupling was assessed by grafting PEG-COOH (see chapter 3). In
the absence of coupling agents (EDC/NHS), no increase in the layer thickness was observed
relative to that of the immobilized amino-functionalized layer. However, when the reaction took
place in the presence of the coupling agents, an increase in the layer thickness of 2.8 £ 0.5 nm
was measured. The considerable modifications to the surface properties and temperature-
responsive behavior of bare microgels upon surface-functionalization with PDMAEMA or PEG

chains strongly suggest that the coupling reaction was successful.

In addition to direct and indirect methods to confirm surface functionalization, a theoretical
approximation was presented in chapter 3 to estimate the grafting density of the polymer chains

on the microgels. Estimating the grafting density of a molecule surface-functionalized on
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microgels is not a parameter usually reported in the literature, particularly when using the
grafting to method, compared to core/shell which can be accomplished more easily.3#1912 The
grafting density was estimated by first calculating the charge density on the surface of the
microgels (4.6 x 10* C/m?) from the zeta potential and using the Grahame equation derived from
the Gouy-Chapman theory.’3>7%¢ These results are in agreement with the published work on the
same type of cationic microgels.!” Because the zeta potential was observed to decrease upon
surface-functionalization with PDMAEMA and PEG polymer chains, it was possible to estimate the
change in charge densities. This led to the conclusion that the charge density decreased twofold
for microgel-co-PDMAEMA and 35-fold for microgel-co-PEG. These calculations are rough
approximations on the grafting density; however, it is possible that the charge density decreases
for microgel-co-PDMAEMA is overestimated because PDMAEMA is itself charge-bearing in
solution. In addition to grafting density approximation, further analytical measurements could

have potentially supported that polymer chain grafting was successful.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) could have
provided supplementary evidence that PDMAEMA and PEG polymer chains were grafted on the
microgels. However, these techniques were not used because they were not expected to
conclusively determine that peptide coupling took place but rather add to the ensemble of
indirect methods already reported in chapter 3. For example, the thermal stability of PNIPAM
microgels increased significantly when surface-functionalized with folic acid.'° Grafting PEG and
PDMAEMA chains to PNIPAM has shown to decrease the thermal stability; however, these studies
involved PEG and PDMAEMA polymer chains with molecular weights 1 — 2 orders of magnitude

greater than those used in chapter 3.1322 Hence, the impact of surface functionalization on the
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thermal stability, relative to bare microgels, is expected to be nonsignificant. DSC analysis of
PNIPAM-co-PAA microgels surface-functionalized with folic acid revealed lower crystallization
and melting points compared to PNIPAM-co-PAA microgels.’® Similar changes to the DSC
diagrams of PNIPAM with PDMAEMA or PEG incorporated in their structures have been
reported;'®?2 yet, no significant impact is expected for DSC analysis of microgel-co-PDMAEMA
and microgel-co-PEG due to the significant difference in the molecular weight of the polymer
chains involved. Lastly, the advancing water contact angle has been used to demonstrate the
thermo-triggered wettability switching of substrates functionalized with patterned PNIPAM
hydrogels.'? Extensive experimentation was done to investigate the wettability behaviors of
surface-immobilized bare microgel, microgel-co-PDMAEMA and microgel-co-PEG coated-
substrates. However, it was not possible to obtain significantly different results because
immobilizing discrete microgel particles on a surface increases the rugosity and deteriorates the

quality of the measurements.?3%

Sufficient evidence was gathered in chapter 3 to demonstrate that PEG and PDMAEMA polymer
chains are grafted to the microgel surface. Through these results and observations, as well as

those reported in the literature, it is possible to conclude that objective (i) was accomplished.

Objective (ii): Demonstration that physical and surface properties of the surface-functionalized

microgels can be controlled independently in suspension and immobilized on a surface.

This objective explored the ability to control the swelling of the PNIPAM microgels independently

from the surface properties provided by the grafted polymer chains. In other words, the
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expectation is that by raising the temperature, the microgel particles will expel water and shrink
without altering the surface potential (in suspension) or the adhesion forces (on a substrate),
which is not usually the case with PNIPAM microgels.>>~2” On the other hand, it is expected that
by changing the pH at constant temperature, to be able to control the surface potential or

adhesion without altering the swelling degree of the underlying PNIPAM microgel.

In suspension, it was observed that the swelling behavior could be thermo-triggered
independently of the surface-functionalization and that the surface potential of the microgels in
a highly hydrated state (below the VPTT) can be tuned with pH via surface functionalization. For
instance, the variation in swelling ratio (T-Qsusp, see chapter 3) of the bare and surface-
functionalized microgels between 24 and 39 °C ranged from 1.70 to 2.10, depending on the pH of
the media. The bare and surface-functionalized microgels in pH 10 media aggregated above the
VPTT due to the deprotonation of the amine groups which leads to lower electrostatic repulsions
between particles promoting NIPAM/NIPAM attractions. These results show that the surface
functionalization of the microgels does not obstruct their thermo-responsiveness, a different
behavior compared to what has been previously reported for PNIPAM core/shell microgels. 34
Further, unlike core/shell microgels, the results in suspension showed that the surface potential
of microgel-co-PDMAEMA is pH-dependent at constant temperature while microgel-co-PEG was
pH-insensitive. However, electrostatic-induced swelling (pH-Qsusp) Was observed in bare and
surface-functionalized microgels between pH 2 and 10 at constant temperature because the
PNIPAM-network of the microgel was copolymerized with a pH-sensitive primary amine
monomer (AEMH). This suggests that the swelling behavior is not entirely independent from pH-

variations. Nevertheless, the pH-Qsusp reported in chapter 3 indicates that the pH-triggered
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swelling was significantly less (maximum pH-Qsusp Was 1.22) than the thermo-triggered swelling.
This behavior contrasts observations obtained with core/shell microgels, where significant and
interdependent variations in particle swelling and the surface potential were reported with pH
modifications.>* In suspension, it was observed that: i) the swelling can be controlled by the
temperature regardless of the surface functionalization and, ii) that microgels surface-
functionalized with pH-sensitive PDMAEMA allow for the surface potential to be tuned with pH
while microgels with pH-insensitive PEG demonstrate no dependence on the surface potential or

swelling with pH.

Microgels surface-functionalized with PDMAEMA or PEG and immobilized on a mica substrate
demonstrated a similar independent control of the swelling and surface properties. The ability to
control swelling was evaluated by raising the temperature above the VPTT of PNIPAM microgels.
The swelling of the microgel-co-PDMAEMA and microgel-co-PEG layers (T-Qimm, See chapter 3)
shrunk to a similar extent than surface-functionalized microgel particles in suspension. Further,
the temperature-induced swelling of immobilized microgels was more significant than the pH
induced swelling of immobilized microgels (pH-Qimm), as was also observed for microgels in
suspension. The ability to control surface properties of the surface-immobilized microgels was
assessed by measuring the adhesion force on separating two opposing microgel-bearing surfaces
upon variation in pH and temperature. Below the VPTT no adhesion forces were measured when
separating all microgel-coated surfaces regardless of the pH while above the VPTT adhesion
appeared to depend on the surface chemistry of the microgels. For instance, above the VPTT
adhesion forces were measured for microgel-co-PDMAEMA at all pH values and for bare

microgels for pH > 4. This suggests that at pH 4, the surface charges of bare microgel above the
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VPTT (25 mV) provide sufficient electrostatic repulsions to overcome hydrophobic attraction
caused by NIPAM/NIPAM interactions. On the contrary, the lower surface charge of microgel-co-
PDMAEMA at pH 4 (12 mV) does not provide enough electrostatic repulsions to overcome
NIPAM/NIPAM attractions. More importantly, no adhesion force was measured between
microgel-co-PEG layers above the VPTT regardless of pH. These results suggest that grafting
polymer chains, and PEG in particular, on surface-immobilized microgels may provide a way to
tune the swelling behavior via temperature without affecting the surface properties as was also
observed in suspension. Control of adhesion between PNIPAM polymer layers independently of
the swelling could represent a major advantage for controlling diverse surface behaviors. For
instance, the friction forces between two surfaces in relative motion functionalized with PNIPAM
or PNIPAM copolymerized with PEG increased significantly above the VPTT because of the
desorption of the hydration layer on the polymer coating and increased adhesion forces due to
NIPAM/NIPAM attractions.?>?82° In another study, PNIPAM microgels were decorated with
hyaluronic acid motifs linked to the PNIPAM network via a photocleavable molecule and
immobilized on a cell culture dish to promote cellular detachment through thermo- and
irradiation stimulation.3° Even though stimuli-triggered cellular detachment could be obtained by
decreasing the temperature and exposing the surface to UV irradiation, only decreasing the
temperature did not produce sufficient cellular detachment, which signals a lack of independent
control of the swelling and surface properties. Shi et al. developed structured PNIPAM-co-PAA
copolymer hydrogel substrates exhibiting thermo-responsiveness while minimizing the change in
surface wettability.’> However, the independent control of the swelling and wettability was not

accomplished.
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Polymer chain grafting on PNIPAM microgels are a promising way to independently tune the
swelling and surface properties of a polymer layer. The thermo-responsive ability characteristic
of PNIPAM was not compromised by surface-functionalization with polymer chains. In addition,
the work presented in chapter 3 indicates that the surface properties can be tuned by changing
the pH via grafting polymer chains on the PNIPAM microgels. Specifically, microgel-co-PEG
exhibited the most promising behavior, it was possible to obtain a thermo-triggered swelling
without affecting the surface properties, i.e. the surface potential and adhesion, within a wide

range of pH values.

Within the framework of objective (ii) established at the beginning of this thesis, it can not be
asserted that the goal was fully accomplished. Due to the presence of amino groups throughout
the entirety of the microgel polymer network, the swelling behavior was also pH-dependent.
However, the thermo-responsive swelling was more significant than the pH-triggered one, which
indicates that further optimization may lead to a full dissociation in the control of the swelling
and surface properties. It is important to point out that the scope of this work can be expanded
beyond PNIPAM microgels grafted with PDMAEMA or PEG chains, which were selected as a proof
of concept. In fact, a plethora of polymer compounds are available to develop customized
applications that require responsive surfaces whose swelling properties can be altered regardless

of their surface chemistry.
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Discussions on Chapter 4: Tribological properties of PNIPAM microgels

in the nano- and mesoscales.

Objective (iii): Application of the independent control of the swelling and surface properties to the

control of the tribological properties in the nano- and mesoscales.

The results reported on chapter 3 of this thesis demonstrated that by functionalizing the surface
of PNIPAM microgels with polymer chains, and particularly with PEG, it is possible to
independently modulate the swelling of the microgel and the surface properties. More
specifically, microgel-co-PEG demonstrated the ability to change its swellability with
temperature, i.e. shrink above the VPTT, while maintaining its hydrophilic character and thus
preventing the rise of adhesion forces. Similarly, it was observed that the surface potential of
microgel-co-PEG remained constant as a function of pH of the surrounding environment at
constant temperature. Polymer adhesion is one of the main mechanisms through which the
tribological properties of a polymer layer can be tuned via variations in temperature, pH, or ionic
strength.3132 Hence, the aim of objective (iii) was to verify if the independent tunability of swelling
and surface properties of immobilized bare and surface-functionalized microgels translates into
an independent control of their tribological properties. Further, the tribological behavior was
expanded to the mesoscale using the tribo-brush to determine if a continuum of the friction
forces exists and refine the knowledge on the load-bearing capacity and resistance to wear of this

type of material.

No significant variations in the friction behavior of surface-immobilized bare and surface-
functionalized microgels was measured while changing the surface potential of the microgels at

23 °C. The coefficient of friction, defined as the ratio between the friction force and the applied
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normal load (chapter 4), was used as an indicator of the tribological properties of the microgel
coatings. The coefficients of friction for all microgels ranged between 0.31 and 0.52 between pH
4 and 10, these values are roughly 10 times greater than those previously reported with similar
soft polymeric particles in good solvent conditions.333* Further, for charge-bearing microgel-co-
PDMAEMA and bare microgel, the coefficients of friction between pH 10 and 4 (increasing surface
charge) varied by a factor of 0.9 and 1.1, respectively. To put these values in perspective, pH-
sensitive core/shell microgels have shown a 4 to 10-fold increase in the coefficient of friction
within the same range of pH.33 Tribological studies with charged polymer brushes in different pH
values demonstrated a similar behavior.?>3>3¢ This suggests that the magnitude of variation in
the coefficients of friction with pH for the microgels reported in chapter 4 are nonsignificant. For
example, a higher degree of ionization, a more important particle swelling, and lower elasticity of
the polymer layer are expected to lead to lower coefficients of friction.333* However, the
coefficient of friction of bare microgel in chapter 4 increased during the transition to pH 4 from
pH 7 despite a decrease in the elasticity of the polymer layer and an increase in the surface charge
and swelling. Microgel-co-PEG layers showed the least variability in the coefficients of friction
from pH 10 (0.38) to pH 4 (0.37), which hints at the possibility to control the tribological behavior
by functionalizing the surface of the microgels. However, because of the lack of coherence in
expected trends as well as the relatively small variation in the coefficients of friction with pH
observed for charge bearing microgels, it is not possible to conclusively assert that microgel-co-

PEG exhibits a superior control of tribological properties.

Technical problems related to the SFA prevented studying the friction behavior above the VPTT

and resulted in a reduced sensitivity of the instrument. One of the key findings in chapter 3 was
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that microgel-co-PEG remained hydrophilic and non-adhesive above the VPTT regardless of the
pH of the media. Similarly, the adhesion forces between microgel-co-PDMAEMA layers could be
modulated via the pH above the VPTT differently than with bare microgels. Moreover, the
coefficient of friction of PNIPAM microgels has been shown to increase significantly, and become
more closely dependent on the sliding speed, when the temperature is raised above the VPTT.?®
These results suggested that surface-functionalized microgels could reveal a distinct tribological
behavior above the VPTT compared to bare microgels. Unfortunately, the friction device that was
used during these experiments was fabricated such that the circuitry is exposed to the
environment. Upon raising the temperature, the atmosphere within the SFA chamber saturates
with humidity originating from the water placed between the microgel layers (see chapter 4). The
humidity then forms condensation on the circuitry of the friction device which overloads the
output signal and precludes the collection of useful data. While attempting to remediate the
problems caused by the condensation, the Wheatstone bridge of the friction device was modified
which resulted in a 16-fold decrease in detection sensitivity. Such a loss was detrimental to this
section of the thesis because friction forces could no longer be detected before the microgels
were largely confined and in a compressed regime. In other words, the friction forces were
measured under a high applied load. This explains the higher coefficients of friction and the
absence of effect of the surface functionalization. The response to pH variations in bare and
surface-functionalized microgels were expected in the hydrodynamic lubrication regime, when

the microgel layers are barely in physical contact with one another.

Tribological studies in the mesoscale revealed that there is no variation in the friction forces of

bare and microgel-co-PEG layers and that a continuum of the friction forces exists between the
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nano- and mesoscales. Experiments with the tribo-brush showed that the coefficients of friction
of bare microgel (0.23) and of microgel-co-PEG (0.25) are equivalent. This result confirms the
observations obtained in the nanoscale with the SFA; namely, that the friction does not depend
on the surface properties of the immobilized microgel layers. Further, stiction peaks were
observed in the friction traces during sliding at normal applied loads higher than 0.4 N for
microgel-co-PEG and 0.35 N for bare microgel layers. Stiction peaks may arise from adhesion
forces between the surfaces or due to the reorganization of the materials that compose them.
Thus, the wear track on a bare microgel layer after sliding experiments was visualized by using
the AFM technique and used to confirm that microgels were sheared away from the substrate
(chapter 4) during sliding. These results suggest that microgel-co-PEG layers offer a higher
resistance to wear than the bare microgel ones. However, to confirm that microgel particles are
not sheared or damage at lower applied normal loads, further experimentation and imaging with
the AFM are necessary. Finally, it was observed that a continuum in the friction forces exists
between the nano- and the mesoscales and that the friction forces overlap within the range of
roughly 30 — 40 mN of normal applied load. In addition, no substantial damage was imparted to
the surface within the normal applied loads in which the overlap takes place. These results show
that the load-bearing capacity and resistance to wear of these materials are suitable to

applications in lubrication of artificial articulations.?%2%37

The most important condition for tribological studies with bare and surface-functionalized
microgels, raising the temperature above the VPTT of PNIPAM, could not be explored due to
technical difficulties. Moreover, the loss in sensitivity of the friction device prevented the study

of the effect of pH, swelling and surface functionalization. Hence, objective (iii) established at the
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beginning of this thesis was not successfully accomplished. Promising results were gathered in
the mesoscale; particularly, there is some indications that microgel-co-PEG offers a better wear
resistance than bare microgels. However, further experiments must be done in this regard to
confirm it. Above all, given the importance that temperature has on PNIPAM microgels and its
tribological properties, a suitable alternative to the current friction device must be developed.
Unfortunately, the available options are either to replace it or to cover the whole device with an
isolating coating. However, a new device requires a very significant investment while coating the
device implies an additional loss of sensitivity, which has been shown in this section to be already

insufficient for characterizing microgel layers.

Discussions on Chapter 5: Selectively triggered cell detachment from

PNIPAM microgel functionalized substrates.

Objective (iv): Application of surface-functionalized microgels to promote initial cell-substrate

adhesion while favoring a temperature-triggered cell detachment.

Thermo- and pH-responsive polymers are among the most widely used functional materials to
trigger cell detachment from culture substrates during cell culture for applications in cancer
therapy or regenerative medicine.®® PNIPAM-based coatings arranged as brushes,° hydrogels*%4!
and microgels*** are chief among them because of the sharp physical conformation transition
that PNIPAM undergoes across the LCST/VPTT close to the physiological temperature and the

associated variation in the wettability of the coating.**™*® However, because of the variability in

surface fabrication methods, cell lineages and culture protocols, reported results are difficult to
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exploit comparatively. For example, cellular culture on substrates functionalized with PNIPAM
microgels have either succeeded,*>*”*® or failed,***° to produce thermo-triggered cellular
detachment. Hence, the rational behind objective (iv) was to normalize experimental conditions
and isolate the effect of the substrate in order to elucidate its effect on the initial cellular

attachment and subsequent stimuli-triggered detachment ability.

Initial cellular attachment on a substrate is a protein mediated process that happens within the

first hours of contact between the cells and the substrate.”?>?2

Protein adsorption on a substrate
is a prerequisite to cellular adhesion and both are governed by complex physicochemical
interactions including steric, hydrophobic, electrostatic and van der Waals forces.>°* In general,
cells adhere and grow more easily on hydrophobic surfaces than on hydrophilic ones due the
difficulty to displace water molecules adsorbed on hydrophilic surfaces.>>>® The results reported
in chapter 5 showed that the relative cell density for the initial attachment of the bEnd.3 cell line
on substrates coated with bare and surface-functionalized microgels was statistically similar to
the controls (glass, PDMS). This observation agrees with previously published work, which
consistently show that a variety of cell lines are able to attach, proliferate and grow on PNIPAM-
coated substrates to a similar extent than the controls.**5457=3% |n chapter 5, cellular attachment
on substrates coated with bare microgels and microgel-co-PDMAEMA is promoted by the
hydrophobic character and net positive charge of the polymer layers at 37 °C, above the VPTT
(see chapter 3). Substrates coated with microgel-co-PEG remained hydrophilic above the VPTT

(chapter 3), thus, cellular attachment is mediated by the net positive charge (4 mV) of microgel-

co-PEG at 37 °C. There was no effect of the substrate on the initial cellular attachment of bEnd.3
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cells. However, the nature of the polymer coating and of the cell lines played an important role

during the stimuli-triggered cellular detachment experiments.

Microgel-co-PEG showed the best ability to detach MCF7 and U138 cancer cell lines when the
temperature was reduced below the VPTT of the PNIPAM microgel. It has been shown that cell
detachment from a functionalized substrate takes place through changes in the conformation and
hydration state of the polymer layer.”®>! Upon decreasing the temperature of the media
surrounding the cells attached on functionalized substrates, a clear trend towards lower relative
cell densities was observed for U138 and MCF7 cells (see chapter 5). The cellular detachment was
more significant when the temperature was reduced on day 5 compared to day 3 probably
because cells were near confluent after 5 days of incubation and more likely to detach when a
stimulus is applied.®%®! Further, U138 and MCF7 cells grown on microgel-co-PEG substrates were
the only ones that displayed statistically significant lower cell densities when the temperature
was decreased below the VPTT. These results indicate that the thermo-triggered cell detachment
improved when the PNIPAM microgels were surface-functionalized with PEG chains which
enhanced the hydrophilicity of the polymer coatings even above the VPTT (chapter 3). This
observation is supported by the results obtained with SPR, which demonstrated that the non-
specific protein adsorption on substrates functionalized with microgel-co-PEG was significantly
lower than that on bare microgel coatings above the VPTT (chapter 5). In addition, previous
publications have also reported on the outstanding anti-fouling properties of PEG-functionalized
surfaces.®?7%* Nevertheless, no significant thermo-triggered detachment was observed for bEnd.3
cells regardless of the incubation time and the substrate functionalization. The lack of

detachment is explained by the different nature of bEnd.3 cells compared to MCF7 and U138.
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bEnd.3 are endothelial cells and thus express high levels of PECAM-1 that makes them more
adherent®%’ compared to U138 and MCF7 cancerous cell lines, which exhibit a greater ability to
invade other tissues through the EMT process that facilitates the dissociation of adherens
junctions.®®7% Previous publications have also reported that strongly adhesive cell lines are
unable to detach from PNIPAM-based coatings by decreasing the temperature due to irreversible
protein adsorption on the substrate.***° Hence, the behaviors observed with bEnd.3 cells in
chapter 5 are not unusual and illustrate an important limitation of the PNIPAM-based coatings
proposed in this section of the thesis; namely, that the contribution of PEG to the cell detachment
ability is not applicable to strongly adhesive cell lines. An alternative to enhance cellular
detachment could be to surface-functionalize the PNIPAM microgels with photocleavable motifs

73 as well as

linked to receptors that target integrins in the ECM, for example RGD or CD44,3%71
PEG. In this manner, it might be possible to maximize the cell detachment without the need to

employ enzymatic digestion or mechanical scraping.

Decreasing the pH of the environment at 20 °C produced a clear trend towards reduced cell
densities of MCF7 and significantly lowered the cell density of U138 while no detachment was
observed for bEnd.3 cells. Variations in pH may mediate cellular detachment from a pH-
responsive surface by decreasing the electrostatic interactions between a positively charged
polymer coating and the negatively charged ECM.”* The changes in surface potential of bare and
surface-functionalized microgels between pH 7 and 2 were small, but the bare microgel and
microgel-co-PDMAEMA layers were observed to swell with decreasing pH, and did so to a greater
extent than the microgel-co-PEG ones (chapter 3). Because at 20 °C the PNIPAM microgels are

hydrated, the combined effect of additional pH-triggered swelling and associated increase in the
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hydrophilicity of the polymer layers were likely the reason behind the observed cell
detachment.>®’> In fact, the thermo- and pH-triggered swelling and increasing hydration of the
microgel layers change the conformation of the proteins in the ECM which disturbs the tension
forces of actin-based fibers that link the cytoskeleton of the cells to focal adhesion points on the
ECM.”%778 The disruption in tension forces signals the cell nuclei through mechanotransduction
and produces morphological changes in the cells, from spread and flattened when attached to
spherical, which promotes detachment from the substrate.’®’”7° Because the
mechanotransduction process requires a metabolic energy input, the metabolism rate of each
cell line determines the degree of detachment that is ultimately observed.>*%% This reason justifies
the difference in detachment behaviors between U138, MCF7 and bEnd.3 cell lines. Similarly, the
ability of polymer coatings to alter their swelling and hydrophilicity in response to pH or
temperature variations will determine the amount of modification sustained by the proteins in
the ECM. Hence, mechanotransduction theory suggests that microgel-co-PEG layers possess a

more efficient cell detachment ability because of their more hydrophilic nature.

The initial attachment of bEnd.3 cells on microgel-functionalized substrates was similar to that
observed on the controls while thermo- and pH-triggered cell detachment was more significant
when using substrates functionalized with microgel-co-PEG. Considering the objective (iv)
proposed at the beginning of this thesis, it is reasonable to conclude that it was accomplished.
However, given the inability to detach bEnd.3 cells, a highly adherent cell type, regardless of the
stimulus applied or the properties of the substrate, the proposed functional surfaces do not
represent a breakthrough. Rather, it indicates that these PNIPAM-based surfaces can be useful to

obtain stimuli-triggered cell detachment during the culture of specific cell lines or potentially in
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applications that require anti-fouling properties such as implantable biomedical devices to

prevent the development of biofilm.
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Chapter 7 — Conclusions and Perspectives

The objective of this thesis was to propose an innovative solution to a common challenge
associated to stimuli-responsive polymeric coatings: changes to the physical conformation or
swelling are inexorably linked to variations to the surface properties. To confront this obstacle, a
hierarchical structure was developed composed of a thermo-responsive microgel surface-
functionalized with either pH-responsive or pH-insensitive polymer chains. Additionally, their
application to cellular culture was studied. The steps taken to achieve our goal were (i)
functionalizing the microgels with polymer chains, (ii) studying the independent tunability of the
hierarchical microgels in suspension as well as immobilized on a substrate, (iii) determining if the
independent control of swelling and surface properties influence the tribological behavior and

(iv) investigating the performances of the developed coatings as substrates for cellular culture.

PEG and PDMAEMA polymer chains were successfully immobilized on the surface of the PNIPAM
microgels using a “grafting to” methodology. The functionalization was confirmed
spectroscopically by identifying the functional groups characteristic of the PEG and PDMAEMA
chains on the spectra of the PNIPAM microgels by using NMR and ATR-FTIR after the purification
by dialysis step. These techniques are commonly employed to confirm surface grafting. It was also
observed that some surface properties specific to the PNIPAM microgel, such as the surface
potential and non-specific protein adsorption, changed upon grafting the polymer chains and
these results were used to support the spectroscopic analysis. Further, a theoretical
approximation was applied to estimate the grafting density of the polymer chains on the

microgels. Beyond the techniques presented in this thesis, TGA and DSC could provide additional
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information that confirms the functionalization of the polymer chains on the microgels. However,
due to the low concentration of the primary amines and the polymer chains relative to PNIPAM,
the effect of functionalizing might not be significant. Previous work has shown that
concentrations as high as 5 wt% in the reaction site are not sufficient to demonstrate that
covalent bonding takes place.! To improve the signal of the polymer chains, the concentration of
primary amines, and therefore the amount of polymer chains that are grafted to the microgels,
should be significantly increased. Therefore, the concentration in primary amines should be
increased to 15 — 20 wt% relative to PNIPAM. This alternative would, unfortunately, drastically

alter the thermoresponsive and surface properties of the microgels reported in this thesis.

In suspension and on a substrate, it was shown that surface-functionalization allows to modulate
the surface properties separately from the swelling and with no hindrance to the thermo-
response of the PNIPAM microgels. Specifically, it was observed that with microgel-co-PEG the
thermo-triggered swelling can happen with no change in the surface potential or adhesion. This
is an important difference compared to the usual response of PNIPAM microgels, i.e., the swelling
behavior is associated with significant variations in surface properties. Nevertheless, no adhesion
could be measured when separating microgel-co-PDMAEMA layers in pH 10 media at 23 °C even
though the PDMAEMA chains are deprotonated and promote adhesion via the attraction
between the polymer chain segments under these environmental conditions.? The lack of
adhesion suggests that the grafting density and the length of the PDMAEMA chains were
insufficient to adequately express their behavior and differentiate it from that of the PNIPAM
microgels. Indeed, the molar mass of the PDMAEMA chains reported in this thesis was of 4,800

g/mol, which translates to a contour length of 8 nm, roughly 3 % of the hydrodynamic diameter
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of the PNIPAM microgel. Therefore, the effect of grafting PDMAEMA chains of higher molecular
weight to the PNIPAM microgels could eventually be investigated to determine if the

characteristic behavior of PDMAEMA can be enhanced without changing the VPTT of PNIPAM.

No significant impact to the tribological properties of bare and surface-functionalized microgels
was measured by changing the pH of the media at 23 °C. The coefficients of friction calculated for
all microgels were roughly 10 times higher than expected and did not vary significantly with the
pH. Further, two critical technical challenges severely limited the quality of the gathered data as
well as the scope of this section of the thesis. Namely, the inability to raise the temperature of
the system above the VPTT of the PNIPAM microgels and a 16-fold loss in sensitivity of the friction
device used to collect tribological data. Therefore, the results of this section are not conclusive,
and are not complete enough for publication. The quickest options to overcome this problem
involve, i) building a new friction device, which requires a significant investment, or ii) to cover
the friction device with an insulating coating. However, the latter option is not recommended
because it implies an additional loss in the sensitivity of the device. Another potential alternative
is to perform the tribological studies using the AFM coupled to a thermostated liquid cell.> Even
though the AFM is a powerful tool to characterize the nanotribological behavior of polymer
materials, there is no precedent of it being used to study the tribological properties of PNIPAM
microgels. At the moment, a viable option would be to collaborate (either by relocating or by
sending samples) with laboratories equipped with the necessary instrumentation to perform this
type of analysis. Similar tribological studies at elevated temperature and with adequate detection

sensitivity are currently done by Dr. Hongbo Zeng at the University of Alberta in Edmonton or by
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Dr. Carlos Drummond at the French National Centre for Scientific Research located at the

University of Bordeaux.

The relevance that independently modulating the swelling and surface properties of surface-
functionalized microgels to application in biomedicine was verified with cell culture studies. Initial
cellular attachment was statistically similar between bare and surface-functionalized microgels
compared to glass and PDMS controls. This suggests that surface functionalization does not
impede cells to attach to a substrate. On the other hand, microgel-co-PEG showed the best ability
to detach MCF7 and U138 cells when the temperature was reduced below the VPTT. The superior
detachment ability of microgel-co-PEG was attributed to the enhanced hydrophilicity, which
promotes detachment by increasing conformational changes of the proteins in the ECM that
trigger morphological transitions of the cells via mechanotransduction mechanisms. The
enhanced hydrophilicity of microgel-co-PEG was also exhibited in protein adsorption studies that
revealed a higher anti-fouling ability above the VPTT relative to PNIPAM microgels. These results
represent a significant improvement compared to cell culture substrates modified with PNIPAM,
which is one of the most widely used polymers for thermo-responsive applications in
biomedicine. However, bEnd.3 cells, a type of endothelial cells characterized by their strong
adhesive abilities, were not observed to detach regardless of the applied stimulus or the nature
of the substrate they were grown on. The absence of detachment ability represents a significant
obstacle to widespread applicability of the developed surfaces and signals the need for further
optimization. A simple way to improve the cell detachment ability involves increasing the length
of the PEG chains surface-functionalized on the PNIPAM microgels to accentuate the hydrophilic

character of the polymer network. It was reported in chapter 3 that the thermo-responsive ability
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and surface potential could be independently modulated by using PEG chains of increasing molar
mass (5,000 — 14,300 g/mol) and this might translate to an enhanced cell detachment ability.
Nonetheless, it is vital to first determine that the initial cellular attachment does not decrease
due to the additional steric repulsion caused by the longer PEG chains. A more complex approach
would involve bi-functionalizing the surface of the PNIPAM microgels with PEG chains and with
photocleavable molecules linked to a receptor that binds specifically to the proteins of the ECM.
In this way, cellular detachment would be promoted by the increased hydrophilicity of PEG and

amplified via external irradiation.

This thesis confirmed the possibility to obtain an independent control of the swelling ability and
of the surface properties. The implications of this work are applicable to diverse technologies that
require a fine-tuned control of the surface properties and particularly in the biomedical field as
cell culture substrates, as additives to improve lubrication, to prevent biological fouling and
prolong the lifetime of implantable devices, and as actuators in microfluidics. The motivation
behind this work was to demonstrate the feasibility of a concept. It is not, however, limited to the
polymers studied herein. A vast range of synthetic and biological macromolecules can be
employed to develop surfaces like the ones presented in this work to further advance and refine

the responsive surfaces that are currently in use and to create novel materials.
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