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Chapter 1

1. Underwater adhesion: context and objectives.

This first Chapter serves as a general introduction to the challenge of adhesion in
aqueous environments, and gives a few examples of how nature has overcome this
problem. To do this, we briefly review the intermolecular interactions present in
different natural systems and the state of art of techniques developed to properly
measure underwater adhesion due to specific molecular interactions. We also
briefly present a few current bio-inspired materials based on electrostatic
interactions, with promising adhesion properties in aqueous environments. The
motivation of this research is based on both academic interest and potential
applications in the medical field. It originates from the lack of understanding of the
properties controlling adhesion of soft materials to hard surfaces when fully
immersed in water, to the full development and characterization of a new “proof of
concept” underwater adhesive system. Following the objectives of this research, we
will give an outline of this thesis at the end of this chapter, which deals with
underwater adhesion between functionalized surfaces and either soft elastic
hydrogels (synthetic or bio-based) or complex coacervates adhesive systems.
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Underwater adhesion: context and objectives.

1.1. Introduction

Adhesives have become a fundamental part of our daily lives as well as of many modern
technologies. The design of a proper adhesive requires the optimization of intermolecular
interactions and the maximization of the energy dissipation in the bulk of the adhesive.! The
intermolecular interactions forces may be electrostatic in nature but may also involve specific
mechanisms such as acid-base interactions, hydrogen-bond interactions, dispersion forces,
chemical bonding, and hydrophobic interactions.? Except for hydrophobic interactions the
majority of these interactions are screened or made irrelevant when water is present, which is
the main cause of adhesive failure with most synthetic adhesives.? Therefore, water, even in the
form of moist air, is the most common enemy of adhesion as J.H. Waite puts it simply, "Water
and adhesives are in conflict".*

There are, however, significant advantages to develop adhesive systems that work in
aqueous environments, particularly in the engineering industry and medical fields. Strong
aquatic adhesives would be valuable in the construction and maintenance of water storage and
transportation systems, and enable the reliable attachment of subaqueous sensors. In addition,
they could be used for the repair of wet living tissues inside the body without the need for
sutures, screws, or staples. Despite multiple applications for underwater adhesion, the ability to
develop adhesives has been severely impaired by the presence of water between the adherend
and the adhesive. It is well known that water affects adhesion through at least four pathways
(Figure 1-1): (i) the presence of water at the interfaces, even between hydrophobic surfaces,’
(i) the wicking or absorbing water by capillary action into interfaces, (iii) the hydrolysis or
erosion of the adhesive and (iv) the swelling or plasticization of the adhesive by water
absorption.*

This introductive chapter begins with a brief overview of various strategies developed by

natural organisms to overcome the problem of water. We then summarize the intermolecular
9



Chapter 1

interactions that are commonly present in condensed matter and we discuss their adaptability
for surface interactions in underwater conditions. Since we aim to understand the role of
specific molecular interactions on adhesion properties of soft materials, we review the different
proposed techniques and the state of the art to measure underwater adherence by controlling

specific molecular interactions.

Adherend A

Swelling, Ercésioln, '
L ydrolysis
plasticization Adhesive /
H,0 (
Wicking, absorbing

Water at the interface

4 _—\
///////////////////////

H,0 Adherend B
Figure 1-1. Four pathways by which water undermines the performance of adhesive bonds as

H,0

adapted from J. H. Waite.*

1.2. Underwater adhesion in nature

The answers to overcome all the challenges for underwater adhesion can be found in nature. In
the sea, there is a diversity of organisms that specialize in sticking to all types of wet surfaces.
Barnacles, oysters, octopi, limpets and mussels are a few familiar examples. Recently, extensive
efforts have been made towards understanding these natural adhesive systems.®! Briefly, these
organisms are able to bond materials underwater using protein-based adhesives: barnacles use
secretions to glue calcareous base plates to rocks,***? mussels use a network of threads to attach
their soft invertebrate body to hard surfaces,**'* and both sandcastle worm and caddisfly larvae
assemble a protective tubular shell by gluing together mineral particles underwater.**® In each
case, nature has created effective adhesives that exhibit the following traits: (i) minimal

10



Underwater adhesion: context and objectives.

preparation of the resident surface either by displacing competing ions or forming coordination
complexes, (ii) repulsion of surface bound water, (iii) just-in-time and in situ setting reaction,
(iv) strong cohesive and elastic properties to withstand significant shear forces, (v) ability to
remain insoluble in water due to crosslinking.!® In this section we present the most widely
studied natural adhesive systems; the marine mussel (Mytulis edulis) and the sandcastle worm
(Phragmatopoma californica) (Figure 1-2). Between these two species, there are several

differences, yet, the adhesive chemistries show several similarities.

Figure 1-2. (Left) The mussel byssus contains hundreds of threads proximally fused to muscle
at the base of the foot and distally attached to the substratum as highly studied by J.Herbert
Waite and coworkers.!’ (Right) A sandcastle worm (Phragmatopoma californica) making a
tube out of sand (yellow) and beads of zirconium oxide (white) as highly studied by R.

Stewart.'® Both photographs are of public domain.

1.2.1. Adhesives of Mussels and Sandcastle Worms

Mussel byssus formation is a tightly coupled choreography of chemistry and processing
steps.!” Briefly, mussels adhere to surfaces by using structures referred to as byssal threads,

which terminate at the substrate surface in a plaque in which it secretes a protein-based

11



Chapter 1

adhesive.*!® The strong attachment of this adhesive enables the mussel to survive in the
turbulent, wet and saline habitat of intertidal zones and is attributed to the post-translational
modification of tyrosine to 3,4-dihydroxypolyalanine (DOPA). To date, 25-30 different mussel
foot proteins have been identified to contribute to the water-resistant adhesive and coating
properties of the byssus.?® However, all proteins contain DOPA, which is a distinctive
functionality of the mussel byssus. DOPA is highly repeated within the amino acid sequence of
the adhesive proteins found in the plaque.®?* The protein is secreted in a liquid form, which
then solidifies to form a byssal thread and an adhesive plaque. The byssal threads are engineered
to withstand elevated mechanical loads applied by waves and currents. A byssal thread connects
a mussel to the adhesive plaque that is anchored to a foreign surface.®

On the other side, the sandcastle worm secretes small quantities of adhesive to join together
mineral grains, such as sand, to form a protective tube underwater, which it uses in a similar
fashion to a shell.1*® After an initial curing period of less than 30 s, the adhesive is strong
enough to hold the particles in place. In the next hours, a second curing step follows which
darkens the color. The resulting cement is a porous solid where the pores are filled with liquid.
The adhesive compounds of the sandcastle worms are rich in nonpolar and ionic groups.
Enhanced by nonpolar amino acids, complex coacervates and metal ion—polyelectrolyte
complexes are formed from oppositely charged compounds. As a result, of complexation, which
is a cohesive feature, the adhesive material is concentrated and insoluble in water (Figure
1_3).6,17,22

Both organisms co-secrete catechol oxidase with their proteins, resulting in the conversion
of DOPA into DOPA-quinone. Consequently, covalent bonds are formed between DOPA-
quinone groups or other amino acids that promote cohesion, such as cysteine or lysine.5152% A

variety of such interactions and possible chemical reactions have been used (either separately

12
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or in combination) in the development of several successful materials with promising

underwater adhesion properties.?*3!

[0
OH

ZM?"O
0 0
")

Metal Hydrophobic Covalent disulfide
coordination interaction crosslink bonds

Electrostatic m-m Cation-m H-bonds

Figure 1-3. Overview of some of the different adhesive and cohesive interactions as found or
hypothesized for wet adhesion by sandcastle worms and mussels. There are more interactions

such as hydrophobic, disulfide bonds, metal coordination and covalent crosslinks.*

1.3. Bio-inspired adhesive systems

Inspired by sandcastle worms and mussels, several research groups have developed adhesive
materials relying on electrostatic interactions, because these interactions play an important role
in the adhesive processing and performance of these animal species. The strength of
electrostatic interactions can be controlled by varying the ionic strength or pH and can thus be
used to tune the mechanical properties of the adhesive systems.3>3 In this section, synthetic
adhesive materials based on electrostatic interactions will be discussed, including hydrogels

and complex-coacervates.
1.3.1. Adhesive systems based on well crosslinked hydrogels

As introduced before, the design of a strong adhesive requires the optimization of

intermolecular interactions at the interface and maximizing the energy dissipation in the bulk

13
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of the adhesive. To address this challenge, highly stretchable and tough double network
hydrogels (DN), as first reported by Suo and coworkers,3* serve as good candidates to tackle
this problem. Combining the ideas of DN hydrogels and molecular electrostatic interactions,
several groups have designed hydrogels with a bulk dissipative mechanisms and interactions at
the interface that can adhere to soft wet human tissues. For instance, Karami et al,.> reported a
DN gel composed of covalently cross-linked poly(ethylene glycol)dimethacrylate and ionically
crosslinked alginate reinforced with nanofibrillated cellulose. No tissue surface modification
was needed to obtain high adhesion properties underwater with the developed hydrogel.
Additionally, Li et al.?® reported a tough hydrogel with adhesive properties consisting of two
layers: a positively charged adhesive surface based on either chitosan or poly(acrylic acid) and
a dissipative matrix based on the tough double network hydrogel of acrylamide-alginate of Suo
and coworkers.®* The former adheres to the substrate mainly by electrostatic interactions, as
wet tissues are mostly negatively charged.®® The two layers synergistically lead to higher
adhesion energies on wet surfaces containing blood such as porcine skin. For short contact times
(~1 min) they reported values in the order of ~250 J/m?, however, for contact times higher than
20 min, they extraordinarily reached values in the order of 10° J/m2.2® Therefore, this novel
hydrogel adhesives may be useful in many areas of application, including tissue adhesives,

wound dressings, and tissue repair.
1.3.2. Adhesive systems based on complex coacervates

As introduced before, one of the phenomena, which is believed to play a fundamental role
in the adhesive delivery of natural adhesive systems, is complex coacervation. In practice, it is
an associative liquid-liquid phase separation of oppositely charged polyelectrolyte
solutions.?> Complex coacervates are particularly suitable for underwater adhesion, because

of their fluid-like, yet water immiscible properties®*3’ and good wettability.®® In natural
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systems, after establishing molecular contact upon delivery, the complex coacervate liquid
transforms into a solid-like material by the introduction of covalent or non-covalent but strong
interactions activated by a change in environmental conditions (e.g. higher pH in seawater,
metal ions coordination).3?

This principle has been mimicked in synthetic systems by designing polyelectrolyte material
systems either responsive to a particular trigger (pH,?*3%4% jonic strength,*4?) or reinforced via
a crosslinking reaction.?*314344 For instance, Zhao et al. designed a fully synthetic underwater
adhesive that was applied to a water immersed surface via solvent exchange.!® The adhesive
consisted of oppositely charged polymers: a random copolyanion containing anionic acrylic
acid and catechol-functionalized acrylic acid (7:3), and a polycation composed of quaternized
chitosan ion-paired with bis(trifluoromethane)sulfonamide (Tf2N-). The use of
Tf2N—counterions allowed chitosan to dissolve in dimethyl-sulfoxide (DMSO). Without
complex formation taking place, the polymers were combined in a single DMSO solution and
subsequently applied onto a water-immersed glass slide. Miscibility of DMSO and water
enabled solvent exchange, which resulted in deprotonation of acrylic acid by water, followed
by complexation of acrylic acid and chitosan. After 25 seconds, the complex turns into a
viscoelastic material with strong underwater adhesive properties. This polyelectrolyte complex
adhesive attached to a wide variety of surfaces, ranging from glass to hydrophobic plastics and
as well as metals and wood, making it a multifunctional underwater glue.

This adhesive systems are very encouraging, however, our understanding is still very poor
in terms of the specific role played by one single type of molecular interactions in the
macroscopic underwater adhesion of these very complex systems (natural or synthetic).
Therefore, the central topic of the following section will be to briefly describe the types of
molecular interactions that can occur within the adhesives system. We specifically focus on H-

bonds, charge-charge interactions, and cation-m interactions.
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1.4. Molecular interactions involved in underwater adhesion

Molecular interactions (also known as non-covalent interactions) are attractive or repulsive
forces between molecules and between non-bonded atoms. Molecular interactions were first
described by the Dutch scientist Johannes Diderik van der Waals.**#¢ They are important in
diverse fields of protein folding, drug design, material science, sensors, nanotechnology,
separations, and even origins of life.> All molecular interactions are fundamentally electrostatic
in nature and can be described by some variation of Coulomb’s laws. However, we reserve the
term ‘electrostatic interaction' to describe interactions between formally charged species.

Interactions between partial charges are given by other names.
1.4.1. Hydrogen bonding

Hydrogen bonding is an important type of interaction that defines the strength of several
natural adhesives systems. For instance, hydrogen bond interactions are partially responsible
for strong surface bonding via DOPA. However, the investigation of the impact of just the
hydrogen bonding of DOPA’s catechol group on the adhesive performance remains rather
complex as it can undergo various types of other interactions.®2

Historically, the idea that a single hydrogen atom could interact simultaneously with two
other atoms was proposed in 1920 by Wendell M. Latimer and Wroth H. Rhodebush*’ and their
advisor, G. N. Lewis.*® Maurice Huggins (who was a student in Lewis' laboratory) has also
described the hydrogen bond in his dissertation in 1919. The hydrogen bond is a short ranged
and directional interaction between an electronegative atom (such as oxygen, nitrogen or
fluorine) and a hydrogen atom covalent to another electronegative atom.? The hydrogen bond
is commonly classified as an electrostatic effect since the hydrogen is partially positively
charged when linked to a very electronegative atom, which leads to strong local dipoles. The

strengths of hydrogen bonds form an entire continuum. Strong hydrogen bonds (82 to 164
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kJ/mol), generally formed between charged donors and acceptors, are nearly as strong as
covalent bonds, Weak hydrogen bonds (4 - 21 kJ/mol), sometimes formed with carbon as the
proton donor, are no stronger than conventional dipole-dipole interactions. Moderate hydrogen
bonds (12 - 50 kJ/mol), which are the most common, are formed between neutral donors and

acceptors.?
1.4.2. Electrostatic interactions

Electrostatic interactions are among charged species and can be either attractive or repulsive,
depending on the signs of the charges. However, it is important to clarify that electrostatic
interactions within a pair of atoms (such as the ones in sodium chloride molecules) are called
ionic bonds. But when a single cation and a single anion are close together, within a protein,
between polymer chains or within a folded RNA, those interactions are considered to be non-
covalent electrostatic interactions. Non-covalent electrostatic interactions can be strong, and act
at long range. Electrostatic forces decrease gradually with distance (1/r2, where r is the
distance between the ions).

The inverse-square Coulomb force between two charged atoms, or ions, is by far the
strongest of the physical forces, even than most chemical binding forces. The free energy for

the Coulomb electrostatic force (E) between two point formal charges Q1 and Q2 is given by:

1)

2
_ Q1Q2 zy73e
c

" Amege, v Amege,r
where 7 is the distance between the point charges (in meters), &, is the dielectric constant of the
medium, also called relative permittivity. The dielectric constant reflects the tendency of the
medium to shield charged species from each other. ¢, is 1 in vacuum, around 4 in the interior
of a protein and 80 in water without salt. The expression on the right is commonly used for

ionic interactions, where the magnitude and sign of each ionic charge is given in terms of the
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elementary charge (e,=1.602 x 10"*® C) multiplied by the ionic valency z. The Coulomb force
F¢ is given by

2
Es  Q:Q2  z123€

Fp=—-—= =
dr 4dmeye,r?  4Ameye,r?

)

For like charges, both E. and F, are positive and the force is repulsive, while for unlike charges
they are negative and the force is attractive.

Water is very efficient in screening charges, reducing electrostatic forces between ions. The
problem of calculating electrostatic effects in biological systems is complex, in part, because
of non-uniformity of the dielectric environment. The dielectric micro-environments are
complex and variable, with less shielding of charges in regions of hydrocarbon side chains and

greater shielding in regions of polar side chains.*°
1.4.3. Cation-x interactions

Intermolecular interactions play a major role in determining the structures of biological
macromolecules. Although hydrogen-bonding and electrostatic interactions have been
extensively studied and discussed, there is another important but generally underappreciated
non-covalent binding force. Cations, from simple ions like Na+ to more complex amino acids
such as lysine and tyrosine, are strongly attracted to the = face of benzene and other aromatic
structures (Figure 1-4).5%%! Cation—r interactions are, therefore, electrostatic in origin and
occur between cations and electron-rich 7 orbitals. Particularly strong cation—r binding occurs
when cations interact with the delocalized n orbitals perpendicular to the plane of aromatic
rings, such as that of benzene, tryptophan, phenylalanine or tyrosine. A cation can interact
favorably with this partial negative charge when the cation is near the face of the n-system.
Although cation—r interactions are much stronger in the gas phase than in condensed phases,
they still exceed the strength of hydrogen bonds, and possibly even charge—charge interactions,

in aqueous solutions.2?2°0 As a result, cation—n interactions provide an attractive molecular

18



Underwater adhesion: context and objectives.

design model to develop molecules that can function as adhesives in underwater environments.
Recently, J.N. Israelachvili and coworkers?? provide a first strong evidence to support the
importance of cation—r interactions in marine bioadhesion. In this research, they argued that
cation— interactions between DOPA and Lysine amino acid is the dominant mechanism that
mediates molecular cohesion in mussel foot proteins containing DOPA. Therefore, he
suggested that molecules incorporating Lysine and DOPA could provide an attractive

alternative for developing underwater adhesives.??

Na

Figure 1-4. The cation-n interaction, showing a positive charge (Nat) interacting with the
center of the ring of benzene. The distance from the charge to the benzene is about 2.4 A (ionic

radius of Na+ = 0.9 A).

1.5. Measurement of adhesion underwater

Measuring adhesion energy is indeed an experimental challenge, especially underwater.
Adhesion is not some objective part of a joint. Instead, it is a property of the bonded system.
Therefore, it depends on several properties of the system such as; temperature, contact time,
debonding rate, pulling direction, contact area, elastic and shear moduli of tested materials,
surface energy and the solvent medium. In short, measuring adhesion energy underwater
requires controlling all of these variables, but most importantly, the areal density of bonds

formed at the interface and the structure of the soft material.
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Developments of different adhesion measurement methods allowed the study of macro- and
micro- scale-contact phenomena: macro-scale contacts are in general characterized using
probe-tack, peel tests, shear tests}*>° and through JKR technique with soft hydrogels.>* The
advantage of macro-scale methods is the well-defined contact area. However, these methods
are limited to smooth and chemically homogenous samples over a few hundred pm?2.>® On the
micro-scale side, the main advantage is the knowledge of the interaction forces between
colloidal particles (micron-sized particle), single molecules and surfaces. During the last 50
years, various direct force-measuring techniques have been developed, which allow for the full
force-laws to be measured between two solid surfaces at a nanometric resolution.? Direct
measurement of intermolecular forces has benefited greatly from the introduction of the surface
force apparatus (SFA)®°8 and the atomic force microscopy (AFM).*® These techniques have
made possible the direct measurement of different interaction forces between several types of
surfaces and molecular structures ranging from hydrophobic colloids,®® charged colloids,®*2
covalent bonds®® and to complete strands of DNA.®* There is, therefore, an encouraging
progress in the problem of measuring adhesion energy from specific molecular interactions in
different aqueous environments. In the next section, we will describe briefly some results

obtained with these techniques.
1.5.1. The Surface Force Apparatus (SFA)

One of the most used technique is the surface force apparatus (SFA) developed by D. Tabor
together with R. Winterton in the late 60s®® and with J. Israelachvili®” in 1972. Later, J.
Israelachvili and G. E. Adams adapted this technique to measure nanoscale forces in aqueous
environments,® which opened up a whole new field of science.? Several modified versions of
the instrument have been developed since the 80s keeping the same measurement principle.®6:57

The SFA contains two curved molecularly smooth surfaces of mica (of radius ~1 cm) between
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which the interaction forces are measured. The two surfaces are in a crossed cylinder
configuration, which is locally equivalent to a sphere near a flat surface or to two spheres close
together. A typical SFA has a normal and a lateral distance resolution of 0.1 nm and 1 pm,
respectively. The force sensitivity is about 10 nN and given the geometry of this technique, the
sensitivity in measuring adhesion and interfacial energies is approximately 10 mJ/m?2

Over the past few years. SFAs have identified and quantified most of the fundamental
interactions occurring between surfaces in air and under aqueous environments. Remarkably,
repulsions resulting from electrostatic “double-layer” forces have been extensively studied with
the surface force apparatus.'*%8% and more recently, with the inclusion of the Electrochemical
Surface Forces Apparatus (EC-SFA),” attractive forces due to electrostatic interactions have
been measured between an atomically smooth gold electrode (with controllable surface
potential by the EC-SFA) and a mica surface covered with a self-assembled amino monolayer.
Remarkably, with this new set-up, they were able to measure precisely attractive and repulsive
electrostatic forces validating experimentally the DLVO theory (which will be explained more
in detail in the Chapter 3) for electrostatic forces. A limitation of the SFA technique is the need
for an extremely particle free condition of the medium near the surfaces, and its low lateral
resolution (which is no better than that of an ordinary optical microscope). However, it has a
significant advantage in the direct visualization of the contact region with the Multiple Beam
Interferometry (MBI). Another limitation, and one currently shared with most other techniques
at this scale, is that there is not direct link between the measured forces and the molecular

composition and structure (e.g., molecular orientations) of the tested materials.
1.5.2. Atomic Force Microscopy (AFM)
One of the methods available for direct measurement of surface forces is the atomic force

microscope (AFM) introduced in 1986 by Binnig, Quate and Gerber.” The surprising
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simplicity of the microscope, capability of measuring in air and practically in any gas and liquid
environment, makes it indispensable both in scientific research and in industry. The AFM is in
principle similar to the SFA except that forces are measured not between two macroscopic
surfaces but between a surface and either a fine tip or a colloidal probe (AFM-CP).’2"3
Moreover, there are several advantages of the AFM over the SFA. In addition to its versatility
and ability to perform force measurements with both high normal and lateral resolution,®? the
AFM can work with many different materials (soft or hard) and under any aqueous environment
as it allows a precise control of several parameters such as temperature, pH, solvent, humidity.*
Furthermore, the principles of measurements of the AFM and the AFM-CP will be covered and
explained in more detailed in the introduction of Chapter 3 (Section 3.1).

In the last 10 years, different groups including Synytska and coworkers’*' have extensively
used the AFM-colloidal probe technique to measure different molecular forces underwater at a
nanometric force scale between oppositely charged polyelectrolyte brushes.®*°*"" The main
focus of these previous works was to successfully achieve reversible adhesion by changing
environmental variables such as pH> or by adding salt.>® Furthermore, Spruijt and
coworkers®®:"® used the AFM-CP technique to determine the strength of the cohesive ion—ion
pair forces between positively and negatively charged polyelectrolytes brushes attached to the
solid surfaces of a colloidal probe and of a silicon flat wafer, respectively (Figure 1-5.a). The
surfaces were immersed in an aqueous solution with varying salt concentrations. During a
typical experimental approach-and-retract cycle, the brushes come into contact and form a thin
complex layer. When the surfaces were separated again, the polyelectrolyte chains were
stretched until enough energy is stored to break all the formed ion—ion pairs between the
brushes.

They found that the electrostatic force depends linearly on the logarithm of the pulling rate

(Figure 1-5) and they gave solid evidence on the effect of varying the ionic strength in the

22



Underwater adhesion: context and objectives.

medium and its effect on the attractive electrostatic forces. Remarkably, they fit their data with
a molecular rupture model for ionic bonds that quantitatively estimates the mean rupture force
of a single ionic bond as a function of ionic strength and pulling rate. This model was inspired
mainly by the model developed by Evans and Ritchie’®® of mean rupture force of single
molecules as a function of temperature and loading rate, and by the Debye-Hiickel theory of

electrostatic double-layer forces.?"®
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Figure 1-5. Schematic picture showing the AFM-CP measurement of the interactions between
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two oppositely charged polyelectrolyte brushes.5:8

1.5.3. JKR approach

Recently, Geoghegan and coworkers®*828% reported quantitative values of underwater
adhesion energies between oppositely charged, weak polyelectrolyte materials. Adhesion
underwater was measured using the so-called Johnson—Kendall-Roberts (JKR) analysis
between a silicon flat surface covered with polymer brushes and hemispheres of macroscopic
hydrogels, both prepared from weak polyelectrolytes (Figure 1-6). The JKR technique, which
will be explained in more detail in the introduction of Chapter 3 (Section 3.2.1), provides a
mean of directly probing the adhesion at the interface, whereas other methods, such as tack,
peel or shear tests measure the adherence, which is also dependent on the bulk-material

properties.
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Their work focused mainly on the reversibility and repeatability of the adhesive interactions
and remarkably, they showed in various systematic studies, the dependence of work of adhesion
on the charge density between hydrogels (including with double network hydrogels) and
polymer brushes based on weak polyelectrolytes. For instance, a hemisphere piece of a
poly(methacrylic acid) (PMAA) hydrogel was brought in contact to a flat surface covered with
poly[2-(diethyl-amino)ethyl methacrylate] (PDEAEMA) brushes. At low pH, the brush is fully
swollen but the gel excludes water and contains limited charge. At pH 6, both the brush and the
gel are swollen, while at high pH the brush layer loses most of its charge and collapses to
exclude water. The adhesion is maximized when both of these are charged, i.e. at pH close to

6. For this system, the work of adhesion was reported to be around 20-50 mJ/m? at pH 5.8.>

PMAA gel

©
®

ECOO3 S LS8 S (48001553 4

PDEAEMA brushes

Figure 1-6. Schematic diagram of the process for a negatively charged hemisphere hydrogel
being brought into contact with a positively charged polymer bushes layer. In this model system
proposed by Geoghegan and coworkers, the adhesion was found to be maximized when both

of these are charged, i.e. at pH close to 6.5483

However, under these conditions, measuring the contact area between the gel and the

substrate cannot be carried out through the gel because of the very close refractive index of the
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gel and water, but the contact area was extrapolated from a side-view of the system. This
research is very encouraging, but did not addressed the effect of all the parameters that are
important in controlling and predicting the adhesion energy from a specific type of molecular
interactions. Examples include a better estimate of the areal density of charges at the interface
and the contribution of the macroscopic hydrogel network architecture to the macroscopic

underwater adhesion.
1.5.4. Underwater probe-tack test for soft hydrogels

Measuring underwater adhesion while avoiding the problem of visualization of the contact
during the measurement, was first proposed by Sudre et al.3* He proposed to use a custom-built
probe-tack test setup between a soft material and a hard surface. The device can be used in both
air and water. In submerged configuration, the pH, ionic strength and temperature of the
aqueous media are controlled in situ. When both surfaces are properly aligned, through direct
visual control, the contact area during the compression and detachment phases is equal to the
area of the functionalized hard surface, which is attached to the mobile probe. With this
experimental setup, he succeeded to obtain quantitative values of the macroscopic adhesion
energies under immersed conditions in a reproducible way.

The chamber in which the adhesion test is carried out is made of anodized aluminum alloy
(Figure 1-7). The setup consists of two compartments hermetically separated. In the sample
chamber where the contact test takes place, a special location has been designed for holding a
glass slide, on which the hydrogel will be placed. The setup is attached to an Instron model
5565 traction machine on which a 10 N force cell is fitted. The noise on the force cell is of the
order of 0.1 mN. Before immersion in solution, both surfaces are aligned in air. The contact is
visualized by means of two windows for a deformation corresponding to approximately 20%

of the deformation applied during the adhesion test. This technique will be used for all
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macroscopic underwater adhesion experiments in this thesis. The precise experimental

methodology and the different recommendations to measure the adhesion energy with this test

will be presented in detail in the methodology section of Chapter 2 (Section 2.3.7).

O 0 N o~ u»

aae s )

Hydrogel thin film (nm)

Hydrogel (mm)

1. Heating chamber

2. Sample chamber

3.

4. Entrance of thermo-stated

Samples holder

liquid

. Mirror holder

. Front window

. Hydrogel sample

. Bottom window

. Front window 2
10.Screws for alignment

11.Connecting device for the

Instron machine

Figure 1-7. (Top) Photographs of the experimental setup developed to measure underwater

adhesion between a solid surface and a soft material. (Down) Detailed parts and components of

the probe-tack setup developed by Sudre et al. to measure

materials.®*

underwater adhesion of soft

From hydrogen bonds interactions to macroscopic underwater adherence

Guillaume Sudre® investigated the macroscopic adhesion underwater between poly(N,N-

dimethylacrylamide) (PDMA) hydrogels at swelling equilibrium and a surface covered with a

26



Underwater adhesion: context and objectives.

layer of poly(acrylic acid) (PAA) brushes.®* The PDMA/PAA couple was chosen since PDMA
and PAA can form hydrogen-bond specific interactions at the interface and this interaction can
be modulated by tuning the pH of the medium. Therefore, he studied the effect of pH, and

therefore, the effect of H-bonds on the macroscopic underwater adhesion of swollen materials.
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Figure 1-8. Key findings of Sudre et al. (a) Energy of adhesion between a PAA brush and a

PDMA hydrogel equilibrated and immersed at pH 2, as a function of contact duration. The
measurement at a contact time of 10 s did not show any adhesion peak.2* (b) Energy of adhesion
between a PAA brush and a PDMA hydrogel as function of the debonding velocity, equilibrated

and immersed at pH 2 (acidic condition) and pH 9 (basic condition).®*

They found that adhesion increased as the pH decreased and this was attributed to the
formation of hydrogen bonds at the interface. Remarkably, they demonstrated that the time of
contact and the debonding velocity, even for very elastic gels, were key parameters controlling
the measured energies of adhesion with this technique (Figure 1-8). Varying systematically the
equilibration time, contact time and debonding velocity gave access to (i) the kinetics of the
formation of the complexes at the interface, (ii) their dissociation times and (iii) the diffusion

properties of acid or base inside the gels. They showed that the formation of H-bonded
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interactions is a particularly long process since the energy of adhesion continues to increase as
a function of contact time for at least one hour.

It is interesting to highlight that for this system in equilibrated conditions, a minimum of 100
seconds of contact time was necessary to obtain a clear adhesion peak. By using a shorter
contact time, only noise was measured with the 10 N load cell. Moreover, the results of the
adhesion tests show that the measured values were in the order of 10 mJ/m?. These values are

in good agreement with the literature given the conditions under which the test was conducted.

Effect of swelling equilibrium on underwater adherence

Synthetic hydrogels are normally composed of flexible water-soluble polymer chains which
are crosslinked in the presence of a fixed concentration of water (corresponding to the
preparation conditions) and which, if left immersed in excess water, will swell to equilibrium.
This equilibration with the environment until the chemical potentials of the water and mobile
species inside and outside the gel are equal, has been well studied and leads to changes in
mechanical properties such as the elastic modulus and also to changes in the large strain
properties.%®

In this context, the underwater probe-tack test methodology developed by Sudre et al.8 was
used by Macron et al.®” to measure the work of adhesion between a poly(N,N-
dimethylacrylamide) (PDMA) hydrogel and poly(acrylic acid) (PAA) polymer brushes while
the PDMA hydrogel was swelling from its preparation state to equilibrium. Experiments were
carried out systematically between a neutral PDMA gel and a PAA brush at pH 2 (forming
hydrogen bonds at the interface). The key finding in this research was that regardless of the
composition of the gels, the measured value of the adherence energy systematically decreased
with increasing immersion time, i.e. as the gel swells to equilibrium (Figure 1-9). Moreover,

in both equilibrated and non-equilibrated conditions the work of adhesion increased linearly
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with the elastic modulus of the gel i.e. with the bulk density of elastic chains (Figure 1-10.b).
Finally, it was reported that the adhesion energy at swelling equilibrium scaled linearly as a

function of the logarithm of the detachment rate (Figure 1-10.b).
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hydrogel and a PAA brush. Illustration of the setup used to mechanically hold the hydrogel
layer with a Teflon-coated plate during the adherence test. On the left are represented the H-
bond interactions formed between the PDMA hydrogel and the PAA polymer brush. On the
right, is displayed the work of adhesion of the system measured as a function of the immersion
time, the dispersion (pink area) and the best fit of the data points with an arbitrary function

guiding the eye (red line).

Given these findings, they proposed to link the adhesion energy with the molecular
architecture of the macroscopic hydrogels. Since they found that the adhesion energy increased
with increasing elastic modulus of the hydrogels, they concluded that the dissipated energy
upon debonding depends on the areal density of H-bonds formed at the interface (which was
not measured) and not on the molecular weight of the polymer strands of the hydrogel.

They also found that the work of adhesion at equilibrium increased linearly with the
logarithm of the pulling rate, suggesting that polymer chain stretching occurs before the rupture
of the H-bond interactions, which means that indeed the length of the chains will affect the

result on the dissipated energy. To resolve these two results, they argued that the decrease in
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work of adhesion as the gel approached equilibrated conditions was attributed to the slowdown
of the Kkinetics of formation of multiple H-bond interactions as the gel approached its
equilibrated state. Nevertheless, despite the inspiring results from this research, the direct link
between the macroscopic underwater adhesion energy and both the molecular weight of the
polymer strands between crosslinks and the areal density of interactions at the interface is still

generally unknown.
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Figure 1-10. Key findings of Macron et al. 8 (a) Work of adhesion as a function of
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concentration of polymer for the PDMA hydrogel system. Red points corresponds to gels out-
of-equilibrium and blue points to gels at equilibrium swelling. (b) Work of adhesion as a
function of detachment speed at pH 2 between PDMA gels at swelling equilibrium and PAA

brushes.®’

From electrostatic interactions to macroscopic adherence: preliminary experiments

Jennifer Macron, who followed up on Guillaume Sudre’s work, carried out preliminary
experiments of macroscopic adhesion between charged gels, i.e. due to the electrostatic
interactions. She used 1 mm thick macroscopic hydrogels of poly(methacryloyloxyethyl
trimethyl ammonium chloride-co-acrylamide) [poly(MAETAC-co-AAm)] and hard surfaces
coated with polymer brushes of poly(acrylic acid).®® In the last chapter of her PhD manuscript,

she showed systematic adhesion experiments between different poly(MAETAC-co-AAm)
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hydrogels (changing the ratio between the cationic and neutral monomer) and poly(acrylic acid)
brushes as function of immersion time. Remarkably, she found that the work of adhesion of a
hydrogel containing 25% of cationic charges (in weight at preparation state), remained constant
as a function of immersion time (Figure 1-11), i.e. during equilibration. In addition, the
adhesion based on electrostatic interactions was marked by a significantly higher work of
adhesion (~120 mJ/m?) compared to H-bond interactions (~30 mJ/m?), in particular when the

hydrogels reached swelling equilibrium.
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Figure 1-11. Adhesion energy as a function of immersion time of a poly(MAETAC-co-AAm)
macroscopic hydrogel against a polymer brush of PAA in aqueous solution at pH 6, for a weight
percentage of charges in the gel equal to 25% (orange), 50% (blue) and 75% (purple). The less
charged polymer maintain its adhesion energy between preparation and equilibrium

conditions.88

Finally, J. Macron conducted the first preliminary underwater probe-tack experiments of
adhesion energy between the poly(MAETAC-co-AAm) hydrogel and a poly(acrylic acid)
hydrogel thin film (dry thickness of ~200 nm) reporting higher values of adhesion energy in

the order of ~10° mJ/m? in both equilibrated and non-equilibrated conditions.®® These
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experiments were preliminary, since no replicates were conducted and the same hydrogel thin
film surface was used for both conditions.

Nevertheless the use of these novel poly(acrylic acid) hydrogel thin films as charged counter
surfaces rather than brushes, was found very promising. The technique of thin film synthesis as
first reported in the PhD dissertation of Mengxing Li,® is very simple (with less steps than
polymer brushes) and versatile, which allows easily the adjustment of chemical (e.g. functional
groups, responsiveness) and physical properties (e.g. size, structure) of the polymer films. The
general synthesis of hydrogel thin films consists on grafting and crosslinking reactive polymer
chains through thiol-ene click chemistry, which takes place efficiently without extensive
precautions of controlled atmosphere and without addition of any initiator.8%% Briefly, the films
are obtained by spin-coating ene-functionalized polymers in the presence of dithiol molecules
as cross-linkers on thiol-modified substrate (Figure 1-12). The thiol-ene reaction allows both
the chemical cross-linking of the polymer chains and their covalent attachment to the surface.
Therefore, this technique will be used all along this thesis and the detailed procedure to prepare

poly(acrylic acid) hydrogel thin films will be presented in more detailed in Chapter 2 (Section

2.3.3).
1 / OH SH SH SH SH SH SH
Y P + HS/Y\/SH + ‘
\ OH Thiol-ene
reaction
Ene-functionalized Dithiol Spin-coating in Hydrogel thin film
polymer thiol-modified substrate chemically crosslink

Figure 1-12. Synthesis of hydrogel thin films based on thiol-ene reaction.

1.6. Objectives of the thesis

This introduction has briefly touched upon different natural and synthetic systems that have

managed to overcome the challenge of underwater adhesion to different extents. We have also
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emphasized the research of several groups, which have contributed to the understanding of these
natural adhesive systems and successful attempts to replicate them. In addition, we briefly
review some of the intermolecular interactions presented in different natural systems, and above
all, the state of the art of techniques developed to properly measure underwater adhesion at
different scales due to specific molecular interactions.

Despite the significant progress in the field of underwater adhesion, there are still several
open questions when linking specific molecular interactions to adhesion energy. Until now, no
general relation has been established between a specific molecular interaction at the interface,
soft hydrogel bulk mechanical properties and their macroscopic adhesion energy.
Consequently, the direct link between the mesh size of the gel, the bond formation kinetics or
the areal density of interactions at the interface and the macroscopic underwater adhesion
energy remains unknown. We are therefore motivated in bridging the gap between specific
molecular interactions and adhesion energy, and based on the previous progress in our research
group and the previous studies presented in this introduction, we will focus our research on
electrostatic molecular interactions.

Forces due to electrostatic interactions are well described by Coulomb’s law in vacuum and
molecular theories describing adhesion between charged molecules and surfaces, or in polymer
science between polyelectrolytes, have been developed and verified experimentally.® The
presence of thin polymer films or polymer brushes on surfaces causes additional complexity
related to the counterion condensation and local pH change.”®% In addition, macroscopic
hydrogels are soft solids that can store elastic energy upon deformation, causing long range
effects that, in turn, affect macroscopic adhesive properties in a similar way as for classical soft
elastomers where adherence is due to a balance between adhesive forces and strain energy.>

However, for swollen hydrogels underwater, molecular forces and elastic strain energy are both
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much weaker and the way molecular interactions causing short range attractive forces are
coupled with gel mechanics to control macroscopic adhesion is still poorly understood.

Since the adhesion energy is the energy necessary to separate two surfaces, it may also
contain an irreversible component, which in turn depends on the bulk mechanical properties of
the macroscopic hydrogel. This is predicted by fracture models, such as the Lake and Thomas

model,”

where the energy to break a soft material is predicted to scale with the inverse square
root of the elastic modulus.! In other words, the irreversible contribution to work of adhesion
is expected to increase as the elastic modulus of the gels decreases. However, the Lake-Thomas
model is not suitable for studying adhesion in our system since it assumes that bond scission
and hence the fracture energy are rate independent, while previous work®*** on hydrogel/brush
adhesion suggests that the adhesion energy is likely to be debonding rate dependent.

In the late 90s, Manoj Chaudhury®*°® proposed an adhesion model in which the fracture
energy of an interface is rate-dependent due to the rate dependent nature of the scission of weak
individual bonds at the interface according to the description of Evans et al.””*° The adhesion
energy can then be estimated as a function of kinetic parameters of bond scission of weak
interactions and the polymer strand in the hydrogel is seen as a linear spring with a spring
constant that is inversely proportional to the length of the chain. Accordingly, this model
suggests that the adhesion energy should be directly related to the interfacial areal density of
weak interactions and to the bulk mechanical properties of the macroscopic polymeric material.
Therefore, it is interesting for us to see, through experimental measurements, if this model
developed for elastomer adhesion can be extended to the case of underwater adhesion with
macroscopic swollen hydrogels (Section 2.2.2).

In addition to the bulk mechanical properties, the ionic strength is a key variable for

underwater adhesion experiments between oppositely charged polymeric materials. It is well

known that the screening process of an electrostatic interaction can be described quantitatively
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as a salt-enhanced activated process. In general, at low salt concentrations, the attraction of
opposite charges is strong enough to keep two colloidal particles together. However, with
increasing salt concentration, the electrostatic attraction is progressively screened and the
colloidal particles will separate.? How the combination of these effects modifies the short-range
attractive force of ions connected to soft polymeric materials is still poorly understood. As a
result, the strength of ionic bonds between two soft surfaces carrying opposite charges as a
function of different salt concentrations in the medium and their contribution to macroscopic
underwater adhesion is still understudied.

To summarize, despite the vast progress in this field, there is no general model describing
the link between specific molecular interactions used in naturally occurring adhesive systems
and underwater macroscopic adhesion energy. In this context, and inspired by the recent
developments of direct force measurements of intermolecular forces, and the progress on
underwater probe-tack measurements, we are therefore, interested in bridging the gap between
molecular electrostatic interactions. Especially, the link between interfacial areal density of
electrostatic interaction, the hydrogel network architectures and the ionic strength of the
medium with the macroscopic underwater adhesion of soft swollen materials. During the course
of this manuscript, we will address these challenges by using a model synthetic system of

oppositely charged gels, which will be described in the following section.
1.6.1. Model synthetic system

The first general objective of this manuscript is to develop a synthetic model system to
explore systematically the relation between molecular electrostatic interactions at the interface,
hydrogel network architecture and underwater adhesion energy between hydrogels at swelling
equilibrium. The underwater probe-tack test is chosen to measure the macroscopic underwater

adhesion in this model system. The advantage of this technique is the precise control over the
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contact area between the tested materials. Moreover, apart from the variables on the probe-tack
test that affect the measurements of adhesion (i.e. rate-dependence, contact time and pressure),
two main parameters that are expected to contribute to the prediction and control of
macroscopic adhesion are the interfacial areal density of electrostatic interactions and the elastic
modulus of the macroscopic hydrogel.

On the surface side, we seek to synthetize surfaces functionalized with poly(acrylic acid)
hydrogel thin films instead of simple polymer brushes, since the technique to prepare thin films
as previously presented is more simple, robust and versatile (Figure 1-12). Additionally, these
films serve our purpose of tuning the interfacial areal density of electrostatic interactions, as
they can be tuned by either the pH or the ionic strength of the medium. However, in previous
studies, the areal density of interactions at the interface has only been assumed (in the order of
~10*® bonds/m?)®" but has not been properly measured. Furthermore, on the hydrogel side, the
objectives are to explore systematically different hydrogel network architectures by varying the
concentration of charged groups and the degree of crosslinking in preparation conditions to
enable the exploration of different bulk mechanical properties of the hydrogels at swelling
equilibrium.

We aim as well to make a comparison between macroscopic scale measurements using
(underwater probe-tack) and microscopic underwater adhesion experiments using an AFM
colloidal probe technique. In both experiments, the macroscopic positively charged hydrogel
and the negatively charged weak polyacid on the surface (acrylic acid) were kept the same.
Therefore, we aim to link the same molecular interaction to adhesion energy but at two different
length scales. We aim to study the same parameters as in the probe-tack (i.e. debonding rate,
contact time, pH, ionic strength, hydrogel network architecture) and we expect to achieve

comparable rupture forces of molecular electrostatic interactions at both scales.
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1.6.2. Bio-based system

Since we based our motivation on the inspiration of natural occurring adhesive systems, we
seek to expand this study to a bio-based system by using hydrogels based on gelatin. Gelatin is
derived from the hydrolysis of collagen, and depending on the solution-treated precursor, it can
be either positively or negatively charged in the pH range between 5 and 8.%7-%° Moreover, the
formation of thermoreversible physical gels in water is one of gelatin’s most important features.
Yet, these physically crosslinked gels neither are thermally nor mechanically stable. Therefore,
a method to chemically crosslink gelatin is needed to improve its stability, necessary to prepare
macroscopic gelatin hydrogels and to both graft and crosslink gelatin hydrogel films on silicon
wafers.

Several questions arise when using chemically crosslinked gelatin networks. Since most
chemical reactions use the free amino groups of the gelatin polymer chains to create a
chemically crosslinked network, it is not clear whether the free amino groups left after
crosslinking are sufficient to achieve measurable macroscopic adhesion. Therefore, the main
objective of this bio-based system is to study achieve measurable underwater adhesion between
oppositely charged gelatin hydrogels. Consequently, we will investigate whether the concept
developed for the synthetic system of controlling and predicting underwater adhesion by tuning
the interfacial charge density and the bulk mechanical properties, will be transposable to a

gelatin-based system.
1.6.3. Complex-coacervate underwater adhesive

Following inspirations from natural adhesive systems, a third general objective pursued in
this thesis is evaluating the underwater adhesion energy of a fully synthetic in situ setting
adhesive based on a combination of complex coacervation and thermoresponsive domains. The

adhesive consists of oppositely charged polyelectrolytes grafted with thermoresponsive side
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chains mixed at a high salt concentration. Briefly, this adhesive system starts out as a fluid-like
material that can be injected at room temperature. Upon increasing the temperature
(temperature switch) or decreasing the salt concentration (salt switch) in an aqueous
environment resembling biological conditions, the complex coacervate transitions into a non-
flowing viscoelastic hydrogel with promising adhesive properties. Therefore, this final part of
the thesis aims to adapt the underwater probe-tack test to measure, in a reproducible way, the
underwater adhesion properties of complex coacervates adhesives after being exposed to either
a temperature or a salt switch, or a combination of both setting mechanisms. We will therefore
explore the underwater adhesion properties by changing different parameters in the test,

including the temperature, ionic strength in the medium and the stretch rate.
1.7. Outline of this manuscript

This thesis will be divided into three parts. The first two parts will be related to the objective
of linking electrostatic interactions to macroscopic adhesion with soft and solid-like materials,
and the third part will focus on the adhesion properties of complex coacervate adhesives. In
PART I, we will systematically look into the design of a model synthetic system to measure
underwater adhesion at macro and micro scales by means of Probe-Tack and AFM-CP
experiments, respectively. In PART 11, we will present the extension of the synthetic system
into a bio-based system including a possible new gelatin-based system that can be used for
underwater adhesion. Finally, PART Il focuses on the systematic study of a novel in situ
underwater adhesive based on complex coacervation. Each chapter will be written individually
as an article-like document, however, it will include a general introduction and state of the art,
a theoretical section relevant to the specific chapter, experimental and results sections specific

and concluding remarks. This manuscript will finish with general concluding remarks and
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further perspectives for each of the three parts of this thesis, and finally a general abstract of

the key findings will be presented.
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Chapter 2

2. From molecular electrostatic interactions to
macroscopic underwater adherence.

In this Chapter, we investigate the macroscopic adhesion energy (W,) in pure water
between a positively charged hydrogel of varying crosslink density made from
(methacryloyloxyethyl)trimethylammonium chloride and acrylamide
[poly(MAETAC-co-AAmM)] and a negatively charged and crosslinked poly(acrylic
acid) (PAA) thin film gel on a silicon wafer. Adhesion tests were carried out on a
custom-built probe-tack setup fully immersed in pure water. The interfacial charge
density on the PAA hydrogel thin film was estimated from streaming potential
measurements and the molecular architecture of the thick hydrogel was obtained
from mechanical testing. For a fixed interfacial charge density, W, increased
weakly with contact time (in stark contrast with the case where adhesion is due to
H-bonds) but strongly with debonding rate. For a given gel, the work of adhesion
increased linearly with the interfacial charge density of the thin PAA film while at
constant interfacial charge density, W, was found to decrease with the modulus of
the gel. Results were analysed with a simple model proposed by Chaudhury for
weak adhesion of elastomers. Using realistic values of the spring constant of the
polymer chain and of the characteristic time of bond dissociation, we demonstrate
that the work of adhesion can be rationalized by a combination of strain rate
dependent bond breaking kinetics combined with a pH dependent areal density of
electrostatic interactions.
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2.1. Introduction

Molecular electrostatic interactions play a key role in many macromolecular assemblies for
bioadhesives systems.* There is a growing interest in using ionic bonds for a broad range of
applications in medicine, such as tissue engineering,? drug delivery systems,® and surgical
adhesives* because of their strength and tunability. For the latter application, adhesives systems
using electrostatic interactions to achieve promising levels of adhesion for medical applications
have been reported.® Yet, despite several previous studies,®® the control and quantitative
prediction of macroscopic adhesion properties from molecular electrostatic interactions is still
poorly understood for soft materials fully immersed in an aqueous environment.

Forces due to electrostatic interactions are well described by Coulomb’s law in vacuum and
molecular theories describing adhesion between charged molecules and surfaces, or in polymer
science between polyelectrolytes, have been developed and verified experimentally.® The
presence of thin polymer films or polymer brushes on surfaces causes additional complexity
related to the counterion condensation and local pH change.'®!! In addition macroscopic
hydrogels are soft solids that can store elastic energy upon deformation, causing long range
effects that in term affect macroscopic adhesive properties in a similar way than for classical
soft elastomers where adherence is due to a balance between adhesive forces and strain
energy.*2 However for swollen hydrogels underwater, molecular forces and elastic strain energy
are both much weaker and the way molecular interactions causing short range attractive forces
are coupled with gel mechanics to control macroscopic adhesion is still poorly understood.

Initial investigations of this problem have measured the underwater adhesion energy at a
nanometric force scale between oppositely charged polyelectrolyte brushes by using the AFM-
colloidal probe technique.*®**® The main focus of this previous work was to achieve reversible
adhesion by changing environmental variables such as pH® or by adding salt.*® Additionally,

repulsions resulting from electrostatic interactions have been extensively studied with the
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surface force apparatus.'®*®. However, adhesion between molecules or monolayers focuses
only on the molecular interactions but fails to consider the effect of the bulk mechanical
properties of the tested materials. Recently, Geoghegan and coworkers®® reported underwater
adhesion experiments between oppositely charged polymer brushes and macroscopic hydrogel
hemispheres using the so-called Johnson—-Kendall-Roberts (JKR) analysis. They focused on
the reversibility and repeatability of the adhesive interactions but did not vary systematically
charge density and hydrogel structure. Rose et al.'® obtained weak and reversible adhesion
between highly swollen hydrogels by mediating the contact with nanoparticle able to adsorb on
both surfaces with non-specific interactions.

Our group has recently developed a novel methodology to measure the underwater adhesion
energy (W,) between hydrogels and polymer brushes.?’ The first objective was to obtain pH-
responsive and reversible adhesion of a hydrogel on a hard surface.?’ This technique was used
to explore the effect of hydrogen bonding interactions on the W, between a poly(acrylic acid)
brush and a poly(N,N-dimethyl acrylamide) hydrogel, and a maximum W, of about 100 mJ/m?
was reported. This methodology was also used to measure W, as the poly(N,N-
dimethylacrylamide) hydrogel swelled from its preparation state until equilibrium.?* This study
showed that adhesion always decreases as the gels equilibrate with their surroundings regardless
of the initial hydrogel polymer concentration and degree of crosslinking. In this article, we
investigate the adhesion between negatively charged surfaces and positively charged highly
elastic hydrogels. Because our gels are well crosslinked we expect to minimize viscoelastic
dissipation and maximize the sensitivity of the adhesion test to the specific interfacial
interactions.

In this work, model polyelectrolyte hydrogels were selected to measure W, between a
positively charged hydrogel and a negatively charged hydrogel thin film (Figure 2-1).

Specifically, we investigated the effect of the hydrogel network architecture and of the
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interfacial charge density on W, with the intention of bridging the gap between a specific

molecular interaction and the macroscopic underwater adherence energy.

Hydrogel
o == thin film
Hydrogel Jalis)
(mm) ®
~

Figure 2-1. Simplified scheme of a tack test underwater between a hydrogel (Thickness < 2

mm) positively charged and a hydrogel thin film (Thickness < 0.5 pum) negatively charged.

2.2. Theory

2.2.1. Lake and Thomas model

Since the adhesion energy is the energy necessary to separate two surfaces it may also contain
an irreversible component which in turn depends on the bulk mechanical properties of the
macroscopic hydrogel, as predicted by fracture models, such as the Lake and Thomas model.?2
Lake and Thomas suggested that when a soft material is stretched to fracture, the bond that
actually fractures is not the only bond in the material to store energy. To extend a bond to the
point of rupture, most of the other bonds in that chain will also be nearly fully extended, and
store the same energy. They proposed that the macroscopic fracture energy of the crosslinked
network material (T}y) is proportional to the energy absorbed prior to rupture for a C-C bond

(U,) multiplied by the number of bonds between crosslinks (N,). However, in a bulk polymer,
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there will be multiple chains in the plane of crack propagation, and the fracture energy is an
energy per unit surface (e.g. J/m?). Therefore, they added to the model the number of strands

crossing the interface per unit area given by % Lv, where L is the end to end distance of a strand
(~bNbl/2), b is the length of a C-C bond (1.54 A), N, is the number of bonds in the polymer
chain and (v) is the number of elastically effective strands per unit volume. From this, I, is then
given by:

1U.vbN>"?

1
72 N @

Moreover, v can be estimated from the shear modulus of the hydrogel (G) using the phantom

network model %

G = kaT<1—;)=%(l—;> @)
= Po(ﬁzjvav 3)

where kg is Boltzmann’s constant, T is the temperature, f is the crosslink functionality, p, is
the bulk polymer density, ¢, is the polymer volume fraction and R is the universal gas constant.
N, can be written as function of the molecular weight between crosslink (M) writing that it is

twice the number of vinyl monomers in the elastic chain as follows:

_2M,
=

N, (4)

where M, is the molar mass of a monomer unit. Finally, unifying all equations above, the

fracture energy T, in J/m? can be rewritten as function of M, as:

I, ~ V32U, (bp°¢p> ML (5)

3/2
M,

Consequently, the fracture energy I} is predicted to scale with the square root of the molecular

weight between crosslinks multiplied by a constant.
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2.2.2. Chaudhury model

The Lake-Thomas model is not suitable to study adhesion of our system since it assumes that
bond scission and hence the fracture energy, are rate independent, and previous work®?° on
hydrogel/brush adhesion suggests that the adhesion energy is likely to be debonding rate
dependent. Chaudhury?* proposed a weak adhesion model in which the fracture energy of an
interface is rate-dependent due to the rate dependent nature of the scission of individual bonds
at the interface adapting the work of Evans on single molecules to the case of non dissipative
elastomers.?%2°

In his model, he assumes that the macroscopic rate dependence of the adhesion energy is due
to the rate dependence of the scission of a weak bond attached to a polymeric chain. He assumed
that tethered chains composed by strong bonds and with a terminal weak bond attached to a

network across the interface, would be stretched before this latter bond fails (Figure 2-2).

7

\ vdeb

weak bond

Figure 2-2. Schematic representation of the crack tip region soft polymeric material k,

represents the linear spring constant of a single polymer chain.

Essentially, since the probability of failure of the weak bond increases with force, the time of
failure increases with the logarithm of the pulling rate. According to his model, the interfacial

fracture energy (W,) for relatively fast debonding rates can be described as follows:
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= G )] ®

where X; is the areal density of weak bonds crossing the fracture plane. A is the activation length

of the bond, which we assume normally to be 0.1 nm, that is, a typical ionic bond lengths.?” t_
is the characteristic time of bond dissociation, kg is the Boltzmann’s constant and n is the
number of weak bonds in the polymer chain. k is the linear spring constant of the polymer
chain which is inversely proportional to the length the chain. However, a polymer chain has a
markedly non-linear behavior since at small strains it is the entropic spring that determines the
spring constant while near the maximum extension of the chain it is the stiffness of the bonds
of the chain that matter.

To estimate the values of the spring constant and the characteristic time of bond dissociation,
it is necessary to measure the work of adhesion as function of different debonding rates, and

rearrange the equation of the Chaudhury’s model in the following form with n = 1:

Y 1(kgT ksvdeb/u_)r
- 7
Wo =23 [( p )ln< kgT ()
3 (kgT\? k AT_\\*
_ A0 8
Wa 2k5< p ) (andebH“( kyT )) ®)

1/2 1/2

kgT\"* /2% Z; kAt_
i B R — 9
W“( P ) <2k5> In Vaep + [<2k5) m( kT ) ®)
-1
Therefore, when plotting /W, (""BTT) as function of In V., and making a linear fit, it is

possible to estimate the spring constant (k) from the slope and the dissociation time (z_) from

the intercept on the y-axis.
2.2.3. GCSG model

Due to the electrostatic nature of this adhesive system, we propose the use of electrokinetic

measurements (i.e. streaming potential or streaming current) to estimate the surface density of
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electric charges at the surface of the hydrogel thin film. The general principle of electrokinetic
measurements consists on an electrical potential (AU) generated by a streaming liquid (fluid
with ions) along a solid phase. The force to drive the liquid stream is usually produced by a

pressure difference (AP) in the absence of an applied electric field (Figure 2-3).

x, distance

a

| Diffuse
layer

¢

Potential

| Slipping
plane

| Immobile
layer

AP
Figure 2-3. Schematic representation of the electrochemical double layer at a negatively

charged interface according to the GCSG model in the frame of the general principle of
streaming potential measurements. The immobile layer is the locus of specifically adsorbed
ions. The potential at the slip plane is the electrokinetic or zeta-potential . Moving away from

the slipping plane lies the diffuse layer where the potential decays exponentially.

Descriptions of the charge distribution at the interface are based on the model developed by
Gouy and Chapman and completed by Stern and Grahame (GSCG model).% The GSCG model

describes the charging processes taking place at the solid/liquid interface by introducing two
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parallel layers of charge surrounding a solid surface (Figure 2-3). This parallel layers (known
as the electric double layer) consists of three parts: (i) Surface charge: charged ions (commonly
negative) adsorbed on the particle surface. (ii) Stern layer: counterions (charged opposite to the
surface charge), attracted to the particle surface and closely attached to it by the electrostatic
force. And (iii) Diffuse layer: a film of the dispersion medium (solvent) adjacent to the particle.
Diffuse layer contains free ions with a higher concentration of the counterions. Between these
two layers lies a “slipping plane” and the potential of this plane is commonly called zeta

potential ().
Interpretation of electrokinetic measurements

As briefly mentioned above, electrokinetic phenomena are always related to a liquid/solid
interactions. The build-up of the electrochemical double layer is the result of the properties of
the two phases interacting with each other. Therefore, the { potential can be considered as a
probe to get information about the real double layers and can be successfully used to
characterize the surface properties of the solid in contact with a liquid phase. To get quantitative
information of the kind of interactions between solid and liquid phase, it is possible to vary
either the pH or the ionic strength.?” The determined zeta-potential is the response on changes
in the electric double layer’s build-up. Therefore, for a correct interpretation of electrokinetic
measurements it is necessary to measure ( as function of either pH or ionic strength.
Consequently, from this {(pH) value it is possible to estimate the areal charge density at the

slipping plane, which is not very far from the density on the solid surface.?”°
Dissociation of acidic functional groups

The origin of charges at interfaces may be attributed to the dissociation of surface groups (in

our case carboxyl groups). If N, is the total number of acidic groups capable of dissociating
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and present at the solid-streaming solution interface, the dissociation equilibrium may be
characterized by the dissociation constant K, as follows 2
—COOH = COO~ + H*

_ [-C00"][H"] (10)
¢ [-COOH]

where N, is equal to [-COO~] + [-COOH] and the degree of dissociation (o) of functional
groups is equal to [-COO~]/N,,. Moreover, the data of the zeta-potential ({) as function of pH
can be used to estimate the degree of dissociation (&) of functional groups on the surface based
on the GSCG model as follows*

1

“T 11
1+ exp (—2.3 (pH — pK,) — g%) (11)

with F the Faraday constant, R the gas constant, T the temperature, and pK, = f (pH) being

calculated as follows

sinh (_ F(plateau)

F
pK, = pH + 0.434 R_T(" +1ln 25? -1 (12)
sinh (_ 2RT)

where {,ateqy is the zeta-potential value when all dissociable groups are dissociated (o ~ 1).
Furthermore, at the charged interface, the overall electro-neutrality condition must be satisfied.
This means that the total charge in a volume element of the solution of unit cross section of the
diffuse layer (i.e. from the slipping plane to x = «) must equal the charge of opposite nature
that the unit area of the interface contains.?’?® The relationship between the surface charge
density and the potential at the surface in an electrolyte solution is given by the Grahame

equation.®®3! The areal density of total groups capable of dissociating per unit area (N,) is given

by
1 . F(plateau
Na = e_WIBSrSOCOORT sinh —W (13)
0
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where, e, is the charge of an electron (1.6 X107 C), &, is the dielectric constant of the
measuring fluid (assume to be 80), &, is the vacuum permittivity (8.85x107'* C2J™m™), (1arequ
is in Volts, and c® is the ions concentration of the streaming solution (in mol/m3). Hence, the
units of N, is ions per unit area (i.e. nCOO~/m?). For the determination of N, electrokinetic
experiments in dependence on pH are required. Therefore, the areal density of negative charges
existing at the solid/liquid interface at a specific pH (g,) in nCO0~/m? is calculated as

o, = aN, (14)
2.3. Experimental

2.3.1. Chemicals

All chemicals were used as received from the supplier. For the macroscopic hydrogels, 2-
(methacryloyloxy)ethyltrimethylammonium chloride 80 wt. % in H.O (MAETAC), acrylamide
for electrophoresis, >99% (AAm), N,N'-methylenebisacrylamide (MBA), potassium persulfate
(KPS) and tetramethylethylenediamine (TEMED) were purchased from Sigma-Aldrich,
France.

For the synthesis of hydrogel thin  films, allylamine, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 1,4-
dithioerythritol, toluene dried (max. 0.005% H20), formic acid and methanol were all purchased
from Sigma-Aldrich, France. Additionally, poly(acrylic acid) (PAA with Mw ~ 50 kg/mol, 25
wt% in water was obtained from Polysciences. (3-mercaptopropyl)trimethoxysilane was

obtained from Alfa chemistry. Silicon wafers were purchased from ACM, France.
2.3.2. Hydrogel synthesis

A series of positively charged hydrogels was prepared by free radical copolymerization in
water using a cationic monomer (MAETAC), a neutral comonomer (AAm) and a

tetrafunctional crosslinker (MBA). Within this series, the total monomer concentration was
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fixed at 20 wt% (80 wt% in water), using two different MAETAC/AAmM molar ratios (10/90 =
110 and 20/80 = 120) and 3 different molar percentages of crosslinker (R=1, 2 and 4 mol% with
respect to total monomers).

After dissolution at room temperature of the comonomers in Milli-Q water (pH 5.5), the KPS
initiator was added (1 mol% relative to the total monomer) and the solution was deoxygenated
under N2 flow during 30 min. Then, as soon as the reducing agent TEMED was added (1 mol%
as KPS), the solution was transferred to a PDMS mold of 0.1 cm x 2 cm x 4 cm size. The redox
initiation rapidly took place and the polymerization was left to proceed overnight under nitrogen
atmosphere. The mold was then opened, and the 1 mm thick gels were immersed and stored in
1 L of Milli-Q water until final use.

The poly(MAETAC-co-AAm) hydrogels prepared in this way will be called Ix-Ry, with x =
10 or 20 the molar percentage of ionic comonomer and y = 1, 2 or 4 mol% the molar percentage
of crosslinker with respect to the monomers.

For equilibrium swelling studies, hydrogels were initially weighted in their preparation state
(m,) before immersion into a large volume of Milli-Q water. After 3 days of equilibrium with
water renewal, the swollen samples were weighted again (m) and then dried overnight in an
oven (at 60 °C) in order to get their final dry weight (m,). These measurements allow
calculating the mass swelling ratio at equilibrium (A, = my/my), as well as to estimate the

volume swelling ratio at preparation state according to the following equation

Uy (My )
— 14221
0 + o (md (15)

where v,,=1.00 cm®.g! is the specific volume of water and v, is the specific volume of the

comonomer. v,=0.76 cm®.g™* for 110 and v,=0.774 cm?.g™* for 120.
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2.3.3. Synthesis of negatively charged hydrogel thin films

Surface-attached thin hydrogel films were prepared by simultaneously crosslinking and
grafting pre-functionalized poly(acrylic acid) (PAA) onto thiol-modified silicon wafers. The
crosslinking and grafting took place through a thiol—ene click reaction following a previously

published procedure, which will be described in the following paragraphs.®?%

NHS, EDC ~d
n NH NV
+ N2 A
o} OH

0] OH 60°C, 24 h

A

S . !
Poly(acrylicacid), PAA Allylamine Ene-functionalized

e
f
g
4 A — —_—
T T ! R B
1.0 1.8 2.4 163.2
T | I I T I
6 5 4 3 2 1
f1 {ppm)

Figure 2-4. (Top) Ene-functionalization reaction of acrylic acid with allylamine by peptide

bond with EDC and NHS. (Down) *H NMR spectrum of ene-functionalized PAA. Regions
between 1.1 - 1.2 ppm (residual ethanol CH>), 3.55-.3.65 ppm (residual ethanol CH3) and 4.55-

4.85 (D20) omitted in the interest of clarity.

Functionalization of poly(acrylic acid) with double bonds

Poly(acrylic acid) (PAA) chains were randomly functionalized with ene-groups at their

carboxylic acid sites. A peptide reaction was used to graft allylamine onto polymer chains in
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the presence of EDC and NHS. (Figure 2-4, Up).%* Briefly, a 20 wt% solution of PAA in Milli-
Q water was mixed with EDC and NHS at a pH of 4.5 for 2 h. Allylamine was then added and
the pH was adjusted to 10 before the reaction was allowed to proceed for 16 h. Finally, the
polymer was recovered through freeze-drying after 2 days of dialysis in 0.1 M NaCl solution
and 3 days of dialysis in Milli-Q water. The ene-functionalization of PAA was confirmed by
Proton Nuclear Magnetic Resonance (*H NMR) spectroscopy performed in deuterated water

with a 400 MHz Bruker spectrometer. (Figure 2-4, Down).
Thiol-modification of Substrates

Silanization of the silicon wafers with thiol functional alkoxysilane was carried out as
follows. After irradiation by UV-ozone for 15 min, the wafers were transferred into a sealed
reactor under Nz atmosphere. A solution of dry toluene with 3 vol % of 3-
mercaptopropyltrimethoxysilane was introduced into the reactor using a cannula. The wafers
were kept immersed in the solution for 3 h inside the reactor always in N2 (Figure 2-5). The

samples were then rinsed and sonicated in toluene for 1 min and finally dried with nitrogen

flow.
OH OH OH OH OH OH OCH Ny, 3h SH SH SH SH SH SH
R U
OCHjs
Silicon wafer 3-mercaptopropyltrimethoxysilane Functionalized surface

Figure 2-5. Schematic of functionalization of silicon surfaces.

Synthesis of PAA Hydrogel Thin Films

A thin layer of PAA functionalized with ene-groups was deposited on the thiol-modified

wafers by spin-coating from a 2 wt% solution in methanol and formic acid (70% methanol and
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30% formic acid) containing also dithioerythritol. The ratio of dithioerythritol to ene-
functionalized polymer units was 15, corresponding to a molar ratio of 30 between —SH groups
of the bifunctional dithioerythritol and double bonds (Figure 2-6). The thickness of the resultant
films depends on various factors but mainly on the concentration of the polymer for spin-
coating and on its molecular weight.®> The conditions of spin-coating were fixed with a final
angular velocity of 3000 rpm and a spinning time of 15 s. After spin coating, the dry films were
annealed at 120°C for 24 h under vacuum to activate the thiol—ene reaction. Finally, the wafers
were cleaned with water and then cleaved into pieces of 5 mm x 5 mm. Ellipsometry
measurements were used to corroborate that the thiol-ene reaction effectively took place and

that PAA thin films were grafted to the silicon wafer.

oH SH SH SH SH SH SH
" (o] NH, + HS/\(;V + -
o o H \u, 120°C, 15h
|

PAA s . Spin-coating Hydrogel thin film
Ene-functionalized Dithioerythritol 3000 rpm, 155 chemically crosslink

Figure 2-6. Schematic of the methodology used to prepare hydrogel thin films through thiol-

ene click reaction.

2.3.4. Characterization of the elastic properties of the bulk hydrogels

Cylindrical samples (8 mm diameter, 12 mm height) were prepared in a silicone mold and
tested 24 h after the polymerization, to measure the shear modulus in the preparation state (G,),
and at swelling equilibrium (G, ). Compression tests were carried out using a custom-built setup
with a uniaxial testing machine (Instron, model 3343) and a 10 N load cell. Each sample was
preloaded with a compression force of 50 mN followed by a compressive loading at a constant
displacement rate of 50 um/s until a maximum load of 5 N was achieved. Before the test, all
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specimens were coated with paraffin oil to avoid friction forces between hydrogels and the
testing plates during the uniaxial compression. The compressive modulus (E) was calculated as
the slope of the linear regression line for data between 5% and 20% of strain. Assuming that
hydrogels are incompressible for these relatively high rates compare to their geometry

(Poisson’s ratio = 0.5), the shear modulus (G) was estimated as
G =— (16)

The molecular weight between crosslinks (M) of poly(MAETAC-co-AAm) hydrogels can
be determined from the shear modulus of the samples in their preparation state (G,). Here we
use the phantom network model which assume that the junction points can freely move and
fluctuate over time on a range which is not affected by the macroscopic deformation.?
According to this model M. can be determined from the following expression:

G —(1—3) L. (17)
TN flupMc Qo

where R is the gas constant, T the temperature, f is the functionality of the crosslinker (f = 4

for MBA), and Q, is the initial volume swelling ratio. The average number of monomers in the
chain between crosslinks (N,) is calculated as M. divided by the average molar mass per repeat

unit (M,), which depends on the cationic monomer molar percentage (/) as follows

100 * M,

N. =
I My agrac + (100 —1) = Myam

(18)

where My, agrac and My 4., are the molar masses of MAETAC and AAm respectively.

2.3.5. Characterization of the hydrogel thin films

The thickness of the PAA films in air (h,) and underwater (h,,) were measured using a
spectroscopic ellipsometer (UVISEL, Horiba) with a wavelength range from 260 nm to 850 nm
(in air) and from 320 to 850 nm (underwater). The refractive index (n;) of the silicon wafer is

3.875. A model with two layers was used for measurements in air. The first layer comprises
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silica and silane (n; = 1.46) the thickness of which was determined before grafting the hydrogel
film (between 2 and 3 nm). The second layer was the PAA hydrogel film (n; = 1.50).
Underwater measurements were performed with a controlled temperature liquid cell equipped
with thin glass walls (fixed perpendicularly to the light path with the angle of incidence at 60°).
The polymer hydrogel film was modelled as a single layer (h,,) with a constant refractive index

between that of water (n; = 1.33) and of the polymer. The swelling ratio of hydrogel films (Ay)

was calculated as h,, /h,, assuming that the amount of polymer is the same when immersed in
water, since it is chemically grafted to the substrate.®® The thickness was measured for samples
fully immersed in Milli-Q water at pH of 2, 4, 5.5 and 8. Two replicas were performed for each

test environment.
2.3.6. Streaming Potential Measurements on Charged Surfaces

Electrokinetic measurements are a versatile tool for investigating charge formation at
interfaces between polymers and aqueous solutions.®3 By using the GSGC model described
before, it is possible to relate the measured electrokinetic quantity (i.e. streaming potential or
streaming current) with the degree of dissociation and the interfacial charge density of the PAA
thin films. In this project, the surface potentials of the PAA hydrogel thin films were determined
by streaming potential measurements using an Electrokinetic Analyzer (EKA) (Anton Paar
GmbH, Austria).

For the streaming potential measurements, two pieces of silicon wafers (10 mm x 20 mm
each) grafted with PAA (dry thickness: ~30 nm) were attached to the rectangular cell with
adhesive tape so that they were facing each other and formed a streaming channel where the
measuring fluid flows through. During the experiment, the pressure inside the fluid channel

(Py) was continuously varied and the streaming potential (AU) at zero net current conditions
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was measured for each value of AP (Figure 2-7). The zeta potential ¢ was then calculated using
the expression developed by Smoluchowski®’

_ AU 7
" APeg, ©

¢ (19)

where g, is the vacuum permittivity constant, ¢,, n and k. are the dielectric constant, viscosity
and the specific conductivity of the measuring fluid respectively. These last 3 variables are
measured independently for each specific pH. The dielectric constant &,. of the medium is highly
dependent on the ionic strength and, therefore, 1 mM is used to be close to pure water. The pH-
dependence of the zeta potential (¢) for PAA thins films was determined in a KCI solution (1
mM) for a pH range from 2.5 to 10.5. Measurements started at pH ~ 6 followed by stepwise
addition of HCI or KOH (0.1 M) to sweep between more acidic and more basic pH values,
respectively. One pair of PAA films was used for the acidic environment and a different pair

was used for the basic environment. Four measurements were conducted at each specific pH.

AU
Po I — Py

Streaming liquid PAA thin films

Figure 2-7. Schematic of the experimental set-up for the electrokinetic Analyzer (EKA) used
in the streaming potential measurements. For these measurements a plate cell for small samples
(10 x 20 mm) of the instrument equipped with Ag/AgCl-electrodes was used to measure the
change in potential (AU). The two PAA hydrogel thin films forming the streaming channel are
highlighted in yellow lines. The streaming liquid with a known ionic strength is pumped

through this channel and the change in pressure is measured (AP = P, — P,).
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2.3.7. Underwater Tack Test

The underwater tack test was conducted on an experimental setup designed by Sudre et al.?
The effect of several parameters of the test have been investigated for hydrogels at equilibrium?
and for non-swollen hydrogels.?! In this chapter, all hydrogels were tested after reaching
swelling equilibrium in Milli-Q water.

Briefly, the adhesion test consisted in forming a parallel contact and detachment between a
macroscopic positively charged hydrogel (thickness ~ mm) and a negatively charged thin
hydrogel film (thickness ~ nm) while both were fully immersed in an aqueous environment.
The 5 mm x 5 mm wafer coated with the surface-grafted PAA hydrogel thin film was glued
with a polyvinyl acetate adhesive (ref. L0196, 3M®, France) to a stainless-steel probe, which
was fixed to a 10 N load cell and connected to a universal tensile machine (model 5333,
Instron®, France). A sample of poly(MAETAC-co-AAm) hydrogel (20 mm x 20 mm x 1 mm)
was glued to a glass microscope slide with a cyanoacrylate adhesive (Loctite® 495, France).
The test requires a parallel contact between both surfaces to be aligned during the test. The
alignment is performed in air and is considered as successful when the time to bring both
surfaces into contact is less than 5 seconds for an approaching speed of 10 um/s until a pressure
of 3 kPa.?! Additionally, the thin film is protected with a stretched layer of Parafilm® during
the alignment in air. If the thin film is not protected, it is likely that the macroscopic hydrogel
will break and damage the thin film surface.

After this alignment, the contact was made underwater at an approaching rate of 10 pum/s
with a contact area determined by the surface of the silicon wafer functionalized by the PAA
thin film. A preload of 3 kPa was applied for a given constant contact time that was varied from
1 s to 1200 s. Finally, the probe was detached at a constant debonding rate (Vden) While

recording the probe displacement and the force. From this experiment, the work of adhesion

W, can be calculated as follows:
71



Chapter 2

Emax

W, =T, f ode (20)
0

where € is the nominal strain and is obtained by normalizing the displacement by the initial
thickness of the thick hydrogel (T,). o is the average stress and is obtained by dividing the force

by the contact area. Three replicates were conducted for each experiment.
Tack test recommendation

Experimental conditions are very important for this type of test and several variables
drastically affect the reproducibility of W,. The effect of some of these variables, such as
contact time, contact pressure and debonding rate on the work of adhesion have been
investigated by Sudre?® and Macron?!. However, more variables need to be taken into account
to improve the reproducibility of the results. Therefore, when using this setup to measure the
adhesion by electrostatic interactions between soft hydrogels and thin films, it is recommended
the following:

a) The thin film needs to be well protected during the alignment in air. If the interactions are
stronger than a certain level (W, > =~ 1]/m?), it is likely that the hydrogel will break and
damage the thin film surface. One possible solution is to cover the thin film with a stretched

layer of Parafilm® while performing the surface alignment in air (Figure 2-8).

Parafilm®

Figure 2-8. (Left-Middel) Examples of surfaces of PAA with broken pieces of macroscopic
hydrogel after an alignment process in air without the Parafilm® protection. (Right) Hydrogel
thin film glued to a stainless steel cylindrical probe and covered with a stretched layer of

Parafilm®.
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b) Spin-coating in larger areas of thiol-modified silicon wafers makes thin film more

homogeneous as seen in Figure 2-9.

CA5RTS

Figure 2-9. Spin coating in different size of silicon wafer with the same PAA (2wt%) solution

at 3000rpm for 15s.

c) The thick hydrogel needs to be firmly attached to bottom of the setup. There are two options
with the same results in W,; gluing the thick hydrogel to a glass panel with a cyanoacrylate
adhesive or clamping it between a glass slide and a Teflon-coated aluminium plate. The first
option is faster but only reproducible for equilibrated hydrogels and for short tests
underwater (in order to avoid diffusion of the cyanoacrylate-based adhesive into the
hydrogel). In contrast, the second could be used for longer tests but requires bigger samples
(longer than 4cm) and alignment will be more difficult (Figure 2-10. Left).

d) The surface area of the hydrogel thin film should be smaller than the probe area in order to
avoid hydrodynamic and bending effects when breaking the interactions between the

hydrogel and the thin film (Figure 2-10. Right).

Hydrogel size Probe size
Hydrogel
,_-éil Hydrogel | X I v I - thin film
(mm) - _‘/ (nm)
— — (| —

Figure 2-10. Recommendations for the hydrogel size (Left) and probe size (Right) during an

underwater probe-tack test.
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2.4. Results

2.4.1. Elastic moduli of the Bulk Hydrogels

A series of poly(MAETAC-co-AAm) hydrogels were synthesized to study the impact of the
network architecture on the underwater adhesion properties. Swelling studies and mechanical
characterization were conducted on each prepared hydrogel (Table 2-1). Increasing the molar
ratio of crosslinker from 1 to 4 mol% caused the equilibrium degree of swelling (Ae) to decrease

by nearly 30% and 50% for 110 and for 120, respectively.

Hydrogel | Q, | C.(Wt%) | Ae | Eo(kPa) Ee (kPa) | M. (kg/mol)| N,
110-R1 6.3 49 21.1 | 123+18 | 99.6 +20.1 6.35 75
110-R2 6.3 10.2 9.8 | 232+84 | 207 +£18.9 3.37 40
110-R4 6.3 15.7 6.4 | 433+x69 | 456+ 74.4 1.80 21
120-R1 6.2 3.9 268 | 984+39 | 70.8%6.3 7.93 81
120-R2 6.2 5.7 176 | 256+6.0 | 199+14.7 3.05 31
120-R4 6.2 1.7 13 | 372+16.8 | 332+88.2 2.10 21

Table 2-1. Composition and characteristics of cationic hydrogels. Initial volume swelling (Q,),
total polymer concentration at swelling equilibrium (Ce), mass degree of swelling at equilibrium
(Ae), Young’s modulus in the preparation conditions (Eo) and at swelling equilibrium (Ee). Both
moduli are presented as average + standard deviation. Average molecular weight between
crosslinks (M) obtained from the shear modulus in preparation conditions and average number

of monomers between crosslinks (N.).

The mechanical characterization of poly(MAETAC-co-AAm) hydrogels was carried out in
compression (Figure 2-11.a). Representative curves, for 110-R2 and 110-R4 hydrogels at
equilibrium show that the linearity of loading and unloading follows the same trajectory with a
strain offset of 0.5% + 0.05% at zero stress. This suggests that there is not much energy

dissipation and that these hydrogels are very elastic at a strain lower than 20%. This property
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will benefit the maximization of the sensitivity to interfacial interactions relative to bulk
dissipative mechanisms. Moreover, Eoand Eeincreased linearly from approximately 100 kPa to
400 kPa for both 110 and 120 when the molar ratio of crosslinker was increased from 1 mol%
to 4 mol% (Figure 2-11.b). Additionally, the average molecular weight (M) and number of
monomers between crosslinks (N,) decreased by about 50% for both 110 and 120 by doubling
the crosslinking molar concentration, as expected from hydrogel network models, where M. is
inversely proportional to the degree of crosslinking of the hydrogel when elastic properties are

dominated by chemical crosslinks rather than entanglements.*

(a) (b)
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Figure 2-11. (a) Example curves of compression stress vs. strain (in %) for 110-R2 and 110-R4
hydrogels. Black arrows show loading direction. (b) 110 and 120 poly(MAETAC-co-AAm)
hydrogel elastic modulus in the preparation state Eo (black symbols) and at equilibrium state Ee

(blue symbols) as a function of R.

2.4.2. Thickness and water content of negatively charged hydrogel thin films

We used a technique previously developed for coating polymer films with dry thicknesses
ranging roughly from 20 to 600 nm.3>333° These polymer films are insoluble in water as the

PAA chains are covalently crosslinked and chemically grafted to the silica wafers. Ellipsometry
75



Chapter 2

measurements show that their dry thickness remains constant and is therefore not damaged by
underwater adhesion tests. A solution of PAA at 2 wt% leads to samples of thin films with a
dry thickness of 144 nm. Only PAA solutions at this concentration were used for all the
experiments in this chapter. These PAA films swell up to 200 nm at pH 2, corresponding to a
swelling ratio of 1.4. By increasing the pH, the progressive ionization of COOH groups and the
increasing concentration of counterions are responsible for an additional osmotic pressure
within the thin gel that leads to higher swelling of the film from 1.4 at pH 2 and up to 1.8 at pH

8 (Table 2-2).

h,, (nm) A,

pH 2.0 200+ 1.4 1.39
pH 4.0 238 + 3.8 1.65
pH 5.5 252 +1.2 1.75
pH 8.0 257 +8.5 1.78

Table 2-2. Ellipsometry measurements of the thickness of PAA films underwater (h,,) at

different pH. Swelling ratio of PAA films (A,). n = 2 replicas were conducted for each sample.

(b)

Figure 2-12. (a) Photograph of the poly(MAETAC-co-AAm) hydrogel 110-R2 after
polymerization. Average thickness 1 mm. (b) Photograph of a PAA hydrogel thin film glued to

flat cylindrical probe. Average contact area 35 mm?.
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2.4.3. Adhesive properties
Effect of experimental conditions: Contact time and debonding rate

Using the same adhesion measurement technique and geometry, previous work has shown
that underwater adhesion based on H-bonds interactions depends markedly on contact time as
it is necessary to maintain a contact time long enough ( > 2 min) for the interactions to form at
the interface and to reach values of W, of around 100 mJ/m?.2° However, we observe a different
behavior for electrostatic interactions. At two different debonding rates (0.1 and 0.01 mm/s),
the W, increased only by a factor of two between 1 second and 1200 seconds (Figure 2-13.a,
Figure 2-13.c and Figure 2-13.d).

This suggests that the electrostatic interactions at the interface are formed as soon as both
surfaces come into contact and the surface density of interactions remains relatively constant
thereafter. A contact time of 1 second is therefore enough in this case to achieve a high adhesion
energy of ~600 mJ/m? at Vger = 0.1 mm/s and ~150 mJ/m? at Vger = 0.01 mm/s. These values
are two orders of magnitude superior to that obtained with H-bonds interactions for the same
contact time and same Vgeb.2°

In addition to the contact time, the debonding rate may play an important role on W,. In
classical soft adhesive systems, the influence of the velocity is linked to the bulk dissipative
effects that are essential for the usual viscoelastic hydrophobic adhesives,*® while at lower
velocities only the thermodynamic work of adhesion is measured. However, in the framework
of our study, the hydrogels are highly elastic materials, as shown by the compression tests, and
the bulk dissipative effects are therefore negligible. Nevertheless, Figure 2-13.b., Figure
2-13.e. and Figure 2-13.f. show for two different contact times that W, increases by 2 orders
of magnitude (from ~10 mJ/m? to ~1000 mJ/m?) as the debonding rate increases by four orders

of magnitude (from 0.1 pum/s to 1 mm/s).

77



Chapter 2

4 T R R ITT |
E 10 E
1| ® Vi 0.1mus i | ® Contact Time1s E
4] ® V., 0.01mms 4] | @ Contact Time 1205 F
2 2+ oL
3 3 | ]
o 1077 ° ® ° ~ 10 ° 3
E £ E 4
5 4 ] 5 4
E 3 £ 8
~ 2 - 2 !
)
= 103 = 10" 3
E H
4 4
2 2
1 1_] L
10" ——rrre—rrrrr—r—rrrery 10" L e ey
1 10 100 1000 0.001 0.01 0.1 1
Contact time (s) Ve (Mm/s)
(c) (d)
8 . 20 .
VY gep 0:01 mm/s 1s V,, 0.1 mmis s
30 ; 30s
] —120s | 120
—_ é ’ 600s _» oo
& 12005 & —— 12005
< =
v 4 w 10
b4 w
g g
el i
v wvr
2 5 4
0 T J : 0
0 2 4 6 8 0 5 10
Strain (%) Strain (%)
(e) ()
20 L 25 .
Contact time 1s |~ 10° mm/s Contact time 120s |=——— 103 mm/s
— 102 mm/s —— 10" mm/s
15 - — 10" mmi/s 201 — 10" mm/s
—_— — 10 mm/s —_— — 10° mm/s
& &
x 5 15
v 10 4 "
w wn
g g 10+
b o
v wr
5 -
5 B
0 0
0 5 10 0 5 10 15
Strain (%) Strain (%)

Figure 2-13. Variation of the adhesion energy measured in Milli-Q water (pH 5.5) between
poly(MAETAC-co-AAm) hydrogel (110-R2) and PAA hydrogel thin film (dry thickness of 150
nm) as a function of contact time (a) and Vaen (D). The impact of these two parameters on the
adhesion energy (W,) are detailed with stress-strain curves which have been plotted as a
function of contact time at a given debonding rate, of 0.01 mm/s (c), and 0.1 mm/s (d) or as a

function of debonding rate at a fixed contact time of 1 second (e) or 120 seconds (f).
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Materials Effects: Effect of the Crosslinking Density R of the Hydrogel on Wa
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Figure 2-14. (a) Adhesion energy results of the poly(MAETAC-co-AAm) hydrogels and the
PAA hydrogel thin film (with dry thickness of 150 nm) as function of number of contacts. (b),
Examples of the stress-strain tack debonding curves for one replica of 110-R1 hydrogel with a
decrease in energy, due to a cohesive failure during the test. (c), (d) Examples of the stress-
strain tack debonding curves for 120-R1 and 120-R2 without any significant decrease in energy

due to only adhesive failure. For (b)-(d) CT represents the number of contact.

Probe tack tests are used to measure the energy required to separate the negatively charged
surface from the positively charged hydrogel without breaking any covalent bonds within either
of the hydrogels. For this reason, W, between each hydrogel and thin film was first measured

as a function of different repetitions in the same spot (Figure 2-14.a). When W, remained
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constant for consecutive contacts in the same spot (Figure 2-14.b and Figure 2-14.c), the value
of the first contact was used to compare the effect on W, of different variables of the network
architecture such as the crosslinks density and the ratio of cationic/neutral monomers in the
hydrogel. In contrast, if W, decreased with consecutive contacts (Figure 2-14.d), this strongly
suggested that covalent bonds were broken in one of the hydrogels and the result was then not
used for the study.

The impact of the hydrogel bulk mechanical properties on W, was studied by varying the
degree of crosslinking R and the molar ionic content I in the hydrogel while measuring its
adhesive properties against the same PAA hydrogel thin film. The hydrogels were kept in Milli-
Q water until they reached swelling equilibrium. Afterwards adhesion tests were conducted in
the same environment with a contact time of 1 second and a debonding rate of 0.1 mm/s. Three
replicates were done for each experiment where both the hydrogel sample and the PAA thin

film were used only once.
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Figure 2-15. (a) Adhesion energy as a function of R for 110 and 120 hydrogels. Representative

stress-strain tack debonding curves of the first contact for 110 (b) and 120 (c) hydrogels with

different values of R at a contact time of 1 s and Vgepb = 0.1 mm/s.

The adhesion energy measured as a function of R for 110 and 120 (Figure 2-15.a) shows that

W, decreased by a factor of 10 regardless of the amount of cationic monomer units for
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increasing degree of crosslinking between 1 mol% (~1200 mJ/m?) and 4 mol% (~ 200 mJ/m?).
The stress-strain curves (Figure 2-15.b and Figure 2-15.c) show that as R increases, the
maximum debonding stress and critical strain decrease significantly. Consequently, it is clear
that changing the hydrogel network architecture, such as changing the length of the chains
between crosslinks, could lead to a change in the adhesion energy by almost one order of
magnitude. Additionally, W, remains nearly constant as the cationic molar concentration

increases from 10% to 20%.
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Figure 2-16. (a) Adhesion energy as a function of crosslinker concentration for 110 at different
debonding rates. (b) Stress strain curves for 110-R4 at different debonding rates. A very low
debonding rate (0.01 and 0.001 mm/s) almost no adhesion is measured. (c) Stress strain curve
for 110-R1 at different debonding rates. Cohesive failure in the macroscopic hydrogel 110-R1

was presented at the highest debonding rate of 1 mm/s.

The effect of R on W, was also measured at different debonding rates (Figure 2-16.a) and at
a constant contact time of 1 s. W, always decreased with the increasing hydrogel crosslinks
density regardless of the debonding rate of the test (0.001 mm/s to 1 mm/s). Moreover, this
study probed the boundaries of sensitivity of our experimental methodology. At high degree of

crosslinks (R4) and low speeds (0.01 and 0.001 mm/s), the load cell just measured noise (Figure
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2-16.b). On the contrary, a maximum adhesion energy is observed at low degree of crosslinks
(R1) and high debonding rate (1 mm/s), suggesting that the test mainly measures the toughness
of the gel and not W,, since the failure mode is cohesive (within the macroscopic cationic

hydrogel) and not adhesive (Figure 2-16.c).
Effect of the environment: pH effect on I/,

The molecular electrostatic interactions between the hydrogel and the thin film were tuned
by changing the pH of the tack test medium, since the charge density of the PAA film depends
on this variable while the poly(MAETAC-co-AAm) macroscopic hydrogel is permanently
charged regardless of the pH. Therefore, the charge density at the surface of the PAA thin film
will be maximum around pH 9, when all carboxylic groups are ionized, while in acidic
conditions (pH < 3) there will be no charge at the surface of the film, and consequently no
macroscopic adhesion by electrostatic interactions should be observed.

The bulk hydrogel 110-R2 was used for the adhesion tests at different pH values (2.0, 4.0,
5.5, 8.0 and 9.0). The hydrogels were kept in Milli-Q water until they reached swelling
equilibrium. Afterwards, adhesion tests were done at each specific pH at a contact time of 1
second and a debonding rate of 0.1 mm/s. It should be noted that special care was taken when
testing the samples in basic conditions (pH > 8), because when the poly(MAETAC-co-AAmM)
hydrogels are left under basic conditions for too long (>1 h), the amide group (-CONHy) of
acrylamide are prone to hydrolysis into carboxyl groups (-COOH). This will in turn decrease
the cationicity of the hydrogel with increasing amount of negative charges,** and will lead to a
progressive loss of adhesion energy with the negatively charged thin film as attractive
electrostatic forces will decrease. Each hydrogel sample was used for only one experiment at

each pH. Three replicates were done for each experiment.
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Figure 2-17. (a) Variation of the adhesion energy as a function of pH for 110-R2 on the PAA
thin film (dry thickness of 150 nm) in water at different pH. Contact time =1 s and Vgen = 0.1

mm/s. (b) Corresponding stress-strain tack debonding curves.

The adhesion energy and maximum debonding force between the 110-R2 hydrogel and PAA
thin films was found to increase with pH (Figure 2-17) reaching a maximum at around pH 8 —
9. Moreover, the silica on which the PAA hydrogel thin film is grafted, is degraded in highly
basic medium, typically above pH 9. By increasing the pH from 2 to 9, the maximum stress
increased also by a factor of 4 (from 2 kPa to 8 kPa, respectively). This simply occurred because

more force is needed to separate the two surfaces when more interactions are formed.
2.5. Discussion

2.5.1 Effect of charge distribution at the interface

In Section 3, we showed that the content of MAETAC seemed to have no effect on the
adhesive properties, at least in the range investigated. These results suggest two things; 1) that
the areal density of negative charges controls the adhesion energy and 2) that the positive

charges on the hydrogel side, available at the interface may be in excess. Therefore, assuming
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that the areal density of negative charges controls the adhesion properties between the gels, by
the number of electrostatic bonds formed at the interface, the zeta potential (¢) of PAA thin
films at different pH is one of the relevant parameters to take into account. It is important to
note that the ionic strength will change the interactions. However, in this chapter we considered

that the ionic strength is constant.

Figure 2-18 shows a representative curve of the streaming potential measurements conducted
on PAA thin films as a function of pH in a 10° M KCI solution. The non-dissociated state is
achieved at pH 3 based on the pH in which ¢ is zero. The increase of negative zeta potential
with pH is due to the increasing dissociation of acidic surface groups. Moreover, { reaches a
plateau at -70mV when reaching a complete dissociation of acidic functional groups at pH > 8.
Furthermore, the interfacial charge distribution between the poly(MAETAC-co-AAM)
hydrogel and the PAA hydrogel thin film corresponds to the number of dissociated COOH

groups at the very surface of the thin film.
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Figure 2-18. Apparent zeta potential of PAA hydrogel thin film in 10 M KCl as a function of

pH.
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Moreover, as introduced before in section 2.2.3, the use of streaming potential experiments
as function of pH gives an estimation of the number of dissociated carboxyl groups per unit
area (o, in units of nCO0~/m?). By using the Grahame equation (equation 13), which relates
the surface charge density and the surface potential, it is possible to calculate the maximum
number of acidic groups capable of dissociation per unit area (N,) at the solid/liquid interface.
N, is related to the maximum potential (Cy4teqy), Which for the PAA thin films is equal to
{pateau = ¢ (pH > 8)|a = 1) = —70mV. Therefore, we calculate N, equal to 6.8x1073
C/m?, which is equivalent to 4.23 x 10 nCO0~/m? = 4.23 x 102 nCO0~/nm?. Additionally,
with equation 11 we can calculate the degree of dissociation a as function of the {-potential and
the respective pH. Finally, Figure 2-19.a. shows the product of o multiplied by N,, which is

the number of dissociated groups per unit area (a,) as function of the pH.
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Figure 2-19. (a) Variation of the number of dissociated groups per unit area NCOO" as function
of the pH estimated from streaming potential measurements; (b) Adhesion energy of 110-R2 on
PAA hydrogel thin films as measured by the tack test as a function of the approximate number
of dissociated groups per unit area at the interface of the hydrogel thin film. Contact time =1s

and Vgeb = 0.1 mm/s
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We are now able to quantitatively correlate the energy of adhesion (I#,), to the pH of the
medium by using the number of dissociated groups per unit area (a,). This correlation suggests
that the charge density at the interface can indeed be modified by adjusting the pH of the
medium and that W, strongly depends on this charge density. Quantitatively, the adhesion
energy increased linearly from 200 mJ/m? at a charge density of 1.4 x 102 nCOO~/nm?to 700

mJ/m? with a charge density of around 4 x 102 nCOO~/nm? (Figure 2-19.b).
2.5.2. Prediction of the effect of debonding velocity (Chaudhury’s model)

According to Chaudhury’s model (explained in Section 2.2.2), the interfacial fracture

energy (W,) for relatively fast debonding rates can be described as follows:

e = () [ G ) @

where X; is the areal density of weak bonds. 4 is the activation length of the bond, which we

assume to be 0.1 nm, that is, typical of an ionic bond lengths.?’ k, is the linear spring constant
of the polymer chain which we assume inversely proportional to the number of monomers in
the chain (N.). T_is the characteristic time of bond dissociation, k is the Boltzmann’s constant
and n is the number of weak bonds in the polymer chain (one in our case).

We now adapt this model to our system (Figure 2-20): the adhesion is due to weak bonds
attached to a flexible chain composed of strong bonds that cannot break and it takes place in
immersed conditions where Van der Waals forces are small. In this model, it is possible to
assume that only one weak bond is present in a polymer chain and that only the deformation of
the chains of the cationic hydrogel contribute to W,. Additionally, we assume that every
polycation attached to a gel chain is able to attach to a negatively charged site so that ~; is
already known from the streaming potential experiments (in Milli-Q water (at pH5.5) 2X; =

0, ~ 3x1072 nCOO~ /nm?,
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Hydrogel thin film (nm)

Vdeb
Hydrogel (mm)

weak bond

Figure 2-20. Schematic representation of the crack tip region between the positively charged
hydrogel of poly(MAETAC-co-AAm) (in red) and the negatively charged hydrogel thin film

of PAA (in blue). The yellow circles represent the weak bond (electrostatic interaction).

Based on the experimental value of the adhesion energy as a function of the detachment rate

V,4ep (Which is assumed to be proportional to the rate of interfacial crack growth), it is possible

to plot W% (kzT/2)~1 as a function of InV,,,, for the gel 110-R2 (Figure 2-21). The slope
and intercept of this plot give an estimate of the spring constant k of the polymer chain and of
the dissociation time 7_ of the electrostatic bond, respectively. With the value of X; obtained in
previous section, the values of kg and 7_ are, thus, estimated to be 1.1 mN/m and 0.12 s,
respectively.

As a matter of comparison, the calculated value of k is close to a spring constant of a
polymeric chain in its enthalpic limit reflecting the fact that the electrostatic bond can stretch
the polymer chain before its maximum length. Note that in the enthalpic limit the average
stiffness of the polymer chain (ks_cntnaipic) is defined by

2N U /Ngy

ko =
s—enthalpic (ZNC o (g) b)z (22)
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where U, is the bond energy of the covalent bond (400 kJ/mol), N, is the Avogadro’s number

and b is the bond length (0.154 nm) and cos (g) equal to 0.81. Using the value of Table 1 for
N, (which is 40 units for 110-R2) we can calculate with equation 22 a ks_cpnenaipic = 0.5 N/m.

This spring constant is very consistent with the fitted value given the nature of the

approximations that we are making.
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Figure 2-21. W.'? (kzT /)" as function of InV,,, for the 110-R2 gel against the PAA thin
hydrogel film. Black symbols are the experimental data (contact time 1 s) and the dashed line

is the best fit to Chaudhury’s model discussed in the text.

Furthermore, according to Eyring, the natural relaxation time of a chemical bond is

_h
T kgT

exp ( Ea ) (23)

' kpT

where h is the Plank’s constant. Therefore, the bond activation energy for an electrostatic

interaction (E,) at is calculated to be 27.3 kT (66.5 kJ/mol at 20 °C) which is lower than a
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covalent bond and in the same magnitude of 6 kzT as measured by Spruijt et al.X° Moreover,
according to Hui #? if the dimensionless parameter 3 defined as

kyT

'8 - VdebT_ksA

(24)

is lower than 1, this means that the energy release rate for crack growth corresponds to high
crack speeds or long relaxation times. At high crack speeds only chains close to the crack tip
are broken as oppositely to slow crack speeds where chains are broken everywhere except those
close to the crack tip. For our case 3 is equal to 3.22x107 at a detachment rate of 0.1 mm/s,
independent on the X;, meaning that regardless of the interfacial charge density, this system will

always fail in the high crack speed regime.
2.5.3. Prediction of the adhesion energy from the hydrogel’s degree of crosslinking.

In section 2.4.3, in addition we showed that the crosslinker concentration of positively
charged hydrogels considerably affected the adhesion energy W, when measured against the
same negatively charged surface. Since Chaudhury’s model assumes that polymer chains are
linear springs with constant k., we propose to use this model to predict the adhesion energy as
a function of the length of the polymer chain (N,) since kg = k3 /N., where k5 is a coefficient
that relates the spring constant of the polymer chain as found in the previous section for the 110-
R2 hydrogel (ks = 1.1 mN/mfora N, = 40 units). Therefore, the coefficient k5 is calculated

to be 0.045. Finally, W, will be a function of N, as follows

A @)

where k; is a coefficient which is function of the interfacial charge density X; and k, will be a

function of the velocity and both coefficients can be calculated as follows

1 (kzT\? mJ ksdt_ 4
k1 = Zi lz_k3 (T) l = 0.53 W’ kz = Vdeb (kB_T) = 1.2x10 (26)
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The data of Figure 2-15 can now be replotted in Figure 2-22 as a function of N,, and
compared with the prediction of W, based on Chaudhury’s model. W, was calculated for
polymer chains with 0 < N, < 200 with k; and k, as calculated previously. N, was directly
taken from Table 1 for the experimental values of W,. Remarkably, the model is able to predict
the tendency of the experimental data, which is to increase macroscopic underwater adhesion,
as does the length of the chains between crosslinks. At higher values of N, the model predicts
reasonably well the adhesion energy at this debonding rate (Vaen = 0.1 mm/s). In contrast, at
low values of N, the discrepancy between the experimental data and the model could be due
to the fact that the model is based on molecular aspects only and may still need to take into

account variation of bulk dissipative mechanisms.
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Figure 2-22. (a) Adhesion energy W, as function of the number of monomers in the polymer
chain of the poly(MAETAC-co-AAm) hydrogel N.. Points are experimental data and the
dashed line is the prediction of Chaudhury’s model. (b) Representative stress-strain tack
debonding curves of the first contact for different number of monomers between crosslinks, N,

of poly(MAETAC-co-AAm) hydrogels.
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Moreover, it is possible to use the Chaudhury’s model to calculate the work of adhesion as
function of N, at different debonding rates. The only parameter that needs to be change in the
equation 25 is the coefficient k,, which depends on Vgeb. Therefore, k, (Vgep, = 0.01 mm/s) is
1.2x103 and k,(Vg4ep = 1 mm/s) is 1.2x10°. Therefore, Figure 2-23.a shows the work of
adhesion as function of N, as predicted by the Chaudhury’s model at 3 different debonding
rates (0.01, 0.1 and 1 mm/s), and it is compare to the experimental data presented in Figure 16
for poly(MAETAC-co-AAm) hydrogel (110-Rx) at different debonding rates (Vden).
Remarkably, the model is able to predict pretty well the tendency of the experimental data at
different debonding rates (Vgeb: 0.01 mm/s and 0.1 mm/s) for the hydrogels with longer N, (110-
R1 and 110-R2). However, this model fails to predict the adhesion for more crosslinked (110-

R4) hydrogels and for faster debonding rate (Vge»: 1 mm/s).
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Figure 2-23. (a) Adhesion energy W, as function of the number of m:)nomers in the polymer
chain of the poly(MAETAC-co-AAm) hydrogel at different debonding rates (Vdeb). (b)
Adhesion energy W, as predicted by the Chaudhury model (V=0.1 mm/s) using higher values

of N.. Local maximum at N, = 1440 units.
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It should be noted that Chaudhury’s model predicts a local maximum of W, of approximately
4 )/m? for N. ~ 1440 (Figure 2-23.b). However, it is not experimentally feasible to prepare a
hydrogel with this architecture since no elastic and tough hydrogel will be obtained with a 0.04
mol% of crosslinker concentration (i.e. the theoretical concentration to obtain a polymer chain

of ~1440 monomer units).
2.6. Conclusions

Macroscopic underwater adhesion between oppositely charged polyelectrolytes is a complex
multi-parameter problem, and the effect of some of these parameters has been highlighted in
this study. The model system that we used (elastic positively charged hydrogel and negatively
charged surface) emphasizes the role played by molecular interactions, specifically electrostatic
interactions, on the strength of macroscopic adhesion of hydrogels underwater. We investigated
the contribution of the elastic properties of the hydrogel and of the charge density at the
interface and the main conclusions are the following: For a fixed gel and debonding conditions
we find that the macroscopic adhesion depends linearly on the density of bonding sites at the
interface. For a fixed density of binding sites and a fixed gel, the macroscopic underwater
adhesion increases weakly with contact time (in stark contrast with the case of H-bonds) but
strongly with debonding rate, in semi-quantitative agreement with Chaudhury’s model for
kinetic bond scission. Finally and importantly for fixed bonding and debonding conditions and
fixed charge density, W, increases with the inverse of the elastic modulus and can be modelled
semi-quantitatively. It was found on the hydrogel side that underwater adhesion energy depends
strongly on the rigidity of the hydrogels (hydrogel shear moduli). When the shear modulus
increases the macroscopic adherence decreases in an analogous way to what is predicted for

fracture of simple soft networks in gels or elastomers.*°
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3. Underwater adherence screened by salt. A probe-tack
test and AFM colloidal probe study.

In this chapter we present a comparison of work of adhesion (I/,) between a
macroscopic scale measurements using the underwater probe-tack test and a
microscopic underwater adhesion test using the AFM colloidal probe technique
(AFM-CP). We focus the comparison on the effect of salt concentration in the
testing medium at both scales (macro and micro) on the work of adhesion.
Additionally, we use the AFM-CP to systematically study the effect of the main
experimental parameters that affect macroscopically the work of adhesion as shown
in Chapter 2 (i.e. Debonding rate, contact time, pH and hydrogel elastic moduli).
The W, measured in both systems (Probe-tack and AFM-CP) were normalized by
the interfacial charge density (Z;), which was estimated using streaming potential
measurements on the hydrogel thin film and on the colloidal probe. Remarkably,
we found that at both scales the strength of the electrostatic interaction is kinetically
dependent since the measured macroscopic rupture energy is rate dependent, and
this behavior can be explained semi-quantitatively by using the Evans model of
kinetic bond breakage between polymeric chains. We also found that the
mechanical properties of the macroscopic hydrogel affect considerably the adhesion
underwater as W, increases with the inverse of the elastic modulus at both macro
and micro scales. Additionally, X; is an important parameter to control and predict
the underwater adhesion energy, since it can be modified and screened by changing
the pH or by increasing the salt concentration of the medium, respectively.

AFM-CP

Probe-tack

\

The content of this chapter is the result of a collaboration with Ugo Sidoli and Dr. Alla Synytska
at the Leibniz Institute of Polymer Research, Dresden, Germany.
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Chapter 3

3.1. Introduction

Underwater adhesion (I/,) between oppositely charged polyelectrolytes is a complex multi-
parameter problem, and the effect of some of these parameters has been highlighted in the
previous chapter. We investigated the adhesive properties of a model system composed of a
macroscopic positively charged gel and an oppositely charged polyelectrolyte thin film. The
macroscopic adhesion energy W, was successfully linked to the bulk mechanical properties of
the soft hydrogel material and to the surface density of electrostatic interactions formed at the
interface with a hydrogel thin film. Briefly, it was found that I/, is clearly rate-dependent as it
increases when increasing the pulling rate. Additionally, by adjusting the pH in the medium,
W, increases linearly with the interfacial charge density (Z;), and finally, we found that W,
increases with the inverse of the elastic modulus of the macroscopic hydrogels. However, the
two main parameters that contribute to the prediction and control of macroscopic adhesion are
the X;, which is controlled by the pH and the ionic strength of the medium and the elastic
modulus of the macroscopic hydrogel, which varies with the average number of monomer units
between crosslinks (N.). The control and prediction of W, from these parameters were
highlighted in the previous chapter.

In this chapter, we investigate two additional questions concerning the adhesion and contact
phenomena of this system. First, the effect of the same parameters (rate-dependence, interfacial
charge density, elastic modulus) for a more microscopic contact area is still unknown for the
same positively charged soft hydrogel against a hard negatively charge surface. Second, if the
adhesion energy shown in the previous chapter indeed corresponds to the breaking of
electrostatic interactions at the interface between oppositely charged polyelectrolytes, then its
magnitude (at a macroscopic and microscopic level) should be highly sensitive to the ionic

strength of the medium, i.e the concentration of added salt.
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Developments of different adhesion measurement methods allowed the study of macro- and
micro- scale-contact phenomena: macro-scale contacts are in general characterized using tack,
peel and shear tests.!? The advantage of macro-scale methods is the well-defined contact area.
However, these methods are limited to smooth and chemically homogenous samples over a few
hundred pm?2.2 On the micro-scale side, the main advantage is the knowledge of the interaction
forces between colloidal particles (micron-sized particle), single molecules and surfaces. Direct
measurement of intermolecular forces has benefited greatly since the introduction of the atomic
force microscopy (AFM)* and the surface force apparatus (SFA).> These techniques have made
possible the direct measurement of different type of interaction forces between several types of
surfaces and molecular structures ranging from hydrophobic colloids,® charged colloids,”®
covalent bonds® and to complete strands of DNA.'° Moreover, there are several advantages of
the AFM over the SFA, In addition to its versatility and ability to perform force measurements
with both high normal and lateral resolution,® the AFM can work under any aqueous
environment as it allows a precise control of several parameters such as temperature, pH,
solvent, humidity.* Therefore, we focus our underwater adhesion experiments at a micro-scale
using the AFM technique.

lonic strength is a key variable in the underwater adhesion tests between oppositely charged
polyelectrolyte hydrogels. It is well known that the screening process of an electrostatic
interaction can be described guantitatively as a salt-enhanced activated process. In general, at
low salt concentration, the attraction of oppositely charges is strong enough to keep two
colloidal particles together. However, with increasing salt concentration, the electrostatic
attraction is progressively screened and the colloidal particles will separate. For ions in vacuum,
Coulomb'’s Law gives a precise value of the force, but the presence of a medium such as water
containing monovalent salt ions leads to hydration, dielectric effects, and screening of the

charges. How the combination of these effects modifies the short-range attractive force of ions
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connected to soft polymeric materials is still poorly understood. As a result, the strength of ionic
bonds between two soft surfaces carrying opposite charges as function of different salt
concentrations and its contribution to macroscopic and microscopic underwater adhesion is not
yet fully understood.

This chapter aims to present a comparison between macroscopic scale measurements using
an underwater tack tester and microscopic underwater adhesion experiments using the AFM
colloidal probe technique (AFM-CP). We focus the study on the effect of salt concentration in
the testing medium at both scales (macro and micro) on the work of adhesion. Additionally, we
use the AFM-CP to study systematically the effect of the main experimental parameters that

affect macroscopically the work of adhesion.
3.1.1. Atomic force microscopy

One of the methods available for direct measurement of surface forces is the atomic force
microscope (AFM) introduced in 1986 by Binnig, Quate and Gerber.!! The surprising simplicity
of the microscope, capability of measuring in air and practically in any gas and liquid
environment, makes it indispensable both in scientific research and in industry. The AFM was
inspired by the scanning tunneling microscope (STM), which was able to scan substrates with
an atomic resolution. Yet, it was limited to conductive materials due to the dependence on the
tunnelling current, as interaction between sample and microscope tip. In contrast, the AFM,
measures the force when the tested sample and a cantilever (probe) interact, and therefore, it
can be used on conductive as well as insulating materials.*

A rigid cantilever is mounted on one end that is connected to a piezoelectric element, which
can move it in three dimensions. A laser is reflected of the back of the unfixed end of the
cantilever, and is detected by a photo-diode with multiple segments. Deflecting the cantilever

causes deflection of the optical lever, which is registered on the photo-diode (Figure 3-1). The
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original use of AFM is to study topography of surfaces. The cantilever is in contact with the
sample and the deflection of the cantilever from short range repulsive forces is held constant
with a feedback loop between photodiode and piezo. The cantilever is moved over the surface
and how much the piezo has to move up and down to keep the deflection constant depends on
the interactions with the sample and the topography of the sample. This way line by line an
image is created.* The cantilever is therefore, the interpreter from the surface topography and
interaction to the image and force values. A proper cantilever’s calibration in therefore vital for

a correct measurement.

Detector Laser beam

Cantilever

GPAA
@ Hydrogel Colloidal probe

Figure 3-1. Schematic draw of a simplified setup and essential parts of an AFM-Colloidal

probe.

There are several procedures and strong background in spring constant calibration methods
available in literature.*? In this chapter, a theoretical and a commonly used experimental
approach are introduced. For small deflection, a rigid beam like a cantilever for AFM acts as a
linear spring. In this case, the force F is given as

F = k.d 1)
with a cantilever’s spring constant k. (N/m) and deflection d (m). The deflection is measured
by the AFM, however, the spring constant of the cantilever needs to be determined.
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Theoretical cantilever spring constant calculation

In principle, the spring constant can be calculated for a cantilever with constant rectangular
cross-section. The cantilever is assumed to be a rigid beam of length [, width w and thickness
t fixed on one end, under the conditions that the deflection of the free end is small, and for an
idealized point load, the spring constant can be calculated from its dimensions and its materials
properties (Young’s modulus E) as'®

Ewt3
¢ T 43

)

It would be ideal if calculation of the spring constant for all cantilevers manufactured in the
same dimensions could be done only once, however this purely theoretical calculation can lead
to significant errors. Practical concerns are structural variation or defects of the material and
variation in dimensions,** notably variation in thickness due to the t3 dependecy of the spring
constant. The absolute error margin of spring constant for cantilevers manufactured in
expectation of the same properties can reach variation around the expected value of over 300%.
Clearly using the average value would introduce unjustifiably large error, and another way to

determine the spring constant must be used.
Thermal oscillations method for cantilever spring constant calculation

A method to determine spring constants of cantilevers directly using the AFM was
introduced by Hutter and Bechhoefer in 1993.24 It uses the average deflection of the cantilever
caused by thermal vibrations. For small deformations cantilevers are described in good
approximation as harmonic oscillator with one degree of freedom. The corresponding

Hamiltonian for the system is

p- .1 5.
H=-—+= 3
mwgiq ©)
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with p as momentum, m as oscillating mass, w, as resonance frequency and Mean-square

fluctuations in amplitude g. The equipartition theorem gives the relation
1 1
Ema)(z)q2 =skpT (4)

ke

. . . 1/2 :
with k; Boltzmann’s constant and temperature T. Using the relation wy = (E) the spring

constant can be determined by the mean squared displacement g, which is directly measured
by the AFM at the resonance frequency. Therefore, we obtained the following expression

k—ka 5
c_? ()

This method is highly recommended for its simplicity of use and broad applicability. Hence,

this method was used to determine spring constants of all cantilevers in this chapter.
3.1.2. AFM colloidal probe technique

The colloidal probe technique was introduced independently in 1991 by Ducker et al.
attaching silica spheres onto cantilevers *° and by Butt'® gluing glass spheres onto cantilevers
(Figure 3-2.a). The main feature of this method is the interaction of the tested sample with a
small spherical particle (typical diameter: 1-50um) instead of a sharp silicon tip. The spherical
particle, also called colloidal probe (CP), is glued to the end of the cantilever after the estimation
of the cantilevers spring constant. Cantilevers manufactured with a sharp tip are useful for
creating images of substrates with high resolution. Moreover, the shape of AFM tips cannot be
accurately controlled in the manufacturing process or even during measurements (Figure
3-2.b).1>17 This leads to two significant problems. Firstly, that the geometry is not exactly
known due to variation in the manufacturing process and the risk of wear during use.® The
second problem is that the interaction surface area with the sample is small, which might limit
the resolution of the force measurement and not reveal how more averaged regions on the tested
sample behaves similar. In contrast, a main advantage of using a spherical body as a probe is
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that alignment of sample and probe are avoided and the contact geometry is well defined.>’ The
colloid can consist of different materials, or the surface can be modified prior or after

attachment of the probe to the cantilever.

(a)

Figure 3-2. (a) SEM image of one of the first published colloidal probse glued to an AFM
cantilever by Ducker et al., scale bar 20 um.*® (b) SEM images of the regular silicon tips.

MikroMasch-Product-Catalogue, (Left, Regular Tip. Right, DPE tip).'8

Force measurement with the AFM-CP

The measuring principle of the colloidal probe technique is identical to that of a standard
AFM and is outlined in Figure 3-3. Initially the cantilever is far from the sample and as a good
approximation no force is acting on it. As the piezo approaches, the cantilever moves towards
the sample’s surface (point 1). At point 2, is it possible to measure steric or Pauli repulsive
forces when the probe comes closer in contact with the sample. The cantilever continuous to
make contact with the sample and at point 3, a maximum applied force is reached. After a
certain constant contact time, the drive direction of the piezo is inverted, and the cantilever
starts retracting away from the sample. Finally, the highest magnitude of attractive force is
reached at point 4. This force is linked to the forces of adhesion acting between the probe and
the surface. During the pull-off and depending on several parameters (e.g. type of interactions,

roughness, contact time) two behaviors can take place. (i) A single detachment event (the so-
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called vertical jump off contact) where all interacting points are broken at the same time, or a
continuous event where not all interacting points are broken at the same time (frequently
observed for soft polymeric surfaces).'® Once the cantilever is fully detached from the sample,

the force drops to zero.

(@) (b)

(3)

(1) 2)

@) 807 (4) i
100nN ; . . .

z-Piezo Position (m) -200 0 200 400nm
Ind

Figure 3-3. (a) Schematic of a deflection signal versus piezo position curve. Raw data of a

Deflection (V)

v

typical force measurement with the AFM on a soft substrate (b) Corresponding force versus
distance curve after multiplying the deflection with the calibration coefficient obtained from a
linear fit of the constant compliance region and the spring constant of the cantilever, and adding

the cantilever deflection to the piezo position.

AFM-CP Data processing

Some further processing of the raw data is needed to get a force-distance plot that allows to
study the adhesion energy from the AFM raw data of the deflection of the laser on the photo-
diode (V) and the position of the piezo (m). First, it is necessary to convert the deflection in
volts to a force in Newtons. How the signal of the photo-diode (U, ) translates to a cantilever
deflection (d) is known by measuring the force as the cantilever deflects against a hard
substrate. When the cantilever (with the colloidal probe) and a hard substrate are in contact, the

deflection of the cantilever is precisely known because it is exactly as much as the piezo extends
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and the voltage of the photo-diode is measured. The relation between U, and d is linear, and

the slope is called the optical lever sensitivity (OLS) in units of VV/m. Hence, the OLS is

estimated as follows

AUyq

LS =
OLS Ay

(6)

p
where AU,, is the change in signal of the photo-diode and Az, is the piezo vertical
displacement. Once the OLS is determined, the deflection of the cantilever is calculated as

1

=55

Upa (7)

Therefore, the deflection of the cantilever is converted to force by using equation (1).

F = k Upd (8)

“OLS

In the next step the contact point is determined. As the distance between cantilever and
sample can not be directly measured, it has to be deduced from the force. When approaching
the cantilever to the samples it is possible to find steric or Pauli repulsion interactions which
start acting from a certain distance and the cantilever is bent backwards, or there is an attractive
potential at first causing the probe to "jump-in™ at a certain distance and the cantilever tends to
bend downwards before repulsion starts acting. In case of a jump in, which is most common in
our experiments, the contact point is exactly where the jump in starts, but where the curve is
still at zero force.

From the piezo position shown on the x-axis in Figure 3-3.a, the deflection of the cantilever
has to be subtracted. It can be done by using the known force, and equation (1). Typically, at
this point the x-axis is inverted, so the value of indentation (how far the probe travels into the
sample after contact) is shown to the right of the graph (Figure 3-3.b). The indentation is related
to both the mechanical behavior of the hydrogel sample and to the thickness of the polymer

brush on the colloidal probe.
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3.2. Theory

3.2.1. Introduction to contact mechanics

From the force—displacement curves, it is possible to draw information about the
elastoplastic behavior of materials. In fact, the first force curves taken with the AFM were aimed
at analyzing the nanomechanical properties of solid materials.* Contact mechanics models have
the advantage that from the force of adhesion and the knowledge of geometry of the bodies in
contact, the energy of adhesion can be easily calculated.?’ In the case of the colloidal probe
technique, these criteria are met. The adhesion force F,; of two rigid and incompressible
macroscopic spheres of radius R, and R, is simply related to their work of adhesion by the
Derjaguin approximation

Fad = 27TEWa (9)
where R = RlRZ/R1 +R, and W, = W3, for the general case of two different bodies 1 and 2

interacting in a third medium 3. Heinrich Hertz in 1881 developed the first contact model
describing contact surfaces and deformations.?! The model leads to the contact radius a for the

circle shaped contact area of two elastic deformable spherical bodies.

313p(¥; + 9,)
_ ’ 10
‘ 16(¢1 +¢2) (0

with average pressure p over the contact area, ¥; as constant depending on the material
mechanical properties of body i and ¢; as reciprocal radius of the body i. If no external forces
are acting on the bodies p is zero and thus the contact radius vanishes. However, real particles,
deform elastically under the influence of any externally applied load as well as the attractive
intersurface forces that pull the two surfaces together, which gives rise to a finite contact area
even under zero external load.?® This means that the Hertz model actually neglects adhesion

forces. It nevertheless lays the groundwork for development of other contact models and can
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be applied in the case of non adhesive contact surfaces or in the limit of large external forces,

to determine the mechanical properties.
Johnson-Kendall-Roberts model

A modification of the Hertz model including adhesion forces is known as the JKR model.??
It includes the effects of adhesion by considering the surface energy U that is needed to separate
the surfaces in contact
U, = ma’y (11)
with a as radius of a spherical contact area and y as energy per surface area. At mechanical

equilibrium their contact area will have a radius a given by

a’ =

x| =i

(P +3WnaR +J6WnRP + (3Wn§)2)

(12)

K E, E,
with K as constant of the material elastic properties, E; and v,,; are the Young’s moduli and
Poisson’s ratios of the two bodies in contact. R is the effective radius of the spheres in contact
and P as external force acting on the bodies. For a sphere of radius R on a flat surface of the
same material, we may add R, = o, R; = R and W = 2y in the above equation, so that under
zero load the contact radius is finite and given by

e 12mR?%y (13)
0 K
Removing the external force P leads to a finite contact radius and the spheres are only
separated when an external force of

3 (14)
P = —E}/T[R

is pulling the two bodies apart. The absolute value of P is referred to as the adhesion force F4p, .
And the separation will occur abruptly at a contact radius of a; = 0.63a,. For measurements
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of adhesion with the colloidal probe technique, the JKR model can be applied to calculate the

work of adhesion y;, from the force of adhesion F,4, and the radius of the colloidal probe
(R¢p) as

2 (15)
Yikr = mFadh

We must take into account that the forces acting outside of the immediate contact area are
neglected. This approximation makes the model most suitable when the surface forces are short
range in comparison with the range of elastic deformations, (i.e. in cases of soft materials,

strong adhesion force and large colloid radii).?
Derjaguin-Muller-Toporov model

The Derjaguin Muller Toporov (DMT) model was developed for the case of a plane sample
in contact with a colloid.?* In contrast to the JKR model that only considers adhesion acting in
the contact area, the DMT model assumes that the contact profile remains the same as in Hertz
model but includes an additional attractive interactions outside the contact area. Therefore, this
contact area is slightly larger than the one derived by JKR

R
a3 = % (P + 2ymR) (16)

When the pull-off force is achieved, the contact area becomes zero and there is no singularity
in the contact stresses at the edge of the contact area. Therefore, the energy of adhesion
calculated by this model is lower when compared to the JKR model and is calculated as follows

1 a7)
Yomr = mFadh

The DMT model is especially applicable in cases of stiff materials, weak adhesion forces and
small colloidal radii.?
Daniel Maugis later formed a theory, according to which the JKR and DMT models are part

of a single unified theory,? defining a transition parameter between them, allowing to apply an
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intermediary model for cases where both contributions to adhesion, inside and outside the
contact area, have to be considered. All models were developed for macroscopic bodies, and
are only approximations for a detachment process of a small probe on a real substrate.
Nevertheless, both JKR and DMT models have shown good agreement with experimental
data.'”?® However, to determine which model is better to apply to treat the force of adhesion
data of a measurement, it is convenient to use a nondimensional physical parameter to quantify
these limits and cases in between. This parameter is known as Tabor’s parameter (u),%” and it

is estimated as follows

1
_ chyz 3
Ur K%Zg

i=§<1—vf+1—v§>

(18)

Kr 4\ E, E,

with z, the equilibrium separation of the surfaces. The value of u; is in fact equal to the ratio
of the elastic deformation just before the surfaces separate to z,. According to Fery and
coworkers,3% for ur < 5 the DMT theory is valid and for u; > 5 the JKR theory becomes

appropriate.3%8
3.2.2. Electrostatic forces in aqueous medium
Electrostatic double-layer force and DLVO theory

It was well known that many colloids carrying the same charges in an aqueous medium
coagulate after the addition of salt. The explanation for this behavior was given with the
introduction of the DLVO theory, named after Derjaguin, Landau, Verwey, and Overbeek.*?°
In the DLVO theory the interaction between two particles is assumed to consist of two
contributions: the van der Waals attraction and an electrostatic double-layer repulsion
(explained in the previous chapter, section 2.2.3.). If the colloidal particles have the same sign

of charge, at low salt concentration the double-layer repulsion is strong enough to keep the
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colloidal particles apart. When the salt concentration rises, the electrostatic interactions are
screened and at a certain concentration, the van der Waals attraction overcomes the repulsive

electrostatic barrier and coagulation sets in.*
Effect of ionic strength on the interaction forces

For the understanding of the effect of salt on the mean rupture energy of a single ionic bond,
it is necessary to introduce the energy landscape of the disruption of this molecular interaction.
Spruijt and coworkers,?® presented a molecular rupture model for ionic bonds that
quantitatively estimates the mean rupture force of a single ionic bond as a function of salt
concentration in the medium and loading rate of the test. In this model, the activation energy
barrier (E,) has to be overcome by a pulling force, which is a rate-dependent phenomenon
before an electrostatic bond ruptures. This model was inspired mainly by the model developed
by Evans and Ritchie3?3! of mean rupture force of single molecules as a function of temperature
and loading rate, and by the Debye-Hiickel theory of electrostatic double-layer forces.?

Without any external force, E,(0) can be estimated as the difference between the Coulombic
energy of an ion pair in contact (E;) and the electrical free energy of the separated ions at a
distance equal to the screening length (Es). According to Coulomb's Law, the energy of the
electrostatic attraction (E) between two charged particles is proportional to the magnitude of
the charges (z;e,) and inversely proportional to the internuclear distance between the particles
(r):

ES Zl'zeg Zl'ZAB

kgT B Amege kgTr - r

(19)

where z; is the charge number of ion species, e, is the elementary charge, ¢, is the dielectric
constant of the medium, &, the vacuum permittivity and A5 the Bjerrum length

e

Apg = —m—
B 4me e, kpT

(20)
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corresponding to the distance at which the electrostatic interaction between two elementary
charges is comparable in magnitude to the thermal energy kzT. For two monovalent charges,
located at a distance equal to the Debye-length (4,), which correspond to the thickness of the

electric double layer, the free energy can be written as

where the Debye-length can be calculated as follows

go&-kpT 1
/1D_ ocr*B

= S = (21)
2NgyColy  \/8x103mA5NgyCo

where c, is the salt concentration in mol/L. For instance, water (&, = 80) at room temperature
(T=300K), 45 is 7.1 x 10" m. On the other hand, the Coulombic energy of an ion pair in close
contact, separated by an internuclear distance (r,) which is around 0.3 nm, can be written as

Ec 2

L _ 22
kBT To ( )

Therefore, combining the expressions for E. and Eg the activation energy barrier E, as function

of salt can be expresses as:

s g

A

where, E,(0) is therefore, the activation energy barrier before applying any external force in
Joules. On the other side, when a constant force f(t) is applied, a change in the activation

energy barrier occurs as function of this force with a dissociation rate (k,sf). Evans and Ritchie

describe the rate of escape from the bound state (dP/dt) as a first-order process®?=34

ks is function of the constant force and tends to lower the activation energy as follows
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koff(f) = aexp kg T (25)

1 (Eam) - f*xﬁ)
where 7, is the characteristic diffusion time of motion in the system and x; is the distance
between the bound state and the transition state (Figure 3-4), which can be surprisingly small

since kzT~4x10% J at room temperature and xg can reach ~ 0.1 nm.*® The solution for

equation 23 derived by Evans®%3 s the force f* with maximum probability of bond failure in

the case of constant force loading rate (1 = Vyepks):

f* — kBTln (x.BTDrf e(Ea(O)/kBT))
Xﬁ kBT

(26)
f* — kB_Tln I:xﬁj e(Ea(O)/kBT)] + kB_Tln 7,
Xﬁ kBT Xﬁ f
Equation 26 predicts a logarithmic dependence of the bond breakage force of a single
electrostatic interaction with the force loading rate with the slope equal to fz = kgT /xz. Thus,
providing a way to extract the value of xz from the experimental data. Finally, a combination

of equations 23 and 26 provides a prediction for the effect of ionic strength and the force loading

rate on the mean rupture force (f*) on a single ionic bond

Tpt; A
f =1 [m (;—Bf> - J8x103nagcmNav + r_oBl 7)

f(®

Figure 3-4. Schematic energy process when breaking an ionic bond with a constant force.
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3.3. Experimental

3.3.1. Chemicals

All chemicals were used as received from the supplier. For the macroscopic hydrogels, 2-
(methacryloyloxy)ethyltrimethylammonium chloride 80 wt. % in H.O (MAETAC), acrylamide
for electrophoresis, >99% (AAm), N,N'-methylenebisacrylamide (MBA), potassium persulfate
(KPS) and tetramethylethylenediamine (TEMED) were purchased from Sigma-Aldrich,
France.

For the synthesis of hydrogel thin  films, allylamine, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 1,4-
dithioerythritol, toluene dried (max. 0.005% H20), formic acid and methanol were all purchased
from Sigma-Aldrich, France. Additionally, poly(acrylic acid) (PAA with Mw ~ 50 kg/mol, 25
wt% in water was obtained from Polysciences. (3-Mercaptopropyl)trimethoxysilane was
obtained from Alfa chemistry. Silicon wafers were purchased from ACM, France.

For the colloidal probes, Silica particles were purchased from Micro Particles GmbH,
Germany. Ethanol abs. (EtOH, 99.9%) was purchased from VWR, Germany. Additionally, 3-
aminopropyl-triethoxysilane (APTES, ABCR, 97%), anhydrous dichloromethane (99.8%),
chloroform (99%), triethylamine were purchased from Fluka, Germany. Finally, a-
bromoisobutyryl bromide (Brin, 98%), tert-butyl acrylate, copper(ll) bromide (CuBr2,
99.999%), N,N,N",N”",N""-pentamethyldiethylenetriamine (PMDTA, 99%), Sn(ll) 2-
ethylhexanoate (99%), ethyl a-bromoisobutyrate (EBiB, 98%), toluene and methanesulfonic

acid were purchased from Sigma Aldrich, Germany.
3.3.2. Hydrogel synthesis

A series of positively charged hydrogels was prepared by free radical copolymerization in

water using a cationic monomer (MAETAC), a neutral comonomer (AAm) and a

116



Underwater adherence screened by salt. A probe-tack test and AFM colloidal probe study.

tetrafunctional crosslinker (MBA). Within this series, the total monomer concentration was
fixed at 20 wt% (80 wt% in water), the MAETAC/AAmM molar ratios at 10/90 (10% MAETAC
and 90% AAm), and 3 different molar percentages of crosslinker (R=1, 2 and 4 mol% with
respect to total monomers).

After dissolution at room temperature of the comonomers in Milli-Q water (pH 5.5), the KPS
initiator was added (1 mol% relative to the total monomer) and the solution was deoxygenated
under N2 flow during 30 min. Then, as soon as the reducing agent TEMED was added (1 mol%
as KPS), the solution was transferred to a PDMS mold of 0.1 cm x 2 cm x 4 cm size. The redox
initiation rapidly took place and the polymerization was left to proceed overnight under nitrogen
atmosphere. The mold was then opened, and the 1 mm thick gels were immersed and stored in
1 L of Milli-Q water until final use. The poly(MAETAC-co-AAm) hydrogels prepared in this
way were called Ry, with y = 1, 2 or 4 mol% the molar percentage of crosslinker with respect

to the monomers (Table 3-1).

Hydrogel | Q, | C,(Wt%) | Ae | Eo(kPa) E. (kPa)

R1 6.3 4.9 211 | 123+18 | 99.6+20.1
R2 6.3 10.2 98 | 232+84 | 207+18.9
R4 6.3 15.7 6.4 | 433+6.9 | 456+ 74.4

Table 3-1. Composition and characteristics of cationic hydrogels as measured in Chapter 2.
Initial volume swelling (Q,), total polymer concentration at swelling equilibrium (Ce), mass
degree of swelling at equilibrium (Ae), Young’s modulus in the preparation conditions (Eo) and

at swelling equilibrium (Ee). Both moduli are presented as average * standard deviation.

3.3.3. Synthesis of negatively charged hydrogel thin films

Surface-attached thin hydrogel films were spin coated by simultaneously crosslinking and

grafting pre-functionalized poly(acrylic acid) (PAA) onto thiol-modified silicon wafers. The
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crosslinking and grafting took place through a thiol—ene click reaction following the procedure
already presented in Chapter 2, section 2.3.3, which will be briefly described in the following
paragraph.

A thin layer of PAA functionalized with ene-groups (see NMR spectrum of chapter 2. Figure
4.) was deposited on the thiol-modified wafers by spin-coating from a 2 wt% solution in
methanol and formic acid (70% methanol and 30% formic acid) containing also dithioerythritol.
The conditions of spin-coating were fixed with a final angular velocity of 3000 rpm and a
spinning time of 15 s. After spin coating, the dry films were annealed at 120°C for 24 h under
vacuum to activate the thiol—ene reaction. Finally, the wafers were cleaned with water and then
cleaved into pieces of 5 mm x 5 mm. Ellipsometry measurements were used to corroborate that
the thiol-ene reaction effectively took place and that PAA thin films were grafted to the silicon

wafer.
3.3.4. Underwater Tack Test

Briefly, the adhesion test consisted in forming a parallel contact and detachment between a
macroscopic positively charged hydrogel (thickness ~ mm) and a negatively charged thin
hydrogel film (thickness ~ nm) while both are fully immersed in an aqueous environment. The
5 mm x 5 mm wafer coated with the surface-grafted PAA hydrogel thin film was glued with a
polyvinyl acetate adhesive (ref. L0196, 3M®, France) to a stainless-steel probe, which was
fixed to a 10 N load cell and connected to a universal tensile machine (model 5333, Instron®,
France). A sample of poly(MAETAC-co-AAm) hydrogel (20 mm x 20 mm x 1 mm) was glued
to a glass microscope slide with a cyanoacrylate adhesive (Loctite® 495, France). Additionally,
the thin film is protected with a stretched layer of Parafilm® during the alignment in air. After
this alignment, the contact was made underwater at an approaching rate of 10 um/s with a

contact area determined by the surface of the silicon wafer functionalized by the PAA thin film.
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A preload of 3 kPa was applied for a given constant contact time that was varied from 1 s to
1200 s. Finally, the probe was detached at a constant debonding rate (Vdeb) While recording the
probe displacement and the force. From this experiment, the work of adhesion W, can be

calculated as follows:

Emax

W, =T, f ode (28)
0

where € is the nominal strain and is obtained by normalizing the displacement by the initial
thickness of the thick hydrogel (Ty). o is the average stress and is obtained by dividing the force

by the contact area. Three replicates were conducted for each experiment.
3.3.5. Colloidal probe synthesis
Initiator-modified colloidal particles

Silica particles (diameter: 19.59 um) were stirred for 24 hours in a 5% APTES solution in
ethanol to introduce amino groups onto the surface. The APTES-modified particles were
purified by several washing and centrifugation cycles in ethanol and were dried at 60°C. The
dried APTES-modified particles were suspended in dry dichloro-methane (35 ml) and a-
Bromoisobutyryl bromide was added. Then, triethylamine was added to the suspension. The
reaction mixture was stirred at room temperature for two hours. The Brin-functionalized
particles were collected by centrifugation, washed in dichloromethane and ethanol, and were

dried under reduced pressure.
Colloidal probes covered with Poly acrylic acid (PAA) brushes

50.2 g of initiator-modified particles were dispersed in 5 mL of tert-butyl acrylate. 70 pL of
CuBr2 (catalyst) and 70 uL of PMDTA (ligand for copper ions) were added, along with 0.15
pL of EBIB as initiator in the bulk solution. The mixture was purged with Ar for 10 minutes,

then 150 pL of Sn(ll) 2-ethylhexanoate (reducing agent) were added and the polymerization
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was carried out for 5 h at 115°C. Afterwards, the particles were washed multiple times with
chloroform, toluene and ethanol abs., and then were dried in a vacuum oven at 40°C.

The PAA functionalities were obtained by deprotection of the tert-butyl units: the particles
were dispersed in 5 mL of chloroform and 2 mL of methanesulfonic acid for 4 h. Afterwards
they were washed multiple times with chloroform and ethanol abs. and were dried in the

vacuum oven at 40°C.

with a poly(MAETAC-co-AAm) hydrogel sample of approximately 1 cm x 1 cm size. (c)

Cantilever series of NSC36. Mikromash, USA.

3.3.6. Underwater AFM Colloidal probe test (AFM-CP)

An AFM (MFP-3D, Asylum Research Inc., USA), equipped with a BioHeater fluid cell with
heating element (Asylum Research Inc. USA) was used for cantilever calibration and force
measurements (Figure 3-5). Cantilever series of NSC36, tipless and without aluminum coating

cantilevers (Mikromash, USA) were used for all experiments.
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Cantilever calibration and samples preparation

For determination of the spring constant, the OLS was determined by performing at least nine
force measurements against a cleaned microscopy glass slide, then the thermal oscillation
method (as described in section 3.1.1.) was used to determine spring constant.

Using a micromanipulator (MP-285, Shutter Instrument, USA) on an optical microscope and
glass capillary (modified to have a sharp edge of a few micrometers), a small droplet of a two
component epoxy resin (UHU plus endfest 300, UHU GmbH, Germany) was applied on the
pre-calibrated AFM cantilever (0.7-1.5 N/m). Right after, a colloidal probe was placed on top
of the glue using a second modified glass capillary (Figure 3-6). Special care was taken when
leaving the colloidal probe covered with the epoxy adhesive. After hardening of the adhesive,
cantilevers with probes were briefly submerged in DI-water and ethanol, to clean the colloid
surfaces and confirm sufficiently strong attachment. After 24 h of drying, the sample was ready

for an adhesion test.

Figure 3-6. (a) Microscope image of the edge of a the modified glass capillary used in the
micromanupulator. Scale bar of 200 um. (b) Setup, micromanipulator, glass capillary. (c)
Microscope image of a colloidal probe (20 pm diameter) glued to a cantilever. 40x

magnification.
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A 5 x 5 mm piece of Poly(MAETAC-AAmM) hydrogel is cut and placed on a glass slides.
Electrolyte solutions were prepared at different NaCl concentration (5mM, 10mM, 150mM and
500mM). Sample and cantilever were given at least 30 minutes time to equilibrate in the
solution used for the measurement. OLS was determined by performing at least nine
measurements in a zone of a glass slide without hydrogel (a hard surface is necessary to have a
linearity and estimate the OLS). The maximum compressive force applied to the probe upon
approach was set constant to 10 nN. The piezo movement speed for bonding the colloidal probe
to the hydrogel was set to 5um/s, and the detachment movement was varied between 50 nm/s,
100 nm/s, 500 nm/s and 5000 nm/s. Three force maps (20um x 20um), each consisting of 16
single force measurements, were made in a box pattern around a random spot on the hydrogel

surface.

3.4. Results

3.4.1. Macroscopic hydrogels, PAA hydrogel thin films and PAA colloidal probes

The macroscopic hydrogels used in this chapter were characterized by swelling and
compression tests as described in Chapter 2. Section 2.3.4. Moreover, the R2 hydrogel was
immersed in mediums with different salt concentrations and its equilibrium swelling behaviour
was studied. For equilibrium swelling studies, hydrogels were initially weighted in their
preparation state before immersion into a large volume of Milli-Q water at different NaCl
concentration (5mM, 10mM, 150mM and 500mM). After 3 days of equilibrium, the swollen
samples were weighted again (m,) and then dried overnight in an oven (at 60 °C) in order to
get their final dry weight (m,). These measurements can be used to calculate the mass swelling
ratio at equilibrium (A, = mg / my). A, of the poly(MAETAC-co-AAm) hydrogels was found
to decrease with increasing concentration of aqueous NaCl solution as expected (Table 3-2).
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NaCl (mM) Qo Ae Ce (Wt%)
0 6.3 9.8 10.2
5 6.3 8.8 114
10 6.3 6.5 15.6
150 6.2 6.4 154
500 6.2 6.0 16.7

Table 3-2. Equilibrium swelling behaviour of hydrogel R2 at different NaCl concentrations.
Initial volume swelling (Q,), total polymer concentration at swelling equilibrium (Ce), mass

degree of swelling at equilibrium (Ae).

PAA hydrogel thin films were chemically stable underwater and presented a dry thickness of
144.1+1 nm. As presented in the previous chapter, the swelling ratio for these films increases
from 1.39 £ 0.1 at pH 2 to 1.75 at pH 8, while the water volume fraction increases from 0.28 at
pH 2 to 0.44 at pH 8. Finally, according to the GSGC model, at pH 5.5 the interfacial charge

density is ¥; ~3 x102 nCO0~/nm?.
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Figure 3-7. (a) Streaming potential of PAA colloidal particles in KCl at 1 mM. (b) TGA on

native silica particles and on PAA-modified particles.®®
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Furthermore, PAA colloidal probes were produced via “grafting from” approach.
Confirmation of the presence of the PAA functionalities after deprotection was confirmed via
electrokinetic measurement of streaming potential as shown in Figure 3-7.a. The modified
particles have the point of zero charge at pH 2.5, which is consistent with several electrokinetic

measurements reported in literature. After pH 7, the zeta potential reaches a plateau (¢yiatequ =

—40 mV) that corresponds to the complete ionization of the carboxylic functionalities. By using
the GSGC model, (Chapter 2, equation 13 and 14) the number of acidic groups capable of
dissociating per unit area is calculated to be around ~2 x102nCOO~/nm?. Therefore, at pH 5.5
the total surface charge density is around ~1 x102 nCOO™/nm?.

Additionally, the presence of polymer chains on the particles has been further confirmed by
performing TGA measurements as shown in Figure 3-7.b. From TGA measurements and by
knowing the molecular weight of the polymer chains, the grafting density of PAA brushes on
the colloidal particles (o;_.) can be estimated by applying the following equation®

o . = Rsps¢p—wNav
e 3Mn(1 - d)p—w)

(29)

where R, = 10 um is the radius of silica particle, p; = 2.65 g/cm? is the mass density of
silica, ¢,,_,, is the mass fraction of the polymer (obtained using TGA measurements); M, =
50 kg/mol is the average molar mass of polymer chains, and N, is the Avogadro’s number.
Therefore, by using equation 29, the PAA grafting density on the colloidal probe is

6, =0.2 chains/nm?,
3.4.2. Underwater tack test. Salt effect on W,

Probe-tack tests are used to measure the energy required to separate the negatively charged
surface from the positively charged hydrogel without breaking any covalent bonds within either
of the hydrogels. For this reason, W, between each hydrogel and thin film was first measured

as a function of different repetitions in the same spot as shown in the previous chapter (Section
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2.4.3. Figure 14). When W, remained constant for consecutive contacts in the same spot, the
value of the first contact was used to compare the effect of salt concentration on W, and the

maximum stress (o,,4,) Measured in the stress-strain curves.
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Figure 3-8. (a) Adhesion energy in solutions containing different salt concentrations (NaCl
concentration is in M). Phosphate buffer solution (PBS) was used for the experiment at 0.138
M. (b) Stress-strain debonding curves for Poly(MAETAC-co-AAm) hydrogel R2 and a PAA

thin film (dry thickness of 150 nm) in different salt concentrations.

The adhesive interactions between molecules are screened when running the experiments in
water with salt. The effect of screening by salt (using NaCl) of charge-charge interactions on
macroscopic underwater adhesion was studied by characterizing the macroscopic adhesion
between the R2 hydrogel and a PAA thin film (dry thickness ~150 nm). The adhesion energy
was measured as a function of salt concentration in the medium (Figure 3-8.a). W, decreased
slightly between 1mM and 10 mM (>100 mJ/m?) but significantly decreased by two orders of
magnitude from around 300 mJ/m? in 1 mM of NaCl to around 2 mJ/m? at 500 mM of NaCl.
Additionally, the maximum stress decreased also slightly between 1mM and 10 mM (between

3-5 kPa) but significantly decreased by one order of magnitude from around 5 kPa in 1 mM of
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NaCl to around 0.3 kPa at 500 mM of NaCl (Figure 3-8.b). This simply occurred because less
force is needed to separate the two surfaces when more interactions are screened. Moreover, it
was not possible to conduct a probe-tack test with a salt concentration above 0.5 M since the

maximum force was in the same values (~1 mN) of the load cell noise.

3.4.3. Underwater AFM-CP test
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Figure 3-9. (a) Example of a 20pum x 20um force map containing 16 single force measurements.
Grey scale represent the peak force of each force measurement. Squares in black are tests
without a peak of adhesion force. (b) Raw data of the force map with the respective curves of

force vs. piezo displacement (Z s,y

Three to four force maps of deflection (V) over z-piezo position (Z,,,s,-) were conducted for
each variable in the present study. Each force map consists on 16 individual force measurements
given a total of 64 force-displacement measurements (Figure 3-9). Each individual force
measurement was processed according to the procedure described in section 3.1.2. Only the

average adhesion force + 2 x the standard deviation is reported from entire measurements of
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the force maps. Measurements outside this range were considered outliers due to an irregular
variation of the substrate, and were removed from the analysis. Moreover, the reproducibility
of our data was checked by comparing the post-processed data of force-displacement curves
with different samples of PAA colloidal probes and different samples of the same hydrogel.

(Figure 3-10).
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Figure 3-10. Force distance (Ind) curves of raw data from AFM-CP measurements between R2

hydrogel and a PAA colloidal probe. Three replicas with different CP and different macroscopic

R2 hydrogel.

Using the measured force of adhesion and using the contact models given in section 2.1.2 the
energy of adhesion was calculated. However, to analyze our data we have to decide which
theory of contacts mechanics is suitable to describe our system. For the macroscopic hydrogel
surface (Ry~,E; = 0.1 — 0.5 MPa,v; = 0.5) touching a hard colloidal probe covered with a
polymer brush (R, = 20um,E, = 2 —4GPa,v, = 0.1 — 0.5),*® the effective radius of
curvature R reduces to R, and the effective modulus of the system K lies between 0.11 MPa
and 0.44 MPa. Assuming z, is 0.5 nm, and typical thermodynamic work of adhesion of w= 10

mJ/m? the Tabor parameter (equation 17) lies in the range of u; > 6.5. Therefore, our system
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is in the JKR regime and the work of adhesion is estimated using equation 14 where y;,, = W,

and F,g4p, is the peak force in a AFM-CP test.
Kinetics of bond formation and disruption, Vgen and contact time effect on W,

The previous chapter has shown that the macroscopic underwater adhesion from electrostatic
interactions increased weakly with contact time (in stark contrast with the case of H-bonds) but
strongly with debonding rate. These two parameters were studied at a smaller scale by using
the AFM-CP between R2 hydrogel and the PAA colloidal probe underwater at 1 mM NacCl
concentration. If one of the materials shows viscoelastic deformation, the contact area and
adhesion force increase with contact time. However, since the macroscopic hydrogel is purely
elastic, no dependence of the adhesion force on contact time is expected. Figure 3-11.a shows
the work of adhesion as function of the contact time applied between the PAA colloidal probe
and the R2 hydrogel at a Vgeb of 5pum/s. The contact time was varied between 0-10 seconds. For
a zero contact time, the colloidal probe is detached from the hydrogel as soon as it reaches the
maximum compression force of 10 nN. The contact time dependence was compared for the
macroscopic hydrogels R1 and R2. When the contact time was varied, adhesion forces
increased with contact times up to 1 s and remained fairly constant if the contact time was
further prolonged to 10 s for both macroscopic hydrogels. This suggests that the electrostatic
interactions at the interface are formed as soon as both surfaces come into contact for more than
1 s and the surface density of interactions remains relatively constant thereafter. Additionally,
R1 showed a higher adhesion energy compared to R2 as expected from the effect of the degree
of crosslinking as discussed in the previous chapter, however, a more systematic effect of

degree of crosslinking on W, at a microscopic scale will be discussed in the following section.

128



Underwater adherence screened by salt. A probe-tack test and AFM colloidal probe study.

(a) (b)
1 1 1 1 1 1 1 sl vl el
10 - 3.0 -
® Ri1 {
B R2 i L
8 L 2.5
~ ¢ _ 2.0 r
Ng 6 o E é
] 2 1.5 -
‘-:i 4_ - o
= i = 1.0+ -
[ ]
21§ B 0.5 [ -
[ ]
0_ - o'o_l T IlllIIII T |||||||| T T |||||||_
! ! I I I I 2 4 6 z 4 6 2 4 6
0 2 4 6 8 10 10’ 10 10° 10*
Contact Time (s) Ven (NM/S)
(c) (d)
0 L L \/ 01 : — -
-100 A 3 -100 E ;’ |
Z -200 1 Z 2001
< =
g g RZ Hydrogel
£ -300{ R1 Hydrogel 5300  Vaes=30mss
Vdeh=5”m/s
——CT=0s ——CT=0s
ol [—at - ol [
CT=105
-500 . . -500 r .
-3 -2 -1 0 -3 -2 -1 0
Ind (pm) Ind (pm)
(e)
.50 4
z
=
Q
I
o
[
-100
— Vdeb=50nm/s
Vdeb=100nmfs
Vdeb=500nm!s
-150 T T T
-0.8 -0.6 -0.4 -0.2 Q

Ind (gzm})

Figure 3-11. Variation of the adhesion energy measured in Milli-Q water (pH 5.5, NaCl 1mM)
between poly(MAETAC-co-AAmM) hydrogel (R1 and R2) and a PAA colloidal probe as a
function of contact time (a) and Vaen (b). The impact of these two parameters on the adhesion
energy (W ,) are detailed with force-displacement curves which have been plotted as a function
of contact time at a given debonding rate of 5 um/s for (c) R1 and (d) R2. Or as a function of

debonding rate at a fixed contact time of 1 second for R2 hydrogel.
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The kinetic processes are studied by changing the loading rate (Vaen) of the disruption
process.’ If the separation process is dominated by the kinetics of ion pair disruption (weak
interaction) the rupture force is expected to scale logarithmically with the debonding rate.3°?
Figure 3-11.b shows the adhesion energy increasing linearly as function of debonding rate until

a Ve 0f 500 nm/s. Values higher than 5000 nm/s where not considered as hydrodynamic forces

mislead the peak force results.
Effect of the degree of crosslinking on W,

The impact of the hydrogel bulk mechanical properties on the microscopic W, was studied
by varying the degree of crosslinking R in the hydrogel while measuring its adhesive properties
against the same PAA colloidal probe. The hydrogels were kept in Milli-Q water until they
reached a swelling equilibrium. Afterwards, adhesion tests were conducted underwater (1 mM
NaCl) with a contact time of 1 second and a debonding rate of 5 um/s. Three force maps (16

force measurements per map) were done for each hydrogel.
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Figure 3-12. (a) Adhesion energy as a function of degree of crosslinking. (b) Representative
force-displacement curves for hydrogels with different values of R at a contact time of 1 s and

Vdeb = Spum/s.
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The adhesion energy measured as a function of R (Figure 3-12) shows that I/, decreased by
a factor of 3 between 1 mol% (~7 mJ/m?) and 2 mol% (~2.5 mJ/m?), however, between R1
and R4 the adhesion energy decreased by two orders of magnitude reaching an adhesion energy
of ~0.06 mJ/m? for the most crosslinked gel. The force-displacement curves (Figure 12.b) show
that as R increases, the maximum peak force and critical displacement decrease significantly.
Consequently, at a microscopic scale, it is clear that changing the hydrogel network
architecture, such as changing the length of the chains between crosslinks, could lead to a
change in the adhesion energy by almost two order of magnitude.

Furthermore, it is possible to calculate the contact area with the JKR model (equation 13) and
with the elastic moduli of the hydrogels as found in the compression tests (Chapter 2. Section
2.4.1. Figure 2-11). In Table 3-3 are summarized the average contact width (a) and its
corresponding contact area (A.) as calculated using equation 13, assuming an elastic modulus
of 4 GPa for the colloidal particle*® and a poisson ratio of 0.5 for both the hydrogel and the

colloidal particle.

Hydrogel a (um) A, (Um?)
R1 5.75 104
R2 3.24 32.9
R4 0.74 1.71

Table 3-3. Contact width and contact area as calculated by the JKR model for the three different

macroscopic hydrogels.

pH effect on W,

The molecular electrostatic interactions between the macroscopic hydrogel and the PAA
colloidal probe were tuned by changing the pH of the AFM chamber, since the charge density
of the PAA brushes on the colloidal probe depends on this variable. Therefore, the charge
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density at the surface of the PAA colloidal probe will be maximum around pH 9, when all
carboxylic groups are ionized, while in acidic conditions (pH < 3) there will be no charges and
no adhesion by electrostatic interactions should be observed, as shown in the previous chapter.

The macroscopic hydrogel R2 was used for the adhesion tests at different pH values (2.0, 5.5,
and 9.0). The hydrogels were kept in Milli-Q water until they reached their swelling
equilibrium. Afterwards, adhesion tests were done at each specific pH and at a contact time of
1 second and Vb = 5 pm/s. The adhesion energy between the R2 hydrogel and PAA colloidal
probe was found to increase with pH (Figure 3-13) as expected from the macroscopic adhesion

experiments made with the cylindrical probe.
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Figure 3-13. (a) Variation of the adhesion energy as a function of pH for R2 on the PAA
colloidal probe in water at 1 mM of NaCl and at different pH. Contact time =1 s and Vgen =5

pm/s. (b) Corresponding AFM force displacement curves of the retraction process.

Salt concentration effect on W,

Quialitatively, we showed in the previous section that salt has a strong effect on the
interaction between oppositely charged polyelectrolyte hydrogels at a macroscopic level. Here

we determine the value of the interaction force, as a function of salt concentration at the
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microscopic level. Figure 3-14 shows the adhesion energy as function of NaCl concentration
and the corresponding force-displacement separation curves for a fixed V., of 5 um/s. It was
found that the rupture forces at the microscopic level indeed decrease with increasing salt
concentration. The critical point is reflected by a sudden jump to a lower mean rupture force
between 0.01 and 0.1 M. The nonzero residual rupture force beyond 0.1M salt is attributed to

the very few electrostatic interactions that are left available.
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Figure 3-14. (a) Variation of the adhesion energy as a function of NaCl concentration for R2

on the PAA colloidal probe. Contact time = 1 s and Vgen = 5 pm/s. (b) Corresponding AFM

force displacement curves of the retraction process.

3.5. Discussion

3.5.1. Scaling and predicting the salt effect on the work of adhesion

In our experiments, we found the same effect and tendency of salt concentration on the
adhesion energy at both macroscopic and microscopic scales. However, the main difference is
that the adhesion energy (per unit area) measured at the macroscopic level with the underwater

probe-tack test is two orders of magnitude higher than at the microscopic scale as measured by
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the AFM colloidal probe technique (Figure 3-15). Interestingly, the adhesion energy at both
scales remain fairly constant between 1 mM and 10 mM but significantly decreased when tested
at a salt concentration higher than 0.1 M. Additionally, a critical salt concentration of 0.5 M
was found at both scales, since at higher salt concentration, no adhesion energy was measured
due to the limitation of the measurement instruments. We explain this high critical salt
concentration by a competition between monovalent salt ions and ionic groups on the polymer
chains for the formation of ion pairs. When monovalent ions are in excess, the attractive
interaction between oppositely charged polymer chains disappears.?® For monovalent ions to
dominate in the ion pair formation at the interface level, the bulk salt concentration needs to be
higher than the interfacial charge density. This interfacial charge density can be estimated from

streaming potential measurements as explained in detail in the previous chapter.
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Figure 3-15. Comparison of the NaCl concentration effect on W, at the macroscopic and

microscopic scale between the same positively charged macroscopic poly(MAETAC-co-AAmM)
hydrogel (R2) and a PAA hydrogel thin film for the tack test (left y axis) and PAA brushes on

the colloidal probe for the AFM-CP (right y axis).
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It is possible to normalize the experimental values of adhesion energy measured at the macro
and micro scale levels, when dividing the maximum force of adhesion by the number of charges
at the interface. This amount of charges is calculated by multiplying the contact area (A4,) by
the areal charge density as estimated from streaming potential measurements (X;) Using the
GCSG model, at pH 5.5 and 1 mM KCI concentration, the PAA colloidal probe has around
Zi~1x 1072 nCO0~/nm?, while for the PAA hydrogel thin film is X;~ 3 x 1072 nCO0~/nm?.
The average contact area for the probe-tack test is ~30 mm?and for the colloidal probe is ~30
um?as shown in Table 3-3 from the JKR model for the hydrogel R2 (Figure 3-16). Therefore,
in the interface of the probe-tack test, there are on average ~10%2 ionic bonds and in the
interface of the AFM-CP there are on average ~10° ionic bonds. Therefore, this normalization
results in the estimation of a mean force to break one single bond (f*). Figure 3-17.a shows
f* as function of NaCl concentration, and remarkably, both the probe-tack test and AFM-CP
measurements show the same tendency and same order of magnitude of the mean force of a

single ionic bond.

Probe-tack AFM-CP
2i~3 x 1072 nCO0~ /nm? T T 2i~1 x 1072 nCO0~ /nm?
A.~30 mm? Ac~30 um?

RS s ®

Hydrogel (mm)

Figure 3-16. Schematic of the macroscopic hydrogel interacting with either the colloidal probe
in the AFM-CP experiment or the hydrogel thin film in the Probe-tack test. Red lines represent

the electrostatic bond at the interface.

By doing this normalization, several assumptions are taken into account; (i) every polycation

attached to a gel chain is able to attach to a negatively charged site (on the hydrogel thin film
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or on the colloidal probe). (ii) All the formed interactions between the colloidal probe and the
hydrogel are broken by a parallel configuration, which is commonly reported even for single
ionic force measurements.?® For the parallel configuration, we assume that each bond rupture
event is far from equilibrium with no chance of rebinding, and that the force is shared equally
by all the interactions at the interface.® (iii) It is assumed that X; will not vary significantly, as
NaCl is increased in the medium. (iv) There is no cooperative effect between ionic bonds and
(v) there is no coupling with bulk dissipation mechanisms.

Furthermore, it is possible to predict the mean force of a single ionic bond as function of the
force pulling rate and the salt concentration in the medium by using the model presented by

Spruijt and coworkers,?® which was described in detail in section 3.2.3, equation 27.

TpT, A
f =1 Iln (;_;) - \/8x103n/13§cooNa,, + T—OB @7)

This model estimates f* as function of salt concentration (c,, in mol/L) and the force pulling

rate (ry = Vgepks Iin NIs), where Vg, is 5um/s and kg is the spring constant of the polymer

chain (Chapter 2. Section 2.5.2. Equation 21. k.= 1.1 nN/m). Additionally, T, was also used as
in the previous chapter (Chapter 2. Section 2.5.2. Equation 21. t,= 0.11 s) and r, is assumed

to be 0.3 nm which is a typical internuclear distance of an ionic bond.®” Additionally, Xg Was

calculated to be 30.7 nm as extracted from a linear fit of £* vs In(;) as measured in the AFM-
CP experiments (Figure 3-17).

Remarkably, the model is able to predict with the same order of magnitude the tendency of
the experimental data, which is to decrease the average rupture force per ionic bond as function
of salt concentration in the medium. At low salt concentration, the model predict with the same
order of magnitude the experimental data, however, at salt concentration above 0.1 M a
significant difference in the predicted values is observed. There are several ways to improve

the prediction of the model, for instance, it is necessary to normalized the data by o, at each
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specific salt concentration. For this information, is necessary to have streaming potential
measurements of PAA samples at different ionic strength and then use the GSCG model to

estimate Z; as function of pH and the ionic strength of the medium.

(@) (b)
10 _=| 1 IIIIIIII L IIIIIIII L IIIIIIII L IIIIIIII=_ 1.0_| I 1 I 1 I 1 I_
3 — = Theoretical model | f
—— AFM-CP L
—& Tack Test i 0.8 - =
1 4L =
T : F3=0.134 pN e
= S [ = 0.6 - ‘o' -
2 0.1 ‘\ | s ¢ -
1 * ‘o
a \ = 0.4 -
. 1
! ’
0.01 = ! = Lt
E : 0.2+ “,‘ B
0'001 _I T IIIIIII T IIIIIII T IIIIIII III IIIIIII_ 0.0_| I T I T I T I_
0.001 0.01 0.1 1 10 -24 -22 -20 -18
NaCl (mol/L) In(rs)

Figure 3-17. (a) The average normalized force of a single electrostatic interaction as function
of NaCl concentration as measured at the macroscopic and microscopic scale between the same
positive charged macroscopic poly(MAETAC-co-AAm) hydrogel (R2) and a PAA hydrogel
thin film for the tack test and PAA brushes on the colloidal probe for the AFM-CP. The red
dash line is the model from equation 27. (b) f* = Fgqn/AZ; as function of In(ry) using the
AFM-CP between the positive charged macroscopic poly(MAETAC-co-AAm) hydrogel (R2)

and the colloidal probe.

3.6. Conclusions

The model system that we used (elastic positively charged hydrogel and negatively charged
surface) leads to several conclusions at the macro and micro scales when linking molecular
electrostatic interactions to underwater adhesion energy. First, the mechanical properties of the

macroscopic positively charged hydrogel affect considerably the adhesion underwater as W,
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increases up to two orders of magnitude as the elastic modulus of the gel varies from 400 kPa
to 100 kPa at both micro and macro scales. Second, the interfacial charge density (Z;) is an
important parameter for the control and prediction of the adhesion energy underwater. X; can
be modified and/or be screened by changing the pH or the ionic strength of the medium,
respectively. Third, the adhesion energy is dependent on the retraction velocity of the CP or of
the macroscopic probe. This result strongly suggests that the electrostatic interactions break at
forces that are dependent on the loading rate and this behavior can be explained semi-
quantitatively by using the Evans model of rupture of single bonds. This model, coupled with
the Debye-Hiickel theory of electrostatic double-layer forces, bring us to a description of the
debonding process controlled by the kinetic rupture of ionic bonds as a function of debonding
rate and the ionic strength of the medium. Remarkably, the magnitude and tendency of the
predictions of this model follow our experimental data at both scales (Tack test and AFM-CP),

when they are normalized by the amount of charges presented at the interface.
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PART 11

Bio-based system






Chapter 4

4. Underwater adhesion between oppositely charged

gelatin-based hydrogels.

In the two previous chapters, we developed a detailed analytical procedure to
investigate the adhesion properties between synthetic gels of opposite charges. In
this chapter we propose to expand this study to bio-based hydrogels derived from
gelatins. A macroscopic cationic hydrogel was prepared with gelatin type A (Gela;
pl = 5) where pl is the isoelectric point, and an anionic hydrogel thin film was
prepared with gelatin type B (Gels; pl= 9). Gela hydrogels were chemically
crosslinked through amidification reaction (peptide) by using EDC/NHS as
coupling agent (EDC is N,N-(3-(dimethylamino)propyl)-N’-ethylcarbodiimide and
NHS is N-hydroxysuccinimide). Gelg hydrogel thin films were crosslinked and
grafted to amino-modified silica wafers by using the same chemistry. Gela
hydrogels were characterized by differential scanning calorimetry (DSC),
compression tests, swelling behavior and linear rheology. The interfacial charge
density was quantified as a function of pH using streaming potential measurements
on the Gelg films, as in the previous chapters. Adhesion tests were conducted on a
custom-built probe-tack setup that measures W, when both the hydrogel and the
thin film are fully immersed in an aqueous environment. According to rheological
and probe-tack tests, chemically crosslinked Gela hydrogels at swelling equilibrium
presented stable elastic properties and superior W, against Gelg films when
compared to non-chemically crosslinked Gela hydrogels.
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4.1. Introduction

In the previous chapter, we reported a synthetic experimental model system where the
underwater adherence energy (W,) at a macroscopic and microscopic scale, was directly related
to molecular electrostatic interactions.® The model system that we used leads to several
conclusions. First, the elastic modulus of the macroscopic positively charged hydrogel affects
considerably the adhesion underwater, since the adhesion a both scales increased by making
the hydrogels softer. In addition, the interfacial charge density (Z;) is an important parameter
for the control and prediction of adhesion energy underwater. Z; can be modified and/or be
screened by changing the pH or by increasing the salt of the medium. Secondly, the electrostatic
interaction is Kinetically dependent since its rupture energy at the macro and micro scales were
found to be rate dependent. This behavior was explained semi-quantitatively at the micro scale
level by using the Evans model of kinetic rupture of single polymer chains and at the macro
scale level by using the Chaudhury’s model for the kinetic bond scission of polymeric materials.
Remarkably, this model is able to fit almost quantitatively our experimental data of work of
adhesion as function of ionic strength and the length of the chains between crosslinks of the
macroscopic hydrogel.

We now propose to extend this approach to a bio-based system using hydrogels prepared
from gelatin. Gelatin is derived from the hydrolysis of collagen, and when it is produced from
an acid-treated precursor, it is known as type-A (Gela), while gelatin derived from an alkali-
treated process is known as type-B (Gelg). Gela has a net positive charge below its isoelectric
point pl = 8 and Gels is negatively charged above its pl = 5.2 Therefore, both are oppositely
charged in a pH range between 5 and 8. Moreover, the formation of thermoreversible physical
gels in water is one of gelatin’s most important properties. Yet, these physically crosslinked

gels are neither thermally nor mechanically stable. Therefore, a method to chemically crosslink
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gelatin is needed to improve its stability, necessary for soft tissue adhesion.® In this project,
gelatin hydrogels are chemically crosslinked through the amidification reaction (or peptide
coupling) using EDC/NHS coupling agent (for the carbodiimide reaction of N,N-(3-
(dimethylamine)propyl)-N’-ethylcarbodiimide (EDC) and N-hydroxysuccinimide (NHS)).
This amide bond formation enables to prepare macroscopic gelatin hydrogels and gelatin
hydrogel films on silicon wafers. However, several questions arise from using this reaction on
the formation of gelatin networks. Since the amidification reaction uses the amino groups of
the gelatin polymer chains, it is not clear whether the free ionic amino groups left after
crosslinking are sufficient to achieve measurable macroscopic adhesion. Another question is
the chemical stability of crosslinked gelatins underwater for both macroscopic hydrogels and

thin films.

Gelg A )

Gel —~
A Chemical
P’Q Crosslink

Physical ADV "\wf"ﬂ /
Crosslink “":’7

9,209 '8

Figure 4-1. Simplified scheme of a bio-based probe-tack test underwater between a gelatin type
A hydrogel (Gela) (thickness <2 mm) and a gelatin type B hydrogel thin film (Gelg) (thickness

< 0.5 pum).

The main objective of this project is to study the W, between Gela hydrogels and Gels
hydrogel thin films (Figure 4-1). Adhesion properties are expected to be improved for

chemically crosslinked gels and to decrease as the degree of crosslinking increases.
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Additionally, the W, is expected to be pH-dependent, since the interfacial charge density is pH-
dependent. Gela and Gelg should be oppositely charged in a pH range between 5 and 8. Outside
this range, no macroscopic adhesion through electrostatic interactions is expected between Gela

and Gelg.
4.1.1. Gelatin physical and chemical properties

Gelatin is a high molecular weight polypeptide derived from collagen, the primary protein
component of animal connective tissues, which include bone, skin and tendon.® The simplest
way to transform collagen into gelatin is to denature soluble collagen. Thermal denaturation
can take place by heating the collagen in neutral or slightly acidic conditions to about 40°C.
Gelatin is nearly tasteless and odorless. It is a glassy, brittle solid faintly yellow in color. It
contains 8-13% moisture and has a relative density of 1.3-1.4.7 When gelatin granules are
soaked in cold water, they hydrate absorbing 5 to 10 times their own volume of water. As soon
as temperature rises, these swollen particles dissolve to form a homogeneous solution. The
physicochemical properties of gelatin solutions are influenced by temperature, pH, ash content,
type of gelatin, thermal history and concentration. Gelatin is also soluble in aqueous solutions
of polyhydric alcohols such as glycerol and propylene glycol. Examples of highly polar,
hydrogen-bonding, organic solvents in which gelatin will dissolve are acetic acid,
trifluoroethanol, and formamide. Gelatin is insoluble in less polar organic solvents such as
benzene, acetone, primary alcohols and dimethylformamide.

When a solution of gelatin is cooled, it is widely known that it forms a physical network
(Figure 4-2). The basic mechanics of gelation is the random coil-helix reversion proposed by
Djabourov and Papon.® The imino acid-rich regions of the different polypeptide chains adopt a

helical conformation on cooling and these helices are stabilized by hydrogen bonding, which
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gives the three-dimensional physically crosslinked hydrogel. The formation of gelatin is a

partial formation of collagen and these reformed parts act as crosslink points of the hydrogel.>*

. N

Cooling
—l
——
Heatin

Figure 4-2. Schematic of the reversible thermal properties of gelatin, from solution to a physical

gelatin network.

Bloom Number Average Molar Mass (kg/mol)
50-125 (Low Bloom) 15-25
175-225 (Medium Bloom) 40 -50
225-325 (High Bloom) 50 -300

Table 4-1. Approximate relation between bloom number and gelatin average molecular mass.

Gelatin is a mixture of fractions composed entirely of amino acids joined by peptide linkages
to form polymers varying in molar mass from 15 to 300 kg/mol. The strength of a physically
crosslinked gelatin network formed from a solution of known concentration is characterized by
its Bloom number, as determined by the Bloom gelometer.”* The Bloom unit is a measure of
the minimum force (weight) required to lower a specified plunger (normally with a diameter of
0.5 inch) into a sample gel volume by a distance of 4 mm. The bloom number is proportional
to the molar mass, the higher the Bloom number, the stronger the gel (Table 4-1).

In native collagen, the two acidic amino acids, glutamic and aspartic acids, are present to the
extent of about 35% in the amidated form of glutamine and asparagine respectively. In the case
of gelatin type B, both asparagine and glutamine amino acids are almost completely converted
to aspartic and glutamic acids respectively, therefore, type A has a lower concentration of these

amino acids (Table 4-2).!° The rest of amino acids that are present in collagen, Gela and Gelgs
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hardly differ between them. Hence, the main difference between type A and type B lies in the
composition of the amino acids with negatively charged side chains present in gelatin, which
are highlighted in Table 4-2 with their respective pKa. On the contrary, the amino groups in
both gelatins hardly differ between each other and come from the amino acids of arginine

(Guanidine group, pKa = 14)!!, histidine (imidazole group, pKa = 6) and lysine (e-amino

group, pKa = 10).

Amino Type A Type B
acid Structure (Pork skin) | (Calf skin)
Polar basic
Arginine HoN ﬁ’V\AOH 0.49-0.55 | 0.49-0.55
pKa: 13.5 NH;
N pKa: 6 ey
Histidine (/ ) 0 0.04 - 0.07 0.04-0.05
HN— H;N®
O
L H HZN
ysine OH 0.27-0.32 0.28-0.32
pKa: 10.5 NH,
Polar acid
Aspartic pia: 3.7 i
@)
. 29-04 .50-0.52
g WJ\OH 0.29-0.40 | 0.50-0.5
OH NH,
0 0
Glutamic
Acid HOJ\/\HLOH 0.48-0.57 | 0.72-0.78
pKa: 4.15 NH,
Polar uncharged side chains
O
Asparagi ©
sparagine Y\HLOH 0.16 -
NH, NH,
0] O
Glutamine HQNWOH 0.25 -
NH»

Table 4-2. Polar-amino acid composition of gelatin in mmol/grams of dry gelatin.’1%12
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Consequently, gelatin is capable of acting either as an acid or as a base. In an acid solution,
the gelatin is positively charged and migrates as a cation in an electric field. In an alkaline
solution, gelatin is negatively charged and migrates as an anion. The pH of the intermediate
point, where the net charge is zero and no movement occurs, is known as the Isoelectric Point
(pD). Type A gelatin has a broad isoelectric range between pH 8 and 9. Type B has a narrower
isoelectric range between pH 4.7 and 5.4 and contains approximately 0.3 10~ moles of e-amino
groups per gram of protein on the lysine residues, and approximately 1.26 10 moles of

carboxylic acid groups on aspartic and glutamic acid residues.*
4.1.2. Gelatin-based adhesive systems

Gelatins have been used for centuries as adhesives for several technical applications® and
were among the first polymeric components to be adapted for medical adhesives.'%4-1° Gelatin-
based tissue adhesives have been already proposed in several in vivo medical applications, such
as gluing blood vessels, 2 skin lacerations in pig animal models?! and even recently in humans
by sealing pulmonary tissues.?? In spite of its promising qualities, the mechanical strength of
physically crosslinked gelatin adhesives is not sufficient as an adhering substance on its own.*
These hydrogels are relatively unstable in aqueous solutions (they swell and typically dissolve
above 35°C). Various chemical crosslinking methods have been used to confer stability under
biological conditions to meet bio-adhesive properties.*®? The primary purpose of the chemical
modification of gelatin with a crosslinker is to increase its adhesion strength and control its
degradation rate; crosslinking can be achieved through chemical and enzymatic approaches, as

described in the following sections.
Gelatin-resorcinol-formaldehyde, GRF glue.

One of the well-known gelatin tissue adhesives is gelatin-resorcinol-formaldehyde (GRF) or

gelatin-resorcinol-formaldehyde—glutaraldehyde (GRFG) adhesive. GRF was introduced in the
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60s in the medical scenario as an adhesive system for gastro-internal surgery showing great
advantages compared to industrial adhesives such as cyanoacrylates, but facing challenges of
cytotoxicity associated with its components.?* In these formulations, gelatin chains are
crosslinked by aldehydes through a polycondensation reaction between amino groups.
Simultaneously, gelatin amine groups can also react with amine groups present on tissue
proteins forming covalent bonds at the interface between the gelatin network and the tissue; in
addition, resorcinol molecules are crosslinked with formaldehyde to yield a three-dimensional

network (Figure 4-3).

Gelatin Gelatin

0
NH, +  J| + NH,
H T H

!

H, H Gelatin
N— C=—N
H

Gelatin

Figure 4-3. Cross-linking reaction of formaldehyde and gelatin under basic conditions.

GRF have been used widely for medical applications; for example, for preventing and
sealing pulmonary air leakage,?? and to reinforce tissues in type A acute aortic dissection
surgery.?>? Although the bonding strength of the GRF glue to tissue is acceptable,?’ the most
important concern regarding this glue comes from the toxicity of both formaldehyde and
glutaraldehyde, which limits its applicability.!*?® However, a surgical application of GRF glues
is recommended in cases where tissue integrity is poor, hemostasis is challenging, and high
bonding strength is absolutely imperative. In these cases, there was a commercial product called
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GRF Biological Glue produced by Microval in France. However, in 2015 its fabrication and

distribution were suspended.?®
Enzymatically crosslinked gelatin (gelatin-mTG adhesive)

Gelatin can be used as a sealant in combination with a microbial transglutaminase (MTG) as
the crosslinking catalyst. mTG catalyzes the formation of a covalent bond between a free amine
group of a peptide-bound Lys and the acyl group at the end of the side chain of a peptide-bound
GIn (Figure 4-4). The gelatin-mTG adhesive sticks the opposing tissues together with ultimate
adhesive strengths of 12-23 kPa, which are significantly higher than the strength observed for
fibrin sealants under wet condition.®® The gelatin-mTG adhesive was tested recently in an
animal model showing promising application in retinal attachment under wet conditions.! The
safety of mTG for medical applications has not been extensively tested, but it is worthwhile to
note that this enzyme is approved for food uses. However, additional long-term studies are
required to ensure the biocompatibility and biodegradability of this adhesive and to assess the

potential of the gelatin-mTG adhesives in order to promote wound healing process.

0]
1 =) I
+ C=—NH + NH;
OH Transglutaminase
Gelatin

Gelatin Crosslinked Gelatin

Figure 4-4. Gelatin-mTG crosslinking reaction.

Gelatin chemically crosslinked using EDC/ NHS coupling agent

A carbodiimide molecule such as EDC is a zero-length cross-linking agent that activates the
carboxylic acid groups to react with free amine groups, resulting in the formation of an amide

bond without incorporation of additional structures into the network. The chemistry behind
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crosslinking proteins containing carboxylic acid with carbodiimide functional groups has been
proposed in the late 70s.3233 The water-based carbodiimide crosslinking agents are reported to
be significantly less cytotoxic than formaldehyde and glutaraldehyde.?%3* Additionally, since
lacerated tissues contain exposed amino and carboxylic groups which can participate in the
crosslinking reaction, this protein-carbodiimide bioadhesives have the potential to be especially
attractive for tissue adherence. Remarkably, Zilberman and co workers?:?*3537 have made
great efforts toward the development of bioadhesives based on a combination of gelatin with
alginate as a polymeric additive and crosslinked with carbodiimide (EDC) in order to combine
high mechanical strength with biocompatibility and other desired properties (suitable viscosity,

curing time, etc).

Gelatin

s amino
Gelatin NH Stable conjugate
Carboxylic c= (amide bond)
Acid

0 y
OH kL o Hydrolysis
H,0 N

— OH

+_/—> o > NC

/
N o-Acylisourea
/J \ Intermediate HzN
N=C=N (unstable)
_/ OH

Gelatin
EDC N
0 o g-amino

Figure 4-5. Schematic of the amidification reaction with EDC/NHS coupling agent. Carboxyl-
to-amine (amide bond) crosslinking using the carbodiimide EDC and NHS. Addition of NHS

to EDC reactions (green pathway) increases efficiency.
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In the crosslinking reaction (Figure 4-5), EDC activates carboxylic acid groups in the gelatin
to form O-acylisourea groups. Then there is a nucleophilic attack on the activated carboxylic
acid residues by the free amine residues (e-amino groups of lysine), resulting in the formation
of amide bonds and the release of urea. This gelatin-EDC reaction is optimum at pH 5.%
Possible side reactions are the hydrolysis of the O-acylisourea group and the formation of
carboxylic acid and N-acylurea group.®? The incorporation of NHS in the crosslinking reaction
yields NHS activated carboxylic acid groups, which are less susceptible to hydrolysis, prevents
rearrangements, and shifts the reaction toward the creation of peptide bonds while reducing the

side reaction.*®
4.1.3. Gelatin films as model for human living tissues

Gelatin is known to function as a skin model for many applications.*® Physical properties of
gelatin, such as density, stiffness, sound speed, energy dissipation, coincide with those of
human skin. 4! Derail and coworkers, 3 have extensively worked on the viscoelastic and
adherence properties of pressure-sensitive adhesive (PSA) formulations dedicated to medical
applications. However, when testing medical adhesion on living skin, many variables from the
biological tissue itself induce variability in the results. To overcome this, they developed a
specific viscoelastic substrate to measure the adherence properties, which mimics the
mechanical properties of an “average” human skin. This viscoelastic substrate (thickness ~1
mm) is based on gelatin from pig skin (~10 wt%) which is crosslinked with formaldehyde. The
main properties that they aim to mimic are the surface energy, rheological behavior and
roughness (Figure 4-6.a).** Moreover, a simplified version of using gelatin as a model substrate
for adhesion tests is now widely used as spreading a highly concentrated solution of gelatin
(>~20 wt%) uniformly on the glass slides, letting them dry and then use them for lap shear or

tack tests in air (Figure 4-6.b).*-%® Nevertheless, as all these techniques neither crosslink nor
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attach chemically the gelatin film to a surface, they cannot be applied in underwater adhesion

measurements.

(a)

Glass

Gelatin

> UV light
/;

—

&=

Gelatin

Figure 4-6. (a) Similar topographies between human skin (left) and the gelatin-based artificial
substrate (right) as reported from Renvoise et al.***3 (b) Schematic of preparation of lap-shear
sample using a dry coating of gelatin to mimic the living tissue as reported by Wang et al,** Li

et al*® and Nie et al.*

4.2. Theory

4.2.1. Structural analysis of a gelatin network

An important characteristic of a polymer network is the degree of cross-linking, i.e., the
number density of junctions or crosslinks connecting the chains in a network structure. In
general, the number of moles of elastic junctions per unit volume of the network (u) and the
number of moles of elastic network chains per unit volume of the network (v) are used to
describe the density of crosslinks and chains of the polymer network. Consequently, v and p
determine the average molecular weight between the junctions (M,). The functionality of the
junctions (f), being the number of chains leaving from one crosslink point, determines the

relation between v and p by the following equation:

M=T (D
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In the physically crosslinked gelatin gel, the crosslink functionality (f,.) is 6, while the
functionality of a chemical peptide bond (f.;) is 4. Generally, the shear modulus at preparation
state of a polymer network (G,) is used to estimate p, v, and M.. In this study, G, was used to
obtain information on the network structure, based on the phantom network model where G, is

calculated as*’
2
Go = (1 - ?> YRT )

where R is the gas constant and T is the absolute temperature. This model assumed that the
crosslink points fluctuate over time. However, we consider our gelatin as a bimodal network
structure,® where G,, the shear modulus in the preparation state, results from the additive
contributions of the chemical crosslinking (G.y), introduced during the chemical reaction, and

the physical gelation (G,,) induced at low temperature .

GO=(1—i>vhRT+<1—i>vhRT (3)
fch ¢ fph P

where vy, is the number of moles of elastic network chains physically crosslink per unit volume

of the network and v, is number of moles of elastic network chains per unit volume of the
network which are additionally created by chemical crosslinking with EDC/NHS coupling

agent.
4.3. Experimental

4.3.1. Chemicals

Gelatin type A (Gela, G1890, porcine skin, 300 bloom, derived from acid-cured tissue,
Lot#SLBL7508V) and Gelatin type B (Gels, G9382, calf skin, 225 bloom, derived from lime-
cured tissue, Lot#SLBN8199V), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich,
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France. For the synthesis of hydrogel thin films, allylamine, 1,4-dithioerythritol, dry toluene
(max. 0.005% H20), formic acid and methanol were all purchased from Sigma-Aldrich, France.
Additionally, poly(acrylic acid) (PAA with Mw ~ 50 kg/mol, 25 wt% in water) was obtained
from Polysciences. (3-Mercaptopropyl)trimethoxysilane was obtained from Alfa chemistry.

Silicon wafers were purchased from Applications Couches Minces ACM, France.
4.3.2. Characterization techniques of the gelatin
Size exclusion chromatography

The molecular weight and dispersity of polymers were determined by size exclusion
chromatography (SEC). SEC equipped with OHpak SB-806M HQ columns and triple detection
was performed to measure the molecular weight distribution of gelatin type A and type B. The
measure for a 0.2 M solution of gelatin in NaNOz was conducted at a flow rate of 0.7mL/min

at 45°C.
Potentiometric titration of amino groups of gelatin A and B

The acid-base titration of gelatin was carried out to determine the concentration of amine
and carboxylic acid groups in order to quantify the negative and positive charges present in
gelatin A and B. The titration was performed at T=40 °C with a gelatin solution of 8 wt% in 30
mL of Milli-Q water. In a gelatin type B solution at 8wt% concentration, the theoretical
concentration of amino groups is 0.03 M, and that of carboxyl groups is 0.1 M.*® Therefore,
NaOH at 1 M was used for titration to avoid a high dilution of gelatin since by adding a small
amount of titrant solution, it is possible to measure the real concentration of functional groups.
The solution was heated and was stirred at 40°C overnight. The starting pH of the solution was
5.5 and then HCI 1 M was added (2.5 mL) to decrease the pH at 1.6. At this stage the titration
started and the pH was measured after each addition of 0.1 mL of NaOH using a micropipette

until reaching a stable pH around 12.
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Moisture content of gelatin A and B

Thermogravimetric Analysis (TGA) using a SDT Q600 from TA instruments was used to
investigate the water content in both gelatin type A and type B before any immersion in water.
The gelatin powder coming from the bottle, (= 5 mg) was directly loaded into the sample holder,
a platinum pan, at room temperature. The samples were submitted to a temperature ramp from
room temperature to 150 °C. After that, samples were kept at this temperature for 30 min. The
final weight was recorded and the difference in weight was attributed to the water content in

the original gelatin sample.
4.3.3. Synthesis and characterization of gelatin macroscopic hydrogels

Gela (20 wt%) was chemically crosslinked using the amidification reaction with EDC/NHS
coupling agent (Figure 4-7). EDC and NHS concentrations were equal and varied from 10 mM
(RO1) to 20 mM (R02). At 20 wt% of Gela, the concentration of free e-amino groups is expected
to be 70 mM. Therefore, the molar ratio between EDC and e-amino that we used is 1:7 for RO1
and 2:7 for RO2 with the intention not to involve all the amino groups in the gelatin crosslinked

hydrogel and to allow free amino groups for electrostatic interactions.

(V> Gelatin Type A

H @ EDC/NHS

H,0, 60°C

Coolmg, 5°C

3
?

Physical
Crosslmk

Chemical
Crosslink

Figure 4-7. Synthesis dual-crosslinked Gelatin A hydrogel.
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Briefly, Gela was dissolved in 8 mL of MilliQ water at 60 °C overnight. Afterwards, a 2 mL
solution of EDC and NHS freshly prepared was added, and was transferred to a glass mold and
the carbodiimide reaction was left to proceed for 3 h. Finally, the mold was kept at 4°C during
3 h to form the physical crosslinks. As explained previously, the EDC/NHS coupling enables
to form covalent peptide bond between free carboxylic and amino groups on the gelatin polymer

chains.®
Swelling measurements

The physical and chemical gelatin gels were dried and weighted. The gels were swollen in
MilliQ water for 3 days and during this time, 4 or 5 measurements of their weight were taken.
Experiments were carried out in triplicates. The volume degree of swelling (Q) was calculated

as the ratio between the volume of water taken up by the hydrogel (V;,;) and the dry volume of
the gelatin in its dry state (V). The volumes were calculated from the dry weight and swollen

weight of the hydrogel. Hence, the density of gelatin was taken equal to 1.3 g/mL.
Compression tests

Cylindrical samples (8 mm diameter, 12 mm height) were prepared in a silicone mold and
tested 24 h after the polymerization to estimate the elastic modulus in the preparation state (E;),
and after swelling equilibrium in the equilibrated state (E,). Compression tests were conducted
using a custom-built setup with a uniaxial testing machine (Instron, model 3343) with a 10 N
load cell. Each sample was preloaded with a compression force of 50 mN followed by a
compressive loading and unloading at a constant displacement rate of 50 um/s until a maximum
load of 5 N was achieved. Before the test, all specimens were coated with paraffin oil to avoid
friction forces between hydrogels and the testing plates during the uniaxial compression. The
compressive modulus (E) was calculated as the slope of the linear regression line for data

between 5% and 20% of strain.
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Chemical determination of free amine groups in gelatin gels using the TNBS-assay

SR
_OH
\'\S\\
0 HoN
0. "o
N+ N* ,
[‘]' ['; Gelatin
TNBS g-amino
0., .0
N H 0
' -l oy
0. % NH,
N* N
I n
0 0

TNBS-Lysine. Orange-colored Product

Figure 4-8. Reaction of TNBS with the e-amino group of lysine to produce a chromogenic

derivative.*®

A previously reported assay was used to determine the number of un-crosslinked e-amino
groups in the non-crosslinked and crosslinked gelatin hydrogels (Figure 4-8).45505! Briefly,
either gelatin type A or type B (10-15 mg) was incubated in 2 mL of a solution of 2,4,6,-
trinitrobenzenelsulfonic acid (TNBS) at 0.5 wt% in sodium bicarbonate (NaHCO3) (pH 8.2, 4
w/v %) for 3h at 40 °C. Then hydrochloric acid (6 M, 3 mL) was added to the solution to
hydrolyze the gelatin gels in 1.5 h at 60 °C. After cooling to room temperature, deionized water
(5 mL) was added to the solution. Measurement of absorbance was conducted on a
Spectrophotometer (UV-visible HP8453, France) at A=345 nm against a TNBS solution without
gelatin, which had been treated in exactly the same way as the cross-linked gelatin samples.

The amount of amino groups/g gelatin was calculated as follows

moles of amino groups (Absorbance)V;
g gelatin (1,46 x 10¢ L ) bx @
’ mol cm
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L
molcm

where 1,46 x 10*

is the molar absorptivity of TNBS-lysine, b is the cell path length

which is 1 cm, V; is the sample volume 0.02 L and x is the gelatin weight in grams.
Differential Scanning Calorimetry (DSC)

The temperature transition of gelatin was determined by DSC measurements using a Q200
from TA instruments. Gela hydrogels (~40 mg) were loaded into a Tzero Pan at room
temperature. The samples, together with a reference filled with the same quantity of solvent
(Milli-Q water), were at first equilibrated for 10 minutes at 70 °C. After that, they were
submitted to a cooling temperature ramp from 60 °C to 2 °C and a heating temperature ramp
from 2 °C to 60 °C. Between cooling and heating ramps, samples were kept at 2 °C for 30

minutes. The heating rate was equal to 2 °C/min for both ramps.
Monitoring of chemical and physical crosslinking by rheology

Linear rheology was performed on a stress-controlled rheometer (HAAKE RheoStress 600,
Thermo Scientfic) using a cone-plate geometry to follow the crosslinking reaction of EDC/NHS
with the gelatin solution at high temperature. GelA (20 wt%) was dissolved in 8 mL of MilliQ
water at 60 °C overnight. Then a 2 mL solution of EDC and NHS freshly prepared was added
to the gelatin solution and the reactive medium was rapidly transferred to the rheometer plate
thermostated at 60 °C. The crosslinking reaction is then monitored with a time sweep for the
first 200 seconds at 60 °C at a fixed frequency of 1 rad/s and at a fixed maximum stress of 1
Pa. This time was selected because it is enough to observe the sol/gel transition between the
liquid state of the initial solution and the solid state of the crosslinked gelatin hydrogel at high
temperature. Furthermore, the reversible physical crosslinking process was monitored in the
rheometer by cooling down the gelatin solution from 60°C to 10°C and heating up again to
60°C while following the elastic and dissipative moduli. Two freshly prepared solutions of

gelatin with and without EDC/NHS (RO, R01 and R02) were kept during 3 hours at 60 °C.
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Then, a temperature sweep was performed from 60 °C to 10 °C at a fixed frequency of 1 rad/s
and at a fixed maximum stress of 1 Pa. The gelatin hydrogel was kept at 10°C for 1 hour. Then
the temperature was increased from 10°C to 60°C. The temperature rate during heating and
cooling was constant at 2 °C/min taking two data points per 1°C. Two replicas were conducted

for each sample.
Linear rheology of hydrogels at swelling equilibrium

Linear rheology was conducted as well on chemically crosslinked Gela at swelling
equilibrium using a plate-plate corrugated geometry and disk shape samples (2-3 mm thickness
and 8 mm diameter). The geometry of the rheometer was adapted by gluing sandpaper on the
bottom plate to avoid slippage of the gels during the test. Samples of Gela were used with a
disc shape of 2-3 mm thickness and 8 mm diameter. Samples were placed between the
geometries during 15 min at 5°C until a normal force of 0.5 N was reached. Temperature sweeps
were performed at a fixed frequency of 1 rad/s and at a fixed stress of 1 Pa as the temperature
was increased from 5°C to 60 °C at a rate of 2 °C/min, while taking 2 data points per 1 °C. Two

replicas were conducted for each sample.
4.3.4. Synthesis and characterization of hydrogel thin films
Synthesis of gelatin type B thin Films

Gelg thin films were synthesized by simultaneously crosslinking and grafting gelatin chains
to the amino-modified silica wafers with peptide covalent bond as shown in Figure 4-9. An
amino self-assembled monolayer was prepared by immersing silicon wafers in a solution of 3-
aminopropyl triethoxysilane in dry toluene (5% v/v) for 3 hours under N.. Gelg at different
concentration (2.5 wt%, 5.0 wt% or 7.0 wt%) in 8 mL of MilliQ water was stirred at 60°C
overnight to dissolve the gelatin. Then, a 2 mL solution of EDC and NHS in MilliQ water was

added to the gelatin solution. The molar ratio of e-amino groups/EDC was set to 1.5 when using
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a concentration of e-amino equal to 0.3 mM. The detailed quantities in mass of EDC and NHS
added are presented in Table 4-3. After stirring for 1 min, the mixture was deposited on the
amine-modified wafers by spin-coating at 5000 rpm during 30 s. After spin-coating, the gelatin
film was left for 3 hours in an oven at 60 °C. At this temperature, the gelatin film is in the
(mobile) melt state and not in the gel state. After this, the samples were washed and sonicated
in Milli-Q hot water (> 40°C) in order to remove all unreacted polymer chains. After this, it

was kept overnight at 5°C. Finally, samples were washed and sonicated in Milli-Q water at

room temperature.

Gelatin Type B

COOH COOH

NH,

COOH
NH,

COOH

NH,

COOH

NH, NH, NH, NH; NH, NH,

Amine monolayer

O EDC/NHS M

Gelatin B thin film

Figure 4-9. Synthesis of surface-Attached Gelg thin films

Gelg (sol wt%o) EDC (mg) | NHS (mg) | EDC & NHS [mM] | e-amino/EDC
2.5 9.6 5.75 5.0 1.5
5.0 19.2 11.51 10.0 1.5
7.0 26.8 16.11 14.0 1.5

Table 4-3. Composition of solutions containing gelatin type B and EDC/NHS coupling agent

for the synthesis of hydrogel thin films
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Characterization of gelatin hydrogel thin films

The thickness of the Gela films in air (h,) and underwater (h,,) were measured using a
spectroscopic ellipsometer (UVISEL, Horiba) with a wavelength range from 260 nm to 850 nm
(in air) and from 320 to 850 nm (underwater). The refractive index (n;) of the silicon wafer is
3.875. A model with two layers was used for measurements in air. The first layer comprises
natural silica and amino-silane (n; = 1.46) the thickness of which was determined before
grafting the hydrogel film (between 2 and 3 nm). The second layer was the Gelg hydrogel film
(n; = 1.50). Underwater measurements were performed with a controlled temperature liquid
cell equipped with thin glass walls (fixed perpendicularly to the light path with the angle of
incidence at 60°). The polymer hydrogel film was modelled as a single layer (h,,) with a
constant refractive index between that of water (n; = 1.33) and of the gelatin polymer. The
swelling ratio of hydrogel films (A;) was calculated as h,, /h,, assuming that the amount of
polymer is the same when immersed in water, since it is (stable) chemically grafted to the
substrate.>? The thickness of gelatin hydrogel film in water was measured for samples fully
immersed in Milli-Q water at pH of 2, 4, 5.5 and 8. pH was adjusted with HCI (0.1 M) and
NaOH (0.1 M). Two replicas were performed for each test environment.

The surface potential () of the Gelg thin films was determined by streaming potential
measurements using the SurPASS 3 (Anton Paar GmbH, Austria). Two pieces of silicon wafers
(10 mm x 20 mm each) grafted with homogeneous Gelg film were attached to the rectangular
cell with adhesive tape so that they were facing each other and formed a streaming channel
where the measuring fluid flows through. During the experiment, the pressure inside the fluid
channel (p) was continuously varied and the streaming potential at zero net current conditions
(U) was measured for each value of p. The zeta potential { was then calculated using the

expression developed by Smoluchowski®?

167



Chapter 4

_du 7
B dp &-¢g

¢ )

where &, is the vacuum permittivity constant (8,85x107'? F/m). &, and k are the dielectric
constant, viscosity and the specific conductivity of the measuring fluid respectively. These last
three variables were measured independently for each specific pH. The pH-dependence of the
zeta potential (¢) for Gelg thin films was determined in a KCI solution (1 mM) for a pH range
from 2.5 to 10.5. Measurements started at pH ~ 6 followed by stepwise addition of HC1 or KOH
(0.1 M) to sweep between more acidic and more basic pH values, respectively. One pair of
films was used for the acidic environment and a different pair was used for the basic

environment. Four measurements were conducted at each specific pH.
4.3.5. Underwater Tack Test

Briefly, the adhesion test consisted in forming a parallel contact and detachment between a
macroscopic positively charged Gela hydrogel (thickness ~ mm) at swelling equilibrium and a
negatively charged Gelg hydrogel thin film (thickness ~ nm) while both are fully immersed in
an aqueous environment. The 5 mm x 5 mm silicon wafer coated with Gelg hydrogel thin film
was glued with a polyvinyl acetate adhesive (ref. L0196, 3M®, France) to a stainless-steel
probe, which was fixed to a 10 N load cell and connected to a universal tensile machine (model
5333, Instron®, France). A sample of gelatin type A hydrogel (20 mm x 20 mm x 1 mm) was
glued to a glass microscope slide with a cyanoacrylate adhesive (Loctite® 495, France). The
contact between the macroscopic Gela material and the Gelg hydrogel thin film was made
underwater at an approaching rate of 10 pum/s. A preload of 1 kPa was applied for a given
constant contact time that was varied from 1 s to 600 s. Finally, the probe was detached at a
constant debonding rate (Vden) While recording the probe displacement and the force. From this

experiment, the work of adhesion W, can be calculated as follows:
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Emax

W, =T, f ode (8)
0

where ¢ is the nominal strain which is obtained by normalizing the displacement by the initial
thickness of the thick hydrogel (T,). o is the average stress obtained by dividing the force by

the contact area. Three replicates were conducted for each experiment.
4.4. Results

4.4.1. Characterization of gelatin type A and B
SEC and TGA

Gelatin type A and type B were characterized by SEC chromatography at 45°C. The different
molecular weights and the dispersity indices are reported in Table 4-4. At high temperature,
the chains have a random coil conformation and the distribution of molecular mass on both
gelatins is quite narrow since Mw/Mn is below 1.5. The molecular weight data measured by
SEC are in the normal range of values for gelatin type A and Type B extracted from porcine
and bovine skin, with bloom number 225 and 300, respectively.

The moisture content according to TGA measurements was estimated after keeping the
gelatin type A and type B samples for 30 min at 150°C. During this time, the samples weight
decreased to 88.9% for Gela and 88.4% for Gelg (i.e. with the initial weight of gelatin as 100%).
Therefore, the moisture content of gelatin was calculated to be 11.1% for Gela and 11.6% for

Gelg.

Mn (kg/mol) | Mw (kg/mol) | Mw/Mn (D)
Gelatin A 140 160 1.2
Gelatin B 110 148 1.3
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Titration curve of gelatin

A gelatin solution (either Gela of Gelg) at 8 wt% (this weight includes moisture content) on
30 mL of Milli-Q water was used to determine the concentration of carboxylic acids and amino
groups (imidazole and e-amino groups) with a titrant solution of NaOH at 1 M. After dissolving
the gelatin solution overnight, 2.5 mL of 1 M HCI were added. The starting pH of the gelatin
solution was around ~1.5. The resultant titration curves for either gelatin made by the alkaline
or the acid treatment are given in Figure 4-10.a. Additionally, Figure 4-10.b shows m as the
slope of the change in pH over the added NaOH volume as m = ApH /AVyq0n, @ NaOH
volume increases, it shows three characteristic peaks for both gelatins. The first peak
characterizes the titration of HCI and the initial state of titration of carboxyl groups until the
volume of NaOH reach the second peak. The difference in volume between these two peaks
represents the concentration of NaOH ions needed to titrate all the carboxyl groups that are

present in the gelatin solution.

(a) (b)
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+Gelatin Type A -N-Gelatm Type A
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Figure 4-10. (a) Titration curves of gelatin type A and gelatin type B. (b) Change of pH as

function of added solution of NaOH (1 M):
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Therefore, and taking into account the moisture percentage in the gelatin (~ 11%), the
carboxyl groups in the case of gelatin type A are calculated to be 0.77 mmol/g and type B are
1.01 mmol/g. Moreover, the third peak characterizes the titration of amino groups, hence, the
difference in volume between the third and second peak, is the concentration of NaOH ions
needed to titrate the amino groups present in the gelatin. We found for gelatin type A, an amount
of amino groups of 0.39 mmol/g and for gelatin Type B of 0.37 mmol/g. This values are very
similar to the ones reported in literature as shown in Table 2 from the residues of histidine and
lysine amino acids.'?> Moreover, the total positive charges must include the guanidine groups
(pKa 12.1) in the residues of the amino acid arginine. The concentration of arginine in Gela and
Gelg is estimated not far from 0.5 mmol/g,'° therefore the total positive charges in type A is
around 0.89 mmol/g and in type B is around 0.87 mmol/g. Furthermore, Figure 4-11 shows the
total amount of carboxyl and amino groups as function of pH for Gela and Gelg. This figure
shows the isoelectric point for both gelatins when the curve of [NH;] (which is the same for
both gelatins) crosses the curve of [COO~] for both gelatins. Therefore, the pl for Gela is

calculated to be at pH~9 and for Gelg is calculated to be at a pH of ~5.
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Figure 4-11. Concentration of total carboxyl and amino groups for gelatin type A and type B.
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4.4.2. Gelatin macroscopic hydrogel
Gela hydrogels swelling behavior and free amino groups left after crosslinking

The reaction of activated carboxylic acid residues with the free e-amino groups residues of
lysine and on (other) gelatin macromolecules results in the creation of a peptide bond without
becoming part of the actual linkage. Figure 4-12 shows the volume swelling behavior of gelatin
hydrogels thus obtained and the amount of free amine groups still present after crosslinking. At
an EDC concentration 0 mM, physical gelatin gels were formed. When the amount of EDC
crosslinker was increased, less free e-amine groups were present after cross-linking; thus the

crosslinks density increased, and the hydrogels showed a lower degree of swelling at

equilibrium.
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Figure 4-12. (a) Volume swelling as a function of time for RO1 and R0O2 hydrogels. (b) Number
of free e-amine groups per gram of gelatin as a function of EDC concentration. In red is RO and
in blue are represented R01 and R02. (c) Samples of gelatin RO and RO1 after reacting with

TNBS. The more orange, the more free e-amino groups of lysine in the sample.

The reaction of TNBS with primary amino groups of un-crosslinked gelatin leads to values
in the order of 0.3 mmol/g of gelatin, which is similar to the value of amino groups found in the

potentiometric titration method for gelatin type A and several reported values in literature. 1249
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Moreover, from the estimate of amino groups before and after crosslinking (Table 4-5), it is
possible to calculate the yield of the carbodiimide reaction. The free amino groups before
crosslinking is 64 mM. Then, after crosslinking with 10 mM of EDC for R01, only 6 mM are
indeed crosslinked (0.29 mmol e-amino/g of gelatin = 58 mM) leaving to a yield of 60%.

Moreover, in the case of R02 the yield is of 70% where only 14 mM of free amino groups are

crosslinked.
Hydrogel nomenclature RO RO1 R02
EDC concentration (mM) 0 10 20
mmol e-amino/g of gelatin 0.32+£0.04 | 0.29+0.04 | 0.25+£0.03
Q - 105+1.8 86124
Eo (kPa) 113 + 28 385+4.4 | 489+10.3
Ee (kPa) -- 2.10 £ 0.05 42+0.7

Table 4-5. Nomenclature, composition and characteristics of Gela hydrogels. The volume
swelling at equilibrium (Q) and the ratio of amino groups (mmol e-amino groups/g of gelatin)
were measured from the TNBS-assay. Young’s moduli in the preparation conditions (Eo) and

at swelling equilibrium (Ee) are presented as average + standard deviation.

Compression tests

The first step of the adhesion test consists in a light compression of the hydrogel. For this
reason, its mechanical response to compression is important. Compression tests were carried
out to estimate the elastic modulus of Gela hydrogels in cylindrical samples (Figure 4-13.a).
Representative curves, for RO1 and R02 at preparation state, show that the linearity of loading
and unloading do not follow the same trajectory. However, after unloading, there is a strain
offset of 1% + 0.05%. This suggests that there is not much energy dissipation and that these
hydrogels are elastic at a strain less than 20%, which is lower than a normal compression in the
tack test.
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The elastic modulus at swelling equilibrium was not measured for un-crosslinked gelatin
since no stable physical gel was obtained after reaching its equilibrium. Moreover, for
chemically crosslinked gels, Ec increased linearly from approximately 2 kPa to 4 kPa when the
molar crosslinker concentration was increased from 10 mM to 20 mM (Figure 4-13.b). Finally,
Eo decreased by a factor of two when crosslinking chemically the gelatin network. This result
suggests that by chemical crosslinking the gelatin chains, less physical crosslink points are

created decreasing therefore the rigidity of the network.
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Figure 4-13. (a) Example of compression stress-strain curves for Gela R01 and R02 hydrogels
at preparation state, arrows showing loading direction (b) RO, R01 and R02 hydrogel elastic

modulus in the preparation state Eq (blue symbols) and at equilibrium state Ee (yellow symbols).

Differential scanning calorimetry measurements

The first important step for understanding the gelation of the different gelatin samples is the
melting or the helix-coil transition of soluble collagens.®®* Figure 4-14 displays a typical
thermogram recorded from chemically un-crosslinked and crosslinked gelatin samples. When
cooling, un-crosslinked gelatin exhibits an endothermic peak centered at about 21 °C,

associated to the helix-coil transition of the gelatin, with a denaturation enthalpy of ~15 J/g.
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The denaturation enthalpy decreased by a factor of 3 for R02 compared to un-crosslinked
gelatin reaching a value of ~5 J/g. This result confirms that in the chemical gel the physical
gelation does not take place similarly and that the amount of triple-helix formed are less than
in the RO gel. In the thermogram recorded from the crosslinked gelatin hydrogel RO1, the
endothermic peak is centered at about 19 °C, and the associated denaturation enthalpy is 10.5
J/g. The values of denaturation temperature and denaturation enthalpy are reported in Table
4-6. When heating the gelatin samples, calorimetric curves presented similar values and trends
in temperature transition and change in enthalpy. The three hydrogels showed a similar
denaturalization temperature of around ~ 25 °C. However, crosslinking with EDC-NHS
decreases the physically crosslinked chains since the denaturation enthalpy decreased reaching

8 J/g with the highly crosslinked hydrogel (R02).

(@) (b)
0.2 L 2 L 0.05 T— .
—RO —RO
—_ ——RO1 09 [—Ro1 et
£ 0.15 RO2| [ z RO2
E € -0.05
2 0.1 _% -0.1
L [T
© ‘g‘ -0.15
£ 0.051 £
-0.2
04— T . . -0.25 — T T r
10 20 30 40 50 10 20 30 40 50
Temperature (°C) Temperature (°C)

Figure 4-14. Differential Scanning Calorimetry analysis of chemically un-crosslinked and
crosslinked Gela hydrogels when cooling (a) and heating (b) between 5 °C and 50 °C at a

scanning rate of 2°C/min.

It is generally accepted that the endothermic process present in the DSC thermogram of

collagenous material, such as gelatin, involves rupture of hydrogen bonds and a rearrangement
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of the triple helix into a random configuration.> The decrease in thermal stability of collagen
with aging has been related to the reduction of hydrogen bonds.*® Thus, the observed decrease
of enthalpy values of gelatin on increasing crosslinker concentration can be attributed to a

decrease of hydrogen bonds, which break endothermically.

Cooling Heating
Hydrogel | Enthalpy (J/g) | Td (°C) | Enthalpy (J/g) | Td (°C)
RO 15.1 21.1 21.9 28.5
RO1 10.5 19.2 20.2 26.3
RO02 5.89 16.4 8.45 24.6

Table 4-6. Transition temperatures (Td) and enthalpy energy per gram of gelatin for un-

crosslinked and crosslynked Gela hydrogels determined by DSC.

Linear rheology

Figure 4-15 shows the follow up by linear rheology of the chemical crosslinking reaction
between gelatins using EDC/NHS coupling agent for the hydrogel Gela (R0O1) at 60 °C. The
first 30 seconds are missing since it is the time that is left to mix EDC and NHS in the magnetic
stirrer. At 45 seconds, the initial material is liquid-like since G’ is below G”’. The transition
time from liquid to solid occurs at around 60 seconds. After this, keeping the sample at high
temperature, a solid-like behavior was found in the hydrogel since G” becomes higher that G*’.

Temperature sweeps were performed to monitor the reversible physical crosslinking process
for gelatin solutions with and without any chemical crosslinking. Figure 4-16.a shows the
cooling and heating temperature sweep for the RO1 hydrogel. In the whole studied range of
temperatures, the dual-crosslinked gelatin hydrogel presents a typical solid-like behavior with
G’ over G”’. At high temperature, the elastic modulus is of the order of ~1 kPa and is attributed

to only chemical crosslinks. When cooled down, after passing the temperature transition, it is
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possible to evaluate the contribution of the physical crosslinks since G’ increased by 1 order of
magnitude reaching values in the order of ~10 kPa. Moreover, when the temperature is kept at
10 °C for 1 hour, more physical crosslinks are generated resulting in an increase by a factor of
2 of G’ reaching ~20 kPa. As soon as the temperature increases again to a value higher than
the transition temperature, G decreases and reaches the same starting value of ~1 kPa, proving

the thermoreversible properties of this dual-crosslinked gelatin hydrogel.
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Figure 4-15. Time sweep at 1 Hz and at 1 Pa of the chemical crosslinking reaction between

gelatin chains using EDC/NHS coupling agent for the hydrogel Gela (R01) at 60 °C.

Figure 4-16.b shows the comparison of the thermoresponsive elastic and dissipative
properties of non-chemically crosslinked Gela hydrogel (R0O) and the chemically crosslinked
hydrogels R0O1 and R0O2. RO at high temperature is a liquid-like material with G’ lower than G*’,
however as soon as it reaches temperatures lower than 30 °C, it becomes a solid-like gel
reaching a maximum G’ value of ~40 kPa. RO1 and R02 showed solid-like properties over the
whole range of temperatures. However, R02 was stiffer than ROl in the whole range of

temperatures. Remarkably, at low temperature, both R01 and R02 reached lower G’ values than
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the non-chemically crosslinked gelatin hydrogel. This confirms the DSC measurements and the

behavior and values of elastic moduli found previously by compression tests.
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Figure 4-16. (a) Cooling and heating temperature sweep of dual-crosslinked Gelatin A
hydrogel RO1. (b) Linear rheology of a cooling temperature sweep from 60°C to 10°C of no-
chemically crosslinked (R0O) and chemically crosslinked Gelatin A hydrogels (R01 and R02) at

preparation state (Gela concentration: 20 wt%). Cone-plate geometry.
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Figure 4-17. Comparison of the shear moduli of the GelA hydrogels at preparation state and

the values of G’ from the temperature sweep at 20°C.
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Moreover, in Figure 4-17 are shown the values of G’ at 20°C (as presented by the
temperature sweep) for the Gela hydrogels. These values are very similar to the E values

obtained from the compression tests presented in Figure 4-13. The shear moduli is calculated

from the Young’s modulus as shown in Chapter 2. Section 2.3.4. Equation 16).
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Figure 4-18. Temperature sweep of dual-crosslinked Gelatin A hydrogel for different degree

of chemically crosslinking at the equilibrium state.

Finally, the linear rheological properties of chemically crosslinked gelatin hydrogels at
swelling equilibrium showed that these gels are elastic in the whole range of temperature since
the loss moduli are roughly two orders of magnitude lower that G* (< 1 kPa) and roughly
constant during the temperature sweep for both R01 and R02 hydrogels (Figure 4-18). Thus,
as expected by introducing chemical crosslinks, gelatin gels become stable over the whole
temperature range; additional physical crosslinks formed at room temperature strongly
reinforce the network and dominate the elastic behavior. However, at swelling equilibrium,
gelatin chains are more diluted and stretched and consequently the formation of physical

crosslinks through chains intertwining at low temperature becomes weaker.
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4.4.3. Gelatin hydrogel thin films
Swelling and stability of Gelg hydrogel thin films

Swelling properties of Gelg thin films spin-coated at different gelatin concentration (2.5
wt%. 5.0 wt% and 7.0 wt%) were studied after 30 minutes of equilibrium in the specific
environment. The swelling equilibrium (Af) increased from 2.8 to 3.5 when increasing the
initial gelatin concentration in the solution used to prepare the film from 2.5 wt% to 7.0 wt%,
respectively. Additionally, Gelg thin films made from solutions of 5.0 wt% and 7.0 wt% were
chemically stable in different pH environments (Table 4-7). For Gelg at 7.0 wt%, the
underwater thin film thicknesses were found to be slightly higher at pH 8 (473 £ 1 nm) than at
pH 4 (437 £ 2 nm) The average swelling ratio, which is around 3.5, corresponds to a water
volume fraction of 71%. It is not significantly sensitive to the pH environment since the charges

of amine groups do not vary highly between pH 4 and pH 8.

Gelatin B Thickness (nm)

Air pH 4 pH5.5* | pH7.4** | pHS Ag*
2.5wt% | 32.5 - 91.2 - - 2.8
50wt% |145.6| 4374 462.1 461.1 473.0 3.2
7.0wt% |250.2 | 892.6 863.8 882.6 860.2 3.5

Table 4-7. Thickness of Gelg hydrogel thin films prepared from solutions at different gelatin
initial concentrations and different pH. The molar ratio of EDC/e-amino was kept at 1.5 for all
three groups. Air corresponds to the dry thickness. *In MilliQ water. **In Phosphate Buffer

Solution (PBS).

The Gelg hydrogel film obtained from spin-coating of gelatin solution at 5 wt% showed a a
dry thickness of 145.6 + 1.1 nm and a stable behavior when being immersed in water. The

swollen thickness increased to 462.1 + 1.5 nm in water at 20°C and was 450.2 + 3.8 nm at 60°C.
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Gelg hydrogel thin films obtained from gelatin solutions of 7.0 wt% had a dry thickness of
239.4 + 12.2 nm. Moreover, we showed that they were chemically stable when keeping them
underwater at 50°C since they showed no significant decrease in dry thickness. The dry

thickness was 227.2 + 12.7 nm after 15 hours at high temperature (Figure 4-19).
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Figure 4-19. Dry thickness of Gelg hydrogel thin films (obtained from spin-coating of gelatin

solutions at 7.0 wt% and EDC/NHS concentration of 30mM) as function of immersion time in
water at 50 °C. Each measured time has a respective photography of the state of the gelatin

surface.

Streaming potential measurements of Gelg hydrogel thin films

Very homogeneous Gelg samples (Figure 4-20.a) obtained with solutions at 2.5 wt% (dry
thickness ~30 nm) and 5.0 wt% (dry thickness ~150 nm) were prepared on silicon wafers for
streaming potential measurements following the procedure explained in section 4.3.3. The pH-
dependence of the zeta potential was determined in the presence of KCI solution at 1 mM. We
started at pH 6 and decreased/increased the pH value by stepwise adding HCI at 50 mM or KOH
at 25 mM.

The isoelectric point (pl=pH|¢{=0) of both samples was found to be around pH 5 (Figure
4-20.b) in good agreement with the potentiometric titration. This reflects the gelatin protein
structure with a mixture of acidic and basic functional groups. The plateau ¢ values are

determined by the number of functional groups and by the swelling degree. The absolute plateau
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value of the zeta potential for Gelg at 2.5 wt% was found to be around -25 mV and slightly
lower than for Gelg at 5.0 wt% of -20 mV. This suggests that the composition of the electrical
double layer is influenced by the absorbed amount of water, since we found a lower

Cpratean Values for films with a higher swelling ratio.
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Figure 4-20. (a) Pictures of homogeneous gelatin hydrogel thin films used for the streaming

potential measurements, the dry thickness being ~30 nm. (b) Zeta potential vs. pH of the gelatin

B hydrogel film with different dry thickness.

4.4.4. Underwater adhesion
Effect of experimental conditions: V., contact time and thickness of Gelg films

Previous chapters showed that W, increased logarithmically with Vb at both the macro and
micro scale for synthetic gels. This increase was attributed to the rate dependence of bond
fracture. We also found a linear dependence of W, with the logarithm of the V4o when
measuring the adhesion between the chemically crosslinked gelatin hydrogel RO1 and a Gels
hydrogel thin film (Figure 4-21.a and Figure 4-21.d). W, increased around 1 order of
magnitude (from ~ 20 mJ/m? to ~ 250 mJ/m?) when the debonding rate increased from 1 um/s
to 1 mm/s.
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Moreover, Figure 4-21.b and Figure 4-21.e show the work of adhesion as a function of
contact time for the contact between Gelg hydrogel thin films (dry thickness of 30 nm) and the
RO1 hydrogel at a Vgen 0f 0.1 mm/s and pH 6. When the contact time was varied, the adhesion
energy slightly increased with contact times up to 120 s. However, W, significantly increased

if the contact time was further prolonged to 600 s.
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Figure 4-21. Variation of the adhesion energy measured in Milli-Q water (pH 6.0 and
temperature 20 °C) between Gela-R01 macroscopic hydrogel and Gelg thin film (2.5 wt%, dry
thickness ~30 nm) as a function of debonding rate (a) and contact time (b). Corresponding
stress-strain detachment curves as function of debonding rate (d) and contact time. Variation of
the adhesion energy measured in Milli-Q water between Gela-R01 macroscopic hydrogel and
Gelg thin films obtained from spin-coating of gelatin solutions at different concentrations, at a
contact time of 1 s and debonding rate of 0.1 mm/s (c). Corresponding stress-strain detachment

curves (f).
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Finally, the adhesion energy is shown to depend upon the thickness of the Gelg hydrogel thin
film (Figure 4-21.c and Figure 4-21.f), since thinner films showed a higher adhesion energy.
This is consistent with higher charge concentrations for thinner films (or also with higher

swelling ratio and lower absolute zeta potential).

Effect of the aqueous environment: pH and Phosphate Buffer Saline solution

Since the level of charges of both Gela and Gelg is pH-dependent, the adhesion properties
between the chemically crosslinked Gela hydrogel and the Gelg hydrogel thin films of 30 nm
was investigated for different pH values (Figure 4-22.a and Figure 4-22.b). The macroscopic
hydrogel Gela-R01 was used for the adhesion tests at different pH values (3.0, 6.0, 7.0 and 9.0).
pH was adjusted by adding either only HCI (for pH 3.0) or only NaOH (for pH > 5.5). The
hydrogels were kept before the test underwater at each specific pH and tack tests were
conducted at a contact time of 1 second and a debonding rate of 0.1 mm/s. As expected, the
measured W, went through a maximum value at pH 6, while in both acidic and basic conditions
(pH < 4 and pH > 8) a lower but non zero adhesion was measured suggesting a more complex
picture than simply the effect of repulsive electrostatic forces.

Finally, W, was measured between macroscopic Gela hydrogel and Gelg thin film in a
medium containing a phosphate buffer solution (PBS) which has a pH of 7.4 and a salt
concentration of 0.138 M of NaCl (Figure 4-22.c). The adhesion energy in PBS for a debonding
rate of 0.1 mm/s and a contact time of 1 s and 120 s was found to be significantly lower
compared to the same test conditions at pH 7 without NaCl. This suggest that the salt contained

in the PBS is enough to screen the few charges that contribute to the macroscopic adhesion.
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Figure 4-22. (a) Adhesion energy between Gela-R01 macroscopic hydrogels and Gelg hydrogel
thin films (2.5 wt%, dry thickness ~30 nm) as a function of pH. (b) Corresponding stress-strain
detachment curves. (c) Stress-strain detachment curves for Gela-R01 against Gelg hydrogel thin

films in a Phosphate Buffer Saline (PBS) solution at two different contact times.

Effect of the crosslinks density of the Gela hydrogel

Interestingly underwater tack tests between macroscopic Gela hydrogels (RO, R01 and R02)
and Gelg hydrogel thin films (2.5 wt%, dry thickness ~30 nm) at pH 6 showed a clear optimum
in adhesion with varying crosslinks density (Figure 4-23). A significant increase in W, of the
first contact was obtained with the moderately chemically crosslinked Gela hydrogel RO1 when
compared to hydrogel RO. Additionally, the crosslinks density of chemically crosslinked Gela
hydrogels considerably affected the W, against the same negatively charged surface, since W,
decreased by a factor of 10 after increasing EDC concentration between 10 mM and 20 mM.

Moreover, the interfaces of RO and RO1 against the same Gelg thin film failed cohesively
after the first contact since the adhesive energy measured for the following contacts decrease
significantly. This suggest that the adhesion energy is indeed higher than the cohesive strength
of these hydrogels. Moreover, only the hydrogel R02 showed an adhesive failure the interface

since the work of adhesion was constant for at least five different repetitions.
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Figure 4-23. (a) Adhesion energy between macroscopic Gela hydrogel (RO, RO1 and R02) and
Gelg hydrogel thin film (2.5 wt%, dry thickness ~30 nm) at pH 6 as a function number of
contacts (b) Corresponding stress-strain detachment curves for the first contact between the
Gela hydrogel against Gelg thin film. (c¢) Work of adhesion of the first contact between
macroscopic Gela hydrogel and Gelg hydrogel thin films as a function of EDC concentration
on the macroscopic hydrogel. (d) Examples of the stress-strain tack debonding curves for one
replica of RO1 hydrogel with a decrease in energy, due to a cohesive failure during the test. CT

is the number of contact.
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4.5. Discussion

4.5.1. Comparison of ¢ and W, between PAA and Gels hydrogel thin films

In chapter 2, we presented the swelling and streaming potential properties of PAA hydrogel
thin films. Briefly, these films presented a dry thickness of 144.1+1 nm. The swelling ratio for
these films increases from 1.39 + 0.1 at pH 2 to 1.75 at pH 8, corresponding to the water volume
fraction of 0.28 at pH 2 and 0.44 at pH 8. Figure 4-24.a shows the comparison of streaming
potential measurements between PAA and Gelg thin films as function of pH and shows an
isoelectric point (pl=pH|:=0) at pH 5.5 for Gelg and at pH 3 for PAA. Remarkably, the ¢ plateau
value ({piateqn), Which above the pl is related to the density of functional groups, was found to
be significantly different for both samples. The PAA film has more negative charges than the

Gelg film, since {,igteqn 1S -70 mV for PAA and -30 mV for Gels.
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Figure 4-24. (a) Zeta potential of PAA and Gelg thin film in 10° M KCI as a function of pH.
(b) Comparison between PAA and GelB hydrogel thin films on Stress-Strain tack debonding

curves against the same macroscopic GelA crosslinked hydrogel.
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Furthermore, we measured an average work of adhesion underwater of 209 + 10 mJ/m?
between a PAA hydrogel thin film (dry thickness of 144.1+1 nm) and the macroscopic Gela
R02 hydrogel in Milli-Q water (pH 6) at a contact time of 1 second and a debonding rate of 0.1
mm/s (Figure 4-24.b). Consequently, the measured adhesion energy using the PAA films is
higher by one order of magnitude compared to Gelg hydrogel thin film at the same conditions.
Both the PAA and the Gelg showed adhesive failure at the interface since the stress-strain curves
for different repetitions sowed the same behavior, and therefore the same work of adhesion

(Figure 4-25).

10

PAA (D-th 150nm)

Stress (kPa)

GeIA (D-th 30nm)

Strain (%)
Figure 4-25. Stress-strain curves for different repetitions between PAA and GelB hydrogel thin

films on against the same macroscopic GelA R02 crosslinked hydrogel showing same curves

meaning an adhesive failure.

Based on the GCSG model®”*® and the streaming potential measurements, the number of
dissociated carboxyl groups per unit area (nCOO~/nm?) was calculated as a function of the
number of acidic groups capable of dissociating (N,) and the degree of dissociation of
functional groups (Chapter 2. Section 2.2.3). Using this model, N, is calculated to be 1.4 X107

nCOO0~/nm? and at pH 6 the degree of dissociation is 0.55, therefore for Gelg the areal density
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of negative charges is calculated to be ~0.82 x102 nCOO~/nm?, while for PAA it is ~3 x10
nCOO0~/nm?. This estimate suggests that at this pH, the difference in W, between the PAA and
Gelg films comes from the density of negative charges, since the PAA films have around three
times more interfacial interactions than using the Gelg film. Therefore, the measured W, is
higher since more force is needed to separate the two surfaces when more interactions are

formed.
4.5.2. Effect of macroscopic hydrogel architecture on the adhesion energy

The systematic study of the effect of the crosslinks density showed that the 1/, decreases not
by losing its free e-amino groups, but by increasing the crosslinks density of the gels, as shown
in previous chapters where the adhesion energy decreased by increasing the rigidity of the
elastic hydrogels. We also saw the same behavior for the chemically crosslinked gelatin
hydrogels. Figure 4-26 shows the decrease in adhesion energy as function of the elastic
modulus at equilibrium as measured in compression test at room temperature. This suggest the
same behavior as previous reported with the Lake and Thomas model, were adhesion scales
with the inverse square root of the elastic moduli. However, there are only two data points to

make a strong conclusion and both points have different failure mechanism.
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Figure 4-26. Adhesion energy as a function of the shear moduli of Gela hydrogels at their

preparation state.
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4.6. Perspectives of bio-based systems for underwater adhesion

Gelatin chemically crosslinked with EDC/NHS coupling agent is an interesting bio-based
model system to modulate underwater adhesion by controlling different molecular architectures
and the areal density of electrostatic interactions. The values of adhesion energy are however
at least one order of magnitude inferior than the macroscopic W, measured in synthetic system.
For this reason, in this section we report briefly a possible candidate that can be used to replace
this gelatin-EDC as a bio-based system to obtain a higher underwater adhesion strength.

It is well known that adhesion strength can be improved by increasing the dissipation in the
bulk and the concept of double networks gels developed by J.P. Gong and coworkers®® and Z.
Suo and coworkers®® could be an interesting way to explore when linking electrostatic
interactions to macroscopic underwater adhesion. Therefore, we present results obtained with
a gel based on gelatin type A interpenetrated with a loosely chemically crosslinked

polyacrylamide (Gela—AAm) as a new system (IPN) to measure underwater adhesion.
4.6.1. Gela—AAm hydrogel

Interpenetrated networks of acrylamide and gelatin have been widely studied in the 90s by
Chatterji and coworkers®%2 and more recently by Yan et al.®® who prepared in a one single
reaction step, a gelatin/polyacrylamide IPN gel by combining a physically crosslinked gelatin
as the first network and a loosely crosslinked polyacrylamide as the second network. These gels
presented superior properties which were largely attributed to effective energy dissipation via
the rupture of the gelatin first network.5® Inspired by these previous works, we use IPN gels
based on gelatin type A and acrylamide chemically crosslinked with methylenebisacrylamide
(MBA) to test the idea that is possible to improve the adhesion energy by increasing the
hydrogel toughness. We describe briefly how these gels are prepared, then we present their

equilibrium swelling and mechanical properties in uniaxial tensile configuration and finally, we
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report the adhesion properties using the underwater probe-tack test against a PAA hydrogel thin

film.
Synthesis of Gela—AAm hydrogel

IPN gels were prepared by interpenetrating a highly concentrated and loosely chemically
crosslinked polyacrylamide network into a low concentrated Gela physical network (Figure
4-27). The total polymer concentration was kept constant at 40 wt% and the weight ratio
between AAm and Gela was fixed at 7:1 (AAm: 35 wt% and Gela: 5 wt%). MBA concentration
was kept constant at 0.05 mol% with respect to the acrylamide concentration. Ammonium
persulfate (APS) was used as red-ox initiator at 0.1 mol% respect to acrylamide concentration.

Briefly, IPN hydrogels were prepared by dissolving Gela, acrylamide and MBA in Milli-Q
water at 60°C for 15 h. After bubbling N2 for 30 min, APS was added and the solution was
transferred to a glass mold. The initiation rapidly took place and the polymerization was left to
proceed during 3 h at 60°C. After this, the mold was cooled down for 3 h at 5°C to form the
gelatin network. Finally, the mold was opened, and the 1 mm thick gels were immersed and

stored in Milli-Q water (pH 5.5) until final use.

Vﬁ? /_\L\ Cooling, 5°C
( )

\

Figure 4-27. Schematic of the synthesis of interpenetrated network based on Gelatin A and
acrylamide (AAm) chemically crosslinked with methylenebisacrylamide (MBA) under

nitrogen atmosphere at 60°C.
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Swelling and tensile properties of Gela—AAm hydrogel

For equilibrium swelling studies after 3 days of equilibrium with water renewal, the swollen
gel samples were weighted (mg) and then dried overnight in an oven (at 60 °C) in order to get
their final dry weight (m,). These measurements are used to calculate the mass swelling ratio
at equilibrium (A, = my/my). It was found an equilibrium swelling for this gel of A, = 6.15;

i.e. an equivalent polymer concentration at equilibrium of 16 wt% were Gela is only 2 wt%.

0.15 1 1 1 1
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Figure 4-28. Nominal stress vs strain showing the tensile properties of interpenetrated networks

based on Gela and acrylamide, in comparison with Gela chemically crosslinked using

EDC/NHS coupling agent both at preparation state (non-swelling equilibrium).

The large deformation behavior of the gels at preparation state was studied by uniaxial
loading and unloading tensile tests on an Instron 5565 tensile tester with a 10 N load cell.
Samples had dog-bone shape with 4 mm width, 3 mm thickness, and 18 mm length (length
between clamps). Tensile curves at a pulling rate of 0.5 mm/s are shown in Figure 4-28 for the
GelA—AAm and are compared to the R02 hydrogel (Gela—EDC). The maximum extensibility
of the IPN gel (emax ~700%) remarkably improves when compared to a gelatin network (€max 1S

less than 40%). After four loading and unloading cycles at different extensibility, the gels
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showed almost no dissipation energy (Figure 4-29). The remarkable extensibility of the IPN
hydrogel is presumably due to the loosely crosslinked network structure of the chemical
acrylamide combined with the energy dissipation brought by the physical crosslinks of the
gelatin.®*® This results are encouraging, however, they are preliminary without replicas and no

strong conclusions can be made.
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Figure 4-29. Nominal stress vs strain showing the loading and unloading tensile properties of

interpenetrated hydrogel networks based on Gela and acrylamide.

Underwater adhesion of Gela—AAm hydrogel and PAA hydrogel thin film

Underwater probe-tack tests between Gela—AAm hydrogel and PAA thin films showed that
W, was remarkably higher (~4 J/m?) by one order of magnitude when compared to the
chemically crosslinked gelatin RO1 (~0.2 J/m?) with the same test parameters (pH 6, Veb = 0.1
mm/s and contact time of 1 second) (Figure 4-30). However, both presented cohesive failure
after the first detachment meaning that adhesion energy is indeed higher than the toughness of
these hydrogels. This suggest that both can form enough interfacial charge densities to pull the

polymer chains at the interface of the PAA film and the gel. Since the Gela-AAm gel is able to
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reach higher extensibility than the Gela-EDC, therefore, it is able to reach a larger maximum

strain in the stress-strain tack debonding curves resulting in a higher work of adhesion.
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Figure 4-30. Comparison of stress-strain underwater probe-tack debonding curves between
either Gela~AAm hydrogel or the chemically crosslinked gelatin R02 (Gela-EDC) and a PAA

hydrogel thin film (dry thickness: 150 nm). pH 6, V4en = 0.1 mm/s and contact time of 1 second.

4.7. Conclusions

We succeed in preparing dual crosslink macroscopic hydrogels and thin films based on
gelatin. Additionally, we were able to measure macroscopic underwater adhesion between
oppositely charged gelatin gels without any contribution of the natural thermoreversible
properties of gelatin. Additionally, the new developed gelatin hydrogel thin films serves as a
good surface model for mimicking human tissues when testing adhesive systems for medical
applications under agueous environments.

When adhesive failure occurred, the W, of Gela hydrogels against PAA films was
significantly higher than against Gelg films showing that W, strongly depends on the interfacial
charge density since PAA has a higher density of negative charges than Gelg, as shown by

streaming potential measurements. Finally, for adhesion experiments between Gela and Gelg,
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it was possible to tune W, by changing the pH of the tested medium since the charge level of
both Gela and Gelg is pH-dependent.

We showed with this bio-based system, that interfacial charge density and mechanical
properties of macroscopic hydrogels are important parameters that permit to control underwater
macroscopic adhesion between oppositely charged hydrogels. Moreover, the connection of
molecular architecture and macroscopic adhesion underwater of this gelatin system is not fully
understood, since is still harder to predict the W, when more molecular interactions are
occurring at the interface between two gelatin gels. Finally, we have presented very briefly a
new model system to study the work of adhesion underwater between a gelatin-acrylamide
double network hydrogel. Yet, a systematic study of the molecular architecture of this system
is necessary to fully understand its connection with the macroscopic underwater adhesion

strength.
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5. Underwater adhesion of complex coacervates.

Sandcastle worms have developed protein-based adhesives, which they use to
construct protective tubes from sand grains and shell bits. A key element in the
adhesive delivery is the formation of a fluidic complex coacervate phase. After
delivery, the adhesive transforms into a solid upon an external trigger. In this work,
a fully synthetic in-situ setting adhesive based on complex coacervation is reported
by mimicking the main features of the sandcastle worm’s glue. The adhesive
consists of oppositely charged polyelectrolytes grafted with thermoresponsive
poly(N-isopropylacrylamide) (PNIPAM) chains mixed at a high salt concentration
and starts out as a fluidic complex coacervate, that can be injected at room
temperature. Upon increasing the temperature above the lower critical solution
temperature (LCST) of PNIPAM (temperature switch) or decreasing the salt
concentration in the environment (salt switch), the complex coacervate changes into
a non-flowing viscoelastic hydrogel while preserving its volume — the water content
in the material stays constant. The setting of the adhesive can be precisely controlled
by the balance between the components and shows an even higher adhesion energy
(W,) when a combined temperature-salt switch is applied, making it a potential
candidate for tissue adhesion in biological environments, where similar conditions
are present.

PAA-g-PNIPAM
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The content of this chapter is the result of a collaboration with Marco Dompé and Prof. Dr. M.
Kamperman at the Laboratory of Physical Chemistry and Soft Matter, Wageningen University,
The Netherlands. Part of the content is already accepted for publication. This chapter focuses
on the underwater tack test developed during this collaboration. Nevertheless, it is necessary
to briefly introduce and present the synthesis and characterization of the tested materials.
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Underwater adhesion of complex coacervates.

5.1. Introduction

Underwater adhesion is technically challenging, because the performance of most adhesives
is compromised by the presence of water, which eventually leads to bond failure.* The challenge
of developing a fully functional underwater adhesive has been successfully overcome by several
aquatic organisms, such as mussels, sandcastle worms and barnacles, which are able to bond
dissimilar materials together underwater using protein-based adhesives.*™* A phenomenon,
which is believed to play a fundamental role in the adhesive delivery, is complex coacervation,
which is an associative liquid-liquid phase separation of oppositely charged polyelectrolyte
solutions.>® Complex coacervates are particularly suitable for underwater adhesion, because of
their fluid-like, yet water immiscible properties’® and good wettability.® In natural systems,
after establishing molecular contact upon delivery, the complex coacervate liquid transforms
into a solid-like material by the introduction of covalent or strong non-covalent interactions
activated by a change in environmental conditions (e.g. higher pH in seawater, exposure to
oxygen).1° This principle has been mimicked in synthetic systems by designing polyelectrolyte
material systems either responsive to a particular trigger (pH,*2 ionic strength,**1° solvent'®)
or toughened via a crosslinking reaction.'1718 In this work, a new temperature-triggered setting
mechanism is introduced in a fully synthetic adhesive by grafting thermoresponsive poly(N-
isopropylacrylamide) (PNIPAM) chains on oppositely charged polyelectrolyte backbones.

The use of complex coacervation and thermoresponsive (LCST) domains to solidify the
physical network results in a material system that has not yet been explored with key advantages
for underwater adhesion: (1) Low viscosity at ambient temperature to ensure precise and
controlled delivery (e.g. via a syringe with needle).’® (2) Easy manipulation in wet
environments due to immiscibility of complex coacervates with water,® ensuring that the
adhesive remains at the application site during setting. (3) Adhesion to diverse surfaces, because

of the self-adjustable nature of the system. That means that, depending on the target surface,
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different features (cationic, anionic or hydrophobic) will be exposed to the surface.’® (4)
Effective in the presence of water, as no chemical reaction with water or functional groups at
the tissue surface is required, and thus can be injected through a fluid without being
compromised. (5) In-situ setting in the order of seconds or minutes with limited swelling. The
liquid-to-solid transition is activated by a temperature gradient,?® without the introduction of
any chemical cross-linker, and can be tuned further by pH and salt concentration of the
surrounding medium. (6) Controlled cohesive properties: the final material is held together by
non-covalent ionic and hydrophobic interactions with a variety of bond strengths. Strong bonds
may act as permanent crosslinks, imparting elasticity, whereas weak bonds can reversibly break
and re-form, and thereby dissipating energy.

In this chapter we are going to briefly introduce and present the synthesis and
characterization of the tested materials. The detailed protocol for the complex coacervates
grafted with PNIPAM is presented in the annexes. However, we will compare the
physicochemical characterization by differential scanning calorimetry, the water content and
the rheological properties for complex coacervates prepared with grafting PNIPAM on the
backbone polymer chains (Graft) and without grafting PNIPAM (Homo). Additionally, we
focus this chapter on the underwater adhesion properties of these complex coacervates,

therefore, all underwater probe tests.
5.1.1. Synthesis of negative and positive charged polymers grafted with PNIPAM

The adhesive starts out as a fluid complex coacervate, obtained by mixing two oppositely
charged graft copolymers solutions, namely poly(acrylic acid)-grafted-poly(N-
isopropylacrylamide) (PAA-g-PNIPAM) and poly(dimethylaminopropyl acrylamide)-grafted-
poly(N-isopropylacrylamide) (PDMAPAA-g-PNIPAM) (Figure 5-1.a). The anionic polymer,

PAA-g-PNIPAM (Mn: 400 kDa), was synthesized using a “grafting to” reaction, i.e. attaching
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PNIPAM side chains (Mn: 5.5 kDa) onto a PAA backbone (Mn: 200 kDa) using a coupling
reaction.?! The cationic polymer, PDMAPAA-g-PNIPAM (Mn: 250 kDa), was obtained by
copolymerizing DMAPAA monomers with  PNIPAM macromonomers (Mn: 5.5 kDa), i.e.
PNIPAM chain with a polymerizable end-group, using a “grafting through” polymerization
process.?? The synthesis procedures and the characterization for both polymers are described in
more detailed in the annexes. In both polyelectrolytes, the molar ratio of the charged backbone

and the PNIPAM side chains is around 70:30 (Table 5-1).

(@) (b)

Figure 5-1. (a) Molecular structure of PAA-g-PNIPAM (yellow and black) and PDMAPAA-
g-PNIPAM (red and black). (b) Composition and temperature responsiveness of the complex
coacervate phase and the schematics of the phase separation and of the structure below and
above the LCST. (c) Schematic representation of the graft copolymer complex coacervate phase

before (left) and after (right) the salt switch.
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Molar (weight) ratio
Polymer Iz/lir]g]}\lm'\gll:){ ('\ﬁg/fni% monomer backbone/PNIPAM
side chains (%0)
PAA - 239 -
PAA-g-PNIPAM 467 403 71:29 (61:39)
PDMAPAA - 139 -
PDMAPAA-g-PNIPAM - 248 65:35 (72:28)

Table 5-1. Characteristics of polymers used in this study.

5.1.2. Complex coacervation

Complex coacervation strongly depends on mixing parameters, such as pH, mixing ratio and
salt concentration. It is known that, in general, complexation is most effective when both
polyelectrolytes carry the same number of charges.® To establish the point of charge neutrality
and optimal complexation conditions, pH titrations and zeta potential experiments were
performed (Annexes). Based on the results of these experiments, the polyelectrolytes were
mixed at pH 7.0 and at 1:1 stoichiometric ratio of chargeable units, to reach a total charged
monomer concentration of 0.05 M. Additionally, salt concentration affects the strength and the
relaxation dynamics of the ionic bonds and thereby the viscosity of the complex coarcervate.®
In order to obtain a material that can easily flow, providing good contact with the surface of
interest, the polyelectrolytes should be mixed at a salt concentration close to the critical salt
concentration (CSC, concentration at which complexation is suppressed),”® which is detected
slightly above 0.8 M NaCl. For this reason, a salt concentration of 0.75 M NaCl has been chosen
in this study.

The solidification of the material, required to resist detachment forces, will be provided by
a temperature or by a salt triggered mechanism, also defined as temperature switch or salt
switch, respectively. For the temperature switch at a fixed ionic strength, the complex

coacervate phase shows a liquid-to-solid transition when the temperature is raised above the
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PNIPAM lower critical solution temperature (LCST, 23 °C in this system) forming physical
crosslinks between PNIPAM chains (Figure 5-1.b). The salt switch consists on forming
stronger electrostatic interactions by immersing the material in a lower ionic strength medium.
The salt ions diffuse out of the complex coacervate phase, allowing the formation of stronger
electrostatic interactions between oppositely charged polyelectrolyte chains (Figure 5-1.c).
Consequently, the material, initially a viscoelastic liquid, turns into a soft polyelectrolyte gel.
This transition macroscopically resembles the temperature-triggered one described before, but
it is intrinsically different since the thermoresponsive domains are inactive because the
temperature of the surrounding environment is kept below the LCST and the reinforcement of

the material is only ascribed to the formation of stronger electrostatic interactions.

Figure 5-2. Solidification triggered by increasing the temperature above PNIPAM LCST.

5.2. Characterization of complex coarcervates

5.2.1. Physical and chemical properties of complex coacervates

To study the influence of the thermoresponsive PNIPAM grafts, complex coacervates were
prepared at room temperature at 0.75 M by mixing graft copolymer solutions (PAA-g-PNIPAM
and PDMAPAA-g-PNIPAM) and homopolymer solutions (PAA and PDAMAPAA). When
heated at high temperature, the complex coacervates prepared from graft copolymer solutions

become white and solid-like (Figure 5-2), unlike samples prepared from homopolymer
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solutions which remain transparent and liquid. This transition is attributed to the aggregation of
PNIPAM side-chains into microdomains, which densify when the temperature is raised above

the transition temperature (T,),?® leading to the formation of physical crosslinks in the material.
Differential scanning calorimetry

The LCST phase transition of PNIPAM aqueous solutions is a well-studied process: while
at low temperature the PNIPAM chains assume a coil conformation in order to maximize
hydrogen bonding with the water molecules, above the LCST a transition to the globular state
is observed, leading to phase separation.?’ Since energy is required to break the interactions
between water molecules and amide groups, Differential Scanning Calorimetry (DSC) can be

used to monitor the endothermic process. A typical thermogram is shown in Figure 5-3.

0.06

0.04¢

0.02¢

0

-0.02¢

Heat Flow (mW)

-0.04¢

-0.06 : - .
20 25 30 35 40

Temperature (°C)
Figure 5-3. Example of a DSC thermogram performed on graft copolymer complex coacervate

prepared at 0.75 M NaCl and a ratio of 40 PNIPAM / total polymer molar ratio (mol/mol%).

The endothermic peak in the thermogram is related to the phase transition upon heating. By
integrating the area of the peak, it is possible to calculate the enthalpy of the transition (4H). In
this case, the peak temperature (Theat) iS Observed at 23.5 °C and 4Hheat equal to 1.8 kJ/mol of

NIPAM. This T, is much lower than the usual value reported for PNIPAM (=32 °C). This is
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due to the high salt concentration of the sample (0.75 M NaCl). Sodium chloride is known to
drastically decrease the T, of PNIPAM and the values observed in this work are in agreement
with the data reported in the literature for PNIPAM solutions.?* When cooling down, an
exothermic peak appears at a slightly lower temperature (Tcool = 21.8 °C) and with a slightly
lower enthalpy (4Hcool = 1.3 kJ/mol): this hysteresis effect might be due to the different kinetics
in the association and dissociation process of the PNIPAM chains, which is a rate-dependent

phenomenon.?
Small angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) analysis was performed to investigate structural
differences below and above the LCST. The detailed protocol used to perform SAXS analysis
on the complex coacervates samples is presented in the annexes. At high wave vector ¢ (0.3 —
3 nm, length scales at which the conformation of single polymer chains is detected), the curves
for both homopolymer (Figure 5-4.a) and graft copolymer (Figure 5-4.b) complex coacervates
show a similar slope (I=q™) regardless of temperature. This suggests that the conformation of
the individual chains is similar in both graft and homopolymer systems and does not change
much as a function of temperature. More specifically, this g-dependence indicates that the
polymer chains attain a self-avoiding random walk conformation, behaving nearly as in a
semidilute polyelectrolyte solutions.?®

At larger length scales (g-range 0.06 — 0.3 nm™) an upturn is detected, whose intensity
increases as a function of temperature and which is not visible in complex coacervates prepared
from homopolymers. This upturn is attributed to the formation of segregated PNIPAM domains
(with dimensions of tens of nanometers, according to the observed g-range) and the decreased
compatibility between PNIPAM and the complex phase. The absence of a well-defined peak

might indicate that the generated PNIPAM domains are polydisperse or too far from each other
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to be observed in the g window. The upturn is already observed at temperatures below the LCST
indicating that some heterogeneity in PNIPAM chains distribution already exists at room

temperature.

(@) (b)

«10°C
-20°C
«50°C

107 10°
q(nm™)

q (hm™)

Figure 5-4. SAXS pattern for samples at 0.75 M NaCl solution of (a) homopolymer complex

coacervates and for (b) graft copolymer complex coacervates obtained at different temperatures.

Water content in complex coacervates before and after the temperature switch

The water content of the complex coacervate phase below and above the LCST was
calculated as follows. Below the T, the dilute phase was removed from the tubes containing
the samples. After that, a small amount of complex coacervate phase was loaded into an
Eppendorf Tube® and weighed on a Mettler Toledo XS205DU analytical balance. The samples
were freeze-dried for four days. To study the water content above the T, the Falcon™ tubes
containing both the dilute phase and the complex coacervate phase were left in a water bath at
40 °C for four days. After removing the dilute phase, the same weighing and freeze-drying
procedures were performed. The water content was determined by the weight difference before

and after the freeze-drying process. Three replicas were conducted to ensure data
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reproducibility. In Table 5-2, the details of the complex coacervates prepared from
homopolymer and from graft copolymer solutions are shown.

Upon collapse of the PNIPAM chains the domains are expected to shrink and to expel water,
as observed in PNIPAM hydrogels.?” However, no significant change in water content (~91%)
and volume is detected upon the liquid-to-solid transition. We speculate that the water expelled
by PNIPAM s retained in pockets inside the complex coacervate phase, leading to the
formation of a porous structure (Figure 5-1.b).>% The isochoric nature of this transition might
be beneficial to the overall adhesive performance, since it will prevent the lubrication of the
sample-probe interface from the release of water.! Moreover, keeping a relatively high level of

water within the coacervate will allow to maintain the flexibility and stretchability of the

material.?®
H
Parameters omopolymer Graft copolymer
complex coacervates | complex coacervates
Water Content below LCST (w/w %) 83.1 91.0
Water Content above LCST (w/w %) - 90.7
PNIPAM Content (mol/mol of total
0 33
charged monomer %)

Table 5-2. Preparation details of the complex coacervates analyzed in this work.

Water content in complex coacervates before and after the salt switch

When performing a salt switch, it is important to monitor the evolution of the water content
and of the total volume of the sample, because both swelling and shrinking might be detrimental
for the adhesive performance.?>*° Thermogravimetric Analysis (TGA) using a SDT Q600 from
TA instruments was used to investigate the water content in both homopolymer and graft

copolymer complex coacervates before and after the salt switch. After removing the dilute
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phase from the Falcon™ tube, in order to determine the water content before the setting
reaction, the complex coacervate phase (=50 mg) was directly loaded into the sample holder, a
platinum pan, at room temperature. After the setting reaction, the complex coacervate phase
was immersed in a lower ionic strength (0.1 M NaCl) water medium before loading it into the
sample holder. The samples were at first equilibrated for 15 minutes at 110 °C. After that, they
were submitted to a temperature ramp from 110 °C to 1200 °C at a heating rate equal to 20

°C/min. A typical thermogram is shown in Figure 5-5.
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Figure 5-5. Thermogram of a graft copolymer complex coacervate before the salt switch.

From the thermogram, it is possible to determine the weight percentage of the single
components of the complex coacervate phase (namely water, polymer and salt), which all have
a different degradation temperature. Water is completely removed before reaching 200 °C, the
polymeric chains are degraded between 200 °C and 600 °C, while the inorganic salt can be
completely eliminated when reaching 1000 °C. By knowing the initial mass of the sample, it is
then possible to determine the weight percentage of the single components, which are reported
in Table 5-3. After the setting reaction, the salt content drastically decreases, as expected. The

salt ions diffuse out of the complex coacervate phase and, as a consequence, the water and the
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polymer content increase. The total amount of water anyway is not the same, meaning that some
water might leave the coacervate phase together with the salt ions. In addition to that, a lot of
water is trapped in pores, which are responsible for the opacity of the material after the salt

switch.

sample Water Content | Polymer Content | Salt Content

(wiw %) (W/w %) (W/w %)
o o seng rectony | ©3 05 y
o e sting sy |54 124 22
CoaceGr\r/aafttecélgzgcl)Sr/;n ;tﬁ?}g‘ glee;(ction) 0.7 4.5 4.8
Coscervae (afer Seting Reston) | °2° 56 L

Table 5-3. Weight percentage of single components of complex coacervates obtained from

TGA

At high salt concentration (0.75 M NaCl), the homopolymer complex coacervates have a
lower water content (83.1%) than the graft copolymer complex coacervates (91%). The
presence of the hydrophilic PNIPAM chains reduces the driving force for phase separation,
allowing therefore a higher water retention. In both cases, no variation in water content (85%
in homopolymer complex coacervates, 93% in graft copolymer complex coacervate) and
volume is observed. However, the water content of the complex coacervate phase is generally
known to decrease when reducing the salt concentration.® On the other hand, when performing
a salt switch, the thermodynamic equilibrium between the dilute and the complex coacervate
phase cannot be reached because of a kinetic barrier, with most of the water being trapped in
pores inside the material. Furthermore, in PNIPAM-reinforced complex coacervates, the

presence of hydrophilic chains might favor water retention.?
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5.2.2. Rheological properties of complex coacervates
Methodology

Rheological measurements were performed on an Anton Paar MCR301 stress-controlled
rheometer using a cone-plate geometry (cone diameter 25 mm, cone angle 1°, measurement
position 0.05 mm, glass plate). A Peltier element was used to regulate the temperature. The
sample loading was performed as follows. The supernatant was taken off from the FalconTM
tube using a Pasteur pipette, ending up with the complex coacervate phase only. This phase was
then applied on the rheometer using a Pasteur pipette and contact with the cone was performed
at the measurement position. When performing a salt switch, the lower ionic strength water (0.1
M NaCl) medium was applied around the sample at 20 °C, with one hour contact time before
performing any rheological experiment. When performing a temperature switch, tetradecane
was added around the sample and a solvent trap with a metal lid was installed to prevent water
evaporation. The temperature was then raised to 50 °C and a waiting time of 15 minutes was
applied before any measurement.

When performing a combined switch, the procedure changed depending on the order of the
switch performed. If the salt switch was performed first, the 0.1 M NaCl solution was applied
at 20 °C, with one hour contact time before raising the temperature to 50 °C, followed by 15
minutes of waiting time before measurement. If the temperature switch was applied first, a 0.75
M NacCl solution was applied and the temperature was raised to 50 °C in a solvent trap, followed
by 15 minutes of contact time at the selected temperature before removing the water medium.
The 0.1 M NaCl solution was then added around the sample at 50 °C and a contact time of one
hour was applied before measurement. Before loading a new sample, the complex coacervate

phase together with the dilute phase was centrifuged at 4000 g for 15 minutes.
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Linear rheology after the temperature switch

Rheological measurements were performed as a function of frequency and temperature in
the linear regime. At 20 °C both complex coacervates prepared from homopolymer and graft
copolymer solutions possess a fluid character with the storage modulus (G’) crossing the loss
modulus (G’”) only at high frequencies (Figure 5-6.a). In both systems, at room temperature
the chains slide along each other with transient electrostatic interactions, giving rise to sticky
Rouse dynamics.®! The crossover frequency (w,) is higher (~70 rad/s) in graft copolymer
coacervates as compared to homopolymer complex coacervates (~45 rad/s), while both moduli
are lower over the whole frequency range. We attribute these differences to the higher water
content in the graft copolymer systems, leading to a lower level of polymer entanglement as
well as a lower concentration of charged units (sticky points), which lead together to shorter

relaxation times 7 (1= l/w,).
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Figure 5-6. Frequency sweeps performed at 20 °C (a) and (b) at 50°C for samples at 0.75 M
NaCl solution of homopolymer complex coarcervates and for graft copolymer complex

coacervates.
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When rising the temperature, the rheological data obtained at 50 °C show that graft
copolymers complex coacervates behaves differently from homopolymer complex coacervates.
| graft copolymers, both moduli increase and become nearly frequency independent, with G’
overcoming G’ (Figure 5-6.b). This indicates that the complex coacervate, upon the increase
in temperature, turns into a soft elastic solid gel because of the slowing down of the PNIPAM
chain dynamics in the phase separated domains, leading to the formation of physical crosslinks
which stiffen the material.®? The G’ and G’ values are comparable, in order of magnitude, to
those obtained for water solutions of graft copolymers with a neutral backbone (poly(N,N-
dimethylacrylamide)) and PNIPAM side chains.? It is not surprising to detect similarities since
at such a high salt concentration, the charged units are almost completely screened and the few
remaining ones are complexed with each other, so that the polyelectrolyte complex backbone

is overall neutral.
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Figure 5-7. Temperature sweeps performed at 1 rad/s for homopolymer and graft copolymer
complex coacervates at 0.75 M salt. The value of both G’ and G’’ in graft copolymer
coacervates starts increasing above 26 °C, with the transition occurring at 34 °C, where the

crossover of the moduli is detected.
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This phase transition is desirable for injectable underwater adhesives, which need to properly
wet the surface upon application, yet sustain stress to prevent debonding.®® At low temperatures,
PNIPAM allows higher water retention, making the material more liquid-like and providing
good contact with the surface. After that, the temperature increase reinforces the material.
Additionally, temperature sweeps were performed on the complex coacervates, heating the
sample from 0 °C to 70 °C (Figure 5-7) to accurately detect the liquid-to-solid transition. While
the moduli of homopolymer complex coacervates are temperature independent, both G’ and
G”’ in graft copolymer coacervates start increasing above 26 °C, with the sol/gel transition

occurring at 34 °C, where the moduli crossover is detected.
Linear rheology after a salt switch

The evolution of the storage (G’) and of the loss (G’’) moduli after the salt switch was
monitored by a time sweep using linear rheology (Figure 5-8.a). The material, initially
possessing a fluid character (G’ < G”’), turns immediately into a solid gel (G’ > G’’) when
immersed into a lower ionic strength medium. It should be note however that the salt needs to
diffuse out and presumably during this transition stage, the structure of the coacervate is
heterogeneous since there will be a gradient in new physical crosslinks decreasing when
reaching the center. Therefore, therefore its mechanical properties are presumably
heterogeneous as well. Moreover, an increase of almost two orders of magnitude in G’ is
observed in the first 20 minutes: afterwards, the moduli head towards a plateau, indicating that
the ion diffusion process is over by the end of the experiment.

At high salt concentration and low temperature, both homopolymer and graft copolymer
complex coacervates show typical features of a viscous liquid as showed previously (Figure
5-6.a). After the setting reaction (salt switch), both moduli become almost frequency

independent, with G’ exceeding G’ (Figure 5-8.a). The formation of stronger electrostatic
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interactions slows down the chain dynamics, stiffening considerably the material.®? Before and
after the transition, the moduli are higher in the homopolymer complex coacervates than for the
graft because of the lower water content and therefore of a higher concentration of crosslink

points (Table 5-3).
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Figure 5-8. (a) Evolution of G’ and G’ in homopolymer complex coacervates during the
setting reaction (from 0.75 M of NaCl to 0.1 M of NaCl) at a fixed frequency of 0.1 rad/s. (b)
Frequency sweeps performed on both material systems after the salt switch (at 0.1 M of NaCl)

and at 20°C.

With regard to the graft copolymer complex coacervates, it is interesting to compare the
material properties after a setting reaction obtained in response to different environmental
triggers, namely temperature and salt. In addition to the different activated interactions, it is
important to stress the difference in the kinetics of the transition. When the target temperature
is reached, the collapse of the thermoresponsive chains is immediate.3* On the other hand, the
ion diffusion process taking place during a salt switch requires more time.*® Despite these
differences and probably by chance, the moduli measured at the end of the transition have the
same value (Figure 5-9). G’ exceeds G’ over the whole range of frequencies, indicating in

both cases the formation of a soft elastic gel with the same amount of crosslink points per unit
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volume. After either the temperature switch (Table 5-2) or salt switch (Table 5-3), the water
content in the coacervate is similar around 90%. Therefore, there are still chances that the

nonlinear properties are not the same.
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Figure 5-9. Mechanical behavior of the graft copolymer complex coacervate phase in response

to different triggers. The tested medium for salt switch was 0.1 M at 20°C and for temperature

switch was 0.75 M at 50°C.

Linear rheology after a combined temperature and salt switch

Since the material combines polyelectrolyte components and thermoresponsive units, it
makes sense to investigate the setting reaction obtained in response to a combined temperature-
salt trigger (Figure 5-10). It turns out that the order in which the switch is performed
considerably affects the material properties. If the salt switch is performed before the
temperature switch, the moduli obtained reach the same values as the ones measured after a
single trigger. Vice versa, if the temperature is raised above the LCST before activating the
electrostatic interactions, the final moduli increase by one order of magnitude, with G’ reaching
values around 1 kPa. Once more, the polymer architecture affects considerably the final

properties. If the long polyelectrolyte chains self-associate first, the short PNIPAM units do not
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have the required mobility to form well-entangled nodes. It is not surprising, therefore, that
higher moduli are obtained by performing a temperature switch first, which stimulates the
collapse of the shorter PNIPAM chains, followed by the salt switch, that activates electrostatic
interactions between the longer polyelectrolyte backbones, leading to an overall increase of the
number of cross-linking points per unit volume. This type of switch is more likely to occur in
applications of injection inside the body where the temperature switch may be immediate and

the reinforcement by the salt switch more progressive.
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Figure 5-10. Effect of the history of the setting process on the rheological properties when
performing a combined temperature and salt-triggered setting reaction for samples at 0.75 M

NacCl solution.

5.3. Underwater adhesion

5.3.1. Surfaces synthesis used for the underwater tack test
Poly(acrylic acid) hydrogel thin films

The PAA hydrogel thin films were used as in previous chapters. These samples were
synthesized by simultaneously crosslinking and grafting pre-functionalized poly(acrylic acid)

(PAA) onto thiol-modified wafers through a thiol—ene click reaction according to the protocol
224



Underwater adhesion of complex coacervates.

developed by Chollet.%® The dry thickness (h,) for this set of experiments is 144.1 + 0.2 nm,
while the underwater thickness (h,,) is 256.9 £ 0.3 nm. The films swelling ratio (SR), calculated

as hy,/hg, is 1.78.
Positively charged PDMAEMA brushes

Positively charged brush surfaces were synthesized according to the protocol developed by
Synytska and coworkers.®” Briefly, polymer brushes were synthesized using a grafting-from
approach of poly(2-dimethylaminoethyl methacrylate) (PDMAEMA) on planar silicon oxide
substrates. Silicon wafers with native oxide layer were first modified by aminosilane (3-
aminopropyltriethoxysilane) to introduce amino groups on the surface. These amino groups
were used for the further immobilization of initiator (o.-bromoisobutyryl bromide, Brin) for
ATRP. Thus, polymer grew only over the areas modified with ATRP initiator. Polymerization
of DMAEMA on initiator-modified substrates was performed using ARGET-ATRP resulting
in a growth of polymer brushes with varied grafting density. In this chapter, we used only
PDMAEMA surfaces with 50 nm dry thickness and 0.6 grafting density (nm2). The films

swelling ratio was around 3.5.
5.3.2. Experimental methodology to measure W, with complex coacervates

The methodology to measure underwater adhesion properties for a temperature and a salt
switch was based on the underwater tack test setup developed by Sudre et al.*® and highly
presented during the first chapters of this thesis. However, the test had to be modified since we
are testing a liquid-like material that turns into a viscoelastic solid-like gel. The test consists of
establishing first a parallel contact and detachment underwater between a homogeneous layer
of the complex coacervate (thickness between 0.25 and 0.75 mm) and a Poly(acrylic acid)

(PAA) hydrogel thin film (dry thickness: 150 nm). (Figure 5-11).
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The 10 x 10 mm wafer coated with the PAA hydrogel thin film was glued with a polyvinyl
acetate adhesive to a mobile stainless steel probe, which was fixed to the load cell and connected
to the Instron machine. The complex coacervate sample was deposited onto a glass. The glass
slide was fastened to the bottom of the chamber using plastic screws. Contact between the clean
PAA thin film and the complex coacervate was performed in air at 20 °C until a fixed thickness
was reached (Figure 5-12). A NaCl solution at 20 °C was poured in the internal chamber with
a pH of the medium matching the one of the coacervate sample (pH 7.0). The setup was covered
at the top with a rubber layer that could provide heat insulation and temperature control.
Afterwards, a temperature switch was conducted when the whole chamber was heated to 50 °C
using an external temperature control equipment. In contrast, a salt switch was conducted in the
following way: After the contact was made between the coacervate sample and the hydrogel
thin film, water at 20 °C was poured in the chamber with a pH of the medium matching the one

of the coacervate sample (pH 7.0) and a salt concentration of 0.1M.

(a)

Figure 5-11. Underwater adhesion experiments. (a) Schematics and (b) Picture of the probe
tack test performed underwater on a graft copolymer sample after a temperature switch at 50°C

in a medium at 0.75 M NacCl.
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During either temperature or salt switch the probe was kept motionless at a constant
thickness for a certain contact time. Detachment was then performed at a fixed displacement
rate of the probe. Raw data of force and displacement were converted into stress and nominal
strain values to obtain the work of adhesion (W,). The strain € was obtained by normalizing the
displacement by the initial thickness of the sample (7). The normalized stress ¢ was calculated
by dividing the force by the thin film contact area. The work of adhesion W, was then calculated

as follows

W, =T, f ode 1)

Three replicates were conducted for every experiment to ensure data reproducibility.

External
\ 2 chamber

. . coacervate
Figure 5-12. (Left) Complete set up of the underwater tack test. (Right-top) Top view of the

internal chamber where the complex coacervate sample makes contact with the charged surface,
which is glued to the stainless steel probe. (Right-down) Picture of the probe tack test performed

underwater after a salt switch.
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Initially, the complex coacervate was glued with a cyanoacrylate adhesive onto the glass
slide to prevent adhesive failure at the glass surface. However, as shown in Figure 5-13.a, no
difference in adhesion performance was detected when comparing a test done using
cyanoacrylate as additional fixing agent with a test in which the sample was directly loaded
onto the glass slide. In order to decrease the number of preparation steps, it was decided not to
use the cyanoacrylate adhesive. Additionally, the same adhesion performance is obtained when
making contact underwater or in air, meaning that good contact with the PAA hydrogel surface
can always be achieved, also through water (Figure 5-13.b). This would not be feasible with
glues that cure upon reaction with water, like conventional cyanoacrylates, or with water
solutions of thermoresponsive graft copolymers bearing neutral backbones? since they would

disperse in the environment.
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Figure 5-13. (a) Effect of the presence of an additional layer of cyanoacrylate (CA) on the

adhesive performance in a probe-tack test. The detachment was performed at 50 °C, in a
medium at 0.75 M NaCl at a fixed complex coacervate film thickness (0.5 mm) and at a fixed
stretch rate (0.2 s%). (b) Effect of making the contact either underwater or in air on the adhesive
performance. The detachment was performed at 50 °C, at a fixed complex coacervate film

thickness (0.5 mm) and at a fixed stretch rate (0.1 s%).
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5.3.3. Underwater adhesion triggered by a temperature switch

As presented before, the water solution in the measurement chamber was prepared at the
same pH and salt concentration as that of the analyzed coacervate sample, so that the setting
mechanism observed could only be attributed to a temperature difference. At first, contact with
a negatively charged poly(acrylic acid) (PAA) hydrogel thin film, forming the probe surface,
was made at 20 °C while detachment was performed at 50 °C at a fixed stretch rate (0.1 s%) and
at a fixed initial thickness (ho = 0.5 mm). Complex coacervates prepared from homopolymer
solutions at 0.75 M NaCl can reach high strain values but cannot sustain any stress, both at 20
°C and at 50 °C, due to their viscous fluid character. A similar trend is observed when probing,
at 20 °C, the performance of complex coacervates prepared from graft copolymer solutions at
the same salt concentrations, providing low values of work of adhesion (W, ~20 mJ/m?). When
detachment is performed at 50 °C and at 0.2s™, the formation of PNIPAM physical cross-links
strengthens the adhesive, resulting in an increase in work of adhesion of two orders of

magnitude in (W, = 1.6 J/m?) (Figure 5-14).

—50°C
—20°C

Stress (kPa)
N~ b

e
w

0 e . .
0 50 100 150 200
Strain (%)
Figure 5-14. The complex coacervate is loaded on a glass slide and contact with a charged

probe surface is made underwater at 20 °C. The detachment is then performed either at 20 °C

or at 50 °C in a medium at 0.75 M NaCl. Stretch rate: 0.1 s
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When performing the temperature switch at different stretch rates, a trend similar to what
was observed in other adhesion studies on viscoelastic materials was detected.*® The stress peak
and the work of adhesion increase as a function of detaching speed, indicating that at higher
rates the system has insufficient time to relax the stress when probed, so that more energy is
dissipated upon detachment (Figure 5-15.a and Figure 5-15.b). The mode of failure is most

often cohesive: at the end of the test, residues of material can always be found on the probe

surface.
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Figure 5-15. (a) Shows the values of the work of adhesion obtained when the detachment was

performed at 50 °C, in a medium at 0.75 M NaCl and at a fixed grafted complex coacervate
film thickness (0.5 mm), in a stretch rate range from 0.02 s to 2 s*. (b) Corresponding stress-

strain curves showing the effect of stretch rate on the adhesion energy.

Additionally, in these experiments, the bulk mechanical properties of the adhesive are tested
since this system fails cohesively. Therefore, the work of adhesion increases linearly as a
function of the adhesive film thickness, meaning that the loading of more material, results in a
higher energy dissipation (Figure 5-16.a and Figure 5-16.b). However, after a critical thickness
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(0.5 mm), the adhesive performance drastically drops, probably because of the introduction of

more defects in the sample.
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Figure 5-16. (a) Values of work of adhesion obtained when the detachment was performed at

50 °C and at a fixed stretch rate (0.2 s%), in a graft complex coacervate film thickness range
from 0.25 mm to 0.75 mm. (b) Corresponding stress-strain curves showing the effect of

thickness on the adhesion energy.

Another parameter that may play a key role in the adhesion performance is the interaction
between the coacervate sample and the probe surface. The same probe-tack experiments were
performed by using a positively charged probe surface,®” and the same adhesion strength as
with the negatively charged probe surface was obtained (Figure 5-17). The complex coacervate
contains an equal amount of positive and negative charges, possessing similar characteristics to
the polyampholyte gels synthesized by Roy.!® These materials are found to form ionic bonds
with any charged surface, either positive or negative, because of a local polarization of the
hydrogel at the interface when a charged countersurface is approached. It is plausible that a

similar phenomenon occurs in our system. Electrostatic interactions may form between the
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probe surface and the complex coacervate, contributing, together to the strengthening
mechanism introduced by thermoresponsive PNIPAM chains, to the overall adhesion

performance.
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Figure 5-17. Effect of the type of surface on the work of adhesion when the detachment was

performed at 50 °C, in a medium at 0.75 M NaCl and at a fixed complex coacervate film
thickness (0.5 mm), in a stretch rate range of 0.2 s. The calculated work of adhesion for both

surfaces is in the same order of ~2 J/m?.

5.3.4. Underwater adhesion triggered by a salt switch at 20°C

Contact was made between the fluid complex coacervate phase and a negatively charged
poly(acrylic acid) (PAA) hydrogel thin film, until a fixed thickness of 0.5 mm was reached. A
0.1 M NaCl water solution at 20 °C was then added in the interior chamber of the underwater
tack test setup. Afterwards, the probe was pulled off at a fixed debonding velocity of 100 pum/s
(corresponding to a stretch rate of 0.2 %) after a certain contact time. Moreover, it is important
to determine if this contact time between the sample and the probe is enough to allow complete

ion diffusion out of the coacervate phase and reach the equilibrium. Figure 5-18 shows the
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adhesion performance after a salt switch where the contact time was either one hour or 15 hours
(overnight). Since only a moderate enhancement of work of adhesion was observed after one
night of contact time, it was decided to use one hour of contact time for all the reported

experiments.
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Figure 5-18. Effect of contact time on adhesive performance after a salt switch (from 0.75 M

to 0.1 M) when the detachment was performed at 20 °C and at a fixed complex coacervate film
thickness (0.5 mm) and a stretch rate of 0.2 s. The calculated work of adhesion for both contact

times is in the same order of ~7 J/mZ.

A proper adhesive performance is obtained with a good balance between cohesive properties
and viscoelastic dissipation.*® Figure 5-19.a presents the adhesion behavior at T=20 °C of
homopolymer and graft copolymer complex coacervates, when tested at the same stretch rate
of 0.2 s If the bulk elastic energy is high enough to overcome the adhesion energy, as it is
observed in homopolymer complex coacervates (W, = 3.2 J/m?), the detachment occurs at a
low strain (~500%) and the material fails adhesively, without leaving any residues on the probe
(Figure 5-19.b, top). On the other hand, in graft copolymer complex coacervates, a higher work

of adhesion (W, = 6.5 J/m?) can be reached because of the formation of filaments (Figure
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5-19.b, bottom). These filaments can hold stress up to high strain (~1000%) and break by
leaving residues of material on the detaching surface (cohesive failure). The presence of the
PNIPAM chains apparently induces an energy dissipation mechanism by softening the material

and allowing the relaxation of polymer chains during extension.
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Figure 5-19. (a) Comparison of underwater adhesive performance of both material systems

after a salt switch (from 0.75 M to 0.1 M) and a detachment stretch rate of 0.2s™ at 20°C. (b)
Modes of failure in underwater probe-tack test: Typical observations upon (top) adhesive failure
in homopolymer complex coacervates, (bottom) cohesive failure in graft copolymer complex

coacervates.

The effect of stretch rate on the work of adhesion was studied by varying the stretch rate in
the probe-tack experiments. The work of adhesion increases as a function of the stretch rate
applied, being higher in graft copolymer than homopolymer complex coacervates at a stretch
rate of 0.02 s and 0.2 s** and being fairly similar at the highest stretch rate of 2 s* (Figure
5-20.a). Adhesion energy increases at higher debonding speeds since the adhesive is not able
to relax the stress applied, so that energy needs to be dissipated upon detachment.®

Remarkably, in graft complex coacervates the mode of failure is cohesive and not change with
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the stretch rate applied and can be seen in the stress-strain curves that the strain at failure is very
similar at around 1000% (Figure 5-20.b). In contrast, for homopolymer complex coacervates
it is possible to observe a transition from an adhesive to a cohesive mode of failure when
increasing the stretch rate. At a stretch rate of 0.02 s the homopolymer complex coacervate
failed adhesively reaching a very low strain at failure of around 100%, however, by increasing
the stretch rate, this strain a failure increase at around 500% meaning that the coacervate was

able to stretch before breaking cohesively (Figure 5-20.c).
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Figure 5-20. (a) Adhesion energy as function of stretch rate after a salt switch for homopolymer

and graft copolymer complex coacervates (from 0.75 M to 0.1 M) at 20°C. (b) Effect of stretch
rate on the adhesive performance in the graft copolymer complex coacervate. (c) Effect of

stretch rate on the adhesive performance in the homopolymer complex coacervate.
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5.3.5. Underwater adhesion triggered by a temperature and a salt switch

As described above, the work of adhesion for the graft copolymer complex coacervate
obtained after performing a temperature switch at a stretch rate of 0.2 s (~1.8 J/m?. Figure
5-15) is almost four times lower than the one reached after a salt switch at the same stretch rate
of 0.2 s (~7 J/m?. Figure 5-18). Despite the same cohesive mode of failure, in the salt switch
case the adhesive can be stretched to a maximum strain (~1000%), which is almost one order
of magnitude higher than in the temperature switch (~150%). The architecture of the polymers
used and size of the formed domains might play a key role here: the graft copolymers have long
polyelectrolyte backbones (Mn ~ 200 kg/mol) bearing short PNIPAM side chains (Mn = 5.5
kg/mol). When performing a temperature switch, the short PNIPAM units, with restricted
mobility because of anchoring onto the main chain, are collapsed forming relatively small
domains. Consequently, the maximum strain at failure will be much lower than when
performing a salt switch, which promotes stronger electrostatic interactions between the
polyelectrolyte backbones, having a much higher mobility and molecular weight than the
PNIPAM chains.

The order in which the switch is performed considerably affects the material properties as
shown previously in the linear rheology of both setting mechanism as different order (Figure
5-10). These rheology experiments presented that if the temperature is raised above the LCST
and afterwards the electrostatic interactions are activated by the salt switch, the final elastic
moduli increased one order of magnitude compared to the salt switch and the temperature
switch alone. By performing a temperature switch first, which stimulates the collapse of the
shorter PNIPAM chains, followed by the salt switch that activates electrostatic interactions
between the longer polyelectrolyte backbones, leading to an overall increase of the number of

cross-linking points per unit volume. In contrast, if the salt switch is performed before the
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temperature switch, the long polyelectrolyte chains will collapsed first and the short PNIPAM

units will not have the required mobility to form well-entangled nodes.
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Figure 5-21. Work of adhesion of the graft copolymer complex coacervate measured after

different environmentally triggered setting reactions at a stretch rate of 0.2 s.

In this context, the adhesive performance of graft copolymer complex coacervate was tested
after performing a combined temperature and salt activated setting reaction, where the
temperature switch was the first setting mechanism. After loading the adhesive, a 0.1 M NaCl
water solution, pre-heated at 50 °C, was added and, after 1 hour contact time, the probe was
retracted. The adhesive fails again in a cohesive fashion, leaving residues on the probe.
Moreover, by doing the dual setting mechanism in the graft copolymer, it is possible to achieve
a higher maximum stress (~20 kPa) compared to either the temperature or the salt switch (~5
kPa). Therefore, since all three setting mechanisms failed cohesively, it is plausible that the
average number of cross-linking points per unit volume are higher by doing the double setting
mechanism with the temperature switch first (Figure 5-21.a). Furthermore, the final work of

adhesion is slightly higher (~8 J/m?) than the one obtained after either a salt switch or a
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temperature switch (Figure 5-21.b). Therefore, by doing both setting mechanisms, which have
different time scales, the underwater adhesive performance is not only maintained but also
improved. This means that it is not only the higher value of work of adhesion that matters, but
also the Kkinetics of the transition: the time required for ion diffusion is much longer than the
one required for the collapse of the PNIPAM domains. This means that the presence of
PNIPAM allows an immediate setting, which would not be possible in homopolymer complex
coacervates, followed by a further reinforcement of the material over time due to the formation

of stronger electrostatic interactions.
5.4. Conclusions

A new technology for underwater adhesion has been developed in this work. The results
show that a complex coacervate with the combination of electrostatic interactions and
thermoresponsive domains results in a material system with promising properties as delivery
vehicle for underwater adhesives. We have shown that PNIPAM-reinforced complex
coacervates provide an outstanding underwater adhesion performance, in response to different
triggers, compared to the unmodified counterpart (homopolymer coacervate). Particularly,
when tested with the dual combination of an increase in temperature and a decreased in the salt
concentration of the environment. Moreover, the graft copolymer complex coacervate failed
cohesively and reached only a work of adhesion of 10 J/m?, which means that the adhesion can
indeed be improved by increasing its toughness. For instance, it can be improved by changing
the architecture of the polyelectrolyte backbones, the length and amount of PNIPAM chains
grafted on the backbones or by introducing local reinforcement in the complex coacervate
phase, such as incorporating silica nanoparticles.

The applications of this novel technology are very large since avoids many of the problems

of current underwater adhesives. For instance, in biological environments, such as inside the
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human body (temperature above the LCST and low salt concentration), the proposed

technology is an ideal candidate to bond biological tissues. Outside the human body, the

complex coacervate prepared at a high salt concentration is a liquid-like material and when

injected inside the body, it can turns into a viscoelastic and sticky material. Therefore, this

system will be interested for the unmet surgical adhesives market.
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6. General conclusion and further remarks

Probe-tack AFM-CP Complex
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PART | PART II PART Il

Part 1. Model synthetic system

The underwater adhesion between oppositely charged polyelectrolytes swollen materials is

a complex multi-parameter problem, and the effect of several of these parameters has been
highlighted using a model synthetic system. The synthetic system that we used; an elastic
positively charged hydrogel interacting with a negatively charged surface (weak polyacid),
highlights the role played by molecular electrostatic interactions and the hydrogel network
architecture on the strength of macroscopic adhesion of hydrogels underwater. This synthetic
system led us to several conclusions at the macro and the micro scales when linking molecular
architectures and electrostatic interactions to underwater adhesion energy:

e Poly(acrylic acid) hydrogel films serve as model system for electrostatic interactions. The
fabrication is easy (i.e. less steps than polymer brushes), robust (i.e. homogeneous thickness)
and versatile (several thicknesses can be achieved). More notably, these films led us to
straightforwardly tune the interfacial areal density of charges and to relate them with
macroscopic adhesion without contributing significantly to the dissipated energy.

e The underwater adhesion between hydrogels from electrostatic interactions is a rate-

dependent phenomena, since it increases with the logarithm of the pulling rate at both micro
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and macro scale when using the probe-tack test and the AFM-colloidal probe technique.

e According to adhesion measurements as a function of different contact times, the kinetics of
bond formation is very fast for electrostatic interactions, since only 1 second is enough to
measure a significant high macroscopic adhesion (~0.5 J/m?).

e Previously, the areal density of interactions at the interface was assumed (of the order of
%; ~10'® bonds/m?). By using the streaming potential measurements, it is possible to make
a significantly better estimation of the amount of interactions formed at the interface. The
new estimation for our model system at pH 5.5 is of the order of X; ~10'® bonds/m?.

e The linear dependence of the work of adhesion on the interfacial charge density (%;) is a new
result of the thesis. When increasing the pH in the medium, the measured macroscopic and
microscopic work of adhesion increases. Qualitatively it is not a surprise that I/, increases
with charge density, however, it is notable to conclude that if we double X; we double the
work of adhesion. Although such experiments were not carried out, it is possible that for a
lower applied pressure during the contact stage (<3 kPa) or for a higher modulus gel, the
density of positive charges available for interactions with the PAA hydrogel thin film will
be reduced and that at some point the linear relation will not hold.

e Ataconstant X; (at both micro and macro scale), the work of adhesion was found to decrease
with the elastic modulus of the macroscopic hydrogel. In both, the probe-tack and the AFM-
CP measurements, I, increases up to two orders of magnitude when the elastic modulus of
the gel decreases from ~400 kPa to ~100 kPa. This result shows that the rupture of
electrostatic interactions between soft swollen materials can be explained semi-
quantitatively by comparing to a simple model proposed by Manoj J. Chaudhury for weak
adhesion of elastomers. Chaudhury’s model, led us to conclude that the adhesion energy can

be simplified by a combination of strain rate dependent bond rupture combined with a strong
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dependence on the rigidity of the macroscopic hydrogels, particularly on the average number
of monomers between crosslinks (N,.). Therefore, according to both Chaudhury’s model and
the experimental data, by increasing the N, from ~20 to ~80 monomer units, the
macroscopic adhesion increases by almost one order of magnitude from ~0.1 J/m? to ~1
JIm?,

e Finally, we have shown that the measured adhesion energy indeed corresponds to the
breaking of electrostatic interactions at the interface since the magnitude (at both micro and
macro scale) is highly sensitive to the ionic strength of the medium, i.e the concentration of
added salt. This behavior was explained semi-quantitatively by using the Evans model of
rupture of single bonds coupled with the Debye-Hiickel theory of electrostatic double-layer
forces. This model bring us to a description of the debonding process controlled by the
kinetic rupture of single ionic bonds as a function of the force pulling rate and the ionic

strength of the medium.

We found several encouraging facts when linking molecular electrostatic interactions to
macroscopic underwater adhesion. However, it is still necessary to have a better estimate of the
areal density of charges for films with different thicknesses (and its effect on macroscopic
adhesion), and for films in mediums with different ionic strengths. Finally, Chaudhury’s model
does not fit our data for a combination of highly crosslinked macroscopic hydrogels and low
debonding rates. Therefore, an improvement in this prediction is still necessary, for instance by
adding dissipative mechanism of the polymer chains and adding values of non-linear spring

constant for the polymer chains.

247



General conclusion and further remarks

Part I1. Bio-based system

The proposed bio-based system allowed us to measure underwater adhesion between
oppositely charged gelatin hydrogels. We found that the concept developed for the synthetic
system of controlling and predicting underwater adhesion by tuning the interfacial charge
density and the bulk mechanical properties, was transposable to the gelatin-based system. Also,
this system led us to several conclusions:

e We succeed in preparing dual crosslink macroscopic hydrogels and thin films based on
gelatin using the amidification reaction with the EDC/NHS coupling agent.

e We were able to measure macroscopic underwater adhesion between oppositely charged
gelatin gels only by electrostatic interactions and without any contribution of the natural
thermoreversible properties of gelatin.

e The new developed gelatin hydrogel thin films serves as a good surface model for mimicking
human tissues when testing adhesive systems for medical applications under aqueous
environments.

e When adhesive failure occurred, the W, of Gela hydrogels against PAA films was
significantly higher than against Gelg films showing that W, strongly depends on the
interfacial charge density since PAA has a higher density of negative charges than Gelg, as
shown by streaming potential measurements.

¢ In adhesion experiments between Gela and Gelg, it was possible to tune W, by changing the

pH of the tested medium since the charge level of both Gela and Gelg is pH-dependent.

We showed with this bio-based system, that interfacial charge density and mechanical
properties of macroscopic hydrogels are important parameters that permit to control underwater

macroscopic adhesion between oppositely charged hydrogels. Moreover, the connection of
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molecular architecture and macroscopic adhesion underwater of this gelatin system is not fully
understood.

Finally, we presented very briefly a new model system to study the work of adhesion
underwater between a gelatin-acrylamide double network hydrogel. Yet, a systematic study of
the molecular architecture of this system is necessary to fully understand its connection with

the macroscopic underwater adhesion strength.
Part I11. Underwater adhesion of complex-coacervates

A new proof of concept for underwater adhesion has been developed in this work. The results
show that a complex coacervate with the combination of electrostatic interactions and
thermoresponsive domains results in a material system with promising properties as delivery
vehicle for underwater injectable adhesives. Moreover, we were able to adapt the underwater
probe-tack test to measure, in a reproducible way, the underwater adhesion properties of
complex coacervates adhesives after being exposed to either a temperature or a salt switch, or
a combination of both setting mechanisms.

We have shown that PNIPAM-reinforced complex coacervates provide an outstanding
underwater adhesion performance, in response to different triggers, compared to the unmodified
counterpart (homopolymer coacervate). Particularly, when tested with the dual combination of
an increase in temperature and a decrease in the salt concentration of the environment. The
applications of this novel technology are very broad since it avoids many of the problems of
current underwater adhesives. For instance, in biological environments, such as inside the
human body (temperature above the LCST and low salt concentration), the proposed
technology is an ideal candidate to bond biological tissues. Outside the human body, the

complex coacervate prepared at a high salt concentration is a liquid-like material and when

249



General conclusion and further remarks

injected inside the body, it can turns into a viscoelastic and sticky material. Therefore, this
system will be interested for the unmet surgical adhesives market.

Moreover, the graft copolymer complex coacervate failed cohesively and reached a work of
adhesion in the order of 10 J/m?, which means that the adhesion can indeed be higher by
increasing the toughness of the adhesive itself. For instance, it can be improved by changing
the architecture of the polyelectrolyte backbones, the length and amount of PNIPAM chains
grafted on the backbones or by introducing local reinforcement in the complex coacervate

phase, such as incorporating silica nanoparticles.
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Annexes

Synthesis of complex coarcervates based polyelectrolytes polymers grafted

with PNIPAM.

Materials

Poly(acrylic acid) (PAA, analytical standard, M, = 239 kg/mol, My = 1030 kg/mol), poly(N-
isopropylacrylamide) amine terminated (PNIPAM-NH,, average M, = 5.5 kg/mol), N,N’-
dicyclohexylcarbodiimide (DCC, 99%), acrylic acid (AA, 99%), potassium persulfate (KPS, >
99%), N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5%), sodium chloride (NaCl, > 99 %), 1-
(3-dimethylaminopropyl)-3-ethyl-carbodiimide  hydrochloride (EDC, > 98 %), N-
hydroxysulfosuccinimide (NHS, 98%), allylamine (98%), toluene (anhydrous, 99.8%), formic
acid (> 95 %) and 1,4-dithioerythritol (> 99 %) were purchased from Sigma-Aldrich.
Poly(acrylic acid) (PAA, 25% soln. in water, My ~ 50 kg/mol) was purchased from
Polysciences. N,N-Dimethylaminopropyl acrylamide (DMAPAA, 98%) was purchased from
ABCR GmbH. Sodium metabisulfite (Na2S.0s, 98%) was purchased from Scharlau. (3-
Mercaptopropyl)trimethoxysilane (95 %) was purchased from Alfa Aesar. Methanol (99.9%),
tetrahydrofuran (THF, stab./BHT, 99.8%), diethyl ether (stab./BHT AR, 99.5%) and
acetonitrile (ACN, AR, 99.8) were purchased from Biosolve. 1.0 M and 0.1 M Sodium
Hydroxide solutions (NaOH), 1.0 M and 0.1 M hydrochloric acid (HCI) solutions and
CertiPUR® (pH 4.0 buffer solution, citric acid/sodium hydroxide/hydrogen chloride) were
purchased from Merck Millipore. Tetradecane (99%) was purchased from TCI Europe.
Millipore water was obtained from Milli-Q (Millipore, conductivity: 0.055 mScm™). Silicon
wafers were purchased from ACM. Polyvinyl acetate glue (ref. L0196, 20 ml) was purchased

from 3M. Cyanoacrylate adhesive (ref. 495) was purchased from Loctite. DMAPAA was
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passed through an alumina column to remove the inhibitor. All other products were used as

received without further purification.
PAA-g-PNIPAM synthesis

Poly(acrylic acid)-g-poly(N-isopropylacrylamide) (PAA-g-PNIPAM) was synthesized using a
“grafting onto” technique according to the method developed by Durand. Briefly, poly(acrylic
acid) (PAA) was dissolved in N-methyl-2-pyrrolidone (NMP) at 60 °C for 24 hours in a three-
neck round-bottom flask equipped with a reflux condenser and a magnetic stirrer. Amine
terminated poly(N-isopropylacrylamide) (PNIPAM-NH>), dissolved in NMP, was then added
(Figure 1). The mixture was bubbled with nitrogen and, after 2 hours, N,N’-
dicyclohexylcarbodiimide (DCC), previously dissolved in NMP and purged with nitrogen, was
added. The ratio between DCC units and amine end groups was set to 10. After 24 hours, the

mixture was exposed to air and the flask was immersed in an ice bath.
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(0] N\/\
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/\/S pce "
+ HoN S
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n m x y )\
o )NH\ ) O_

(e] OH

Figure 1. PAA-g-PNIPAM synthesis scheme

Dicyclohexylurea (DCU), by-product of the coupling reaction, precipitated out of the solution
and it was removed via centrifugation. PAA-g-PNIPAM was then precipitated using a 1.0 M
sodium hydroxide (NaOH) solution ([NaOH]/[Acrylic acid units] ~ 2). The product was washed
three times with cold methanol and tetrahydrofuran (THF) and dissolved in Milli-Q water. The
residual DCU was removed via centrifugation and the copolymer was dialysed for 1 week
against Milli-Q water (membrane cut-off ~ 10 kg/mol). The final product was recovered by

freeze-drying and analysed with *H-NMR and size exclusion chromatography (SEC).
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PAA-g-PNIPAM (Figure 2): PAA (*H-NMR, 400 MHz, D;0, § (ppm)): 1.46-1.68 (2H,CH;
backbone), 2.10 (1H, CH backbone). PNIPAM (*H-NMR, 400 MHz, D20, § (ppm)): 1.14 (6H,

CHs3), 1.58 (2H, CH2 backbone), 2.02 (1H, CH backbone), 3.88 (1H, CH).

-3.88
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~2.02
168
1.58
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1.14
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Figure 2. *H-NMR spectrum of PAA-g-PNIPAM

The molar ratio of PNIPAM sidechains was determined as follows. At first, the area of the peak
at 3.88 ppm was set to 1.0. Afterwards, in order to get the PAA contribution to the *H-NMR
spectrum, the area between 1.25 ppm and 2.5 ppm was subtracted by 3.0 (number of hydrogens
belonging to the PNIPAM backbone) and successively divided by 3.0 (number of hydrogens
belonging to the PAA backbone). The molar ratio of PNIPAM sidechains was then obtained by
dividing the area relative to one PNIPAM hydrogen (1.0) by the sum of the areas relative to one
PAA hydrogen and one PNIPAM hydrogen. The calculated molar ratio between PAA and
PNIPAM is 71:29. Since the M, of both the backbone and the side chains are known, it is also

possible to calculate the total M, of the copolymer and the number of side chains by *H-NMR:
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the calculated My is 400kg /mol, resulting in nearly 28 PNIPAM side chains for every PAA
backbone.

M, of the copolymer was determined by size exclusion chromatography on an Agilent
Technologies 1200 system using an Ultrahydrogel 500 column with an Agilent 1200 RI
detector. Samples were run using water as eluent containing 100 mM NaNOs and 10 mM
phosphate buffer at pH 7 at a flow rate of 0.5 ml min™’. The calibration was performed using
poly(methacrylic acid) standards. M, as determined by SEC is 403 kg/mol, in good agreement
with the *H-NMR results, with a PDI of 8.5. The high PDI is due to the high polydispersity of
the PAA backbone (PDI 4.3) and of the PNIPAM side chains (PDI 3.21), and due to the

coupling reaction, which does not allow for control of the number of grafts per backbone.
PDMAPAA-g-PNIPAM synthesis

Poly(N,N-dimethylaminopropyl acrylamide)-g-poly(N-isopropylacrylamide) (PDMAPAA-g-
PNIPAM) was synthesized using a “grafting through” technique. First, a poly(N-
isopropylacrylamide) macromonomer (macroPNIPAM) was synthesized and subsequently
polymerized together with N,N-dimethylaminopropyl acrylamide (DMAPAA) to obtain the
final copolymer.

MacroPNIPAM was prepared according to the method developed by Petit.? Briefly, PNIPAM-
NH: and acrylic acid (AA) were dissolved in NMP in a one-neck round-bottom flask at room
temperature and bubbled with nitrogen for 1 hour (Figure S3). The ratio between AA units and
amino end groups was set to 15. DCC, dissolved in NMP and bubbled with nitrogen, was then
added to the mixture ([DCC]/[AA] = 1). The reaction was allowed to proceed for 3 hours under

continuous stirring.
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Figure 3. MacroPNIPAM synthesis scheme

DCU was removed via centrifugation and macroPNIPAM was precipitated in cold diethyl ether
and washed three times with the non-solvent. The macromonomer was then dialysed against

Milli-Q water (membrane cut-off ~ 2 kg/mol), freeze dried and analysed with *H-NMR.

MacroPNIPAM (Figure 4): (*H-NMR, 400 MHz, D0 (solvent peak at 4.70), § (ppm)): 1.14
(6H, CH3), 1.58 (2H, CH2backbone), 2.01 (1H, CH backbone), 2.63 (2H, CHy), 3.45 (2H, CH,),

3.90 (1H, CH), 5.77, 6.20 and 6.38 (3H, end-group).
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Figure 4. 'H-NMR spectrum of macroPNIPAM
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In Figure 4 it is possible to detect the presence of the double bond in the region between 5.5

ppm and 6.5 ppm, which means that the coupling reaction has been performed successfully.

PDMAPAA-g-PNIPAM was then obtained by aqueous free radical polymerization:
macroPNIPAM and DMAPAA were dissolved at room temperature in a buffer solution at pH
=4 in a three-neck round-bottom flask equipped with a reflux condenser and a magnetic stirrer.
The mixture was bubbled with nitrogen for 1 hour; then, sodium metabisulfite (Na2S20s) and
potassium persulfate (KPS), previously dissolved in the same buffer solution and purged with
nitrogen, were added ([DMAPAA]/[KPS] = 333, [DMAPAA]/[ NazS,0s] = 1000) (Figure S5).
The reaction was allowed to proceed for 4 hours under continuous stirring. The reaction was
then stopped exposing the mixture to air and the final product was recovered by precipitation

in acetonitrile (ACN).
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Figure 5. PDMAPAA-g-PNIPAM synthesis scheme

The copolymer was dissolved in the buffer solution and the precipitation in ACN was repeated
three times. The final product was then dialysed against Milli-Q water (membrane cut-off ~ 10

kg/mol) for 1 week. PDMAPAA-g-PNIPAM was recovered by freeze drying.

PDMAPAA homopolymer was obtained using the same procedure without adding the PNIPAM

macromonomer in the reaction mixture.
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PDMAPAA-g-PNIPAM (Figure 6): PDMAPAA (*H-NMR, 400 MHz, D20, § (ppm)): 1.63
(1H, CH backbone), 1.91 (2H, CHs), 2.08 (1H, CH backbone), 2.73 (6H, CHs), 2.94 (2H, CHy),
3.25 (2H, CHz). PNIPAM (*H-NMR, 400 MHz, D0, 5 (ppm)): 1.20 (6H, CHz), 1.76(2H, CH>

backbone), 2.08 (1H, CH backbone), 3.95 (1H, CH).
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Figure 6. *H-NMR spectrum of PDMAPAA-g-PNIPAM

The mol% of PNIPAM sidechains was determined as follows. At first, the area of the peak at
1.20 ppm, corresponding to 6 hydrogens in the PNIPAM isopropyl group, was set to 1.0.
Afterwards, the area of the peak at 2.73, corresponding to 6 hydrogens in the PDMAPAA
dimethylamine group, was determined. The molar ratio of PNIPAM sidechains was then
obtained by calculating the ratio between the PNIPAM signal (1.0) and the sum of the PNIPAM
and PDMAPAA signals. The calculated molar ratio between PDMAPAA and PNIPAM is
65:35. Since the M, of the backbone is not known, it is not possible to calculate the total My, of

the copolymer by *H-NMR.
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M, of the copolymer was determined by size exclusion chromatography on an Agilent
Technologies 1260 Infinity 1l system using a PSS Novema MAX 1000 A column with an
Agilent 1260 RI detector. Samples were run using water as eluent containing 300 mM formic
acid at a flow rate of 0.6 ml mint. The calibration was performed using poly(2-vinylpyridine)
standards. My of the copolymer is 248 kg/mol, with a PDI of 4.4, which gives an average number
molar mass of 186 kg/mol for the PDMAPAA backbone which carry around 12 PNIPAM side-
chains. The high PDI is due to the high polydispersity of the PNIPAM side chains (PDI 3.21),
to the interactions of the polymer with the column that broaden the molecular weight
distribution and to the low molecular weight control due to the free radical polymerization

technique. In Table 1, a summary of the characteristics of the polyelectrolytes used in this study

is listed.
Polvimer MnNMR | Mn SEC PDI Molar (weight) ratio monomer
y (kg/mol) | (kg/mol) backbone/PNIPAM side chains (%)
PAA - 239 4.3 -
PAA-g- . :
PNIPAM 467 403 8.5 71:29 (61:39)
PDMAPAA - 139 4.6 -
PDMAPAA-g- ) ]
PNIPAM - 248 4.4 65:35 (72:28)

Table 1. Characteristics of polymers used in this study

Optimal mixing conditions

Parameters that strongly affect complex coacervation are the pH, the mixing ratio and the salt
concentration.>* In order to obtain a material that could be properly tested in the underwater

probe-tack test, the optimal mixing conditions were determined.
Optimal mixing pH

The graft copolymers that were synthesized possess weak polyelectrolyte backbones, which

means that the degree of ionization changes as a function of pH. Complex coacervation is
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achieved when both the polyelectrolytes are charged and the yield is higher when the degree of
ionization of both species is higher. It is important to know, then, what is the optimal pH at
which oppositely charged graft copolymer solutions should be mixed. The optimal mixing pH

was determined by pH titrations and zeta potential measurements on single polymer solutions.

In order to determine the degree of ionization as a function of pH, pH titrations were
performed on single graft copolymers solutions to determine the pKa and the pKy. pH titrations
were carried out on PAA-g-PNIPAM solution, starting from a fully protonated form, and on
PDMAPAA-g-PNIPAM solution, starting from a fully deprotonated form ([NaCl] = 0.1 M).
The concentration of the solution was set to 1.0 g/L. Sodium hydroxide (NaOH) 0.1 M and
hydrochloric acid (HCI) 0.1 M solutions were used to modify the pH. The titrations were
performed at room temperature using a Schott CG 842 pH meter. The effective pKa and pKjp
were taken as the pH halfway of the equivalence point and could be used to calculate the degree

of ionisation as a function of pH (Figure 7), according to the following equations:®

10PH-PKa
~ 1+ 10PH-PKa

10PKp—PH
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Figure 7. Degree of ionisation of the two graft copolymers as a function of pH
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From Figure 7, it is evident that PAA-g-PNIPAM acquires a negative charge at pH 4.0 and it
becomes fully charged at pH 9.0, while PDMAPAA-g-PNIPAM has a positive charge below
pH 12.0 and it is fully charged below pH 6.0. The pH at the crossover point is around 7.6.

In addition to that, zeta potential measurements were carried out in order to determine the
optimal mixing pH. The analysis were performed on a Malvern Instruments Zetasizer Nano ZS.
The electrophoretic mobility was converted into zeta potential values using the Smoluchowsky
model. Zeta potential measurements of single graft copolymer solutions were performed as a
function of pH (Figure 8). The solutions were prepared at a charged units concentration (moles
of PAA/PDMAPAA per unit volume) of 0.01 M and at 0.1 M NaCl. The pH of every sample
was adjusted using 0.1 M NaOH and 0.1 M HCI solutions. Experiments were performed in a

pH range between 3.5 and 11.5.
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Figure 8. Zeta potential of the two graft copolymer solutions as a function of pH

The trend is similar to the one observed in the titration experiment: PDMAPAA-g-PNIPAM is

positively charged below pH 11.0 while PAA-g-PNIPAM is always negatively charged in the
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range analysed. It was not possible to perform experiments at lower pH values because PAA
and PNIPAM start to interact at acidic pH, forming complexes which precipitate.

To determine at which pH the oppositely charged polyelectrolytes solutions should be mixed
to maximise the interactions and the complex coacervate yield, a strategy commonly used in
literature has been used. A third order polynomial line was fitted through the experimental data
obtained.>® After that, the product of the absolute values of the zeta potential of the oppositely
charged polyelectrolytes at the same pH was calculated. The obtained value is called strength

of electrostatic interactions (SEI) and was plotted as a function of pH (Figure 9).
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Figure 9. Strength of interactions between the two polyelectrolytes as a function of pH

From this graph, it is clear that the interactions between the graft copolymers are maximised in
the pH region around 6.75. After comparing this result to the data obtained from the titration

experiments, the optimal mixing pH was set to 7.0.
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Optimal mixing ratio

Zeta potential measurements were performed on mixtures of oppositely charged copolymer
solutions as a function of the mixing ratio (Figure 10). The mixing ratio is defined as the ratio
between positively chargeable units and total chargeable units in the mixture and was calculated
according to the information obtained by 'H-NMR. Single graft copolymer solutions were
prepared at pH 7.0 and at 0.1 M NaCl. Subsequently, the solutions were mixed at different
mixing ratios, keeping the total chargeable monomer concentration (sum of PAA and
PDMAPAA moles per unit of volume) constant (0.01 M). The obtained mixtures were
centrifuged for 10 minutes at 4000 g to separate any precipitate that could have formed. Zeta
potential measurements were then performed on the supernatant as a function of the mixing

ratio to check the presence of excess charge in solution.
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Figure 10. Zeta potential of the dilute phase as a function of the mixing ratio

The graph clearly shows that excess charge is detected in the dilute phase except for a mixing
ratio of 0.5, which is when charge balance is achieved. That means that the charges are
counterbalanced in the complex coacervate phase and the excess ends up in the dilute phase

when the mixing ratio deviates from 0.5. The optimal mixing ratio was then set to 0.5.
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Optimal salt concentration

To have good adhesive properties underwater, the material should behave like a fluid when
contact is made with the probe and like a stress-bearing solid when the detachment is performed.
In order to obtain a material that can easily flow, providing good contact with the surface of
interest, the polyelectrolytes should be mixed at a salt concentration close to the critical salt
concentration (CSC, concentration at which complexation is suppressed), which is detected
slightly above 0.8 M NaCl. For this reason, a salt concentration of 0.75 M NaCl has been chosen
in this study. The solidification of the material, required to resist detachment, will then be
provided by the formation of stronger electrostatic interactions by immersing the material in a
lower ionic strength medium and/or of physical crosslinks between PNIPAM chains above the

LCST.
Complex Coacervate formation

Stock solutions of PAA-g-PNIPAM and PDMAPAA-g-PNIPAM were prepared at a
chargeable monomer concentration (PAA/PDMAPAA moles per unit volume) of 0.1 M. The
pH of PAA-g-PNIPAM solution was adjusted to 7.0 using 0.1 M NaOH and 0.1 M HCI. 3.0 M
NaCl was added to the PDMAPAA-g-PNIPAM solution to adjust the ionic strength, followed
by an adjustment of the pH to 7.0 using 0.1 M NaOH and 0.1 M HCI. Finally, a calculated
amount of PAA-g-PNIPAM solution was added to the PDMAPAA-g-PNIPAM solution. The
final mixture contained a 0.05 M total chargeable monomer concentration, a 0.5 mixing ratio,
a 0.75 M NacCl concentration and a pH equal to 7.0. Complex coacervation took place directly
after addition of the PAA-g-PNIPAM solution. After vigorous shaking, the complex coacervate
phase was dispersed throughout the mixture. The mixture was left to equilibrate for 1 day and
then it was centrifuged at 4000 g for 1 hour. Two clearly separated phases appeared, with the

complex coacervate phase sedimented at the bottom of the centrifuge tube. In addition to that,
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complex coacervates were prepared by mixing homopolymers solutions (PAA and
PDMAPAA). These samples were obtained using the same procedure and the same parameters
described above. The complex coacervates were stored at 4 °C in order to preserve them at a

temperature well below the LCST.

Small Angle X-Ray Scattering (SAXS)

SAXS experiments were performed at the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France, at the Dutch-Belgian Beamline (BM26B, DUBBLE). A Pilatus 1M detector,
a fixed energy of 12 keV and a single detector distance of 2.7 meters were used, covering a
total g-range from 0.0665 nm™ to 5.23 nm™. The two dimensional images were radially
averaged around the centre of the primary beam to obtain the isotropic SAXS profiles. The
scattering pattern from Silver Behenate was used for the calibration of the g-range. Eltex was
used as reference sample for the intensity calibration in absolute units (cm™). The data have
been normalized to the intensity of the incident beam to correct for primary beam intensity
decay. The data were corrected for absorption and background scattering. Two ionization
chambers, placed before and after the sample, were utilized for the measurement of the incident
and transmitted beams. The background correction was made by subtracting from the total
intensity the contribution of density fluctuations evaluated from measuring the blank (0.75 M
NaCl solution).The samples were loaded into 2 mm quartz capillaries using Pasteur pipettes
and stored at 4 °C before measurements. Before starting the experiment, the samples were
placed in a Linkam DSC 600 furnace that allows temperature control. A temperature ramp from
10 °C to 50 °C was performed. SAXS images were recorded every 30 seconds at a fixed

temperature, which was kept constant for an interval ranging from 5 to 20 minutes depending
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on the temperature selected. When a new temperature was selected, the heating rate was fixed

to 10 °C/min.
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Abstract

This work attempts to unravel some of the intricacies of the agueous adhesion of elastic or
viscoelastic highly swollen charged polymers. In Part | the first model synthetic system
permitted us to successfully link the molecular architecture of the elastic hydrogels, their
interfacial charge density and the ionic strength of the medium with the underwater adhesion
properties at a macroscopic level using probe-tack experiments and a microscopic level using
atomic force microscopy. In Part 11 we successfully expanded the synthetic elastic system to
measure macroscopic adhesion between oppositely charged gelatin-based hydrogels. Finally,
in Part 11 we developed a synthetic and bio-inspired adhesive based on complex coacervation.
This novel adhesive system combines the contribution of electrostatic interactions and
thermoresponsive domains resulting in a material with promising properties as an injectable
viscoelastic adhesive for medical applications.

Résumé

Ce travail essaie de décortiquer les multiples parametres régissant 1’adhésion en phase
aqueuse de polymeres chargés. Nous cherchons d’abord a établir un lien entre les interactions
électrostatiques moléculaires et les différentes architectures moléculaires de matériaux gonflés
¢lastiques (Parties I et II) ou viscoélastiques (Partie III), avant de nous intéresser a I’adhésion
en milieu immergeé. (Partie 1) Le premier systeme modele de matériaux synthétiques nous a
permis de corréler I’architecture moléculaire des hydrogels ¢€lastiques, la densité de charge
interfaciale, et la force ionique du milieu avec les propriétés adhésives en phase aqueuse, a un
niveau macroscopique en utilisant la technique du Probe-tack, et également a un niveau
microscopique avec la microscopie a force atomique. (Partie I1) Par ailleurs, étant inspirés par
les systemes adhésifs naturels, nous avons cherché a étendre ce systéeme modéle a la mesure
d’adhésion macroscopique entre hydrogels de gélatine de charges opposées. Nous montrons
que le systétme modéele permettant de controler et de prédire 1’adhésion en milieu aqueux en
modifiant la densité de charge interfaciale et les propriétés mécaniques du matériau est
transposable aux systemes a base de gelatine. (Partie 111) Enfin, nous avons développé un
adhesif bio-inspiré entierement synthétique a base de coacervation complexe. Ce nouveau
systéeme d’adhésif associe les interactions électrostatiques avec des domaines thermo-sensibles,
donnant ainsi naissance a un matériau prometteur pour I’adhésion en milieu immerge.
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