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ABSTRACT

At low pH, underwater adherence between poly(N, N-dimethylacrylamide) hydrogels and poly(acrylic
acid) brushes is due to the formation of multiple hydrogen bonds. The effect of the key parameters
controlling the formation of these interactions (contact time and composition of the hydrogel) was
investigated with a contact mechanics test using a flat probe. We specifically quantified the loss of
adherence during the progressive swelling to equilibrium of the gels and, at fixed contact time, found a
significant decrease in adherence between the preparation state and the swelling equilibrium even in
the case of relatively low dilution factors. This adherence loss was attributed to the slowdown of the
kinetics of formation of multiple H-bond interactions as the gel approached its equilibrated state. In
both limiting conditions the energy of adherence scaled with the polymer concentration, independent
of the crosslinks density of the gel, suggesting that the Lake and Thomas amplification factor is not

relevant for these weak bonds.

Keywords: underwater adherence, hydrogels, polymer brush, weak interactions, out-of-equilibrium,
swelling equilibrium.
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1. INTRODUCTION

The use of hydrogels as surgical adhesives', drug-loaded skin or mucoadhesives® , injectable adhesive
hydrogels® or tailor-made artificial organs through 3D bioprinting* has raised some fundamental
questions about the hydrogel adherence with mucus in wet environments and its evolution over time.
More recently some work has been done to control and improve the adherence of synthetic hydrogels
to hydrophilic and hydrophobic surfaces for the engineering purpose of assembling multimaterials®®.
However, in all these cases, the main objective was to design and demonstrate a recipe or method that
works, rather than to obtain a deep and general understanding of the underlying principles behind gel
adherence.

In parallel some more systematic studies have also been carried out with model systems’'',
investigating among other things the effect of the detailed composition of the gel, of the environment
(pH in particular), ionic strength or temperature on the measured adherence with the objective to
develop robust models. Our study fits well in this latter category and focuses on the process of

equilibration of the gel with its environment and its consequences on adhesive interactions.

Synthetic hydrogels are model hydrophilic soft materials that are typically swollen with water (80-
95% of water) and have moduli in the kPa range. They are normally composed of flexible water-
soluble polymer chains synthesized or crosslinked in the presence of a fixed concentration of water
(constituting the preparation conditions) and, if left then in excess water, will swell to equilibrium.
This equilibration with the environment until the chemical potential of the water and mobile species
inside and outside the gel is the same, 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'*"?. However
changes in surface properties and adherence due to this equilibration process in aqueous conditions

have not been addressed systematically to the best of our knowledge.

The process of swelling to equilibrium of the polymer gel results in a dilution of the flexible chains
and therefore in a reduction in their concentration. In the absence of heterogeneities, this decrease in

polymer concentration also occurs on the surface of the hydrogel.

Taking a naive picture of adherence, one can hypothesize that if adherence between two hydrogels or
between a hydrogel and a polymer brush occurs at preparation conditions and at swelling equilibrium,
the areal density of interactions should scale with the polymer concentration. When the hydrogel is
separated from the surface in controlled conditions, the energy needed to perform this debonding test
will in turn depend on the strength and areal density of these interactions (the stress that can be
sustained by the interface) and also on the bulk dissipative mechanisms in the hydrogel. If the
interactions are weak and the gels are elastic, bulk dissipation is negligible. In this case, the energy
dissipated during the debonding (which we call work of adherence) can be attributed to the irreversible
energy dissipation occurring during the breakup of weak bonds attached to flexible chains. This

14-15

scenario has been discussed in detail by Chaudhury for hydrophobic systems and assumes that this
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bond scission is rate dependent as proposed originally by Evan Evans'®, and depends also on the
length of the chain to which the interacting group is attached, as proposed by Lake and Thomas'’ for

the scission of main chain bonds in crosslinked flexible networks.

It is the purpose of this article to explore different conditions under which underwater macroscopic
adherence can be measured between a neutral hydrogel and a polymer brush in conditions where
gel/brush molecular interactions can occur by hydrogen bonding. The model gel is made of poly(N,N-
dimethylacrylamide) (PDMA) and the brush is made of poly(acrylic acid) (PAA). As reported
previously this type of combination gives a weak and reversible adherence which depends strongly on
the pH and temperature of the medium'" '®. Above the pK, of the acid/base functions of the brush, the
carboxylic groups of PAA are negatively charged and no adherence is observed with neutral PDMA.
However in acidic conditions (well below the pK, of the acid/base functions), the PAA brush is fully
protonated and multiple hydrogen bonds can be formed between the brush and the gel, even in water,

leading to a measurable macroscopic adherence.

In a previous study'', we investigated the dependence of pH on the underwater adherence of neutral
hydrogels swollen at equilibrium, i.e. in a situation where brush and gel were immersed for several
hours in the medium before being put in contact. In those conditions, the adherence was measured

below 100 mJ/m” and required several minutes of contact to be observed.

We address here more specifically two important aspects: the variation in adherence energy as the gel
preparation conditions are varied (concentration of monomer and degree of crosslinking) and the
variations in the observed adherence energy as the gel, initially in preparation conditions,

progressively swells to equilibrium in an acid solution.

2. EXPERIMENTAL SECTION

2.1 Mold design for hydrogel layer preparation

Performing a flat—flat adherence test between a hydrogel and a nanometrically smooth surface such as
a polymer brush requires a macroscopic gel with a low amplitude surface roughness. To obtain this
low roughness, we used a mold formed by two hydrophobically modified glass substrates (dimensions:
75 x 25 mm), separated by a silicone rubber gasket (1.8 mm thick) and held together using binder clips
(see suppl. info Figure S1). The hydrophobic substrates were obtained by chemically grafting
octadecyltrichlorosilane (OTS, Sigma-Aldrich, > 90%) on glass. Before any chemical modification,
the glass substrates were cleaned in a “Piranha” solution (mixture of 70 vol % of sulfuric acid (Sigma-
Aldrich, 97%) and 30 vol% of hydrogen peroxide (Sigma-Aldrich, 35%)), heated at 150 °C for 30
minutes, then rinsed, sonicated in Milli-Q water bath and dried under nitrogen flow. Silanization

occurred using a liquid phase method: clean substrates were immersed in a sealed reactor for 2 hours
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at room temperature in a 0.5 vol% OTS solution prepared in extra-dry toluene. The glass substrates

were then removed from the bath, rinsed with Milli-Q water and finally dried under nitrogen flow.

2.2 Synthesis of the PDMA hydrogels

The synthesis of poly(&V,N-dimethylacrylamide) hydrogels was carried out in Milli-Q water at room
temperature by free radical polymerization of x wt% of N,N-dimethylacrylamide (DMA, Sigma-
Aldrich, 99%) monomers with y mol% of N,N’-methylenebisacrylamide (MBA, Sigma-Aldrich, 99%)
as cross-linkers. As redox initiator system, we used 1 mol% potassium persulfate (KPS, Sigma-
Aldrich, >99%) and 1 mol% N,N,N’,N’-tetramethylenediamine (TEMED, Sigma-Aldrich, 99%). After
the dissolution of monomer, cross-linker and KPS in Milli-Q water, the solution was deoxygenated for
30 minutes with a bubbling of nitrogen. TEMED was then rapidly added to the formulation under
stirring, and the solution was directly poured into the mold described in the previous section that was
placed in a reactor under a nitrogen atmosphere, to avoid oxygen inhibition of radicals. Polymerization
and cross-linking occurred simultaneously, and molds were left in the reactor for 10 hours at room
temperature to ensure complete reaction. The hydrogels were kept into the mold closed with paraffin
film for a maximum of 3 days, to avoid water evaporation, before being used for swelling and
adhesive tests. The resulting synthesized gels will be referred to as: Px-CLy, with x being the
polymer concentration in wt% and y the cross-linking ratio in mol% relative to monomer. Table 1

summarizes the composition of the Px-CLy hydrogels that were synthetized for this study.

Px-CLy Initial mass
DMA/g H,O0/g KPS/mg MBA/mg TEMED/uL  swelling
PDMA hydrogels ratio A,
P10-CL1 1 9 27.3 15.6 15.2 10.3
P10-CL2 1 9 27.3 31.1 15.2 10.2
P10-CL3 1 9 27.3 46.7 15.2 10.0
P15-CL3 1.5 8,5 40.9 70.0 22.8 6.6
P20-CL3 2 8 54.5 93.3 30.4 4.9
P30-CL3 3 7 81.8 140 45.7 33

Table 1: Chemical composition of Px-CLy PDMA hydrogels and swelling ratio in their preparation state.

2.3 Kinetics and Swelling Measurements

The swelling behavior of the PDMA hydrogels was studied from the preparation state to swelling
equilibrium as a function of immersion time. To quantify the kinetics of swelling, layers of PDMA

hydrogels (dimensions: 73 x 23 x 1.8 mm’) were weighed in their preparation state before immersion
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into a large volume of acid solution at pH 2 (adjusted by adding hydrochloric acid). The sample was
regularly weighed until reaching its swelling equilibrium. After the study of the swelling kinetics, the
sample was dried for 48 hours in a desiccator under vacuum at 80°C and the dry weight of polymer
was measured. The mass swelling ratio A(t) as a function of immersion time was calculated from the
weight data obtained with Equation 1. The results of these bulk swelling experiments are displayed in

Figure S2 of the supplementary information.

mgel(t) _ mgolymer + Myater (t)

dar dr
y m y

Alt) =

polymer polymer

2.4 Synthesis of PAA brushes

The synthesis of PAA brushes on silicon wafers using the “grafting onto” approach has been described
in more details in a previous paper'’. Briefly, a self-assembled monolayer of 3-
glycidoxypropyltrimethoxysilane (GPS) was first formed. In a second step, the grafting of poly(zerz-
butyl acrylate) (PtBA) chains was obtained after the esterification of PtBA-COOH with surface-
attached GPS. In the final step, the PtBA brushes were converted into PAA brushes by a pyrolysis
reaction. The PAA brushes we prepared for our study of adherence as a function of immersion time,
were 6 nm-thick in the dry state with a grafting density of 0.15 chains/ nm* and a degree of

polymerization DP ~ 300.

2.5 Mechanical Characterization

Uniaxial compression tests were performed on PDMA hydrogel cylinders with an Instron model 3340
fitted with a 10 N load cell in both preparation and equilibrated states. The preparation state gels were
10 mm-high cylinders with an 8 mm-diameter. The samples were coated with paraffin oil both to
avoid water evaporation and to lubricate the interface between the gel and the testing plates during the
uniaxial compression. The compression tests were performed at a constant displacement rate of 50
um.s” corresponding to 1=0.055". Swollen samples were tested after a week of swelling in a pH 2
aqueous solutions (the pH was adjusted using hydrochloric acid) that were changed every day.
Dimensions of the swollen gel samples during testing depend on their swelling ratio; for each swollen
cylinder, the height and diameter were measured with a caliper before testing and used for the data

treatment.

2.6 Characterization of hydrogel free surfaces by AFM

Atomic Force Microscopy measurements in water (at 25°C) were performed on a ICON Microscope

equipped with a Nanoscope V controller (Bruker). Both out-of-equilibrium and swollen P20-CL3 gels
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were investigated. The probe used for the measurement was a pyramidal silicon nitride nanometric tip
of 20 nm radius and 6 um height. The QNM (Quantitative NanoMechanics) was used for both
conditions (out-of-equilibrium and swollen states) with a cantilever stiffness of 0.1 N/m (Figure 1). The
setpoint force was 2 nN, the scanning frequency was 1 Hz and the oscillation frequency of the
cantilever was 1 kHz. The gel was held by a Teflon coated plate with a centered circular hole,
preventing sliding of the gel during the acquisition. For equilibrium conditions, the swollen hydrogel
was supported on a glass substrate and surrounded by a pH 2 acid solution in a Petri dish (Figure 1b).
In the preparation state, the gel was surrounded by paraffin oil to avoid water evaporation (Figure 1a).
In both cases, the contact between the cantilever and the gel surface was established thanks to a Milli-

Q water droplet deposited at the interface.
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Figure 1:

Characterization of the free surface of the gel by Atomic Force Microscopy (AFM). The AFM experiments
were performed on a P20-CL3 hydrogel in water using a cantilever stiffness of 0.1 N/m. The schemes of the
setup are illustrated for the preparation state (A) and in pH 2 aqueous solution (B). Also are displayed the AFM
images in QNM modes (ii) and the corresponding height profile and histogram with the mean roughness (iii).
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2.7 Adherence testing

To perform the adherence tests we have used an experimental setup based on the flat—flat contact test
and specifically designed by Sudre et al."" to characterize the underwater adherence of soft materials.
The full description of this device has been detailed in a previous paper, and we only recall here the
main elements necessary for a proper understanding of our present work. The general principle is the
same as that of a regular probe test, with some modifications to address the needs of working
underwater with swollen hydrogels. Hence, the setup was designed to be able to work both in air (for
alignment purposes) and in immersed conditions. The temperature and pH of the liquid medium are
easily adjustable in situ and measurable without disturbing the test. A commercial Instron machine
model 3340 was used for all the adherence tests. The load cell of 10 N is sensitive enough to measure
very small forces reproducibly. The noise level of the load cell is on the order of 0.1 mN.

To conduct the adherence test, we used a planar silicon wafer of 1 x 1 cm? glued on the flat part of a
stainless steel cylindrical punch with a polystyrene solution (45 wt% in toluene) and functionalized on
its smooth front side with a PAA brush. The punch was fixed to the load cell with a mandrel and could
be pulled off at a constant velocity. During the experiment, the displacement of the punch and the
force applied on it are measured as a function of time.

To perform measurements on non-equilibrated hydrogels during swelling, we developed a new
sample-holder system, efficiently maintaining the sample from the preparation state to its swelling
equilibrium (Figure 2A). A layer of soft hydrogel is laid on a glass substrate and mechanically held by
a Teflon-coated aluminum plate, presenting a circular opening of 18 mm of diameter and clamped
with Plexiglas jaws in the trough of the initial setup (Figure 2). As the diameter of the hole is large
enough, the mechanical holding has no significant consequences on the swelling of the maintained gel
compared to the swelling of a free sample. The modified hard substrate attached on the mobile punch
is moved down to come into contact with the soft material and subsequently removed at a constant

velocity.
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39 Figure 2: Underwater adherence test between PDMA hydrogel and PAA brush. (A) Illustration of the setup
40 used to mechanically hold the hydrogel layer with a Teflon-coated plate during the adherence test. (B) Typical
41 force-displacement curves obtained during an adherence test and used to calculate the energy of adherence W4,
42 (red area). (C) Consequences of the alignment between the hydrogel and the polymer brush on the force response
43 in aqueous solution during the contact and the detachment steps for a correct alignment (=) and for a
44 misalignment (===). (D) Force-displacement data obtained from the kinetic study of adherence of P10-CL2 in pH
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22 The reproducibility and therefore the quantitative aspect of the adhesive measurements are dependent
53 on the quality of the alignment between the hydrogel and the wafer surface. This alignment has to be
gg done in air (to see the contact) and can be finely tuned with the help of three micrometric screws
56 placed under the device. The punch was approached to the gel surface and the contact was observed
g; for a contact force lower than the values used for the adherence tests. If properly aligned, the two
59
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materials come into contact, with a contact area equal to the area of the silicon wafer. In that case, the
molecular adhesion at the interface causes a peak of force that appears during the detachment step. In
the case of misalignment, where the angle between the two surfaces 6 is significant, we observed a
lack of adhesive response of the system during the detachment of the punch; the parts of the punch
taking off that could contribute to the global adhesive force are offset by those still under compression.
An alternative way to check the alignment is the time required to reach a set compressive force. When
punch and gel are properly aligned, the time is at a minimum (less than 4 seconds for an approach
speed of 10 um/s in our case). We considered that the alignment was adequate when the contact was
complete for a stress lower than 20% of the contact stress applied during the actual adherence test (see
Figure 2C).
After adjusting the alignment, the setup was immersed in an aqueous solution at pH 2 (at 21°C) and
the immersion time was monitored. After 3 minutes of immersion (t},,,,), a first measurement at the
preset experimental conditions (e.g. with a compressive contact stress of 0.3 N and a contact time of 2
minutes fixed for all the adhesive tests unless explicitly mentioned) was carried out. This measurement
corresponds to the minimum dilution of the PDMA hydrogel immersed underwater (i.e. initial out-of-
equilibrium state). The speed at which the probe moves during the compression and detachment stage
has been set respectively at 10 um.s” and 100 pm.s™ for all the cycles of contact-detachment that have
been repeated regularly during 16 hours (see Figure 2D) as the gel sample swells and increases in
thickness (Figure 2E). The last measurement of adherence has been performed when the PDMA
hydrogel has reached its swelling equilibrium.
Following the convention used for soft adhesives, the adherence energy is obtained from the raw data
according to Equation 2 and the scheme in Figure 2B.

Waan =% f F(x).dx

x>0
where A is the contact area between the brush and the hydrogel and F is the force needed to apply to

completely detach the brush from the surface of the PDMA gel.

3. RESULTS

3.1 Effect of contact time on adherence

Before we report the changes in adherence as the gel swells, we need to address the question of the
effect of contact time on adherence in equilibrium conditions. For this purpose, adherence tests were
carried out between a fully equilibrated P10-CL2 gel and a PAA brush for different contact times
(from 10 seconds to 17 hours). The results of these tests are presented on Figure 3 and show a

progressive increase of W,q, with contact time. Given the thickness of the swollen polymer brush (~12
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nm), the time needed for the complete diffusion of the grafted chains inside the hydrogel do not

exceed a few milliseconds and cannot be responsible for such a slow dependence of W,q, with contact

time.
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Figure 3 : Energy of adherence as a function of the contact time between the PAA polymer brush and the
surface of a P10-CL2 PDMA hydrogel swollen at equilibrium in an aqueous solution at pH 2.

In this system, the energy of adherence between the two surfaces is due to the formation of hydrogen
bonds between the PAA brush and the PDMA hydrogel. At short contact times, the measured energy
of adherence is quite small (W4, ~ O for t. = 10 sec). This suggests that while individual hydrogen
bonds may form quite rapidly, they also have a very short lifetime (few picoseconds). Increasing the
contact time enhances the probability to create multiple hydrogen bonds that now have an increasingly
longer lifetime and are increasingly stable. In turn, the creation of multiple hydrogen bonds limits the
mobility of the polymer in the brush and in the hydrogel so that further increase in multiple bonds
slows down logarithmically. The energy of adherence of the equilibrated system is only sensitive to
the more stable bonds and increases continuously with contact time to reach, after 17 hours of contact,
a level of adherence W g, ~ 130 mJ .m”. For the swelling equilibrium we needed to use a contact time
long enough to measure some adherence but significantly shorter than the equilibrium swelling time

and we picked 120 seconds.

3.2 Effect of immersion time on the adherence between hydrogel and brush

Now that the effect of contact time has been addressed, the evolution of the energy of adherence
between a polymer brush and a hydrogel was determined during its progressive swelling from its
preparation conditions to equilibrium into water. To check the methodology, we first performed the
test with a 1.8 mm thick P10-CL2 hydrogel layer in its preparation state in contact with a 12 nm thick
swollen PAA brush. The physical adhesion at the interface of the brush and the hydrogel is provided at
pH 2 by the formation of multiple hydrogen bonds between the chains of PDMA and PAA, through
their hydrophilic sites'".
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To measure the evolution of the energy of adherence of the out-of-equilibrium system, cycles of
compression/traction between P10-CL2 gel and the PAA brush have been repeated every 3 minutes
during the first hour of immersion and then every 30 min/1hr during the next sixteen hours, applying
the test parameters defined in the experimental section, i.e. a compression force of 0.3 N, contact time
of 120 seconds and a debonding velocity of 100 um/s. The origin of the displacement for the set of
experiments has been defined as the contact point between the two surfaces at zero-force before
immersion. The raw data obtained from this study, representing the force applied on the gel as a
function of the displacement of the probe (Figure 2D), have been used to calculate the energy of
adherence of the system (W45 ) for each cycle as a function of immersion time (t;;;,,,) (Figure 4). The
evolution of the position of the first contact point at zero-force between the two surfaces during the
test series is directly related to the increase in thickness of the P10-CL2 gel as it progressively swells
(T = 21°C, pH 2) (Figure 2E). The change in thickness of the gel has been used to estimate the in situ
degree of swelling of the P10-CL2 hydrogel during the adhesive test. In this experiment performed for
5 different P10-CL2/PAA systems, the average energy of adherence continuously decreased from 90
mJ.m?, estimated after 3 min of immersion in the aqueous medium (time referred as t},,,), to an
average minimal value of 28 mJ.m™ after 16 hours of immersion. At this point, the gel is swollen to
equilibrium and the energy of adherence measured between P10-CL2 and the PAA brush, for those

contact and debonding conditions remained constant.
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Figure 4: Kinetics of adherence and swelling of P10-CL2 hydrogels (n = 5) from preparation state to swelling
equilibrium. On the left axis, the energy of adherence of the system measured as a function of immersion time is
represented with the experimental data points (m), the dispersion (= ) and the best fit of the data points with an
arbitrary function to guide the eye (==) (W,an = Ag + A X exp(-tinm/T1) + Az X exXp(-tinm/T2) With Ay = 27.9
mJ/m?; A, =483 mJ/m?; A, =155 mJ/m?; 7; = 20 min, T, = 90 min). On the right axis, the in situ variation of
thickness of the sample is represented with the different experimental data points (0) and the fit of the data points
(=) (Ae = By + B x exp(-timm/T3) + Ba X exp(-tinm/T4) With By = 209 um; B; = -192 ym; B, =- 2 um; 13 = 125
min, T4, =15 min).
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Simultaneously to the decrease in adherence, the thickness of the hydrogel, mechanically maintained
with the Teflon coated plate, increased by approximatively 215 pm corresponding to a swelling of
12% of the unconstrained part of the gel layer, where the contact is made with the polymer brush
(Figure 4). This swelling ratio is very close to what is measured in one direction when the sample is

free to swell in water (in unconstrained conditions Figure S2).

The progressive swelling of the hydrogel implies a dilution of the bulk concentration of polymer near
the interface between the PDMA hydrogel and the PAA brush: in the case of the P10-CL2 hydrogel,
this bulk dilution of the polymer is estimated at 29% from the preparation state to the swelling
equilibrium, and should lead to a decrease of the probability of forming hydrogen bonds between the

two surfaces.

Evolution of the topography of the PDMA hydrogel

During the in situ swelling, the mechanical holding of the hydrogel causes a slight macroscopic
curvature of the top surface. The height difference caused by this curvature was estimated to
approximately 10 pm by comparing the indentation measurements of P10-CL2 in its preparation state

and at swelling equilibrium (Fig. S3).

To complete our investigation of the evolution of the topography of the hydrogel once it is immersed
in the aqueous solution and see if it can have an impact on the evolution of the adhesive properties of
the gel, we also performed comparative AFM measurements in the liquid state on the P20-CL3
PDMA hydrogels (Figure 1). The difference in surface roughness between the gel in its preparation
state (Figure 1A) and the gel at swelling equilibrium (Figure 1B) is of the order of a few nanometers.
We also noticed the presence of holes, randomly distributed on the surface of swollen P20-CL3. The
height of these holes is comprised between 12 and 25 nm and their average diameter is 350 nm. The
same structures have already been observed in the case of polymer thin films. The existence of these
holes at swelling equilibrium is attributed to the partial dissolution of un-crosslinked polymer chains
on the surface of the gel. The reorganization of the network by aggregation of hydrophilic units,
leading to channels formation, helping the water transfer during the swelling, is another explanation

. . . 23
discussed in the literature?®.

The probe penetrates about 50 um deep in the gel during the contact phase. The roughness of a few
nanometers and the curvature of 10 um of the swollen PDMA are completely flattened during the
contact phase between the brush and the gel, regardless of its swelling state. The changes in
topography observed on the PDMA hydrogel, due to its swelling and its mechanical holding during its
immersion into aqueous medium, are unlikely to be responsible for the observed decrease of the
energy of adherence. This assumption was confirmed by the comparison with the results of the same
kinetic study performed on a P10-CL2 in its preparation state, maintained by chemical grafting on a

glass substrate which does not involve any deformation of the gel (Figure S4-A).
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Reversibility of the swelling

Because the gels in preparation conditions may contain unreacted molecules, we considered the
possibility of a decrease in adherence due to a surface contamination or to the polymer degradation by
hydrolysis. In order to check this hypothesis, we carefully and slowly dried a gel sample after
equilibration to recover the initial degree of swelling in the preparation state. A new kinetic study of
adherence during equilibration was then performed on this partially dried sample. The results of the
adhesive test showed that after the drying step, the P10-CL2 hydrogel recovered the same level of
adherence than it previously had in its preparation state (Figure S4-B). The evolution of the energy of
adherence as a function of immersion time was identical during the second swelling test, and we

observed the same decrease of adherence until a plateau value around 40 mJ.m™,

3.3 Effect of crosslinks density and polymer concentration on adherence

To investigate the effect of the polymer concentration in the PDMA hydrogel on its adhesive
properties with the PAA brush, kinetic studies of adherence and in situ swelling of PDMA hydrogels
between preparation state and swelling equilibrium were carried out for a series of gels with a fixed
monomer concentration (10 wt%) and different crosslinks density (1, 2 and 3 mol% relative to
monomer) and for another series with a fixed crosslinking ratio (3 mol% relative to monomer) and
different initial concentrations of monomer (10, 15, 20 and 30 wt%). Figure 5 shows the in situ
swelling kinetics and the change in work of adherence as a function of immersion time for both cases

as obtained from the same experimental protocol.

The kinetic studies of adherence performed on P10-CLy (5B) and Px-CL3 hydrogels in their
preparation state (Figure 5A) confirmed the results already observed for P10-CL2. During the
swelling process, the energy of adherence between the gel and the brush continuously decreases from
an initial value corresponding to an out-of-equilibrium state close to the preparation state of the

sample, to a minimal plateau value once the swelling equilibrium of the gel has been achieved.
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Figure 5 : Kinetics of adherence and swelling of Px-CLy hydrogels from preparation state to swelling
equilibrium. (A) and (C) Energy of adherence W,q, and variation of the hydrogel thickness as a function of
immersion time for different concentrations of polymer in the preparation state (10, 15, 20 and 30 wt%) and a
constant crosslinking ratio fixed at 3 mol%. (B) and (D) Energy of adherence and variation of the hydrogel
thickness as a function of immersion time for a constant initial concentration of polymer at preparation state of
10 wt% and different crosslinking ratios of 1, 2 and 3 mol%.

At short (2-3 minutes) immersion times (Figure 5A), the energy of adherence of the PDMA hydrogel
with the PAA brush increased more than 5 fold (from 117 mJ/m? to 640 mJ/m?) with increasing initial
concentration of monomer in the macroscopic gel (from 10 to 30 wt%). In the same short immersion
time conditions, a smaller increase of the energy of adherence was also observed (from 69 to 117
mJ/m?) with increasing crosslinks density at fixed monomer concentration (Figure 5B). For long
immersion times (equilibrium swelling) the same qualitative observations can be made concerning the
influence of the concentration of polymer and of the crosslinks density but all values are much lower.
W.an at equilibrium swelling vary from 27 mJ/m* for P10-CL1 to 55 mJ/m* for P30-CL3 as
summarized on Table 2. It is interesting to note that an equivalent level of adherence than P10-CL2
after 17 hours of contact (Figure 3), has been reach after 2 minutes of contact by the same gel but in its

preparation state (Figure SA).

Out-of-equilibrium initial state (t},,,,, Swelling equilibrium state
PDMA 1 Swelling
Px-CLy Wat‘%m Go C(Elmm equilibrium ratio W‘;qh Geq Ceq
(mJ.m?) (kPa) (Wt%) A (mJ.m?) (kPa) (Wt%)
eq
P10-CL1 69 135 8.8 16.5 27 11 6.0
P10-CL2 105 26 92 13.8 38 23 73
P10-CL3 117 36 9.8 10.9 33 37 9.1
P15-CL3 285 79 14.6 8.6 39 84 11.6
P20-CL3 400 127 18.7 6.8 48 122 14.4
P30-CL3 640 232 25.6 5.8 55 192 17.1
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Table 2: Adherence energy and gel composition at the bulk and near the interface in preparation and equilibrium

1 . . .
conditions. W;&';’" refers to the energy of adherence measured at t},, = 3 min. G is the shear modulus obtained by
1

compression test at state preparation of the hydrogel and G4 at swelling equilibrium. C(t;,,,,) is the bulk concentration of
polymer in the PDMA hydrogel at t},,,,,  3min and Ceq is the one at swelling equilibrium.

Given these results one may be tempted to attribute the decrease in adherence energy to the dilution of
the polymer in the gel taking place during swelling and therefore to the decrease of the probability to
form H-bond interactions between the gel and the PAA brush. It is therefore instructive to plot the
adherence energy data, no longer as a function of swelling time but as a function of polymer
concentration in the gel. Figure 6 shows the adherence energy as a function of polymer concentration
for four different gels. Each color symbol corresponds to a different gel and experiments at all
immersion times are compiled. It is immediately obvious from the data that the polymer concentration

alone cannot explain the data.
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Figure 6 : Energy of adherence of Px-CL3 hydrogels as a function of the concentration of polymer in the
hydrogel for 10, 15, 20 and 30 wt%.

A meaningful example is the comparison between P15-CL3 in its preparation state which has a
polymer concentration around 14.4 wt% for ty,, = 1 minute and P20-CL3 in its equilibrium state
which has a polymer concentration of 14.6 wt% (Table 2 and Figure 6). The polymer concentration in
the network is nearly identical but there is a large difference in adherence energy. The sample in its
preparation state has an adherence energy W,q, = 285 mJ/m’, while the sample at its swelling

equilibrium has only W,q;, = 48 mJ/m>.
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4. DISCUSSION

Let us now try to determine what are the possible parameters influencing the measured adherence
energy. An adherence test such as the one performed here can be divided in two stages. In the first
stage, the interfacial interactions (hydrogen bonds in our case) between the two surfaces progressively
form and we have seen that this process is rather slow at equilibrium (see Figure 3). In a second stage a
stress is applied to the interface and the two surfaces are separated. Given the low value of adherence
energy measured (well below 1 J/m?) and, since our gels are quite elastic (Figure S5), one expects that
the dissipated energy is more related to a molecular mechanism such as breakage of the multiple
hydrogen bonds formed during the contact than to bulk viscoelastic dissipation. At the interface
between the gel and the brush, hydrogen bonds keep forming and breaking based on kinetic
mechanisms controlled by the association and dissociation constants of physical bonds. Given the
strong dependence of the adherence energy on the contact time one can suppose that the concentration
and strength (multiple bonds) of hydrogen bonds formed at the interfaces both increase with time.

For a given bond, the connection between the thermally activated bond constants and the bond scission
when a force is applied has been made by Evans in his seminal series of paper on single bond scission
as a function of loading rate®*. In his picture, the activation energy for bond scission is modified by a
factor FA when a force is applied. Chaudhury showed in a simplified model targeted at elastomer
adhesion, that by applying this time-dependent bond scission to an extensible polymer chain, it is
possible to account for the rate-dependent energy storage in the chain before bond breakage'*"”. He
considered a chain tethered permanently at one end and with a labile bond at the other end. When a
force is applied, the chain stretches (it is an entropic spring), decreasing the energy barrier for
breakage and consequently the probability of breakage. If the polymer chain is stretched at a constant
speed V, the labile bond is also stretched at a constant speed Vj,,, proportional to V. As the chain
stretching rate increases the loading rate increases as well and the chain can be stretched further before
breaking since the probability to break the bond is time and force dependent. In other words as V
increases, the time to break decreases but the force to break (and hence the stored elastic energy at the
point of break) increases.

His model predicts for the adherence energy:

_ ZHB) [(g) (ksvbondzrdiss)]z
Wadh = ( 2k, 7 In KT Eq.3

where X g is the areal density of hydrogen bonds formed at the interface, A is the activation length of

the labile bond itself (a few nm), 7445 is the characteristic time of bond dissociation (depending on the
bond strength), k; is the spring constant of the polymer chain and Vj,,4 is the pulling velocity on the
bond. The term between square parentheses is the velocity dependent force at which the H-bonds
break.

If one assumes that the pulling velocity on the bond is proportional to the macroscopic pulling

velocity, this equation predicts that for a given interface and time of contact:
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Waan~ (InV)? Eq4
which is in reasonable agreement with our experimental data for the adherence of P10-CL2 from a
PAA brush in equilibrium conditions (Figure 7b). The slope of the linear fit of \/m as a function of
InV is equal to 0.032 +/-0.003 J"’m™ and the intercept point is equal to 0.46 +/-0.15 J"*m™ with a
correlation coefficient R* = 0.984 and the probe velocity in m/s. Hence experimentally, the faster the
polymer chains are loaded, the higher is the force where the H-bond scission occurs and therefore the

elastic energy dissipated during this bond scission process is higher.
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Figure 7 : Left: energy of adherence as a function of detachment speed of the polymer brush from the surface of
P10-CL2 hydrogel at its swelling equilibrium. Right: Representation of the square root of the same data as a
function of logarithm of detachment speed.

Using equation 3 and our fit of the square root of the energy of adherence as a function of logarithm of
detachment speed, we can also estimate the order of magnitude of the dissociating constant of
hydrogen bonds in our system. However we have three unknowns : Xy, ks and t4;ss and only two
equations. Following Chaudhury'* we assume that X, cannot be too different from the areal density of
strands ~ 10'® strands/m. This gives then a value of kg = 0.8 N/m close to the spring constant one
would expect for a fully stretched chain®® (see supplementary information for a more detailed
discussion). This reflects the fact that to account for a measureable value of the adhesion energy the
chain needs to be stretched before breaking and the bond strength cannot be too low. With this value
of k, the dissociation time becomes 74;5s = 8.7 - 10~5s. We can then estimate with equation 5 the

activation energy of dissociation of hydrogen bonds between the PDMA hydrogel and the PAA brush:
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Tdiss = (%) exp (i—;) Eq.5
which for P10-CL2 at its swelling equilibrium after a contact time of 120 seconds gives E, = 20 kT
which is in a good agreement with what one would expect for multiple hydrogen bonds . It should be
noted that for a different contact time the nature and areal density of formed bonds may be different

and its activation energy might change.

In principle, equation 3 predicts also a Lake-Thomas like amplification factor of the adherence energy.

2 . . . .
In the prefactor (THB) , Zyp should scale with the concentration of polymer and increase with
S

contact time while the spring constant of the polymer chain kg should scale with N, This gives a
prediction of W4, < X yp(tc)Ny , i.e. the adherence energy should scale with the inverse of the
modulus of the gel'”*’. However, for these weakly adhering systems the energy of the C-C covalent
bond which is in the Lake and Thomas model, is replaced by a rate dependent strain energy which

results from a balance between spring constant of the polymer strand and labile bond energy'*.

Figure 8 shows that experimentally the adherence energy increases almost linearly with the modulus.
Since the value of the spring constant kg in equation 3 has to scale with 1/Ny, this suggests that the
concentration and strength of multiple hydrogen bonds formed at the interface represented by X yp
and E, must increase more than linearly with polymer concentration to compensate the spring constant

effect.
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Figure 8 : Energy of adherence as a function of elastic modulus G of the PDMA hydrogel: red symbols are for
hydrogels in their preparation state, and blue symbols for hydrogels swollen at equilibrium.
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In other words, for this system where adhesion is due to the formation of hydrogen bonds, the
adherence energy increases with elastic modulus because more concentrated gels are able to form a

higher concentration of stronger bonds faster.

This brings us now back to the question of why does X yp for a given contact time changes between

the preparation conditions and the equilibrium conditions.

It has been argued™® that because the swelling stretches the polymer chains of the crosslinked network
of the PDMA hydrogel, there is a decrease of degree of freedom for the polymer chains of the gel.
This in turn would increase the entropic cost of forming multiple interactions. This thermodynamic
argument is appealing but cannot explain how a very different adherence can be obtained with only a

very small change in swelling ratio as for the P10-CL3 hydrogel.

An alternative argument relies on kinetics. The swelling rate of the PDMA gel, defined as the
derivative of the swelling ratio A(t) as a function of immersion time is:
_da
VA(t) - at Eq.6
If we plot the adherence energy as a function of V, (Figure S6), we are able to define for each
composition a critical swelling flux, above which the gel is considered in an out-of-equilibrium state.
We can also define a second regime when the swelling speed is close to zero, where the gel can be

considered in its swelling equilibrium state.

Considering those two different regimes, we plotted the adherence energy (for the same contact time)
as a function of the polymer concentration (Figure 9): for both conditions the adherence energy actually
increases linearly with polymer concentration. However a significant difference exists in the
magnitude of the effect. The slope is more than ten times larger in the case of the out-of-equilibrium
state. If the expected dependence of the energy of adherence on the concentration of polymer is indeed
observed, it cannot be the only factor controlling the level of adherence and the swelling state seems to

play an important and significant part to the results of our study.
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Figure 9 : Energy of adherence as a function of concentration of polymer for the PDMA hydrogel system.
Two linear regimes are being fitted. The first regime corresponds to the systems that are out-of-equilibrium with
a swelling rate above the critical value V§. The second regime corresponds to the systems that have reached the
swelling equilibrium with a swelling rate close to zero.

One hypothesis that could be explored is linked to the non-fouling properties of hydrogels,

It is well-known that because of the hydration of the hydrophilic sites, the water shells formed along
the polymer chains make the adherence of proteins through weak interactions impossible, acting like a
repulsive barrier” . The expulsion of water molecules from both surface and protein is necessary to
facilitate protein adsorption by reducing the free energy barrier arising from dehydration entropic

effects.

In our case, all the chains are hydrophilic and shells of bound water are organized all around in both
states. However, at t}.,,,., the swelling is responsible of a water flux entering the gel. This flux could
favor the destabilization of the water shells and increase the replacement and exchange of water
molecules. We hypothesize that this flux could accelerate the reorganization of the H-bond
interactions, in particular with the merging of hydration shells of hydrophilic sites and the formation of
multiple intramolecular interactions between polymer chains, which are responsible of the adherence
measured. Once the swelling equilibrium has been achieved, we hypothesize again that the exchange
of bound water with free water slows down the probability to form multiple hydrogen between the

polymer chains of the brush and the gel decreases. This scenario is drawn schematically in Figure 10.
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Figure 10: Schematic of the gel and brush with their water hydration shell. We speculate that the presence of a water
flux may speed up the formation of hydrogen bonds.

If this hypothesis is correct one expects that the adherence that we measure has a different dependence
on contact time if the contact is made in as-prepared or in equilibrated conditions. Therefore
comparisons made at the same contact time may give indeed lower values of W,q, equilibrated gels

than for dilute gels.

CONCLUSION

We have carried out systematic adherence experiments (at pH 2) between a neutral PDMA gel and a
PAA brush by using a probe tack tester in immersed conditions. Our key finding is that regardless of
the composition of the gels (monomer and cross-linker concentration), the measured value of
adherence energy systematically decreases with increasing immersion time, i.e; as the gel swells to
equilibrium. Interestingly for each specific condition (short or long immersion time) the adherence
energy increases linearly with the elastic modulus of the gel i.e. with the bulk density of elastic chains
which controls the adhesive interactions at the interface. When we analyze the debonding process
however we find two interesting but contradictory results: on one hand for a given gel the adherence
energy increases linearly with (In V)° suggesting that chain stretching occurs before failure, and on the
other hand at a given debonding rate the adherence energy increases with the modulus suggesting that
the dissipated energy does not depend on the length of the chain being stretched but rather on the

density X yp of hydrogen bonds formed at the interface.

To reconcile these two results, we propose that the rate of formation of multiple hydrogen bonds at the

interface and their activation energy (strength of the bond) may be a highly kinetic effect so that
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2 yp(t) and E.(t) increase faster in the presence of a flux of water entering the gel during the
swelling/deswelling process and with polymer concentration. If this is the case the lower adherence
energy measured at equilibrium conditions (when the flux is low) may simply be due to the slower

kinetics of multiple H-bond formation.
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