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1 Introduction

Load-dependent surface nanomechanical
properties of poly-HEMA hydrogels in aqueous
mediumt

@ Eric Johansson Salazar-Sandoval,?
ab

Gen Li, 2 * |llia Dobryden,
Mats Johansson (2 ¢ and Per M. Claesson

The mechanical properties of hydrogels are of importance in many applications, including scaffolds and
drug delivery vehicles where the release of drugs is controlled by water transport. While the macroscopic
mechanical properties of hydrogels have been reported frequently, there are less studies devoted to the
equally important nanomechanical response to local load and shear. Scanning probe methods offer the
possibility to gain insight on surface nanomechanical properties with high spatial resolution, and thereby
provide fundamental insights on local material property variations. In this work, we investigate the local
response to load and shear of poly(2-hydroxyethyl methacrylate) hydrogels with two different cross-
linking densities submerged in aqueous solution. The response of the hydrogels to purely normal loads,
as well as the combined action of load and shear, was found to be complex due to viscoelastic effects.
Our results show that the surface stiffness of the hydrogel samples increased with increasing load, while
the tip—hydrogel adhesion was strongly affected by the load only when the cross-linking density was
low. The combined action of load and shear results in the formation of a temporary sub-micrometer hill
in front of the laterally moving tip. As the tip pushes against such hills, a pronounced stick-slip effect is
observed for the hydrogel with low cross-linking density. No plastic deformation or permanent wear
scar was found under our experimental conditions.

and have been utilized, e.g., as dental bonding resins® and
contact lens materials.’

Hydrogels are hydrophilic three-dimensional cross-linked poly-
meric networks that can retain significant amounts of water
within their structure without dissolution. There are many
applications of hydrogel materials, particularly in the biomedical
field."* The mechanical and frictional properties of hydrogels
are of significant importance in many applications such as
scaffolds,® tissue engineering' and liquid flow control,* and here,
the mechanical response at different length scales should be
considered. Hydrogels based on 2-hydroxyethyl methacrylate (HEMA)
are common, and such materials show good biocompatibility
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Atomic force microscopy (AFM) is a powerful tool to char-
acterize surface nanomechanical properties, and different
approaches have been discussed in recent review articles.®™
One informative way to extract such information is to analyze
force-displacement curves (FDCs) at each pixel of an image.
This is possible using well-known AFM modes such as force
volume (FV),'® Peakforce QNM,"" and quantitative Imaging (QI)."*
Data are often interpreted within the quasi-static assumption that
neglects viscosity effects and thus utilizes standard elastic contact
mechanics models for analysis.® When the response is elastic,
these models are well-suited for determining the surface elastic
modulus of polymer samples. For instance, Huang et al. investigated
the temperature-dependence of the surface nanomechanical
properties of a polymer composite with QI mode, and elucidated
the properties of the interphase between matrix and filler
nanoparticles."® In another work, Young et al. studied polymer
samples with Youngs moduli in the range of 0.2-4.8 GPa and
compared the data obtained using the Peakforce QNM mode
with results from a conventional nanoindentation method.™
They found that the Peakforce QNM mode provides a surface
elastic modulus that in most cases compares favorably with data

This journal is © The Royal Society of Chemistry 2019
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from nanoindentation. However, it is important to calibrate the
cantilever against a reference sample with a known elastic
modulus, and one should keep in mind that it is not uncommon
that the surface mechanical properties are different from the
corresponding bulk properties.*®

For viscoelastic materials, such as hydrogels, analysis of
FDCs using elastic contact mechanics models is questionable.
As an alternative, one may choose to probe the local creep
response'® and stress relaxation'” " of soft samples by AFM
based methods. Here, the tip rests on the surface of the sample,
and then either the change in tip deflection with time or the
change in force required to keep the deflection constant with
time is monitored. The obtained data can be interpreted using
viscous models to extract viscous parameters.”’ For instance,
Efremov et al.®' fitted the indentation time history recorded
simultaneously with FDC into a viscoelastic model, and found
good agreement between experimental results and computer
simulations. In another study on bacterial surfaces, the integral
under the force curve measured during decompression was
used as a measure of the elastic energy of compression, and the
difference in the integrals of the force curves measured on
compression and decompression was used to estimate the
viscous energy.”> However, for our system, we cannot regard
the response on decompression to be purely elastic, so this
approach was not used in the present study. The effect of
relative humidity on polyHEMA contact lenses has also been
explored, and the data suggested that even though the bulk
material was hydrated, the surface could become dyhydrated at
relative humidities below about 50%.

At the early stage of AFM development, tapping mode, a
dynamic AFM mode, was used to probe surface topography and
qualitatively map mechanical properties. Here, the phase of the
detected signal is affected by the tip-surface interactions.
However, it is not straightforward to extract and quantify
standard nanomechanical properties of the samples, and for
this reason, multi-frequency methods were developed, where the
viscous and elastic response of the sample can be separated.>* >’
Since multi-frequency methods are able to distinguish between
viscous and elastic contributions, they are well-suited for
characterizing soft and viscoelastic samples, such as hydrogels.
However, these methods rely on a high quality factor of the
cantilever to obtain reliable results.”® This is a limitation when
the measurements should be conducted in aqueous media, even
though it was recently demonstrated that the intermodulation
AFM method can be successfully applied to measure and map
tip-surface interactions in water.>’

Lateral force measurements, related to the friction proper-
ties, of hydrogels have been studied at the macroscale using
different methods.”*' At the microscale, the colloidal probe
AFM method has been applied to study friction properties
of poly-HEMA,** cartilage®® and other soft materials. Probing
lateral forces at the nanoscale and distinguishing effects of
heterogeneous surface properties require the use of a sharp
AFM tip. This will lead to a large indentation into the soft
material and a rather complex response to lateral forces, as will
be shown in this study.

This journal is © The Royal Society of Chemistry 2019
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In this work, the surface nanomechanical responses at different
applied loads of poly-HEMA hydrogels with two different cross-
linking densities were studied in aqueous solution using AFM
methods. The nanoscale surface mechanical response of the
hydrogel with resolution down to the tens of nanometer length
scale was studied utilizing sharp AFM probes. In our study,
QI mode was applied to allow accurate control over the small
forces used during the experiments. The normal load-dependence
of surface mechanical properties and response to lateral forces
were elucidated, and the influence of the viscoelastic nature of the
hydrogel material is discussed.

2 Materials and methods
2.1 Material

HEMA with a molecular weight of 130.14 g mol™' and
poly(ethylene glycol)diacrylate (PEGDA) with an average mole-
cular weight of 575 g mol " were obtained from Sigma-Aldrich.
This cross-linker has about 10 ethylene glycol units between the
two acrylate groups, giving a spacer length of about 4 nm. The
ammonium persulfate (APS) initiator was obtained from Sigma-
Aldrich. N,N,N’,N'-Tetramethylethylenediamine (TEMED) was
obtained from Sigma-Aldrich and used as a catalyst to accelerate
the curing process. MilliQ purified water with a resistivity
of 18 MQ cm (Millipore Corporation) and ethanol (99.9%)
were used for sample preparation. Poly-HEMA was cured in a
1 X 2 x 0.2 cm Teflon mold. The mold was covered by a glass
slide (Thermo Scientific, Germany) silanized by (3,3-dimethyl-
butyl)dimethylchlorosilane (95%, Sigma Aldrich) to reduce the
surface energy.

2.2 Preparation of poly-HEMA hydrogels

Poly-HEMA hydrogel samples were prepared by free radical
polymerization. Five grams of HEMA was mixed with 0.125 g
or 0.5 g of the PEGDA cross-linker (2.5 wt% or 10 wt% relative to
the HEMA monomer, corresponding to 0.58 and 2.45 mol%,
respectively) in a vial, and 0.025 g of the APS initiator was
dissolved in 5 g of MilliQ water in another vial. The two
solutions were mixed and purged with nitrogen gas for 5 minutes.
Next, 0.015 g of TEMED was added to the degassed solution that
was gently shaken. The final solution was then cast into the mold
and covered by a silanized glass slide for 2 hours. The polymerized
samples, with dimensions of 1 x 2 x 0.2 cm, were taken out of the
mold and cleaned with a 1:1 water/ethanol solution to remove
eventual residual unpolymerized monomers. The samples were
stored in MilliQ water. The prepared hydrogel samples will be
referred to as polyHEMA-2.5 and polyHEMA-10 to specify the wt%
of cross-linker added. On average, these hydrogels have 85 and
19 HEMA groups between cross-links, corresponding to a
contour length of about 13 and 3 nm along the polyHEMA
chain. The water content of the 1 x 2 x 0.2 cm samples was
estimated as follows: The wet sample was removed from MilliQ
water and gently wiped with a tissue to remove surface water.
Next, the sample was dried at 150 °C for 48 hours and the
weight of the sample was determined again. This resulted in a
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water content of 48 and 44 wt% for polyHEMA-2.5 and
polyHEMA-10, respectively. Previously, a slightly lower water
content has been reported for poly-HEMA with a slightly
shorter cross-linker (38.3 wt% for poly-HEMA with 2 wt% ethyl
dimethacrylate and 34.3 wt% for 5 wt% cross-linker), and it has
been concluded that the water content of a fully swollen
homogeneous pHEMA hydrogel is about 40%.>* Similarly, the
water content of polyHEMA hydrogels cross-linked with tetra-
ethylene glycol was found to be about 40% for cross-linking
densities of 1-12 mol%.>> This small effect of cross-linking
density is a consequence of the limited water solubility of
polyHEMA.

2.3 Attenuated total reflection Fourier transform infrared
(ATR-IR) spectroscopy

The attenuated total reflection Fourier transform infrared (ATR-IR)
spectra were measured with a Bruker tensor 37 FTIR spectrometer
with a platinum ATR-IR accessory. A diamond crystal with the
angle of incidence for the IR beam of 45° was used. The resolution
of the IR spectrum was 4 cm™*, and 256 scans were collected and
averaged for each sample. The hydrogel samples were kept in
MilliQ water prior to the measurements.

2.4 Atomic force microscopy (AFM)

Nanomechanical and lateral force properties were measured with
a commercial AFM instrument (NanoWizard 3, JPK Instruments
AG). Commercial AFM probes, Contact G (BudgetSensors), were
used for measurements of topography and mechanical properties.
The nominal spring constant was 0.2 N m™". The actual spring
constant and optical lever sensitivity of each cantilever were
determined with the thermal tune method®® before each experi-
ment, and the tip radius was determined from scanning electron
microscopy images to typically be below 19 nm (ESL Fig. S1). All
AFM experiments were conducted in MiliQ water with a resistivity
of 18 MQ cm and pH = 5.6, and the same environment was used
for storage of the hydrogel samples.

We utilized the Quantitative Imaging mode (QI), and here, the
mechanical properties, such as adhesion and surface stiffness,
were extracted from the captured force-displacement curves and
the corresponding images (with 128 x 128 pixels) were recon-
structed by utilizing the JPK Data Processing software (version
6.1.102). The reconstruction of stiffness and adhesion maps is
done by analysis of force curves as illustrated in Fig. 1. The surface
stiffness®” was defined as the slope of the FDC in the 20 nm
distance range closest to the maximum applied load on approach
and, alternatively, on retraction. The adhesion is defined as the
difference between the lowest point in the decompression curve
and the zero force region. The mechanical response of the studied
hydrogels is viscoelastic, and this is illustrated by the difference in
surface stiffness evaluated from force curves measured on com-
pression and decompression.

It was found that the nanomechanical response of the
hydrogel samples was load-dependent, and it is thus not
sufficient to use a single set point. Thus, QI experiments were
conducted at different applied loads (from 1 to 11 nN) at each
investigated surface area. The application of different loads
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Fig. 1 Illustration of how surface stiffness and adhesion are defined from

a force—distance curve. The compression curve is shown in black and the
decompression curve is shown in red. The set point is the maximum
applied load.

means that different indentation depths were achieved, and
thus the nanomechanical properties as a function of the
indentation depth were obtained. The measurements were
conducted at a piezo expansion rate of 5 um s~ ' to minimize
cantilever hydrodynamic drag forces, and this is sufficiently
slow as evidenced by overlapping data on approach and retrac-
tion at large separations (Fig. 1).

The lateral force response of the hydrogel samples was
investigated with the same sharp probe in contact mode using
128 separate lines, each with a pixel resolution of 128, different
normal loads (2, 5 and 10 nN), and a line scan rate of 1 Hz.
Each area was scanned once during the wear test. The lateral
deflection of the tip during sliding along the surface was also
recorded. The area challenged by the combined action of normal
and shear forces was imaged in QI mode (128 x 128 pixels) with
a low imaging force (5 nN) before and after the lateral force
experiment to visualize the extent of eventual wear and plastic
deformation. These images were recorded at a scan speed of
60 um s~ *, and the area exposed to lateral forces was located in
the middle of these images and occupies 1/4 of the image area.

3 Results and discussion
3.1 ATR-IR spectra

ATR-IR spectra, as shown in Fig. 2, were recorded to obtain
chemical information of the samples with different cross-linking
densities, and here, the structures of the HEMA monomer and
the PEGDA crosslinking agent are also illustrated. Assignments
of the most important peaks are provided in Table 1 and they
correspond to those previously reported.*®

From Fig. 2, we noticed that the most pronounced difference
between the two hydrogel samples with different cross-linking
densities is the peak located at 1642 cm™", which is due to
(C=0), but it also overlaps with the peak from H-O-H scissor-
bending in water.*®

This journal is © The Royal Society of Chemistry 2019
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(a) ATR-IR spectra of HEMA and PEGDA monomer; (b) ATR-IR spectra of polyHEMA-2.5 and polyHEMA-10; (c) structure of HEMA; (d) structure of

PEGDA. Arrows in figure b indicate peaks used for calculation of the conversion.

Table 1 Peak assignment for hydrogels with different cross-linking
densities

Peak value (cm ™)

Vibration mode polyHEMA-2.5 polyHEMA-10
(C=0) 1706 1708
y(C=C) 1642 1638
B(H-0-H)* 1635 1635
5(CH,) 1486 1486
8(CH,), 6(CHj)as 1452 1453
5(CH;)s 1388 1388
o(CH,) 1365 1365
o(CH,), 5(CH) 1278 1279
1(CO) 1251 1251
7(CH;), T(OH) 1161 1164
(0-C), alcohol 1074 1075
1(C-0), ester 1023 1023
§(C-H), vinyl 944 944

The conversion of the monomer, X, can be roughly calcu-
lated by the decrease of the height of the peak located at
944 cm™", which represents the vinyl C-H out-of-plane bending
vibration. The peak located at 1706 cm ™", which represents the
C=0O0 stretching mode, is used to normalize the vinyl peak since
there should be no change to this peak during polymerization.*®
The conversion was calculated as:

X= [1 - (H944/H1706)P/(H944/H1706)m] X 100%

(1)

Here, Hq,, and Hj06 represent the heights of the absorbance
peaks at 944 and 1706 cm ', respectively. Subscripts p and m

This journal is © The Royal Society of Chemistry 2019

stand for polymer and monomer, respectively. In a previous
work, the precision of measurement of peak height and peak
area was discussed, and it was suggested that the peak height is
a better choice when the investigated peaks are not baseline
resolved.”! Based on eqn (1), the conversion for polyHEMA-2.5
and polyHEMA-10 was found to be 74% and 81%, respectively.

3.2 Topography

Topography images of polyHEMA-2.5 and polyHEMA-10
samples imaged over a 10 x 10 pm” area are shown in Fig. 3.
Both samples display some porous structures and particles
present on the surface. To facilitate studies of the load depen-
dence of the nanomechanical properties of the hydrogel
samples, smooth areas of 1 x 1 pm? without larger particles
or pores were selected.

3.3 Force curves

Since the nanomechanical properties are extracted from FDCs,
it is appropriate to first look at typical FDCs recorded between
the tip and surface in aqueous solution, and examples are shown
in Fig. 4. The compression force-displacement curve measured
between the tip and polyHEMA-2.5 shows no strong attractive or
repulsive interaction until the tip touches the surface. Further
compression leads to a repulsive force as the soft hydrogel
deforms and the tip indents the surface. We note that the
slope of the repulsive force increases with indentation depth.
On retraction, the force decays rapidly and there is a clear
hysteresis between the force curve measured on compression

Soft Matter, 2019, 15, 7704-7714 | 7707
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Fig. 3 10 x 10 pm? topography images of polyHEMA-2.5 (a) and polyHEMA-10 (b).

and decompression. The hysteresis between the force curves
indicates significant energy dissipation during the measurement,
which we attribute to viscoelastic relaxation in the poly-HEMA
hydrogel sample including local expulsion and reentrance of water.
On further retraction, the force reaches negative values, which
means that the tip-sample force is now net attractive. The attrac-
tion extends to large distances, and the irregular steps seen in the
force curve are signs of polymers being attached to and stretched
by the retracting tip.*>** The measured forces between the tip and
the polyHEMA-10 sample show similar features to those for
polyHEMA-2.5, but with a smaller force hysteresis, higher slope
of the repulsive part of the force curve, and lower adhesion. The
larger slope demonstrates that the surface of the polyHEMA-10
hydrogel is stiffer than the surface of polyHEMA-2.5, as
expected due to the higher cross-linking density.

As shown in Fig. 4, there is a clear difference between the
FDCs recorded on compression and decompression, and this
means that the deformation of the sample induced by the tip is
not recovered on the time scale of the measurements (one force
curve is recorded within 0.16 s). Thus, over this time scale, the
samples show a viscoelastic response to the applied load.
Meanwhile, we did not observe any permanent change of the
sample surface before and after the measurement. The presence
of FDC hysteresis means that contact mechanics models that
only consider the elastic response, such as the Hertz,****> DMT*®
and JKR*” models, are not valid without additional modifica-
tions to take into account the viscous contribution. Thus, we
report the surface stiffness, defined as the slope of the FDC at

® compression
8 O decompression

Force (nN)

-2

0 100 150 200

400 50 0 50
Distance (nm)

-150

high force, instead of the Young’s modulus, and the surface
stiffness is extracted from both the approach and retraction
curves to illustrate the viscoelastic nature of the interaction.

3.4 Load dependent nanomechanical properties

Surface stiffness and adhesion maps evaluated for polyHEMA-
2.5 and polyHEMA-10 on compression and decompression at
varying loads are shown in Fig. 5.

The surface stiffness increases with increasing normal load
(up to the maximum load of 11 nN used in the experiment) for
both samples, and only small variations are observed at any
given load (see error bars in Fig. 7). There are some possible
reasons for the load dependent response. First, the surface of
hydrogels is commonly less cross-linked than the core volume
due to oxygen invasion during the polymerization process.*®
This can result in the presence of dangling polymer tails at the
surface, and a sign of stretching polymer chains was observed
in the force curves on retraction, as shown in Fig. 4. Second, the
compressed volume becomes larger when the tip indents at
higher loads and deforms the sample. This results in more
extensive water flow out of the compressed volume. If such
a flow occurs over a similar or longer time scale than the
experiment (0.16 s for capturing one force curve), it will
contribute to the viscoelastic response of the material as
manifested in the hysteresis between force curves measured
on compression and decompression.

The surface stiffness evaluated from compression and
decompression force curves is illustrated in Fig. 6, and in all

® compression
8 © decompression

Force (nN)

* g

45 100 50 0 50 100 150
Distance (nm)

200

Fig. 4 Typical FDCs measured between the tip and (a) polyHEMA-2.5, and (b) polyHEMA-10. The measurements were carried out in water.
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Fig. 5 Nanomechanical properties of polyHEMA-2.5 (first row) and polyHEMA-10 (second row) recorded in water. Data for surface stiffness on
compression (a and d) and decompression (b and €) as well as adhesion (c and f) are shown. The scanned area is 0.5 x 0.5 um?. The normal loads applied

varied from bottom to top and as shown in the figure.
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Fig. 6 Surface stiffness as a function of load in water determined on (a) compression and (b) decompression. The lines in the figure are guides to the eye.

cases, it increases with load. The surface stiffness deter-
mined on decompression is higher than that determined on
compression for both samples at all investigated loads. The
surface stiffness of polyHEMA-10 is always higher than that
of polyHEMA-2.5 due to the higher cross-linking density.
Interestingly, the difference between the surface stiffness
evaluated from the decompression curve of the two samples
decreases with increasing load. We interpret this as being
due to similar slow water diffusion back into the compressed
volume when the load is released.

The load dependence of the adhesion force was found to be
different for polyHEMA-2.5 and polyHEMA-10, as illustrated in
Fig. 7a. While the adhesion force for polyHEMA-2.5 increases

This journal is © The Royal Society of Chemistry 2019

significantly with increasing load, it was found to be much less
affected by the load for polyHEMA-10. This can hardly be attributed
to a significantly larger deformation for the polyHEMA-2.5 sample,
as shown in Fig. 7b. Though the average deformation of the
polyHEMA-2.5 sample is larger than that of polyHEMA-10, the
difference between them is not as significant as the difference in
adhesion force. This suggests that the higher cross-linking density
in polyHEMA-10, which reduces the flexibility of polymer
chains, reduces the chain’s ability to adopt conformations that
allow favorable interactions with the tip.

In indentation measurements, it is often assumed that
decompression curves represent the elastic response of the
material,”” an assumption that is not necessarily correct for

Soft Matter, 2019, 15, 7704-7714 | 7709
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our hydrogels. Nevertheless, such an analysis returns an elastic
modulus of polyHEMA-2.5 in the range of 1.1-2.4 MPa, and 2.3-
3.1 MPa for polyHEMA-10, but these values should be used
with care.

3.5 Load-dependent response to lateral forces

In these experiments, defined loads were applied between the
tip and the sample at the same time as the tip was moved along
the surface. Thus, the sample is deformed both by the applied
load and by the lateral motion of the tip. The topography
images of the hydrogel surfaces were recorded before and after
this experiment, and these are shown in Fig. 8.

No clear wear scars or pile up of worn materials is visible
on the edges of the area scanned in contact mode. Only
some particle removal or repositioning can be observed for
polyHEMA-2.5. This suggests that over the time scale between
wear measurements and imaging (the image was recorded
about one minute after conducting the wear experiment), the
deformation is predominantly elastic. However, this does not
mean that the response is predominantly elastic during the
much shorter tip-sample contact during measurements of one

Before
200 nm 200 nm
100 > 100
0 0
30 nm
10
10
0

Fig. 8 Topography before (a and c) and after (b and d) the wear measure-
ments for polyHEMA-2.5 (a and b) and polyHEMA-10 (c and d). The size of
the image is 2 x 2 um?, and the worn area is 1 x 0.6 um? and located in the
middle of the images.
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force curve, and we instead argue that in this case, the sample
displays a viscoelastic behavior.

Height and lateral force maps captured during application
of a lateral force, and typical line profiles recorded at normal
loads of 2, 5 and 10 nN for a polyHEMA-2.5 sample are shown
in Fig. 9. Let us first consider the results obtained at a load of
2 nN, as reported in Fig. 9c. Initially, the tip sinks into the
hydrogel material under the constant load of 2 nN, and the
hydrogel also deforms in the direction of the tip movement.
This results in the formation of a stress-induced hill of hydrogel
material in front of the tip. During this process, it becomes
progressively more difficult to deform the hydrogel, which
causes an increased lateral force. At some point, the energy
required for the tip to climb up from the created trench
becomes less than the energy required to further deform the
sample. As the tip leaves the trench, the tip-hydrogel contact
area decreases and the lateral force reaches a maximum value
before the tip completely leaves the trench. Once the lateral
force has reached its maximum value, the tip slips while it
is still climbing out of the trench. When the tip is out of
the trench, the stress in the hydrogel material relaxes (no
permanent deformation is observed) and the process starts in
a second cycle. We note that the height at the beginning of the
second cycle is slightly larger than at the beginning of the first
cycle, suggesting that the stress in the hydrogel material is not
completely relaxed as the tip has climbed out of the trench, but
a small hill remains. When the loads become larger (Fig. 9d
and e), several stick-slip phenomena are observed in the lateral
force channel as the tip climbs upwards along the side of the
hill created by the lateral force. In contrast to what was
observed at a load of 2 nN, the tip never manages to climb
over the hill, but only slips upwards along the hill. It thus
appears that the hill increases in height more rapidly compared
to the rate at which the tip climbs upwards.

Clear surface waves can be observed in the lateral force map,
and these are caused by frictional stick-slip.*® Stick-slip is very
commonly observed, and for polymer samples, it sometimes
results in the creation of periodic surface structures caused by
plastic deformation.*® Deformation due to the action of load

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Height (a) and lateral cantilever deflection (b) maps (1 x 0.6 pm?), and typical line profiles taken along the red dashed lines under loads of 2 NN (c),
5 nN (d), and 10 nN (e) of polyHEMA-2.5 (the images consist of about 150 such lines). For additional line scans and images, see the ESI.

and shear is also observed for polyHEMA-2.5, but here, a hill of
the hydrogel material forms in front of the moving tip and the
tip does not manage to climb over this hill fully (except at very
low forces). Further, the deformation is fully recovered for the
soft hydrogel material.

The corresponding data for the more cross-linked hydrogel,
polyHEMA-10, are shown in Fig. 10. The increased cross-linking
density results in a smaller depth of the trench and a smaller
height of the hill in front of the moving tip (Fig. 10c-e). An
initial sink-in followed by a climb upwards can, however, be

noticed. The lateral force increases as the stress in the material
increases and the tip climbs upwards against the hill. No large
amplitude stick-slip effect is observed for polyHEMA-10, but
rather there are a large number of low amplitude stick-slip
events. Thus, the response to a lateral force is significantly
changed by increasing the content of the cross-linker from
2.5 wt% to 10 wt%. Both the higher indentation depth (Fig. 7b)
and the higher tip-sample adhesion (Fig. 7a) for the polyHEMA-2.5
sample are expected to contribute to the enhanced stick-slip effect
found at the lower cross-linking density.*
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Fig. 10 Height (a) and lateral cantilever deflection (b) maps (1 x 0.6 um?), and typical line profiles taken along the red lines under loads of 2 nN (c), 5 nN
(d), and 10 nN (e) of polyHEMA-10 samples (the images consist of about 150 such lines). For additional line scans and images, see the ESI.{
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In Fig. 11, we illustrate the much stronger lateral forces
observed for polyHEMA-2.5 compared to those for polyHEMA-
10 in plots of the lateral cantilever deflection using the same
scale for the two samples. Clearly, with increasing cross-linking
density, the hydrogel network becomes less deformable and
poly-HEMA-10 allows much less deformations under the com-
bined action of load and shear used in this investigation.
Further, the fact that the topography of the sample surface
did not change after the measurement suggests the absence of
plastic deformations and wear for both hydrogels.

4 Conclusions

The understanding of nanomechanical responses of hydrogel
materials is of importance in many applications, where tissue
engineering, scaffold materials and drug delivery vehicles for
controlled delivery via controlled flow are examples from the
biomedical field. In this work, we emphasize the importance of
investigating the load-dependent nanomechanical properties
under both pure normal load and under the combined action
of load and shear. We also show that a similar material,
differing only in cross-linking density, displays significantly
different nanomechanical responses. In particular, we elucidated
how two kinds of polyHEMA hydrogel samples with different
cross-linking densities respond to local deformation in normal
and lateral directions induced by an AFM tip with an end radius of
about 19 nm. For both types of hydrogels, a viscoelastic response
arising from chain relaxation and water flow was found, and we
evaluated the load-dependence of the surface stiffness of the
samples from the force distance curves. Due to the viscoelastic
nature of the samples, the surface stiffness on decompression was
found to be significantly larger than that on compression, and
both measures of surface stiffness increased with load. By increas-
ing the amount of cross-linker by a factor of 4 (2.5 wt% in

7712 | Soft Matter, 2019, 15, 7704-7714

polyHEMA-2.5 and 10 wt% in polyHEMA-10), the surface stiffness
on compression increased by a factor of 2 at low loads (1 nN), and
decreased to a factor of 1.4 at high loads (11 nN). The relative
increase in surface stiffness with increasing cross-linking density
evaluated on decompression was smaller, a factor of 1.6 at 1 nN
and a factor of 1.1 at 11 nN.

The tip-sample adhesion was found to be higher for
polyHEMA-2.5 than for polyHEMA-10. We attribute this to
larger chain flexibility that facilitates polymer attachment to
the tip. The tip-sample adhesion showed a pronounced load
dependence only for polyHEMA-2.5 samples.

The different cross-linking densities in polyHEMA-2.5 and
polyHEMA-10 resulted in significant differences in the local
response to the combined action of normal load and shear. Even
though the tip initially sinks into the material and the hydrogel
deforms to form a hill at the front side of the moving tip for both
types of hydrogels, the magnitudes of these effects are very
different. For instance, at a load of 10 nN, the sink-in during
sliding for polyHEMA-2.5 is about 10 nm, whereas it is only 1 nm
for polyHEMA-10. As the lateral deformation is increased at this
load, the tip climbs 200 nm up the hill accompanied with
pronounced stick-slip features for polyHEMA-2.5. In contrast,
for polyHEMA-10, the upward climb by the tip is only 10 nm,
and the stick-slip effect features are minuscule in comparison.
No remaining plastic deformation or remaining wear scar was
observed for these hydrogels. Thus, on the time scale of minutes,
the nanomechanical response is predominantly elastic. In contrast,
on the time scale of a fraction of seconds, the nanomechanical
response is viscoelastic (as observed by hysteresis in FDCs and
different surface stiffness on compression and decompression).
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