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Abstract

Hydrogels, bearing microstructural semblance to biological tissues, are prime candidates for translation replacement materi-
als. Among them, double network (DN) hydrogels are at the forefront with their superior mechanical properties compared
to conventional single network hydrogels. However, the functional design of the microstructure to control mechanical and
tribological performance still poses a challenge. Here, hydrogels composed of physically crosslinked agarose and chemically
crosslinked poly(acrylamide) were studied by spectroscopy, dynamic light scattering, atomic force microscopy and rheol-
ogy. A viable hydrogel formed with the lowest acrylamide concentration, but the loose PAAm network did not reinforce the
agarose network. Increasing the monomer and crosslinker concentration led to fast gelation of the second network, yielding
poorly interconnected acrylamide-rich domains within the agarose network, and a weak and heterogenous hydrogel. Reduc-
ing the crosslinking degree to the half slowed down gelation, which favored the formation of an interpenetrating PAAm
network, affording a two-fold increase in strength. While the adhesion of the investigated hydrogels is remarkably dictated
and reduced by agarose, their frictional characteristics are highly sensitive to the composition. Importantly, friction can be
modulated by varying the imbibed fluid.
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1 Introduction

Hydrogels are proposed as prime candidates for cartilage
replacement owing to their structural semblance to bio-
logical tissues, their functionality, and biocompatibility [1,
2]. One outstanding challenge is to design hydrogels with
excellent biomechanical response along with the capability
to reduce wear and friction. For instance, articular carti-
lage maintains structural integrity under cyclic loading and
unloading during which the pressures can rise up to 20 MPa
[3]. However, conventional chemically crosslinked single
network hydrogels can sustain pressures up to only ~0.4 MPa
before yield or fracture [4, 5]. Single network hydrogels are
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weak and brittle [6, 7] and their fracture strengths are orders
of magnitudes lower than those of human tissues [8] Hence,
the disparity between hydrogels’ mechanical properties and
those of soft biological tissues such as the articular cartilage
is still a vital limitation.

In 2003, Gong pioneered the so-called double network
hydrogels, where a polyelectrolyte, poly(2-acrylamido-2-
methylpropane sulfonic acid), (abbrev. PAMPS), as the first
network, was tightly crosslinked and brittle, and the second
network, poly(N,N'-dimetyl acrylamide (abbrev. PDMAAm)
was loosely crosslinked, soft, ductile, and neutral [9-12].
These hydrogels have strength and toughness comparable
to articular cartilage and industrial rubber [4, 13]. Nakajima
et al. demonstrated that two different types of networks are
possible: truly independent (t-DN) and connective (c-DN)
hydrogels [14] DN hydrogels with PAMPS as the first net-
work when crosslinked with methylene bisacrylamide can
lead to unreacted double bonds in the crosslinker. These
double bonds can react with the second network’s pre-pol-
ymer, resulting in covalent links between first and second
network, i.e., c-DN hydrogels. By rendering all the unre-
acted double bonds inert, the authors were able to synthesize
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two independent, interpenetrating networks, i.e. t-DN hydro-
gels. Importantly, the authors found that the t-DN gels were
stronger than the c-DN gels when the second network was
loosely cross-linked. For other systems, it has been shown
that [15] when the concentration of the cross-linking mono-
mer used in the second polymerization was below some crit-
ical value, the toughness of a c-DN was higher than that of
a t-DN, but above some critical cross-linker concentration,
the toughness of the t-DN improved remarkably. It should
be noted that authors in ref [15]. point out the validity of a
“double” network if the two polymers are interconnected,
implying that it is essentially a single crosslinked network
in the c-DN case. Several works have shown that the amount
of monomer and crosslinker of the second network signifi-
cantly influences the resulting microstructure and properties
of the hydrogel [8, 16-22] and that a fine balance is required
to achieve extraordinary property enhancements. Other net-
work combinations have had success in achieving improved
mechanical properties. For instance, a physically crosslinked
first network like agarose [22-24], collagen [25, 26], or algi-
nate [27, 28], can eliminate the damage associated with the
covalently crosslinked first network in DN hydrogels.

Yet, this discovery came with a caveat; Gong’s studies
noted that a third component was necessary to achieve low
friction coefficients [29]. For example, the friction coef-
ficient provided by PAMPS/PAAm DN hydrogel ranged
from 1072-107", while high lubricity (u ~ 10~°) was only
achieved if a linear, un-crosslinked polymer was imbibed
in the DN hydrogel. The authors attributed the low coef-
ficients of friction to the shear of free and highly mobile
linear polymer chains at the hydrogel interface. Stud-
ies of DN hydrogel lubrication are still limited but the
available studies have often revealed poor lubrication [9,
16, 20, 29-31]. For instance, polyvinyl alcohol (PVA)/
poly(acrylamide) (PAAm)hydrogels showed friction coef-
ficients as high as ~0.1-0.2 in migrating and stationary con-
tacts. [20] Later studies have revealed lower friction coeffi-
cients (u~10">~10~) for DN hydrogels comprising PAMPS/
PDMAAmM [16] and alginate/PAAm [27], but the knowledge
of the underlying mechanisms and the structure—property
relationships for enhanced lubricity are almost non-existent.
Recently, Bonyadi et al. showed that a charged first network
could render superlubricity to PAMPS/poly(N-isopropy-
lacrylamide-co-acrylamide) DN hydrogel at low velocities,
which was associated with a fluid film preventing the con-
tact between the sliding surfaces [32]. Chemical gradients
in DN hydrogels can also influence the frictional response
[31]. For example, DN hydrogels composed of alginate and
PAMPS showed an alginate-rich skin, which could be easily
delaminated, revealing a softer hydrogel underneath the skin
with a lower friction coefficient. The authors attributed the
presence of gradients to the oxygen inhibited free-radical
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polymerization and to the diffusion-controlled crosslinking
of alginate within the double network.

We have studied agarose/polyacrylamide hydrogels
(Ag-PAAm) composed of agarose, as the first (physically
crosslinked) network, and PAAm, as the second (chemically
crosslinked) network. Although promising due to the ease
of synthesis, charge neutrality and biocompatibility [17], the
fundamentals about the formation of an efficient double net-
work are still paradoxical, and the knowledge of the relation
between microstructure and lubrication performance is lack-
ing, both limiting their functionality. Agarose is a neutral
polysaccharide that is extracted from red algae; its molec-
ular structure consists of two alternating galactose types.
Gelation occurs by cooling a solution of agarose below the
ordering temperature (~32 °C). During gelation, the con-
formational transition of the two coils to a double helix
is followed by the aggregation of the double-helical seg-
ments via hydrogen bonding and van der Waals forces. The
gelation of PAAm in the agarose network is modulated by
varying monomer and crosslinker concentrations. Here, we
systematically modified the second network’s composition
(PAAm) and determined the microstructure, strengthening,
adhesion and frictional characteristics in various solvents.
These results provide insight into the principles underlying
the formation of a double network with enhanced mechani-
cal and tribological performance.

2 Experimental Section/Methods
2.1 Hydrogel Preparation

All chemicals were purchased from Millipore-Sigma
(MO, USA) unless otherwise noted. The hydrogels were
prepared with solutions of agarose powder (1st network
prepolymer), acrylamide (2nd network monomer), bis-
acrylamide (2nd network crosslinker), a-Ketoglutaric acid
(2nd network UV initiator). A UV lamp from Spectro-
line (USA) with an optimal wavelength of 365 nm was
used. The synthesis method was adapted from the protocol
reported in ref. [22] In brief, 1 wt% agarose powder was
added to pre-heated DI water to 80 °C under constant stir-
ring. After 10 min, the solution became clear (indicative
of agarose dissolution), and acrylamide (AAm) and bis-
acrylamide (bis-AAm) were added to the agarose solu-
tion to a total volume of 20 mL, followed by the initiator.
After stirring for 10 s, 2 ml were pipetted into a polycar-
bonate petri dish. Agarose gelation was allowed to occur
for 30 min, after which the samples were put under UV
light for 4 h for the second network to form. Lastly, the
gels were thoroughly washed to remove unreacted com-
ponents. Four different hydrogels were prepared with the
compositions given in Table 1. Note that the difference
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Table 1 Composition of

i . Hydrogels prepared with Water with aga-  Water with AAm (Wt%) bis-AAm (wt%)

synthesized Ag-PAAm 1wt% agarose rose (mL) AAm+Dbis-AAm

hydrogels (mL)
1Ag4PAAmM-0.1x 14.7 5.3 4.0 0.10
1Ag5PAAmM-0.15x 16 4 5.0 0.15
1Ag5PAAmM-0.3x 14.5 5.5 5.0 0.30
1Ag8PAAM-0.48x 11.2 8.8 8.0 0.48

For all hydrogels, the amount of the UV initiator was 1 mol% of the AAm monomer. All hydrogel solutions
were made up to a total volume of 20 mL, by mixing agarose and acrylamide solutions. The concentrations
of agarose, AAm and bis-AAm refer to the total volume of 20 mL

between 1Ag5PAAmM-0.15x and 1Ag5PAAm-0.3x hydro-
gels is the crosslinker concentration (0.15 vs. 0.3 wt%). A
subset of hydrogels was prepared only with 1wt% agarose
(labeled as agarose hydrogels) as reference. The radius
of the gels prepared in the petri dishes was 35 mm, while
the thickness varied depending on the composition. After
the gelation of the agarose and Ag-PAAm hydrogels in
petri dishes, circular discs 2 mm in thickness and 8 mm
in diameter were punched out and equilibrated either in
DI water or in mixtures of DI water and dimethyl sulfox-
ide (DMSO) for one day prior to testing. We compare the
results in this work with those reported for PAAm hydro-
gels in our previous works [33, 34]; note that the nomen-
clature has changed since we called the gels before 4%,
6% and 9% PAAm hydrogels, and now 4%, 5% and 8%
PAAm hydrogels but the composition is the same. The
4%, 5% and 8% reflect only the acrylamide (monomer)
concentration, while the crosslinker is given separately
in the hydrogels’ nomenclature to emphasize that various
crosslinker concentrations have been selected for the same
monomer concentration.

2.2 Attenuated Total Reflection Infrared
Spectroscopy

Attenuated Total Reflectance Infrared Spectroscopy (ATR-
IR) (PerkinElmer, Frontier, and Pike Technologies, Gladi-
ATR with a diamond crystal) was used to determine the
chemical footprint of the DN hydrogels. The sample absorb-
ance was collected in the range of 500-4000 cm™'. The
data are shown after baseline correction with DI water as
background to enhance the polymer footprint. For infrared
spectroscopy, hydrogel samples were prepared in the petri
dishes, as described above, and the top and bottom surfaces
were placed on the ATR-IR crystal to evaluate the presence
of chemical gradients. Because the penetration depth of
the infrared ranges between 1.1 and 2.2 pm, this is a viable
method to distinguish between the relative concentrations of
agarose and polyacrylamide close to top and bottom surfaces

[35] and assess the presence of compositional gradients. A
dead weight of ~ 100 g was placed on top of the hydrogels to
enhance the hydrogel-crystal contact for each run.

2.3 Rheology

The rheological behavior of the hydrogels was investigated
using a Dynamic Mechanical Analysis (DMA, Perkin Elmer,
DMA 8000). Frequency and amplitude sweeps using the single
cantilever mode were performed in the range of 0.1-20 Hz at
constant strain of 2% and as a function of strain from 0.1 to
1% at a constant frequency of 1 Hz, respectively. Storage (G")
and loss moduli (G") were measured as a function of frequency
and amplitude. For each measurement, the temperature was
maintained constant at 25°C using a water bath.

2.4 Swelling

Samples were weighed after 0, 4, 8, 12, 24 and 48 h immersion
in the solvent. 48 h were long enough to achieve equilibrium
swelling in the hydrogels. The swelling ratio was calculated
as the weight of the swollen hydrogel over the as-prepared
weight of the hydrogel.

2.5 Dynamic Light Scattering

Rectangular slabs were cut from hydrogel samples and inserted
in a plastic cuvette. The cuvette was then filled with DI or mix-
tures of DI and DMSO to prevent hydrogel from drying. A
Zetasizer 3000 (Malvern, USA) was used at a fixed wavelength
A of 632 nm and a scattering angle 0 of 90°. For the analysis,
we use the heterodyne approach by Joosten, McCarthy, and
Pusey [36] for hydrogels, which considers the intrinsic het-
erodyne overlay of both the scattering from thermal dynamic
concentration fluctuations and that from time-constant spatial
concentration inhomogeneity. The method has been shown to
work well when the inhomogeneities are not fully frozen inside
the gel but display some residual slow mobility. Based on this
approach, Tanaka’s model is used to calculate an apparent dif-

fusion coefficient D,W [37]as:
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g¥(r) = 1 = po; exp (—2D,,,q°7) (1

where g () is the autocorrelation function (if the hydrogels
are treated as ergodic media), f is the instrument coherence
factor (assumed to be 1), 612 is the initial amplitude of the
intensity autocorrelation function, g is the wave vector and
7 is the correlation time. The ratio between the scattering
from thermal dynamic concentration fluctuations /;(g) and
the total scattering intensity /(g) is given by:

<1 >
_ #(q) T _q_ 1_612 2

<I(@)>r

This yields following expressions for the collective dif-
fusion coefficient D,

D.=Q2-X)D,, 3)
and for the dynamic gel polymer network correlation length
Se

T
¢ 6xnD., @)

where 7 is the solvent viscosity, kg is the Boltzmann con-
stant, and 7 is the temperature. This method is adequate if
the hydrogel inhomogeneities are not fully frozen inside the
gel but display some residual slow mobility. For completely
frozen inhomogeneities, more elaborated spatial-dependent
DLS measurement and analysis are available [38], which are
outside the scope of this work.

2.6 Colloidal Probe Atomic Force Microscopy

Indentation and friction force measurements were conducted
with an atomic force microscope (AFM, Nanowizard Ultra,
JPK Instruments, Germany) using silica colloids (Duke Sci-
entific, Thermo Scientific, CA, USA) with nominal diam-
eters of 20 um. The colloids were attached to tipless canti-
levers (spring constant k,= 0.4 N/m, CSC37-No Al/tipless,
Nanoandmore, USA) using an epoxy glue (JB-Weld, Sulphur
Springs, TX, USA). The normal stiffness of the cantilevers
was determined by the thermal noise method and the lat-
eral stiffness was obtained by means of the wall calibration
method [39]. For indentation and friction force measure-
ments, the hydrogels were used as prepared in the petri dish.
Indentation measurements were conducted at an approach/
retraction velocity of 2 pm/s and an applied load of 20 nN.

The JKR model [40] was used to fit the retract curves via
a least squared curve fitting algorithm built in MATLAB
using the following equations:

a? F

h=h,+ L
T

(5a)
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& = =R (F 432y + (6ryRF + <3zyR)2)%) (5b)
(4E%)

where F is the indentation force, 4 the indentation depth,,
the contact point, R the colloid radius (determined from
reverse imaging), a the contact radius, E* the contact elastic
modulus and y the adhesion energy. Here, we have used the
noise of the instrument (0.06 nN) as the baseline and defined
the contact point at the tip position where the force exceeded
0.06 nN. The fits to the experimental data provide y and E*
and thereby the elastic modulus of the hydrogels:

1-v 1-42
Lol 2 (©)
E* E E,

where E|, v; (v; = 0.45 for the hydrogel) and E,, v, (v, =
0.168 and E,= 72.2 GPa)[41] are the elastic moduli and
Poisson’s ratio of the hydrogel and the silica colloid,
respectively.

In addition to this, the Hertz contact model was fit to
the approach curves in a piecewise manner, as described
in detail in refs [33, 42], to extract elastic modulus as
a function of indentation depth using the following
equation:

FngwWMH %

Note that this approach neglects viscoelastic and poroe-
lastic effects on the resistance to indentation. However,
the satisfactory agreement between the elastic moduli
obtained from fits of Eq. (7) to indentation curves and
from rheology supports the validity of this method.

Friction force measurements were performed at varying
normal loads in the range 10-50 nN with sliding veloci-
ties spanning over almost three orders of magnitude in the
range of 1-500 pm/s. At least 8 lateral force loops -each
taken while the probe slid in forward (trace) and reverse
(retrace) directions- were collected for each condition. The
version of the JPK software used for data processing is
6.1.163. The friction force was calculated by averaging
over the half width of the trace-retrace loops using a GUI
developed in MATLAB.

2.7 Quantitative Imaging AFM

The hydrogel surfaces were imaged by AFM (Nano Wiz-
ard, JPK Instruments, Germany) using the quantitative
imaging mode (QI) with a sharp tip (HQ:CSC37, No Al,
0.3-0.9 N m— 1, Nanoandmore, USA). In QI mode, cross-
Sects. (3030 pm and 5 x5 pm) were divided into a grid
of 256 X 256 pixels and force—distance curves were meas-
ured at each pixel at an approach speed of ~60 um/s and a
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very small load of ~1.5-2 nN. Maps of height, adhesion,
and stiffness were obtained by QI.

3 Results

1Ag4PAAmM-0.1x, 1Ag5PAAmM-0.15x, 1Ag5SPAAm-
0.3x and 1Ag8PAAm-0.48x hydrogels were prepared as
indicated in the Experimental section. Table 1 shows the
composition of the prepared hydrogels, all of them with 1
wt% agarose as the first network and PAAm as the second
network with AAm concentrations of 4, 5, 5 and 8 wt% for
1Ag4PAAmM-0.1x, 1Ag5PAAmM-0.15x, 1Ag5SPAAm-0.3x,
and 1Ag8PAAmM-0.48x hydrogels, respectively. Note that
1Ag5PAAmM-0.15x and 1Ag5PAAm-0.3x hydrogels were
prepared with the half of the crosslinker concentration and
the same monomer concentration.

3.1 Chemical Make-up of the Double Networks
and Compositional Gradients

ATR-IR spectroscopy was used to identify the chemical foot-
print of bottom and top surfaces of the hydrogels. Figure 1
shows representative IR spectra for the four hydrogels. The
successful polymerization of acrylamide in 1Ag4PAAm-
0.1xhydrogels (Fig. 1A) is confirmed by the detection of
strong absorption bands at 1672 cm™! and 1599 cm™ (dotted
lines), -characteristic of amide I and amide II- on top and
bottom surfaces. Additionally, the presence of the agarose
is confirmed via the vibration bands at 1080 cm™! for C-H
bending in sugars, 1048 cm™! for C-0, 1371 cm™! for C-C
bending, and 931 cm™! ascribed to the 3,6-anhydrogalactose
[43, 44]. Interestingly, broadened peaks at 1436 cm™' and
1458 cm™! are also observed in all IR spectra, which point
toward the asymmetric stretching of COO- (blue solid lines).
This can be due to the hydrolysis of AAm, expected to occur
above 40 °C, [45] and is most prominent in the top and bot-
tom surfaces of 1Ag4PAAm-0.1x hydrogels. Importantly,
this hints towards the presence of charge, which could justify
the highest swelling of this hydrogel (Figure S1).

The analysis of peak shifts corresponding to amide and
C-O bands revealed two important findings. First, com-
pared to the 1608 cm-1 amide II band for pure PAAm
hydrogels (Figure S2), 1Ag8PAAm-0.48x showed a shift to
lower wavenumbers, i.e., 1599 cm™! and 1600 cm™! for the
top and bottom surfaces, respectively, while 1 Ag5SPAAm-
0.3x showed a shift to 1600 cm™" only for the top surface.
A shift of this band to lower wavenumbers is commonly
attributed to hydrogen bonding [23, 46]. In the case of the
DN hydrogels, it could be associated with hydrogen bond-
ing with agarose. For 1Ag4dPAAm-0.1x and 1Ag5PAAm-
0.15x, a shift to higher wavenumbers (1613 cm~! and
1610 cm™!, respectively) was observed for both top and
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Fig.1 ATR-IR absorbance spectra for A 1Ag4PAAm-0.1x-0.1x,
B 1Ag5PAAmM-0.3x, C 1Ag5PAAm-0.15xand D 1Ag8PAAm-
0.48x hydrogels. Vibration bands associated with PAAm and aga-
rose are identified as the dashed and full vertical lines, respectively
(see text). The chemical heterogeneity of the hydrogels is illustrated
by comparing between the IR spectra of top (red curves) and bottom
(black curves) near-surface regions. The blue solid lines at 1436 and
1458 cm™! highlight bands corresponding to the asymmetric stretch-
ing of COO-. For comparison, the vibration band for C-O in agarose
single networks occurs at 1046 cm™!, while the amide II band for pol-
yacrylamide is located at 1608 cm™! (Color figure online)

bottom surfaces. This indicates that the intermolecular
interactions between agarose and PAAm are weaker in
these gels. Interestingly, the C-O peak in pure agarose
hydrogels at 1046 cm™! shifts to higher wavenumbers in
the Ag-PAAm hydrogels, which supports that the forma-
tion of the second network reduces hydrogen bonding in
agarose. Cooperative hydrogen bonding in agarose is cru-
cial to form a thick fibrous network [47].

We also note that agarose and PAAm footprints,
although detected on top and bottom surfaces of the four
hydrogels, vary in intensity, pointing towards chemical
gradients. (Figs. 1b—d). To evaluate the compositional gra-
dients, Fig. 2 compares the ratios between the absorbance
peaks at 1080 cm™' (C—O) and at 1672 cm™! (amide I) for
top and bottom near-surface regions. The similar ratios for
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Fig.2 Ratios between the absorbance at 1080 cm-1 (agarose peak)
and at 1672 cm-1 (amide I peak) for top (red) and bottom (gray
shadowed) near-surfaces regions of the four hydrogels (Color figure
online)

1Ag4PAAm-0.1x indicate that the difference in composi-
tion of top and bottom surface regions is small. For the
1Ag5PAAm-0.15x hydrogel, Fig. 2 suggests an enrichment
of acrylamide on the top compared to the bottom near-
surface region. The gradient in composition is largest for
1Ag5PAAm-0.3x hydrogels. The increasing ratio indicates
the depletion of PAAm toward the bottom near-surface
region (in gray). Interestingly, increasing the acrylamide
concentration to 8% at the same monomer-to-crosslinker
ratio leads to a relative enrichment of PAAm in the bottom
surface region, as evidenced by the decrease in absorbance
ratio.

3.2 Composition-Dependent Strengthening,
Adhesion, and Microstructural Gradients
of Ag-PAAm Hydrogels

Based on amplitude sweeps (Figure S3), the hydrogels
exhibit a prominent viscoelastic solid behavior, with a
plateau storage modulus G’ < G" (the loss modulus), and
tan-6 < 0.1. Figure 3A shows G' and G" of the hydrogels,
as determined from amplitude sweeps at 1 Hz. The stor-
age moduli are 17.1 + 0.6 kPa, 109.4 + 16.3 kPa, 13.7 + 1.1
kPa, 9.7+ 1 kPa for 1Ag4PAAm-0.1x, 1Ag5PAAm-
0.15x, 1Ag5SPAAmM-0.3x and 1Ag8PAAm-0.48x hydro-
gels, respectively. In comparison, the storage modulus
of agarose hydrogels (1 wt%) is 20.8 kPa+7.4, while the
PAAm hydrogels with 4%, 5% and 8% PAAm have much
smaller storage moduli: 0.143 kPa+0.01, 0.275 kPa+0.03,
1.14 kPa+0.15, respectively [34]; rheology measurements
on 5%-0.15x PAAm (SN) hydrogels failed because the
hydrogels were very soft. The comparison of results reveals
that only 1AgSPAAm-0.15x hydrogels led to significant
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strengthening: G’ of 1Ag5PAAm-0.15x hydrogels is about
one and three orders of magnitude larger than that of the
SN agarose and PAAm hydrogels with similar monomer
concentrations, respectively. Increasing the crosslinking
concentration by a factor of two weakened the hydrogel sig-
nificantly, as G’ of 1Ag5SPAAm-0.3x hydrogels decreased
by one order of magnitude. 1Ag4PAAmM-0.1x, lAg5PAAm-
0.3xand 1Ag8PAAm-0.48x hydrogels have tan-6 values in
the range 0.068-0.093 (-), like agarose hydrogels, while
only 1Ag5PAAm-0.15x exhibit significantly smaller values
[~0.028 (-)]. We note that, in contrast to the expected rela-
tion between polymer concentration and elastic modulus for
SN hydrogels based on de Gennes scaling equations [48],
we do not find a relation between storage modulus and the
swelling ratio of the Ag-PAAm hydrogels; see swelling
ratios in Fig. S1. Based on these rheology measurements,
only 1Ag5PAAm-0.15x hydrogels can be classified as double
network hydrogel since the other investigated compositions
do not induce any strengthening compared to SN agarose
hydrogels.

To characterize the dynamic correlation length of the Ag-
PAAm networks, we used DLS. Figure S4 shows autocorre-
lation functions for the investigated hydrogels. | AgSPA Am-
0.3x hydrogels exhibit fast and slow decay modes, which
cannot be evaluated by the heterodyne approach (see Experi-
mental methods), and hence, we do not discuss these results
further. For the other hydrogels, a dynamic correlation
length (&,) can be determined, which represents the liquid-
like concentration fluctuations of the polymer network. The
fits to the correlation functions are shown in Figure S4 for
representative measurements.

The correlation length for 1Ag4PAAm-0.1x,
1Ag5PAAmM-0.15x, and 1Ag8PAAmM-0.48x hydrogels is
90.6 + 7.7 nm, 7.1 + 0.1 nm and 135 + 12 nm, respectively,
while it is 10.1 + 0.5 nm for agarose hydrogels (Fig. 3A, cir-
cles). An increase in mesh size occurs upon the addition
of acrylamide (4% and 8%), while a noticeable decrease
in mesh size is observed for 1AgSPAAm-0.15x hydrogels.
This correlation length reflects the intricate modulation of
the polymer network via the second polymer. Importantly,
the common scaling relation between mesh size and elas-
tic modulus (G'~ £73) for SN hydrogels [48]is not valid for
these hydrogels.

The fit of the JKR model to the force-indentation curves
upon retraction provides the work of adhesion y. For agarose
hydrogels, y is small (0.024 + 0.012 mN/m) and reflects the
weak affinity of the hydrogel to the silica colloid. [49] This
contrasts with the significant adhesion of 5% and 8% (SN)
PAAm hydrogels (Fig. 3B, empty bars). The origin for this
high adhesion has been associated with the formation of
hydrogen bonds between PAAm and silanol groups [34].
The highest adhesion of 5% PAAm hydrogels results from
the combined effects of a higher acrylamide concentration
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than in 4% PAAm hydrogels and larger contact area than
on 5%-0.15x and 8% PAAm hydrogels. Figure 3B shows
that incorporating the PAAm network in the agarose hydro-
gel remarkably reduces the work of adhesion (patterned
bars)— likely due to the presence of agarose on the hydrogel
surface —, except in the case of 1 Ag4PAAm-0.1x hydrogels.
The latter is not surprising as both agarose and 4% PAAm
hydrogels exhibit similar work of adhesion (~0.023 and
0.024 mN/m). The decrease in adhesion is most significant
for 1Ag5SPAAm-0.15x hydrogels, likely due to the concur-
rent strengthening of the hydrogel, which decreases the con-
tact area.

The piecewise fit of the Hertz model to the force-inden-
tation curves upon approach revealed a near-surface region
(labeled as “skin”) with a smaller Young’s modulus than
the hydrogel underneath (labeled as “bulk™); see Fig. 3C.
The “skin” has a thickness of 146 + 45 nm, 106 + 25 nm,
305 + 8.9 nm and 169 + 47 nm with moduli of 1.6 + 0.7 kPa,
12 +£4.5 kPa, 0.6 + 0.4 kPa, and 4.8 + 0.9 kPa for the top sur-
face of 1Ag4PAAm-0.1x, 1Ag5SPAAm-0.15x, 1Ag5SPAAm-
0.3x and 1Ag8PAAm-0.48x hydrogels, respectively. While
the existence of this skin is evident from the deviation of the
resistance to indentation of the near surface region compared
to the bulk hydrogel, the fits of the Hertz model cannot pro-
vide a precise quantification of the modulus of the skin. This
is because the small thickness of this layer compared to the
contact size breaks the condition of half-space body. There-
fore, these values need to be considered with caution. The
strongest hydrogel, 1AgSPAAm-0.15x, has the thinnest skin
layer, while the skin of 1Ag5PAAm-0.3x hydrogels is~3

times thicker, softer, and depleted of PAAm (Fig. 2), but
exhibits higher adhesion, likely due to the smaller modulus,
and hence, larger contact area. This suggests that the reduc-
tion of the crosslinking density in 1Ag5SPAAm-0.15x hydro-
gels enables the formation of a more uniform microstruc-
ture across the hydrogel depth. Underneath the skin, the
highest Young’s modulus is obtained for 1Ag5SPAAm-
0.15x hydrogels (80.5 + 6.1 kPa), while similar moduli (19.9
+ 1.3 kPa, 10.8 + 1.5 kPa and 13.9 + 0.9 kPa) are obtained
for 1Ag4PAAmM-0.1x, 1Ag5PAAm-0.3x, and 1Ag8PAAm-
0.48x hydrogels, respectively. These results are in qualitative
agreement with the rheological results, and with the elastic
modulus obtained using the JKR model.

3.3 Strengthening vs. Lubrication

The kinetic friction force between the hydrogels and a sil-
ica colloid as a function of load and velocity is shown in
Fig. 4A-D. The measurements with 1AgSPAAm-0.3x hydro-
gels were noisy and irreproducible, which we attribute to the
presence of heterogeneities, and hence, they are not further
discussed. The common trend for the other four hydrogels is
that friction increases with load, while the velocity depend-
ence of friction depends on the composition. Our previous
investigations of the frictional characteristics of PAAm (SN)
hydrogels revealed the existence of adhesive and viscous
contributions to friction leading to a prominent decrease of
friction with velocity (velocity-weakening friction) at slow
sliding velocities and to an increase of friction with veloc-
ity (velocity-strengthening friction) at high velocities [34].
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Fig.3 Properties of agarose (1Ag, grey), 1Ag4PAAm-0.1x (blue),
1Ag5PAAmM-0.15x  (yellow), 1Ag5PAAm-0.3x (green), and
1Ag8PAAmM-0.48x (purple) hydrogels. A Correlation lengths (cir-
cles) from DLS, as well as storage modulus (G’, patterned bars) and
loss modulus (G”’, full bars) from strain amplitude sweeps. B Work
of adhesion y of agarose (grey patterned bar), Ag-PAAm (full bars)
and PAAm (empty bars) hydrogels obtained from fitting the JKR
model; the x-axis gives the acrylamide and bisacrylamide contents
with either 0 wt% (SN hydrogels) or 1 wt% agarose (DN hydrogels),

while agarose refers to agarose (SN) hydrogels. Work of adhesion for
4%, 5% and 8% PAAm hydrogels have been taken from ref. [34]. C
Elastic modulus obtained from fits of the Hertz model to the AFM
indentation results at two depths to determine the modulus of the
“skin” (patterned bars) and of the hydrogel underneath (full bars).
The thickness of the skin is given in the plot. Colloid radius for AFM
experiments in B and C: 10 pm. Figure S5 shows representative
force-indentation curves. Cantilever stiffness: 0.42 N/m (Color figure
online)
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Both the poroelastic drainage and the hydrogen bonding
between acrylamide and the silica colloid led to a remark-
able velocity-weakening friction. In contrast, a prominent
velocity independent plateau at low velocities followed by
an increase in friction with velocity at higher velocities is
observed for agarose hydrogels (Fig. 4D).

The friction behavior of 1Ag4PAAm-0.1x hydrogels
(Fig. 4A) resembles that of 4%PAAm (SN) hydrogels [34],
with a prominent decrease in friction with velocity preced-
ing a weak increase of friction with velocity. The friction
loops exhibit an initial tilt before sliding commences, which
is more prominent at slow velocities (Figure S6A), and it has
been associated to the (time-dependent) poroelastic defor-
mation of the surface-near region. [34, 50, 51] Furthermore,
although subdued, the characteristic stick—slip can be asso-
ciated with the interaction of PAAm with the silica colloid
upon the drainage of water. Both phenomena can justify the
prominent velocity-weakening friction.

In contrast, the frictional response of 1Ag5PAAm-
0.15xand 1Ag8PAAmM-0.48x hydrogels resembles the
behavior of agarose hydrogels more closely, although they
are less lubricious, especially 1AgSPAAm-0.15x hydrogels.
Both 1Ag5PAAm-0.15x and 1Ag8PAAm-0.48x hydro-
gels show a quasi-speed-independent plateau followed by
velocity-strengthening friction, with the transition occur-
ring at~ 10 um/s and 3—10 um/s (increasing with increasing
load), respectively. The absence of the velocity-weakening
regime indicates that the poroelastic deformation is less
significant. In the case of 1Ag5PAAm-0.15x hydrogels,
the larger elastic modulus must reduce the contact area
and the drainage of water. In the case of the much softer
1Ag8PAAm-0.48x hydrogels, the lack of the velocity-weak-
ening regimes correlates with the smaller amount of PAAm
in the near-surface region compared to 1Ag4PAAm-0.1x and
1Ag5PAAm-0.15x hydrogels, so that the frictional charac-
teristics are mainly dictated by agarose. Note that significant
stick—slip was observed for 1Ag5PAAm-0.15x hydrogels
(Figure S6B, thereby supporting the interaction between
PAAm and the colloid, whereas 1Ag8PAAm-0.48x (Fig-
ure S6C) shows smooth sliding, similar to that observed for
agarose.

Friction coefficients (CoF) of the Ag-PAAm hydro-
gels ranged from 2.2.1072 to 5.107 (Fig. 5), where the
lowest and highest friction coefficients were recorded for
1Ag8PAAmM-0.48x and 1Ag4PAAm-0.1x hydrogels, respec-
tively; CoF was determined at~0.1 um/s to minimize hydro-
dynamic effects. The best lubrication is provided by aga-
rose hydrogels (u~0.003 at 0.1 um/s). The CoF obtained
for 1AgSPAAm-0.15x hydrogels is an improvement in com-
parison to the reported performance of some DN hydrogels
[20, 29, 31]. The values of the CoF of the SN hydrogels
were determined in our previous work (~0.05-0.077, see
caption of Fig. 5) and are higher than the values reported
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here. With an increase in velocity, as viscous dissipation
becomes gradually more relevant, the increase in friction
is more prominent in the Ag-PAAm hydrogels compared to
agarose hydrogels in water.

3.4 Tunable lubricious behavior of Ag-PAAm
hydrogels via the imbibed fluid

Mixtures of DMSO and water were used to modulate the
viscosity of the imbibed fluid in agarose and 1Ag5PAAm-
0.15x hydrogels and examine its influence on the swelling
ratio, colloidal probe indentation, surface topography and
frictional characteristics of the gels. The change of the swell-
ing ratio of 1Ag5PAAm-0.15x hydrogels is moderate, with a
decrease from 173 to 160% with addition of 50% DMSO and
to 132% in pure DMSO. In comparison, the swelling ratio
of agarose decreases from ~ 193% in DI water, to 104% and
61% in 50% and 100% DMSO, respectively, and hence, there
is a more significant collapse of the agarose hydrogels. The
elastic modulus of the hydrogels obtained by colloidal probe
indentation is 100+5.3, 62.7 +3.58 and 52.2 +9.2 kPa for
1Ag5PAAm-0.15x hydrogels in 0%, 50% and 100% DMSO,
and 21.58 +3.58, 9.8 +2.73 and 5.44 +0.5 kPa for agarose
hydrogels in 0%, 50% and 100% DMSO, respectively. The
work of adhesion is 0.0244, 0.872 and 0.185 mN/m for aga-
rose hydrogels in 0%, 50% and 100% DMSO, whereas the
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Fig.4 Friction force vs. sliding speed for A 1Ag4PAAm-0.1x (blue),
B 1Ag5PAAmM-0.15x (yellow to orange), C 1Ag8PAAmM-0.48x (pur-
ple) and D agarose (grey) hydrogels at normal loads of 20 nN (cir-
cles), 30 nN (diamonds), 40 nN (triangles) and 50 nN (squares). The
solid black lines in B-D are fits of Eq. 1 to the experimental results.
Colloid radius: 10 ym. Cantilever Stiffness: 0.42 N/m (Color figure
online)
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work of adhesion of 1AgSPAAm-0.15x hydrogels vanishes
upon addition of DMSO. We thus observe a decrease in the
elastic modulus of both types of hydrogels, which is con-
sistent with a smaller osmotic pressure and modulus. The
change of the swelling behavior of agarose hydrogel must
be related to the reduction of the ability of agarose to form
crystalline junctions (crosslinkers) in DMSO-water mixtures
[52]. In addition, DMSO is a bad solvent for polyacrylamide
at room temperature [53], which should cause a collapse of
polyacrylamide gels in this solvent. However, the moderate
collapse of the DN hydrogels suggests that the double net-
work hinders the overall collapse.

The DN hydrogel’s surface in 50% DMSO (Fig. 6D-F) is
stiffer and less adhesive, and shows circular domains, rang-
ing in diameter from~4.5 to 5.7 um. In contrast, the surface
structure is uniform in water (Fig. 6A—C) and 100% DMSO
(Figure S8). The depth of these cavities ranges from 300
to 500 nm. More prominent circular domains are observed
when the synthesis of the DN hydrogel is conducted directly
in 50% DMSO (Fig. 6G-I). The observed circular domains
may thus reflect the heterogeneous collapse of the hydrogels,
at least near the surface, likely in regions where PAAm is
enriched. We note that 50% DMSO in water is used for the
synthesis of macroporous PAAm hydrogels below 0°C, as
the solvation-induced phase separation due to the high affin-
ity between water and DMSO[54, 55] causes a porous struc-
ture to form [56, 57]. Based on this, the observed circular
domains could result from a local phase separation and col-
lapse of PAAm. However, our sample preparation and meas-
urements were conducted at room temperature, and hence,
this is only a speculation at this point. Reference images of
SN agarose hydrogel in 50% DMSO are shown in Figure S9.

Figure 7 shows friction measurements in 0%, 50% and
100% DMSO for agarose and 1Ag5PAAm-0.15x hydrogels.
The friction force between the colloid and agarose hydrogels
decreases upon addition of DMSO at slow velocity, while it
increases at high velocity, with the highest friction measured
in 100% DMSO (Fig. 7A-C), which is concurrent with the
increase in viscosity; note that the viscosity of water, 50%
DMSO and 100% DMSO is 1, 2.83 and 1.99 mPa.s at 25°C,
respectively [58]. In the case of 1Ag5PAAm-0.15x hydrogels,
an increase in DMSO concentration to 50%, however, provides
better lubrication than in water (Fig. 7D-E), and there is a
further improvement in lubrication in 100% DMSO (Fig. 7F),
also at high velocities and despite the increase in viscosity.
Here, the more significant volume fraction of imbibed fluid
in the DN hydrogel compared to agarose in pure DMSO (see
swelling ratios) correlates with the more lubricious behav-
ior. However, we are aware that the swelling behavior of a
hydrogel is a bulk property, whereas the frictional charac-
teristics are significantly influenced by the properties of the
near-surface region, and hence, caution should be taken with
this comparison. Because the frictional response is related to
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Fig.5 Coefficient of friction for agarose, 1Ag4PAAm-0.1x,
1Ag5SPAAmM-0.15xand 1Ag8PAAm-0.48xhydrogels in DI water
(blue circles), 50% DMSO (green diamonds) and 100% DMSO (red
squares) at a sliding velocity of 0.1 um/s. The three values superpose
in the case of agarose hydrogels. The CoF for 4PAAm-0.1x, SPAAm-
0.3x and 8PAAm-0.48x hydrogels (SN) is 0.067, 0.050 and 0.077 (-),
respectively[34]. The friction measurements for SPAAm-0.15x failed
repeatedly likely due to the softness of these hydrogels (Color figure
online)

the topography of the near-surface region also in the case of
hydrogels [59], the circular domains are also expected to influ-
ence the frictional characteristics of the hydrogel.

Based on the adhesive-viscous model for hydrogel lubrica-
tion [34], the viscous component of friction is described based
on the Couette flow of a fluid film composed of polymer and
fluid:

Fvis=F0+neﬁ‘V.Q (8)

where F is taken as a constant to describe the quasi-inde-
pendent friction at slow velocities, Q = 16?"Rlog(%R> isa
geometric constant, R is the colloid radius, 7,5 ~ ny(V/ d)
with n < O (for shear-thinning behavior) and d is the thick-
ness of the sheared film, which is assumed to be equal to the
hydrogel’s dynamic correlation length [60]. Hence, we took
dtobe £,=10.2, 7.7 and 135 nm, for agarose, ] Ag6PAAm-
0.15x and 1Ag8PAAm-0.48x hydrogels, respectively
(Fig. 3A). Admittedly, this is a simplification because the
correlation length is a bulk property and the near-surface
region could exhibit a different correlation length due to the
varying crosslinking degree.

The lines in Fig. 4 and 7 show the fits of Eq. 8 to the
experimental results. The good fit of the model to the
friction force between the silica colloid and hydrogels
points towards a hydrodynamic lubrication owing to the
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low adhesion at the contact. Figure 8 A shows the viscos-
ity parameter 7, as a function of normal load, while the
shear thinning exponent 7 is ~ — 0.32 for agarose and -0.39
for the two Ag-PAAm hydrogels. In agreement with our
prior work on SN hydrogels, the increasing 7, with load
(between 20 and 50 nN) is evident for the three hydrogels
and reflects the gradually greater influence of the polymer
network on the viscous dissipation due to fluid exudation.
This supports that both the polymer and the fluid influence
the frictional dissipation based on this model. The highest
viscosity parameters in water (#,~0.2 to 0.33) are observed
for 1AgSPAAm-0.15x hydrogels, while the smallest vis-
cosity parameters (#,~0.01 to 0.03) are obtained for the
agarose hydrogels, reflecting the weaker increase of
friction with velocity. We note that the higher viscosity
parameter of 1Ag5PAAm-0.15x hydrogels in water cannot
be explained by the bulk swelling ratio, which is similar
for the three hydrogels. Both 5, and n must be significantly
affected by the properties of the skin layer. We note that
1Ag8PAAmM-0.48x hydrogels have a thick and soft skin
layer, possibly arising from the disturbed crosslinking of

height

stiffness

adhesion

Fig.6 QI images of the DN hydrogels equilibrated in A-C DI
(4x4 pm), D-F 50% DMSO (4x4 pum) and G-I synthesized in
50% DMSO (30x30 um). Maps of A; D; G height, B; E; H stiff-
ness and C; F; I adhesion for each condition. Increase in the color
brightness points to an increase in height, stiffness or adhesion. Fig-
ure S7 shows the histograms of the surface stiffness and adhesion
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agarose, which results in a weak and loose network with
depleted PAAm. This is in contrast with the thinner and
stiffer skin layer of 1Ag5PAAm-0.15x hydrogels, yielding
a higher viscosity parameter.

Figure 8B-C shows that the viscosity parameter of
agarose and 1Ag5PAAm-0.15x hydrogels changes with
DMSO%. For both hydrogels, the value of #, exhibits a
maximum at 50% DMSO, which is consistent with the
maximum viscosity of water-DMSO mixtures and reflects
the role of the solvent in lubrication, except at a load of 50
nN on agarose hydrogels. However, note that the evolution
of the shear thinning exponent is quite different for both
hydrogels: n increases from — 0.32 to~ — 0.24 for agarose
hydrogels, whereas the opposite behavior is observed for
the 1Ag5SPAAm-0.15x hydrogels, as n decreases from -0.39
to~— 0.48. This indicates that despite the non-adhesive
nature of the contacts (see small work of adhesion compared
to PAAm hydrogels, Fig. 3C), the polymer network influ-
ences lubrication and does it in a different manner in both
hydrogels. The prominent collapse of agarose hydrogels in
DMSO mixtures is concurrent with the less significant shear

s)

100 nm

0nm

0.6 nN/um

0 nN/um

3nN

0nN

of the three hydrogels. The roughly circular region in 50% DMSO
observed throughout the sample (see white circles to guide the eye),
vary in size, with sizes ranging from 4.5 ym for the smallest and
5.7 um for the largest observed features. The scale bars in A-F cor-
responds to 1 ym while in G-I they represent 10 ym. Tip: Si tip, stift-
ness: 0.37 N/m
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Fig. 7 Friction force as a function of sliding speed for agarose hydro-
gel in A 0% (DI), B 50% and C 100% DMSO, and 1Ag5PAAm-
0.15x hydrogel in D 0% (DI), E 50% and F 100% DMSO. Results are

thinning behavior. Although speculative at this point, we
propose that a hydrogel or skin collapse reduces the effect
of the polymer on lubrication owing to the polymer deple-
tion and the solvent enrichment in the sheared interface. The
more subtle decrease of the swelling ratio of 1AgSPAAm-
0.15xin 50% and 100% DMSO would thus reduce the influ-
ence of the polymer network less significantly. Furthermore,
the heterogeneous structure might also play a role here.
Hence, the response seems to be binary, where both the
solvent viscosity and the response of the polymer network
at the surface modulate the friction force.

4 Discussion

The results discussed in the previous section demonstrate
the remarkable influence of small compositional variations
of Ag-PAAm hydrogels on their microstructure, mechanical
and tribological properties (Fig. 9A). Furthermore, the lubri-
cation performance of the four Ag-PAAm hydrogels was
not only quite different, but also responsive to the DMSO
concentration. These results let us propose a pathway for
the gelation of the investigated Ag-PAAm hydrogels that
can justify the observed microstructures, different extents of
strengthening and distinct lubrication performance.

Speed (um/s)

100 1 10 100
Speed (um/s)

shown for four different normal loads: 20 nN (circles), 30 nN (dia-
monds), 40 nN (triangles) and 50 nN (squares). Colloid diameter:
10 pm. Cantilever Stiffness: 0.42 N/m

The pre-polymer solution (AAm and bis-AAm) was
added to the dissolved agarose solution at high temperature
(~80 ° C). As the solution cooled down, the gelation of aga-
rose started to form the first network. The gelation of agarose
has been proposed to proceed by liquid phase separation of
rod-like, helical segments in agarose polymer chains [61],
forming a coacervate phase and a dilute phase. At the gela-
tion point, the polymer in the dilute solution phase acts as
an inter-coacervate junction. The coacervate particles are
thus connected three-dimensionally, and the solution loses
its fluidity to form a gel. The polymerization of the second
network was initiated 30 min after cooling started, before
the agarose network was completely formed [62]. A recent
work by Gombert et al. [63] has revealed that the differ-
ence between the polymerization kinetics of bis-acrylamide
and acrylamide leads to a hierarchical structure in PAAm
hydrogels. Briefly, bis-AAm-rich areas polymerize first
in the solution and are not connected in the early polym-
erization phase (pre-gel phase). AAm molecules become
incorporated in the bis-AAm-rich polymer clusters during
the pre-gel reaction. While they also form polymer chains
during this first polymerization stage, these chains are too
short to connect the cross-linking clusters. AAm monomers
polymerize into longer chains only after approximately 50%
of all monomer in the reaction solution has reacted and a
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Fig.8 Viscosity parameter 7, for A agarose (black triangles),
1Ag5PAAmM-0.15x  (orange diamonds) and 1Ag8PAAm-0.48x
(magenta circles) hydrogels in DI water with shear thinning

significant fraction of the bis-AAm has polymerized. In this
second phase of polymerization, AAm-rich polymer chains
grow and connect the insoluble cross-linking clusters. For
7.5 wt% of AAm, and 0.1-0.48 wt%, Gombert et al. found
that the smallest structure consists of clusters smaller than
4 nm in size, which agglomerate into domains that can grow
to hundreds of nm and pm with increasing bis-acrylamide
concentration [63]. For example, for 0.3 wt% bis-AAm that
previous work observed clusters of 100 s nm in size inter-
connected by short polymer chains.

In our system, it is reasonable to expect that the
crosslinker-rich clusters become confined in the dilute
regions of agarose and voids, yielding important concen-
tration fluctuations. While we do not know if the agarose
network could prevent the clusters to grow to the same size
as in pure solution, the larger dynamic correlation lengths &,
of 1Ag4dPAAm-0.1x and 1Ag-8PAAm-0.48x suggest that the
agarose network is influenced by the polymerization of the
second network hydrogel. To form a double network, poly-
acrylamide chains need to be sufficiently large to connect the
clusters in separate voids during the gelation phase. This can
only happens if the crosslinker concentration is sufficiently
small. Importantly, de Gennes addressed the problem of two
chemically different, and hence weakly compatible poly-
mers when crosslinked together [64], and found that higher
crosslinking counteracted segregation, i.e. it extended the
miscibility region. For our system, FTIR measurements sup-
port the weak interactions between acrylamide and agarose,
and hence, there is no crosslinking between the two poly-
mers. Therefore, the formation of a hydrogel microstructure
via the segregation of the two polymers is not excluded.

The proposed pathway for the formation of the gels is
thus represented in Fig. 9B. The competition between poly-
mer segregation and the simultaneous polymerization of
acrylamide and bis-acrylamide results in multiple network
morphologies depending on the composition. If the polymer
chains linking the clusters are too short, the interconnection
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exponents -0.32, -0.39 and -0.39, respectively, B agarose and C
1Ag5PAAmM-0.15x hydrogels in water-DMSO mixtures. Translucent
lines have been added to guide the eye (Color figure online)

of the second network across the agarose network will be
poor and a double network will not form. This is more
likely to happen at the highest crosslinking concentrations,
i.e. in 1Ag5SPAAmM-0.3x and 1Ag8PAAm-0.48x hydrogels.
The negligible strengthening of these hydrogels is consist-
ent with the existence of a poorly interconnected second
network across to the agarose hydrogels. By decreasing the
crosslinker concentration (1Ag5SPAAm-0.15x), the polymer-
ization kinetics of bis-AAm slow down, the clusters decrease
in size and the cross-linking efficiency and 2nd network
increases, yielding yield longer PAAm chains that penetrate
across the first network (one of the requirements of an effec-
tive DN gel), resulting in the enhancement of the mechanical
properties (Fig. 9A). A similar mechanism was proposed
for PAMPS/PAAm DN hydrogels. [65] It is interesting that
the subtle decrease of AAm and bis-AAm concentration in
1Ag4PAAm-0.1x hydrogels leads to a significant increase in
swelling ratio (and dynamic correlation length) and weak-
ening compared to 1AgSPAAm-0.15x. The results sug-
gest that the second network is loose and can freely slide
through the first network 1Ag4PAAm-0.1x hydrogels. Based
on this discussion, a double network is only achieved for
1Ag5PAAm-0.15x hydrogels.

The influence of the different microstructures on the
lubricious behavior of the hydrogels is also significant.
First, the agarose network is able to reduce significantly the
adhesion of PAAm to the countersurface, the silica colloid.
It is also evident that the strongest hydrogels (1Ag5PAAm-
0.15x) are not the most lubricious in water. Significant
entanglements between the interpenetrating networks and/
or crosslinking within the PAAm rich regions could hinder
the facile motion of the polymers upon shear, yielding an
increase in CoF. For the poorly interconnected 1Ag8PAAm-
0.48x hydrogels, the shear of the second network would be
further facilitated, justifying the decrease of the frictional
dissipation. Nevertheless, the tribological performance of
1Ag8PAAmM-0.48x and of 1Ag4PAAm-0.1x hydrogels seems
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Fig.9 A Storage modulus (black squares) obtained from rheologi-
cal measurements as a function of the crosslinker concentration in
the second network and the CoF measured on the Ag-PAAm hydro-
gels in DI (open diamonds), 50% DMSO (yellow diamonds) and
100% DMSO (orange diamonds). The dashed lines provide a guide
to the eye. The different morphologies expected for the four hydrogel
compositions are also shown. B Formation of Ag-PAAm hydrogels,
starting with the agarose polymer, addition of Aam and bis-Aam and

to be significantly affected by the content of PAAm in the
near-surface region.

There is significant interest in modulating the frictional
characteristics of hydrogels. Note that studies in SN hydro-
gels have shown the tunability of friction with water content
(mesh size) [66], monomer/crosslinker concentration [33,
34, 67], solvent viscosity [68], as well as solvent quality
with mixtures of ethanol-water [69]. Here, we have also
demonstrated that varying the imbibed fluid can improve
the lubrication performance of these hydrogels. This may
be caused in part because the swelling behavior of the DN
hydrogels is less responsive to the solvent quality of the
DMSO-water mixtures compared to the parent SN hydro-
gels. This characteristic affords a higher range of fluids to be
used as solvents of DN hydrogels. Furthermore, the response
of friction to the solvent composition announces a novel
strategy to modulate friction and lubrication via the imbibed
fluid in DN hydrogels.

The work described here shows that a fine balance of
composition is essential to render high strength to the

"

1Ag8PAAmM-0.48x

Lightly crosslinked PAAmM
network spans agarose

7/~ Agarose

uv
exposure

a glutaric
acid

Agarose depleted
zone

subsequent UV exposure: The agarose fibers undergo a coil to helix
transformation and the helices further aggregate into thicker fib-
ers which build the agarose hydrogel’s network [47]. The voids are
filled with the second network, which should be interpenetrating and
crosslinked to achieve strengthening. This is achieved in this work
only for 1Ag5PAAm-0.15x hydrogels. C Schematic map describing
the various microstructures that can form depending on composition
(Color figure online)

hydrogel, which is consistent with Gong’s initial findings
about the formation of an efficient double network. Note that
in our study, the concentration of agarose was kept constant.
In a previous work, an approximately linear increase in the
strength and toughness of Ag-PAAm hydrogels was obtained
with agarose concentration above a critical value [70]. A
maximum in strength or an upper critical concentration for
achieving high strength was not mentioned, though. Based
on our own results, the agarose network is sensitive to the
PAAm concentration, and hence, the findings in this previ-
ous work may not be extrapolated to other PAAm concentra-
tions in the double network.

While DN hydrogels can successfully overcome the
challenge of enhanced mechanical properties via proper
design, it is imperative that other functionalities, such as
self-healing, electrical conductivity, injectability or tunable
friction and adhesion are coupled with high strength. We
have demonstrated that, with adequate choice of the first and
second network, and of the imbibed fluid, we can concur-
rently achieve low friction and high strength. The results
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shown here herald potential applications of DN hydrogels as
advanced functional materials as replacement of biological
tribosystems like the cartilage and for soft robotics.

5 Conclusion

The microstructure, mechanical and tribological response
of Ag-PAAm hydrogels were studied by varying the sec-
ond network’s composition and the imbibing fluid. A non-
linear change of the mechanical properties was obtained
as a function of varying PAAm composition, and a sig-
nificant strengthening was only achieved by 1Ag5SPAAm-
0.15x hydrogels. A further increase in either the monomer
concentration or in the crosslinking density, or both, lead
to a loss of this enhancement. A mechanistic approach was
proposed to understand the formation of an effective double
network in this system. Additionally, friction measurements
on the Ag-PAAm hydrogels revealed behaviors reminiscent
of one of the two reference polymers, depending on which
one enriched the surface. Apart from the hydrogels with
the lowest monomer and crosslinker (4%PAAm), all other
hydrogels showed a quasi-speed independent plateau, fol-
lowed by viscous dissipation and shear thinning, in stark
contrast to PAAm (SN) hydrogels. Modulation in friction
by changing the imbibed fluid revealed a robust tribological
response of the DN hydrogel in comparison to agarose (SN)
hydrogels. The findings described here issue insights into the
microstructure to property relationships of Ag-PAAm hydro-
gels and provide design perspectives to tune the mechanical
and tribological response of these materials.

6 Supporting Information

Swelling ratios of Agarose-PAAm DN hydrogels, IR spec-
trum of PAAm, amplitude sweeps (G’ and G’’) from rheol-
ogy, autocorrelation functions obtained from dynamic light
scattering and friction loops for the double network hydro-
gels, quantitative imaging of 1AgSPAAm-0.15x in 100%
DMSO as well as of a single network agarose hydrogel in
50% DMSO.
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