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ABSTRACT: Enhancement of toughness in nanomaterial-based hydrogels is a
critical metric for many of their engineering applications. Pristine graphene-
polyacrylamide (PAM) hydrogels are synthesized via in situ polymerization of
acrylamide monomer in PAM-stabilized graphene dispersion. In-situ polymerization
leads to the uniform dispersion of the graphene sheets in the hydrogel. The graphene
sheets interact with the elastic chains of the hydrogel through physisorption and
permit gelation in the absence of any chemical cross-linker. This study represents the
first report of pristine graphene as a physical cross-linker in a hydrogel. The
properties of the graphene-polymer hydrogel are characterized by rheological
measurements and compressive tests, revealing an increase in the storage modulus
and toughness of the hydrogels compared to the chemically cross-linked PAM
analogues. The physically cross-linked graphene hydrogels also exhibit self-healing
properties. These hydrogels prove to be efficient precursors for graphene-PAM
aerogels with enhanced electrical conductivity and thermal stability.
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1. INTRODUCTION
Hydrogels are three-dimensional networks of cross-linked
polymer chains swollen with water. Cross-linking of the
network may be accomplished via chemical (covalent bonds)
or physical (ionic interactions, microcrystallites, or hydrogen
bonding) means. Hydrogels have a wide array of applications,
including actuators, biosensors, sustained drug-release, and
drug delivery systems.1−4 However, as the mechanical proper-
ties (toughness, crack resistance) of the hydrogels are often
poor, it limits the performance of the gels in some applications.
Tough and highly ductile gels have been fabricated in the past
using the concept of tetrahedron-like macromonomers and
double networks.5−7 The addition of nanofillers such as silica,
clay, and carbon nanotubes has also been used to enhance the
hydrogel mechanical strength and toughness.8−14

In this paper, we focus on graphene as reinforcing nanofiller
in polyacrylamide hydrogels, with an emphasis on pristine
(unfunctionalized) graphene. Graphene, that is, one-atomic-
layer thick sheets of sp2 hybridized carbon atoms, is well-known
for its outstanding electrical, mechanical, and thermal proper-
ties.15 The term “pristine” is mainly used to distinguish these
graphene sheets from those that have been processed through
covalent functionalization.15−18 However, dispersing graphene
in polymer or solvents is a challenge because of restacking and
aggregation of the sheets, which is caused by the strong
intersheet van der Waals forces. The preparation of dispersed
graphene via the graphite oxide route is the most common
technique for the liquid phase processing of graphene. There
are two general steps involved in this method: (1) oxidation of
parent graphite to yield graphene oxide (GO), and (2) the
reduction of GO sheets in presence of stabilizers to produce
reduced graphene oxide (RGO).19,20 However, GO sheets are

electrically insulating, and the unique properties of pristine
graphene are only partially restored after reduction.21 Recent
studies have also suggested the presence of anomalous oxidative
debris associated with colloidal GO.22

Given these difficulties, we choose the pristine graphene
route in the current work. In this procedure, the parent graphite
is sonicated in the presence of stabilizers such as surfactants,
polymers, or aromatic π−π stacking molecules.18,23−28 These
molecules noncovalently adsorb onto or wrap around the
graphene surface and prevent reaggregation of the graphene
sheets, leading to stable dispersions of pristine graphene in the
desired solvent. Prior literature also demonstrates that this
technique yields pristine, almost defect-free graphene. These
techniques can easily yield high-concentration dispersions of
pristine graphene in water (∼0.6−0.8 mg/mL).25,28,29

There are a number of recent reports on GO based
hydrogels. Liu et al. have successfully fabricated graphene-
oxide-polyacrylamide (PAM) hydrogels via hydrogen bonding
of the GO surface with the PAM chains.30 The nanocomposite
hydrogels of GO and polymer also exhibit self-healing
properties.31−33 Shen et al. have fabricated GO-PAM chemi-
cally cross-linked hydrogels with increased mechanical
strength.34 A number of recent reports have focused on the
use of GO in hydrogels. GO-based hydrogels are of special
interest because of their ability to form self-assembled
structures in the presence of a physical cross-linker.31,35−39

GO and RGO sheets have also been used as physical cross-
linkers, thus eliminating the need for chemical cross-linking
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agents.30,34,40 Fan et al. have utilized pristine graphene flakes to
enhance the toughness of chemically cross-linked polyacylic
acid (PAA) hydrogels.41 Hence, this is indeed the first report of
pristine graphene as a physical cross-linker.
In this work, we demonstrate the preparation of pristine

graphene-PAM hydrogels. The graphene-PAM hydrogels are
fabricated via in situ polymerization of the monomers in the
graphene dispersion. The presence of the graphene enhances
the shear modulus of the chemically cross-linked PAM
hydrogels. We also successfully fabricate physically cross-linked
graphene-PAM hydrogels. The graphene sheets act as effective
cross-link junctions and can produce gelation in the absence of
any chemical cross-linking agent. Compressive tests reveal that
the incorporation of graphene lead to tougher hydrogels
compared to the analogous chemically cross-linked PAM
hydrogels. These graphene-PAM hydrogels exhibit unique
self-healing properties. Finally, the graphene-PAM hydrogels
are subsequently freeze-dried to yield graphene-polymer
aerogels with increased thermal stability and electrical
conductivity.

2. EXPERIMENTAL METHODS
Materials. Expanded graphite was provided by Asbury Carbons

(CAS# 7782-42-5, grade 3805). The stabilizer, PAM with nominal
molar mass of 5 × 106 g/mol (nonionic water-soluble), acrylamide
(AM, monomer, ≥99% HPLC grade), N,N-methylenebisacrylamide
(MBA, chemical cross-linker, 99%), and potassium persulfate (KPS,
redox initiator, 99.99%, trace metal basis) were purchased from Sigma
Aldrich. All the purchased chemicals were used as received.
Preparation of Graphene Dispersion. PAM powder (10 mg/

mL) was added to deionized water (DI) and magnetically stirred for
48 h to obtain a clear solution. Expanded graphite (50 mg/mL) was
then added to this PAM solution and tip sonicated at 8 W power using
a Misonix sonicator (XL 2000) for 90 min at room temperature. The
dispersion was then centrifuged (Centrific Centrifuge 225, Fischer
Scientific) at ∼5000 rpm for 4 h to remove larger aggregates. The
supernatant was collected for dispersion characterization and
preparation of the graphene-PAM hydrogels.
Preparation of Graphene Hydrogels. A series of chemically

cross-linked pure polyacrylamide (PAM) gels and graphene-loaded
chemically cross-linked and physically cross-linked PAM gels were
synthesized. Pure PAM hydrogels were synthesized using acrylamide,
N,N-methylenebisacrylamide (MBA), and potassium persulfate
(K2S2O8). AM was initially dissolved in DI water (100 mg/mL).
MBA (16 mg/mL) and K2S2O8 (75 mg/mL) solutions were then
added to the monomer solution.42 The precursor solution was
polymerized at 70 °C. In both the pure and the nanocomposite
hydrogels, the same concentration of PAM was maintained. In the case
of the chemically cross-linked graphene-PAM hydrogels, all the
reactants were added to the graphene dispersion in water. However,
for the physically cross-linked gels, MBA, chemical cross-linker was
omitted. The graphene content values reported are based on the
calculated mass of the polymer hydrogels (excluding water). The gels
were stored in an aqueous environment at room temperature.
Dispersion Characterization. The graphene concentration of the

supernatant of the centrifuged PAM-stabilized graphene dispersion
was determined by absorbance measurements.18 To measure the
graphene concentration of the dispersions, the samples were filtered
through PTFE filters (Millipore, 0.2 μm), dried overnight at 40 °C and
the change of mass of the filter paper was estimated. The filter paper
weighed 0.06 g and the graphene weighed ∼0.002 g (5 mL of 0.4 mg/
mL dispersion). The measuring balance is sensitive up to 0.1 mg. For a
PAM concentration of 10 mg/mL the graphene concentration was
found to be 0.4 mg/mL in water. To correlate concentration with
absorbance, UV−vis spectroscopy was performed on a Shimadzu UV−
vis spectrophotometer 2550 at a wavelength range of 200 to 800 nm.
To eliminate the background effect, that is, the effects of the polymer

solution, the absorbance was measured against the PAM solution
without graphene.

Transmission electron microscopy (HRTEM) was performed on
the PAM-stabilized graphene dispersion. HRTEM samples were
prepared by drop coating 20 μL of dispersion onto holey carbon
grids (Electron Microscopy Sciences, HC200-Cu) and air-driying for 1
min. A Hitachi H8100 HRTEM with a voltage of 75 kV was used to
image the specimens.

Hydrogel Characterization. Oscillatory shear measurements
were performed on the as-prepared hydrogels. An Anton Paar strain-
controlled rheometer (MCR 301) was used with parallel plate
geometry (25 mm diameter). A gap of 2 mm was maintained during
the course of the measurement. To determine a linear viscoelastic
regime, the storage and loss moduli were monitored by varying strain%
from 0.001% to 100% at a frequency of ω = 1 s−1. Dynamic frequency
sweeps from ω = 0.1 to 100 s−1 were performed on each sample to
determine the storage and loss moduli (G′ and G″). The experiments
were conducted in isothermal conditions of 25 °C.

Swelling experiments were performed on preweighed, cut samples
of the hydrogels. The samples were immersed in a 1000X volume of
distilled water (pH = 7.1) after curing and swelled to equilibrium (at
least 5 days) at 23 °C. The gels were placed into fresh distilled water
beakers, and the water was changed regularly to ensure proper
extraction of solubles. The equilibrium mass swelling ratio (Qs) was
calculated according to eq 1:
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In eq 1, Ms is the total mass of the hydrogel at equilibrium swelling,
Mex is the mass of the extracted gel after drying, and ρ1 and ρ2 are the
densities of water and PAM in dissolved state, respectively. To obtain
the Mex, the samples were dried at room temperature for 2 d and then
subsequently dried in a vacuum oven for 3 d at 40 °C.

Compressive tests were performed on hydrogels at 25 °C with a TA
Q800 dynamic mechanical analyzer. Cylindrical disks of gels with a
diameter of 2 cm and an initial thickness of 2 mm were molded. Gel
disks were placed in between two parallel metal plates (fixture
diameter = 4 cm) and a controlled force experiment was conducted on
each gel. The samples were preloaded to a force of 0.05 N, followed by
ramping the force linearly to 15 N at the rate of 0.005 N/min. Stress−
strain data obtained from the dynamic mechanical analysis were
utilized to compute the elastic modulus of each gel.

Aerogel Characterization. The pure and graphene-containing
hydrogels were flash frozen in liquid nitrogen and then dried in a
freeze-drier (Vitris Benchtop Freeze-Dryer) overnight to yield dry
aerogel samples. The morphology of the fracture surface of the dried
hydrogels was observed in a HITACHI S4300 electron microscope at
an accelerating voltage of 5 kV. SEM samples were prepared by sputter
coating with Au/Pd in Hummer V Technics sputter coater at 10 kV
and 10 mA current for 1.5 min at a rate of 10 nm/min.

Electrical resistivity of the freeze-dried hydrogels (aerogels) was
measured by the standard four point probe method. The four point
probe head (Signatone, SP4−40045TBY) was mounted on a resistivity
measurement stand (Signatone, Model 302). The probe head consists
of four equally spaced tungsten tips, and the spacing between two tips
is ∼1 mm. To minimize sample damage during probing each tip was
supported by springs. Two outer probes were connected to a high
impedance current source (Keithley 2400) to supply current through
the sample and inner probes were coupled with a digital voltmeter
(Keithley 2000) to measure the voltage drop across the two probes.
Electrical resistivity and conductivity of the samples were determined
from the applied current and measured voltage drop.

Thermogravimetric analysis was performed in a Metler Toledo
(TGA/SDTA 851e, made in Switzerland) instrument to determine the
thermal stability of the composites. Samples (∼15 mg) were heated
from room temperature to 450 °C at a rate of 10 °C/min in a nitrogen
atmosphere. The degradation temperatures were obtained from the
differential TGA curves.
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3. RESULTS AND DISCUSSION

Hydrogel Microstructure. The uniform dispersion of
graphene sheets in the hydrogel requires proper exfoliation of
graphene in water. Several previous reports, including our own
work, illustrate the use of water-soluble polymer such as
polyvinylpyrrolidone (PVP) and PAM as stabilizers for aqueous
graphene dispersions.23,27,40 This technique of preparing a
graphene dispersion with PAM as a stabilizer was previously
demonstrated by Ren et al.40 PAM was found to be physisorbed
on the graphene surface, and the AFM images on the sample
confirmed that the graphene sheets were individually dispersed
in water with a thickness of ∼4.5 nm (the thickness of the
polymer layer was 3 nm). In our study, we stabilized graphene
with both high (5 × 106 g/mol) and low (10,000 g/mol) molar
mass PAM chains. The data indicate that the former is more
efficient in stabilizing graphene (Supporting Information,
Figure S1), so the high molar mass PAM was used for the
duration of the study. The absorbance spectrum of the PAM-
stabilized graphene dispersion is shown in the Supporting
Information, Figure S2a.
High resolution TEM is commonly used to characterize the

thickness of colloidal graphene sheets.18,23,29 The images of the
dispersion show that the PAM chains successfully stabilized
few-layer graphene sheets in water, which is in agreement with
earlier studies (Figure 1).23,25,28 The edge count in Figure 1b
confirms that the PAM-stabilized graphene was indeed 3−5

layers thick. The sample preparation technique for the imaging
is likely to induce aggregation; however, no graphene
aggregates were observed. Additional HRTEM images depict
the aspect ratio of the graphene sheets (Supporting
Information, Figure S3), which is estimated at 100−400
based on the observation of 15 grids.
The graphene-PAM hydrogel was prepared by adding the

monomer (acrylamide), the chemical cross-linker (MBA), and
the initiator (K2S2O8) to the graphene-PAM dispersion and
conducting in situ polymerization. Figure 2 schematically
depicts the preparation protocol for the graphene-PAM
hydrogels. These hydrogels were subsequently characterized
to quantify the effect of graphene sheets on mechanical
properties of the network.
The graphene-PAM hydrogels were synthesized in both the

absence and the presence of chemical cross-linkers. The
formation of the graphene-PAM hydrogels in the absence of
a chemical cross-linker was particularly intriguing. (PAM-only
hydrogels must be synthesized using a chemical cross-linker.)
There are several instances of nanoparticles such as clay, and
multiwalled carbon nanotubes acting as physical cross-link-
ers;12,30,43 however, utilizing pristine graphene sheets as a
physical cross-linkers in hydrogels is novel. We propose that the
PAM chains entangle with the PAM-stabilized graphene sheets
through physisorption and noncovalent absorption and lead to
the formation of the network (Figure 3). These graphene-PAM

Figure 1. HRTEM images of (a) PAM-stabilized graphene and (b) magnified edge view of the same graphene sheet. The edge count indicates that
the graphene is 3−5 layers thick.

Figure 2. Schematic of sample preparation protocol by PAM followed by in situ polymerization to yield compressible graphene-PAM hydrogels.
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physical hydrogels are different from the GO-loaded PAM
hydrogels, in which hydrogen and ionic bonding on oxygen-
containing sites of the GO sheets aid in the hydrogel
formation.30

Frequency-dependent oscillatory shear experiments were
applied to characterize the viscoelastic properties of all samples
(Figure 4). Strain-dependent oscillatory shear experiments were
initially performed to determine the limit for linear viscoelastic
behavior, which showed an onset of nonlinearity at γ = 0.1%

(Supporting Information, Figure S4). All subsequent dynamic
measurements were carried out at 0.05% strain. The mechanical
spectra showing the storage modulus (G′) and the loss
modulus (G″) as a function of the angular frequency (ω) are
utilized to characterize the microstructure of the hydrogels. The
effects of the monomer concentration, initiator type, and
temperature on the PAM hydrogel are discussed in the
Supporting Information, Figure S5. Increasing the graphene
content increases the storage modulus of the nanocomposite
hydrogels (Figure 4b). It is observed that for the chemically
cross-linked gels, G′ ∼ φ1.05 and for the physically cross-linked
gels, G′ ∼ φ0.88. These values are close to the exponential factor
predicted for colloidal silica gels.44 The marked increase in G′
with graphene loading in the physically cross-linked network
indicates the existence of strong interactions between the
stabilized-graphene sheets and the PAM chains. This
interaction leads to an enhancement of the elastic modulus of
the graphene-loaded hydrogels.13,45−50 Similar conclusions
were drawn in the past for nanoparticle-loaded hydrogels in
which strong interactions between polymer and nanoparticles
exist.8,12,48−50

Few prior studies have actually quantified the effect of
nanofillers on the effective concentration of elastic chains (N*)
in a gel at the measured frequency.8,47 N* includes the effects of

Figure 3. Proposed structure of the physically cross-linked graphene-
PAM hydrogels.

Figure 4. (a) Frequency-dependent storage moduli of the pure and nanocomposite hydrogels with varying graphene loadings. (b) Equilibrium
storage modulus increases with increasing graphene content. The inset figure shows the scaling of the storage modulus with the vol % of graphene
loading in the hydrogels. These results confirm that the physical interaction between polymer chains and graphene sheets leads to the enhancement
of the modulus.
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both covalent linkages and physical entanglements. The
presence of the nanofiller affects N* and can be analyzed
based on rubber elasticity theory, which states that N* (mol/
m3) is related to the equilibrium shear modulus, Ge of the
hydrogel according to eq 251

= *G N RTe (2)

This analysis assumes affine deformation of elastic chains. As
graphene content increases, the effective concentration of
elastic chains increases (Figure 5). It is also observed that the

N* values are lower for the physically cross-linked hydrogel
than the chemically cross-linked hydrogel. Thus, the effective
concentration of the elastic chains is lower in the physical gels,
imparting a higher degree of mobility to the surrounding
polymer network strands.
Swelling data are shown in Figure 6. The equilibrium mass

swelling ratio decreases with increasing graphene content for
both the physically and chemically cross-linked gels. The
swelling properties of hydrogels mainly depend on the effective
concentration of the elastic chains of the hydrogels. Again, the
decrease in degree of swelling with the increase in graphene
loading substantiates the notion that the graphene sheets act as
cross-linking points. Similar results have been reported in the
past for other nanofiller-loaded hydrogels;8,12,34,52 however, this
study is the first evidence of physically cross-linked gels
withstanding swelling forces (Figure 6b). Note that the physical
gels (graphene cross-linked) had a higher swelling ratio
compared to the chemically cross-linked gels and swelled to
equilibrium without dissolving. These remarkable results
confirm that the physisorption of the PAM chains on the
surface of graphene is strong enough to prevent disruption by
solvent (water).
Compressive tests were conducted on the pure PAM

hydrogel and the physically cross-linked graphene-PAM
hydrogels. Figure 7a shows that as graphene content increases,
the elastic modulus of the cross-linked network increases
(Figure 7b). This observation confirms that the graphene
sheets act as effective physical cross-linking points and provides
greater stiffness modulus compared to pure PAM hydrogels
(chemically cross-linked network). It is also observed that with
the increase in graphene loading, the toughness of the hydrogel

Figure 5. Variation in effective concentration of elastic chains of the
nanocomposite hydrogel matrix. With increasing graphene content in
the cross-linked network, the effective concentration of chains
increases.

Figure 6. Equilibrium swelling ratio of the graphene-loaded hydrogels
in water. The swelling ratio of the physically cross-linked hydrogels is
higher than that of the chemically cross-linked gels.

Figure 7. (a) Compressive stress-stain plots and (b) Toughness of
PAM hydrogels with varying graphene content. This observation
confirms that the graphene sheets act as effective physical cross-linkers
and the network structure of the physical hydrogels is comparable to
the chemically cross-linked graphene-PAM hydrogels.
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increases. With only 0.5 wt % graphene loading, the chemically
cross-linked graphene-PAM hydrogels and the physically cross-
linked graphene-PAM hydrogels demonstrate 77% and 71%
enhancements in toughness, respectively, compared to the
chemically cross-linked baseline. This observation confirms that
graphene sheets act as effective cross-linkers in the PAM
hydrogels. In the absence of the chemical-cross-linker, the
graphene sheets are postulated to aid in the process of energy
dissipation and prevent crack-tip propagation.
It was also observed that the physically cross-linked

graphene-PAM gels could be squeezed or freely bent (Figure
8a); in fact, these gels possess self-healing properties. As shown
in Figure 8b, the hydrogel was cut into equal halves. These
halves were then pushed together to create a surface contact
and were heated at 70 °C in air for an hour. (No control
experiment can be designed because graphene-free PAM
samples do not gel.) The self-healed graphene-loaded hydrogels
were swelled to equilibrium in distilled water without cracking
(Supporting Information, Figure S7). This swelling experiment
proves that the gels are truly self-healed, as the crack at the cut
surface is completely repaired. (Note that the chemically cross-
linked PAM hydrogels have chemical bonds present which are
destroyed because of cutting and do not reform; hence, these
PAM hydrogels do not exhibit self-healing.) A feasible
mechanism for the self-healing of the physical hydrogels
could be reversible adsorption. The polymer chains physisorb
on graphene sheets, and the hydrogel self-heals via reformation
of entanglements of the polymer chains at the cut surface.

These re-entanglements are strong enough to withstand
swelling forces.

Templates for Aerogels. The graphene-PAM hydrogels
were freeze-dried after flash freezing in liquid nitrogen to yield
low density graphene-PAM aerogels. The SEM images of the
internal structure of the graphene-PAM (no cross-linker) and
PAM aerogels are shown in Figure 9. However, the method of
freeze-drying is destructive and alters the aerogel structure
substantially compared to the original hydrogel. Even so, the
pore diameter in the graphene-PAM aerogels was compara-
tively lower than that of the baseline PAM aerogel. This
graphene-induced reduction in aerogel pore size correlates
closely with the increased N* caused by the presence of
graphene in the hydrogels. The results suggest that the mesh
size of the graphene gels may be smaller, assuming the aerogel
pore size is related to mesh size in the precursor gel. This idea
is consistent with the higher N* in the graphene-loaded gels.
Figure 10 depicts the thermogravimetric analysis (TGA) of

the freeze-dried aerogels. According to the TGA results,
graphene-PAM hydrogels exhibit a higher thermal stability
compared to the baseline PAM hydrogels. Around 110 °C the
weight loss was assigned to the removal of residual water in the
sample. The physically cross-linked graphene-PAM hydrogels
exhibited the same degradation temperature as the chemically
cross-linked graphene-PAM hydrogels. As graphene content
increases in the PAM aerogels, the degradation temperature
increases notably because of the high thermal conductivity of

Figure 8. Physically cross-linked gels (a) could be compressed with a glass slide, freely bent and greatly extended. (Note that the mark resembling a
fingerprint in the second picture of (a) is on the metal surface. As the sample is compressed, it becomes translucent making the mark visible), and
(b) exhibits self-healing property.

Figure 9. SEM images of freeze-dried (a) PAM and (b) 0.5 wt % graphene-PAM aerogels. Note that the graphene-PAM aerogels had a denser
structure than the PAM aerogels.
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graphene sheets and the restricted mobility of the polymer
chains because of the presence of graphene.53−55

PAM aerogels with varying graphene-loadings (0.5, 1.5, and 2
wt % graphene) were synthesized using the same method. PAM
is an insulator. It is observed that at 1.5 wt % graphene loading,
the conductivity of the aerogel was 3.86 × 10−7 S/m (Table 1).

With the increase of graphene loading to 2 wt %, the
conductivity of the aerogel became 1.02 × 10−6 S/m. These
conductivity values compare well against multiwalled carbon
nanotube (MWNTs)/PAM composites, where conductivities
of 3.48 × 10−8 S/m at 15 wt % MWNT and 0.012 S/m at 40 wt
% MWNT were measured.56

4. CONCLUSION
On the basis of the experiments carried out, we propose a
structure for the physically cross-linked graphene-PAM hydro-
gels. The exfoliated graphene sheets act as a successful
multifunctional cross-linking agent for the polymer chains.
The dispersion of the graphene sheets is uniform in the
hydrogel matrix, and the presence of the PAM chains on the
graphene surface aids in this dispersion. The polymer chains
adhere to the graphene sheet surface, leading to an enhance-
ment of the compressive properties of the hydrogel relative to
the PAM analogue.
The experiments performed on these graphene-loaded

hydrogels offer a clear picture of the structure and properties
of the nanocomposite hydrogels. Novel pristine graphene and
PAM hydrogels were successfully synthesized and character-
ized. Thus, the experiments performed on the graphene-loaded
PAM system reveal that the presence of the nanofiller enhances
the shear and compressive moduli of the hydrogel. Thus, it can

be inferred that the PAM-stabilized graphene sheets interact
well with the hydrogel without aggregation. The graphene
sheets act as physical cross-link junctions, toughening the
parent hydrogel, notably in the absence of a chemical cross-
linker. We further explore the topic of percolation of nanofillers
inside polymer aerogels and cryogels in another recent study.57
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