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Abstract: Supramolecular hydrogels, obtained from small organic molecules, may be advantageous
over polymeric ones for several applications, because these materials have some peculiar properties
that differentiate them from the traditional polymeric hydrogels, such as elasticity, thixotropy,
self-healing propensity, and biocompatibility. We report here the preparation of strong supramolecular
pseudopeptide-based hydrogels that owe their strength to the introduction of graphene in the gelling
mixture. These materials proved to be strong, stable, thermoreversible and elastic. The concentration
of the gelator, the degree of graphene doping, and the nature of the trigger are crucial to get hydrogels
with the desired properties, where a high storage modulus coexists with a good thixotropic behavior.
Finally, NIH-3T3 cells were used to evaluate the cell response to the presence of the most promising
hydrogels. The hydrogels biocompatibility remains good, if a small degree of graphene doping
is introduced.
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1. Introduction

Hydrogels have been extensively explored as promising biomaterials for biosensors, tissue
engineering, and drug delivery systems [1-4], because of their great biocompatibility, environmental
responsiveness, and tunable mechanical and bioactive properties mimicking natural extracellular
matrices [5-8]. Low-molecular-weight supramolecular hydrogels (LMWSH) arise from the
self-assembly of small molecules into long, anisotropic structures. At a sufficiently high concentration,
these structures entangle leading to a supramolecular network that is able to immobilize the solvent.
Low-molecular-weight supramolecular hydrogels [9-11] strongly differ from polymeric gels and may
be advantageous over polymeric ones for several applications, because these materials have some
peculiar properties that differentiate them from the traditional polymeric hydrogels, such as elasticity,
thixotropy, self-healing propensity, and thermoreversibility.

Peptide-based hydrogels [12-16], are particularly appealing for biomedical applications, because
they provide various advantages including high biocompatibility and good biodegradability. However,
many supramolecular hydrogels have low mechanical stability and high erosion rates, and therefore
are unstable in vivo [17]. This greatly hinders their application. Hydrogels based on pseudopeptides
give the peptide hydrogel additional intrinsic proteolytic stability.
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A strategy that has emerged for improving the functionality of supramolecular hydrogels is
the incorporation of nanofillers [18-23], applied to exploit the specific properties of the fillers to
either modify the performance of the hydrogel or add functionality (i.e., hydrogel reinforcement
and self-healing) [24-27], as long as they do not hamper molecular self-assembly. Nanocarbons
are ideal nanofillers due to their peculiar chemical-physical properties, which have demonstrated
great potential in nanomedicine and nanotechnology [28-31]. The electrical conductivity, mechanical
strength, and high surface area make graphene one of the most interesting fillers for tissue engineering
and regenerative medicine [32-35]. The generally poor mechanical stability of hydrogels limits their
use as functional materials for many biomedical applications. Graphene is the strongest material
known. It is more than 200 times stronger than steel. The presence of graphene, even at very low
loadings, can provide significant reinforcement to the final material, so we investigated the effect of
graphene doping inside our hydrogels.

Recently, incorporation of graphene-based nanofillers in hydrogels has been used to tailor their
properties [36—41]. A crucial step for the inclusion of graphene in hydrogels is the achievement of a
stable dispersion. Various polymers/surfactants/biomolecules were used to facilitate the dispersion
of carbon nanomaterials [42—45] in solution, but these dispersants usually alter the gelation process.
The best solution is the dispersion of graphene using directly the supramolecular gel medium. Aromatic
moieties contained in the gelator molecules can interact with the graphene delocalized 7t surface of the
by 7— stacking interactions, which are crucial for the dispersion of graphene in the supramolecular
matrix and for the incorporation of the graphene sheets into the gel system, generating a hybrid
system. Moreover, the supramolecular gel materials provide fibrillar network structures that may
accommodate the dispersed graphene sheets [46].

We recently reported several pseudopeptides that freeze water in low concentration and form
hydrogels that possess high mechanical strength and transparency [47-49]. All these molecules showed
a good propensity to self-assemble in water, due to the presence of the p-Oxd or p-pGlu moiety [Oxd =
(4R,5S5)-4-methyl-5-carboxyl-oxazolidin-2-one, pGlu = pyroglutamic acid] in their skeleton [50,51] that
imposes a constraint to the chain, together with the presence of aromatic rings contained in aromatic
amino acids, such as Phe or Tyr (Phe: phenylalanine; Tyr: tyrosine). These pseudopeptides easily form
fibers [52,53] that self-assemble to yield hydrogels of different strength, pH, and transparency [49,54-57].
Several techniques may promote the gelation process of these molecules: salt addition [56,58,59], pH
variation [60,61], enzymatic cleavage [62,63], dissolution in solvent mixtures [64], and ultrasound
sonication [65,66].

The already reported bolamphiphilic pseudopeptide HO-p-Oxd-L-Phe-CO(CH;)7CO-L-Phe-p-Oxd-
OH A possesses two L-Phe-p-Oxd (Phe = phenylalanine) dipeptide units coupled with an azelaic acid
unit (Figure 1) [66]. Molecule A is an efficient gelator and contains the aromatic moieties of L-Phe that
can interact with graphene and help to disperse it.
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Figure 1. Chemical structure of the gelator A analyzed in this study.

In this work, the pseudopeptide A was used both as gelator and graphene dispersant to prepare a
small library of graphene doped supramolecular hydrogels. Two different triggers were used for the
gelation (pH variation and arginine addition), and the hydrogels mechanical properties were tested
and compared. The hydrogels biocompatibility was also tested.
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2. Results and Discussion

We prepared 16 hydrogels using solutions of gelator A (in 1% or in 2% w/w concentration) and an
increasing amount of graphene in MilliQ water (see Table 1 for details), adding either glucono-5-lactone
(GdL) (2.2 equivalents) or arginine (Arg) (1 equivalent) to promote the hydrogel formation.

Table 1. Hydrogels properties and numbering as a function of the gelator concentration (w/w
concentration), graphene concentration (mg/mL), and trigger.

Entry Trigger Gelator A Graphene (mg/mL) pH Tger ?
1 GdL 1%—5 mg 0 4 70-77
2 GdL 1%—5 mg 0.5 4 79-81
3 GdL 1%—5 mg 1 4 77-79
4 GdL 1%—5 mg 5 4 80-89
5 GdL 2%—10 mg 0 4 98-100
6 GdL 2%—10 mg 0.5 4 94-99
7 GdL 2%—10 mg 1 35 98-100
8 GdL 2%—10 mg 5 3.5 80-87
9 Arg 1%—5mg 0 7 73-79
10 Arg 1%—5mg 0.5 7 7896
11 Arg 1%—5 mg 1 7.5 85-91
12 Arg 1%—5mg 5 7.5 91-100
13 Arg 2%—10 mg 0 7 90-100
14 Arg 2%—10 mg 0.5 8 86-100
15 Arg 2%—10 mg 1 8 92-100
16 Arg 2%—10 mg 5 8 95-100

2 The hydrogels are thermoreversible.

Although the use of GdL has been extensively reported to promote gel formation [60,67,68],
the choice of arginine as trigger was suggested by our previous work [49], where we compared the
properties of several amino acids, and arginine proved to be the reagent of choice among them. The 16
mixtures were stirred for 5-10 min, then left stand in the test tube overnight until gel formation (for the
photographs of hydrogels 1-16, see Figure S1). The hydrogels are thermally stable, self-supporting
and thermoreversible on heating, with Tg, increasing for hydrogels doped with graphene increasing
amounts (Table 1). Hydrogels 1-8 have pH values ranging between 3.5 and 4 due to the use of GdL as
trigger, whereas hydrogels 9-16 reach a pH ranging between 7 and 8 due to the addition of arginine.

To analyze the viscoelastic behavior of hydrogels 1-16, rheological analyses have been performed
to evaluate them in terms of storage (G’) and loss moduli (G”). All the analyzed hydrogels are
characterized by a “solid-like” behavior, i.e., the storage modulus is approximately an order of
magnitude higher than the loss component (see Table S1 for details). If we compare the properties of
hydrogels obtained at both 1% and 2% w/w concentration, we can gather that G” always increases as
the graphene concentration increases (Figure 2); this effect is more pronounced for arginine containing
hydrogels 13-16.

Considering the mechanical properties and the final pH of the 16 samples, we can gather that the
most promising hydrogels for applications as biocompatible materials are hydrogels 13-16 that couple
an exceptional mechanical strength with a neutral pH (they all have a final pH ranging between 7 and
8) that is compatible with cellular environment. Thus, we further analyzed all the hydrogels, with a
particular interest in the properties of hydrogels 13-16.

Self-healing properties [49,69-73] may be defined as the ability to autonomously reconstruct the
bonding interactions after damage by a step strain experiment, whereas thixotropic behavior [72,74-76]
means that the gel becomes liquid if a shear stress is applied, then quickly recovers the solid form on
resting. To test the self-healing and thixotropic properties of samples 1-16, multiple cycles composed
of three steps were applied to the gels. During the first step, the sample was subjected to a strain value
within the LVE region and was characterized by G’ values greater than G”. When the applied strain
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was increased above the crossover point, the sample behavior switched from gel-like to sol-like, with G”
values greater than G’. Finally, the sample was leaved at fixed strain within the LVE range to check the
recovery of the gel-like behavior.
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Figure 2. Diagram of the G’ values obtained from frequency sweep analyses of hydrogels 1-16 (w = 0.2)
as a function of the trigger, gelator concentration, and graphene concentration.

Hydrogels 13-16 are characterized by a great capability to recover the gel-like behavior and
confirm at the molecular level their thixotropic properties, as they all fully recover the “solid-like”
behavior when the strain level goes back within the LVE region (Figure 3). The results observed for
hydrogels 1-8 (Figure S2) show that they are all very fragile, as they are characterized by a modest
capability to recover to gel-like behavior after the application of strain well above its LVE region.
In contrast, hydrogels 9-12 provided very good results, proving to be more elastic (Figure S3).

Much information on the nature of the hydrogels was obtained by SEM analysis of the
corresponding aerogels obtained by freeze-drying these samples. In Figure 4 the images of aerogels
13-16 are reported, whereas all the aerogels images are shown in Figure S4.

In any case, the comparison between aerogels containing graphene and the corresponding aerogels
without graphene do not suggest significant differences due to graphene, as aerogels 13-16 (Figure 4)
and 1-8 (Figure S4) show a morphology characterized by the formation of locally oriented long strips
that cross on the large scale, thus forming a network, whereas aerogels 9-12 are characterized by dense
fibrous networks (Figure S4).

This outcome is further confirmed by the analysis of the aerogels ATR-IR spectra (Figure 5
and Figure S5), which provides information on the supramolecular interactions involved in the
formation of the hydrogels. The spectra of hydrogels prepared with the same gelator concentration
and trigger are compared, varying the graphene concentration. In all the graphs, very similar spectra
are always obtained.

NIH-3T3 cells were used to evaluate the cell response to the presence of hydrogels 13-16.
We manufactured the hydrogels using medium cellular instead of MilliQ water, to assess the hydrogels
biocompatibility. Use of cellular medium slowed down the gelation time from 16 h to 2 days. Figure 6
illustrates cell proliferation on hydrogels 13-16 in cellular medium after a culture period of 24 h
and 48 h.
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Figure 3. Values of storage moduli (solid circles) and loss moduli (empty circles) during a step strain
experiment performed on hydrogels 13-16.
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Figure 5. Selected regions of attenuated total reflection infrared spectroscopy (ATR-IR) spectra of
aerogels 13-16.
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Figure 6. Cell viability of NIH-3T3 on hydrogels 13-16 in cellular medium. Data represent the mean +
standard deviation.

Cell adhesion is strongly influenced by graphene doping. Hydrogel 14 shows good biocompatibility,
whereas at higher graphene concentrations (hydrogels 15 and 16), a significant toxic effect on fibroblasts
is observed. However, after 48 h the cells continue to proliferate both in hydrogel 13 (without graphene)
and in hydrogel 14-16, insensitive to the graphene doping concentration. This mean that the scaffold
support cell growth. Supramolecular hydrogel, doped with graphene, may represent a promising
building block for the development of smart materials for biomolecules and tissue engineering purposes.
The degradation of the gel does not modify the graphene toxicity. We measured the cell viability after
the destruction of the matrix, and the results, in Figure S8, showed that cell viability is quite similar to
the one obtained by the graphene embedded in the gel.

3. Materials and Methods

3.1. Materials

All chemicals and solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA),
VWR (Radnor, PA, USA), or Iris Biotech GMBH (Marktredwitz, Germany) and used as received.
Acetonitrile was distilled under inert atmosphere before use. MilliQ water (Millipore, resistivity =
18.2 mQ).cm) was used throughout. Solvent were dried by distillation before use. All reactions were
carried out in dried glassware.

3.2. Synthesis of HO-p-Oxd-L-Phe-CO(CH;);CO-L-Phe-D-Oxd-OH (Gelator A)

The compound was synthesized from p-Thr, L-Phe, and azelaic acid following a multistep
procedure in solution, reported in [49,66]

3.3. Preparation of the Graphene Dispersions

Three dispersions of MilliQQ water (20 mL each) containing edge-functionalized graphene, (10 mg,
20 mg, and 100 mg, respectively) were prepared and vigorously stirred for ~20 min with a magnetic
stirrer. The graphene sample, produced by 24 h ball-milling in the presence of CO, according to [77],
was kindly provided by the University of Fribourg. Characterization of the graphene sheets (elemental
analysis, surface area, and size of the sheets) are reported in [77].

3.4. Hydrogel Preparation using the pH Variation Method

A portion of gelator A (5 mg for hydrogels 1-4; 10 mg for hydrogels 5-8) was placed in a test
tube (diameter: 8 mm), then MilliQ water (0.5 mL) or a graphene solution (see Table 1 for details) was
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added, followed by a 1M aqueous NaOH (2.1 equivalent) and the mixture was stirred until sample
dissolution. Finally, we added 2.2 equivalents of glucono-6-lactone (GdL). After a rapid mixing to
allow the GdL complete dissolution, the sample could stand quiescently until complete gel formation
which usually occurred after 16 h.

3.5. Hydrogel Preparation by Addition of Arginine

A portion of gelator A (5 mg for hydrogels 9-12; 10 mg for hydrogels 13-16) was placed in a test
tube (diameter: 8 mm), then arginine (1 equivalent) was added. 0.5 mL of MilliQ water or a graphene
solution (see Table 1 for details) was added to the test tube under stirring. After 1 min, the magnetic
stirrer was removed and the tube could stand quiescently until complete gel formation which usually
occurred after 16 h.

3.6. Conditions for Tee Determination

Tge1 was determined by heating some test tubes (diameter: 8 mm) containing the gel and a glass
ball (diameter: 5 mm; weight: 165 mg) on the top of it. When the gel is formed, the ball is suspended
atop. The Ty is the temperatures in which the ball starts to penetrate inside the gel. Some hydrogel
samples melt, producing a clear solution, whereas in other cases, the gelator shrinks and water is
ejected, as syneresis occurs.

3.7. Aerogels Preparation

Samples of hydrogels 1-16 were freeze-dried using a BENCHTOP Freeze Dry System LABCONCO
7740030 (LABCONCO, Kansas City, KS, USA) with the following procedure; the hydrogel was prepared
into an Eppendorf test tube at room temperature. After 16 h, the samples were deepened in liquid
nitrogen for 10 min, then freeze-dried for 24 h in vacuo (0.2 mBar) at —50 °C.

3.8. Aerogels Characterization

3.8.1. Morphological Analysis

Scanning electron micrographs of the samples were recorded using a Hitachi 6400 field emission
gun scanning electron microscope operating at 15 kV (Hitachi, Chiyoda, Tokyo, Japan).

3.8.2. Rheology

Rheology experiments were carried out on an Anton Paar Rheometer MCR 102 (Anton Paar,
Graz, Austria) using a parallel plate configuration (25 mm diameter). Experiments were performed at
constant temperature of 23 °C controlled by the integrated Peltier system and a Julabo AWC100 cooling
system. Oscillatory amplitude sweep experiments (y: 0.01-100%) were carried out to determine the
linear viscoelastic (LVE) range at a fixed frequency of 1 rad s~. Once the LVE of each hydrogel was
established, frequency sweep tests were performed (w: 0.1-100 rad s™!) at a constant strain within
the LVE region of each sample (y = 0.04%). Step strain experiments were performed on hydrogels to
analyze the thixotropic behavior of the material. The sample was subjected to consecutive deformation
and recovery steps. The recovery step was performed by keeping the sample at a constant strain y
= 0.04%, i.e., within the LVE region, for a period of 400 s. The deformation step was performed by
applying to the gel a constant strain y = 100%, i.e., above the LVE region of the sample for a period of
300 s. The cycles were performed 3 times at a fixed frequency w = 10 rad s™*.

3.83. IR

High quality infrared spectra (64 scans) were obtained with an ATR-FT-IR Bruker Alpha System
spectrometer (64 scans) (Bruker, Billerica, MA, USA).
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3.9. Cell Culture

Mouse embryonic fibroblast (NIH-3T3) cells were cultured under standard conditions in Dulbecco’s
modified Eagle’s medium (DMEM) (4.5 g L1 glucose), supplemented with 10% (v/v) Fetal Bovine
Serum, 2 mM r-glutamine, 0.1 mM MEM Nonessential Amino Acids (NEAA), 100 U mL~! penicillin,
and 100 U mL! streptomycin in a humidified incubator set at 37 °C with 5% CO;. For cell culture, the
samples were sterilized with ultraviolet (UV) radiation for 20 min before use. The gels were incubated
for 30 min at 37 °C with 5% CO, with complete medium. Cells were seeded on gel in 24-well plates at
a density of 10° cells per mL.

3.10. Cell Viability

Cell viability was determined by resazurin reduction assay; the reagent is an oxidized form of the
redox indicator that is blue in color and nonfluorescent. When incubated with viable cells, the reagent
is reduced and it changes its color from blue to red becoming fluorescent. Briefly, cells were seeded
on gels with complete medium. After incubation times, the resazurin reagent was added directly to
the culture medium with 10% volume of medium contained in each sample and incubated for 4 h
at 37 °C with 5% CO,. Subsequently, aliquots from each sample were transferred to a 96 multiwell
plate for fluorescence measurement at Aexc 560 nm and Aem 590 nm (Thermo Scientific Varioskan Flash
Multimode Reader, Thermo Fisher Scientific, Waltham, Massachusetts, USA). We included a negative
control of only medium without cells to determine the background signal and a positive control of
100% reduced resazurin reagent without cells.

4. Conclusions

We report here the preparation of strong supramolecular hydrogels that owe their peculiar
properties to the introduction of graphene in the gelling mixture. These materials are strong, stable,
thermoreversible, and elastic. The concentration of the gelator, the degree of graphene doping and the
nature of the trigger are crucial to get hydrogels with the desired properties, where a high storage
modulus coexists with good self-healing properties. Indeed, the hydrogels 1-8 (GdL as trigger, acidic
pH) proved to be very strong but quite rigid, as testified by the analysis of the values of storage
moduli and loss moduli variation during step strain experiments. In contrast, hydrogels 13-16
(gelator in 2% concentration, arginine as trigger, neutral pH) are very strong. SEM analysis of the
corresponding aerogels demonstrates that the intimate structure of these hydrogels is formed by fibrous
networks lacking in the other aerogels, which are characterized by locally oriented long strips that
cross on the large scale. We also tested the biocompatibility of the most promising hydrogels 13-16 by
assessing the bioavailability of mouse embryonic fibroblast (NIH-3T3) cells in the hydrogels, where
pure water was replaced with complete medium serum. Cell adhesion on the hydrogel is strongly
influenced by graphene doping. The hydrogel scaffold support cell growth at all the concentration of
graphene doping.

In conclusion, in this paper, we demonstrated that the rheological properties and the
biocompatibility of these graphene-hybrid hydrogels may be easily tuned selecting (i) the degree of the
graphene doping and (ii) the nature of the gelator in the gelling mixture.

Supplementary Materials: The following are available online. Figure S1: Photographs of hydrogels 1-16,
Figure S2: Frequency dependence of storage modulus (black) and loss modulus (red) for hydrogels 1-8, Figure S3:
Frequency dependence of storage modulus (black) and loss modulus (red) for hydrogels 9-16, Figure S4: Values
of storage moduli and loss moduli during a step strain experiment performed on hydrogels 1-8, Figure S5: Values
of storage moduli and loss moduli during a step strain experiment performed on hydrogels 9-16, Figure S6: SEM
images of aerogel obtained by freeze drying hydrogels samples 1-16, Figure S7: Selected regions of ATR-IR spectra
of aerogels 1-16, Table S1: Summary of the Rheological properties of hydrogels 1-16, Figure S8: Cell viability of
NIH-3T3 in cellular medium after destruction of the hydrogel matrix.
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