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Mimicking the extracellular matrix by
incorporating functionalized graphene into hybrid
hydrogels+

’ M) Check for updates ‘

Cite this: Nanoscale, 2023, 15, 14238

2 I[rene San-Millan, (2@ Carlos A. Castillo-Sarmiento,
€ M. Antonia Herrero, (2 *@ Sonia Merino

Josué M. Galindo,
Inmaculada Ballesteros-Yaniez,
Ester Vazquez (& *@

*3 and

The efficient functionalization of graphene with sulfonic groups using a sustainable approach facilitates
the interaction of biomolecules with its surface. The inclusion of these graphene sheets inside a photopo-
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lymerized acrylamide-based hydrogel provides a 3D scaffold with viscoelastic behaviour closer to that
found in natural tissues. Cell-culture experiments and differentiation assays with SH-SY5Y cells showed
that these hybrid hydrogels are non-cytotoxic, thus making them potentially useful as scaffold materials
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Introduction

The extracellular matrix (ECM) is a complex mixture of pro-
teins and other molecules that provides structural support and
biochemical signalling to cells. It is secreted by cells and sur-
rounds them, forming a structural and functional barrier
between the cells and their environment. The ECM also guides
cell migration and proliferation and plays a role in tissue devel-
opment and repair."

In vitro cell culture provides a platform to investigate cell
physiology and tissue pathophysiology outside the organism.
Conventionally, these kinds of cell-culture studies are carried
out on 2D substrates, where cells are cultured on a flat surface.
This system has contributed to our understanding of mole-
cular biology, stem-cell differentiation and tissue morphogen-
esis. This arrangement allows cells to exchange nutrients and
waste products easily. However, some reports have shown a
non-natural behaviour of cells when they are cultured in 2D
systems as physiologically they are surrounded by high concen-
trations of proteins and hormones.” In 2D culture systems,
cells are grown in a monolayer in which only one part of the
cell membrane interacts with the ECM. Consequently, the con-
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mimicking the extracellular environment.

centration and spatial distribution of nutrients and bio-
molecules accessible to cells are limited and not representative
of the natural matrix. As such, numerous researchers are
making efforts to overcome these difficulties by developing 3D
systems for cell culture and tissue engineering.”™

Although commercial 3D cell-culture products are available,
there is still room for improvement in this field. The main
challenge is to recreate 3D environments to study how cell sig-
nalling occurs and to have more accurate models of tissues
and organs.® There are many ways to prepare such environ-
ments, although each method has its own set of advantages
and disadvantages. As such, numerous researchers are making
efforts to overcome these difficulties by developing 3D systems
most representative of the physiological conditions, including
cell spheroids’ and polymeric scaffolds, most of which can be
integrated into organ-on-a-chip (OoC) devices® " and 3D bio-
printing.’> Also, the use of beads or gels to support cells is a
common method,"® whereas another approach involves using
the microenvironments already present in tissues, such as
pores and channels in the extracellular matrix. However,
although they are usually made with natural and bio-
degradable components, these systems lack a 3D structure and
have poor structural stability.*

An alternative approach relies on the use of hydrogels,
which are networks of polymer chains that can mimic ECM
characteristics, such as flexibility and water content, or which
can swell or shrink in response to changes in pH or tempera-
ture.”® This allows the hydrogels to change their shape to
accommodate the cells. However, hydrogels sometimes
present issues related to: (i) cell adhesion, since cells do not
have specific receptors to interact with the chemical com-
pounds present in the hydrogel network, and (ii) mechanical

This journal is © The Royal Society of Chemistry 2023
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behaviour, which strongly influences the regulation of cell
functions, their physiology, cell differentiation and cell
viability.

In this sense, glycosaminoglycans (GAGs), which are long-
chain, unbranched polysaccharides present on the cell surface
and are components of the extracellular matrix, are essential
as signalling molecules with regulatory effects on protein
activity, structural components, and effectors of cellular
activity."®'” Thus, GAGs have been used as biomaterials to
develop hydrogel networks for tissue engineering.'® Indeed,
their presence in a hydrogel provides a platform that induces
better cell adhesion and cell viability and chondrogenesis
in vitro and in vivo, represents a lead for anti-HIV compounds
that are receiving attention given their therapeutic potential,
or can even be used in the field of drug delivery since they can
coordinate with cationic drugs.’®>’ Indeed, one key member
of the GAG family, namely heparin, is also able to coordinate
with growth factors, proteins and other kinds of biomolecules.
The most important interactions between these systems are
ionic ones between positively charged amino acids from pro-
teins and the sulfonate and carboxylate groups in heparin.>®2°
As such, heparin derivatives have been extensively used in the
design of hydrogels.*°® However, most of these hydrogels
exhibit poor mechanical properties. In addition, given its high
anticoagulant effect, heparin may often lead to haemorrhagic
complications, thus meaning that heparin-based hydrogel ana-
logues are required.

The mechanical properties of a hydrogel are also key to
good cell development.”” Consequently, different strategies
have been followed to modulate the swelling capacity of the
network or to modify its elasticity, but the viscoelasticity of the
system is usually ignored. Viscoelasticity is the ability of a
material to exhibit viscous and elastic behaviour simul-
taneously under constant forces, with polymer chains flowing
and reorganizing in order to adapt themselves to the applied
stress. Cell spreading, proliferation or differentiation are influ-
enced by the viscoelasticity of the materials since natural extra-
cellular matrices are viscoelastic and exhibit stress relax-
ation.*” Thus, an ideal viscoelastic environment is crucial for
cell adhesion and proliferation. The viscoelasticity of a hydro-
gel can be tuned by changing the composition of the gel, the
structure of the network or the amount or kind of crosslinker.
In general, physically crosslinked hydrogels with dynamic
interactions show better viscoelastic behaviour.*® In addition,
this behaviour can also be modulated by the inclusion of
nanomaterials, such as graphene.* This strategy will help in
tuning the pore size, swelling degree or even mechanical pro-
perties of the hydrogel."® Graphene has been widely used in
the field of tissue engineering and, in combination with 3D
hydrogels, in cell culture.*’ Moreover, the functionalization of
graphene by the introduction of organic groups changes its
properties, which is crucial for the final application
thereof.**™** As such, the combination of graphene, sulfonic
groups and a suitable network could allow the development of
hydrogels with excellent viscoelastic properties and with poten-
tial applications in the field of biomedicine.

This journal is © The Royal Society of Chemistry 2023
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In the present study, few-layer graphene (FLG) was functio-
nalized with sulfonic groups using a green methodology based
on microwave (MW) irradiation. The inclusion of this nano-
material in a hydrogel matrix provides a new approach for the
preparation of sulfonic-based hydrogels combining the pro-
perties of graphene and sulfonic groups. The synthesis of the
hydrogel using UV light was also optimised. The role of gra-
phene and functionalized graphene was studied using
different characterization techniques, focusing especially on
the viscoelastic behaviour. Finally, cell-viability and -differen-
tiation studies were carried out to check the biocompatibility
and potential applications of the hydrogels. It is important to
highlight that no sulfonate or sulfonic-based hydrogels with
viscoelasticity similar to that found in natural tissues have
been described in the literature previously. These gels are
promising materials as scaffolds for 3D cell culture that mimic
the extracellular environment.

Experimental section
Materials and reagents

Reagents were used as purchased from commercial sources
without further purification. SP-1 graphite powder was pur-
chased from Bay Carbon, Inc. and glycine was from Acros
Organics (98%). Isopentyl nitrite, sulfanilic acid, acrylamide
(AM) and N,N’-methylenebisacrylamide (MBA) were purchased
from Sigma Aldrich. IRGACURE 2959 was purchased from TCI
Chemicals. Dichloromethane was purchased from Scharlab
and ethanol was from Labkem. A planetary ball mill (Retsch
PM 100) was used to prepare FLG. Milli-Q water was generated
using a Simplicity® UV Water Purification System. SH-SY5Y
cells were purchased from ATCC. Culture media, plates, fluoro-
phores, antibodies and reagents used for cell viability and
immunochemistry experiments were purchased from Thermo
Fisher (MA, USA). All-trans retinoic acid (ATRA) was purchased
from Sigma-Aldrich and brain-derived neurotrophic factor
(BDNF) was purchased from Thermo Fisher Scientific.

Preparation of FLG

In a typical experiment, 75 mg of graphite and 250 mg of glycine
were ball-milled (planetary ball-mill Retsch PM 100) in a 250 mL
stainless steel jar containing 15 stainless steel balls (2 cm in dia-
meter each) at 100 rpm and room temperature for 2 h. The solid
obtained was dispersed and sonicated in 100 ml of water. The
dispersion was then placed in dialysis tubing (Spectrum Labs,
3.5 kbDa MWCO) and dialyzed with water at room temperature,
where the solvent was replaced every 2 hours, overnight in order
to remove glycine. Finally, the FLG aqueous dispersion was lyo-
philized to produce the FLG powder.

Functionalization of FLG

FLG was functionalized in a CEM DISCOVER S-Class reactor.
Thus, FLG (10 mg) and sulfanilic acid (72.74 mg, 0.42 mmol)
were placed in a microwave-proof glass vessel with 2 mL of
Milli-Q water. After sonication for 30 s, isopentyl nitrite
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(72.22 pL, 0.56 mmol) was added to the mixture, which was
sonicated for 30 s. The reaction mixture was then irradiated
for 30 min at 90 °C and 30 W. After cooling to room tempera-
ture, the process was repeated twice to increase the
functionalization. Finally, the functionalized FLG (fFLG) was
washed by filtration through a Millipore membrane (fluoro-
phore 0.45 pm) with 30 mL of water, 30 mL of EtOH and
10 mL of dichloromethane, and then redispersed in fresh di-
chloromethane (5 mL), which was subsequently evaporated to
yield a black powder.

Synthesis of acrylamide-based hydrogels by
photopolymerization

Acrylamide hydrogels were prepared by the radical polymeriz-
ation of acrylamide (2.81 mmol) and the crosslinker N,N'-
methylenebisacrylamide (0.0013 mmol) in 1 mL of Milli-Q
water. 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone
(IRGACURE 2959) (0.013 mmol) was used as a radical photo-
initiator. The mixture was sonicated until homogenization;
then, polymerization was performed at room temperature by
irradiating with UV light (wavelength 365 nm, four LEDs with
an irradiation power of 1200 mW each) for 15 min.

For mechanical tests, cylindrical silicon-based molds with a
diameter of 1.5 cm and a height of 0.7 cm were used, while for
cell experiments, hydrogels were synthesized with a thickness
of 300 pm using a REODHR-1 Rheometer with a special plat-
form equipped with UV LEDs.

Synthesis of FLG and fFLG hybrid hydrogels by
photopolymerization

The FLG-based and f-FLG-based hydrogels were synthesized
following the same procedure but by using an aqueous FLG
and £FLG dispersions (0.5 mg mL™"), respectively, as the
solvents.

Characterization of the nanomaterials

Thermogravimetric analyses were performed using a TGA Q50
(TA Instruments) at 100 °C for 20 min for an initial isotherm,
followed by an increase of 10 °C min~" up to 800 °C under a
N, atmosphere.

Raman spectra were recorded using a Renishaw inVia
microspectrometer with a 532 nm point laser. Raman samples
were prepared by dropping the powder onto double-sided tape.

Transmission electron microscopy (TEM) was carried out
using a JEOL 2100 HRTEM system at an accelerating voltage of
200 kv. Samples were prepared as dilute ethanol dispersions
of FLG and fFLG by sonication for 2 min, and then settled out
on holey C grids (EMS). Images were recorded using a digital
Gatan Orius camera (2 x 2 MPi) under low-dose conditions
(<5 mA). Z-potential was analyzed using a (PONER EQUIPO/
MARCA). Samples were prepared as Milli-Q water dispersions
of FLG and fFLG (0.25 mg mL ™).

Characterization of the hydrogels

Swelling studies were carried out by immersing the xerogels in
Milli-Q water and a cell culture medium (CCM) consisting of a
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1:1 mixture of Eagle’s minimum essential medium (EMEM)
and F12 medium at room temperature. The samples were
weighed at established time intervals, and measurements were
finished once the hydrogels reached constant weight. In order
to avoid measurement errors due to the weight of water, excess
water was removed using a paper filter before each measure-
ment. The swelling degree was calculated using the following
equation:

W, — Wy

Swelling d =
welling degree We

where, W, is the weight of the hydrogels at each time and W, is
the weight of the xerogels.

Mechanical testing of the hydrogels was carried out using a
REODHR-1 Rheometer at room temperature. Hydrogel disks
(x6) were measured at their initial swelling degree (diameter of
1.5 cm and thickness of 0.7 c¢m). For Young’s modulus
measurement, hydrogels were compressed in a uniaxial form
between two plates at a rate of 100 ym s until 40% com-
pression of the height of the hydrogels; the linear part of the
curve was analyzed (from 2% to 10% of strain). For viscoelasti-
city studies, hydrogel disks were compressed in a uniaxial
form until 15% compression of the diameter of the hydrogel
also at its initial swelling state at a rate of 16.67 pm s~ '. The
hydrogels were then maintained under that stress for 10 min;
the relaxation of the chains was observed.

The porous structure was analyzed by scanning electron
microscopy (SEM) using a Gemini SEM 500 from Zeiss with
FEI QUANTA 250 apparatus. Hydrogels were swollen to their
maximum swelling state, and then frozen overnight at —4 °C.
In order to be sure of the freezing process, samples were also
frozen in liquid N, for a few minutes. The frozen hydrogels
were then lyophilized overnight to obtain dry aerogel samples.

SH-SY5Y cell culture

Human neuroblastoma SH-SY5Y cells (ATCC) were maintained
in a 1:1 mixture of EMEM and F12 medium, supplemented
with 10% fetal bovine serum, 1% 1-glutamine, and 1% Pen/
Strep, under a humidified atmosphere supplied with 5% CO,
at 37 °C.

Cell-viability assays

Different hydrogels were cut into 1 cm® squares (p-AM, p-
AM_G and p-AM-f G), transferred into separate wells of a
12-well plate, dried and sterilized by UV radiation for 24 hours.
A dilution of 4 x 10° cells per mL in complete medium was pre-
pared and 25 pL of this solution was soaked into each hydro-
gel. After 30 min of incubation at 37 °C, the complete medium
(2 mL) was added to each well and cells were incubated for 2
and 7 days under standard cell culture conditions. After 2 and
7 days, cells were then washed with Hank’s balanced salt solu-
tion (HBSS) and incubated with 1 uM calcein-AM, 1.5 pM pro-
pidium iodide and 1 pM Hoechst 33342 in the complete
medium for 15 min at 37 °C. Calcein-AM was used as a cell-
permeant dye to determine cell viability (green fluorescence),
propidium iodide was used as a non-permeant dye to deter-

This journal is © The Royal Society of Chemistry 2023
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mine cell death (red fluorescence) and Hoechst 33342 was
used to dye all nuclei (blue fluorescence). After washing once
with HBSS, cells were maintained in the complete medium
before transfer of each hydrogel onto a glass slide to visualize
fluorescence.

SH-SY5Y cell differentiation

SH-SY5Y differentiation was evaluated using the classical
method of Encinas et al.,*” as modified by Shipley et al.*® and
adapted to the study of hydrogels. Briefly, cells were treated
with 1 uM ATRA for 5 days, after which they were detached
with trypsin and a dilution of 4 x 10° cells per mL was pre-
pared. Different hydrogels (p-AM_G and p-AM-f G) were pre-
pared and sterilised as described in the previous experiment
and rehydrated, for at least 24 hours, with the Neurobasal
medium complemented with 1x B-27, 1x Pen/Strep, 2 mM
Glutamax I and 100 ng mL™' BDNF (brain-derived neuro-
trophic factor). Hydrogels in which BDNF was not added were
considered as controls. A 25 pL aliquot of the ATRA-treated cell
solution was added to each of the hydrogels following the pro-
tocol described in the previous experiment, and each well was
supplemented with 2 mL of the complemented Neurobasal
medium (without BDNF). Cells were cultured for 3 days before
analysing the differentiation levels by measuring MAP2
expression.

Immunochemistry

MAP2 immunostaining was performed as described pre-
viously.”” Briefly, the culture medium was removed and the
cells were washed with PBS. The cells were then fixed with 4%
formalin for 10 min at room temperature and permeabilized
with 0.5% Triton X-100 in PBS for 10 min. They were then
washed twice with PBS for 5 min. Blotto buffer was used as the
solvent to reduce non-specific binding of primary and second-
ary antibodies.

Blotto buffer contained 50 mg mL~" BSA and 0.05% Tween-
20 in PBS. Thereafter, the cells were incubated for 2 h at 37 °C
in Blotto buffer containing rabbit anti-MAP2 (1:1000). After
three washes with Blotto buffer (10 min each), cells were
exposed to Alexa 488-conjugated goat anti-rabbit IgG (1:1000)
for 1 h at 37 °C. Thereafter, the cells were washed three times
with PBS, mounted following the standard procedures using
ProLong Gold as an antifade reagent, and stored under cold
and dark conditions.

Confocal microscopy and image analysis

Images were taken by scanning the hydrogels using a Zeiss
LSM 800 confocal microscopy system (Carl Zeiss, Weimar,
Germany). Fluorescence images under each set of conditions
were taken in duplicate and acquired using the 10x objective
(X and Y axes = 638.9 pm) with one excitation laser at 494 nm
for calcein-AM, another excitation laser at 613 nm for propi-
dium iodide and another excitation laser at 348 nm for
Hoechst 33342 in the viability experiments, and one excitation
laser at 488 nm for MAP2 visualization. Confocal z-slices of
around 360 pm were used (from 300 to 400 pm) with a 30 pm

This journal is © The Royal Society of Chemistry 2023
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z-interval. Cell counting was done using Image] (Fiji, NIH
Image; Rasband, W.S., Image]J, U.S. National Institutes of
Health, Bethesda, Maryland, USA, https:/imagej.nih.gov/ij/,
1997-2018) by a blind data collection with the Cell Counter
plugin. Quantitative variables are presented as a normalized
percentage of living cells with respect to the control (p-AM
hydrogel). Comparisons between hydrogels were conducted
using the Kruskal-Wallis procedure for independent samples
and the DMS post hoc test. Three experiments were performed
using different cell passages, with two different slices being
used for each set of conditions in each experiment.

Results and discussion
Preparation and characterization of FLG

FLG was prepared following a previously reported method
involving a mechano-chemical exfoliation process in which
glycine was used as an exfoliating agent.*® The exfoliated FLG
obtained was suspended in water and dialyzed in order to
remove glycine. The aqueous FLG dispersion was then lyophi-
lized to obtain a black powder.

TGA analysis showed a very stable material with a weight
loss of 3% at 600 °C, which corresponds to the small amount
of functional groups in the FLG material (Fig. 1, black line).

This low oxygen content was also confirmed by the elemen-
tal analysis (Table 1, entry 1).

The Raman spectrum of FLG shows the most characteristic
D, G, D' and 2D bands at 1350, 1581, 1621 and 2711 cm™?,
respectively (Fig. 2, black line), thereby providing information
about the FLG structure. The G band, which is the most
intense peak, is assigned to the planar sp>bonded carbon
atoms in FLG. The D band shows the disorder-induced mode
in the structure of FLG (increasing with Csp® hybridisation).
The intensity ratio of the D and G bands (Ip/Ig) is used to
quantify the number of edge defects in FLG. In this case, Ip/Ig
is 0.36, thus meaning there are very few such defects.*® The D’
band appears in FLG as a shoulder on the G band, and the 2D
peak reveals four layers in our FLG material, as calculated
according to Paton et al.’® (eqn (1), ESI{).

100

90

80

70

Weight (%)

60

50_

= f-FLG
40 T T T T T T T 1
100 200 300 400 500 600 700 800 900

Temperature (°C)

Fig. 1 TGA analysis of FLG vs. f-FLG.
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Table 1 Elemental analysis of FLG and f-FLG
Entry NM % C % H % O % N % S
1 FLG 97.02 + 0.60 0.21 = 0.04 2.08 £ 0.03 0.22 + 0.03 0.47 + 0.03
2 SFFLG 85.90 + 0.21 0.97 + 0.02 10.09 + 0.03 0.56 + 0.007 2.48 + 0.02
—FLG In this work, the covalent functionalization of FLG was per-
G peak —— Sulfanilic Acid formed by radical addition using MW irradiation. This meth-
D’ peak FFLG odology has previously been employed with other carbon
3 D peak ’\ 7 2D peak nanostructures.> > In a typical reaction, FLG was dispersed in
s -\ water, and sulfanilic acid and isopentyl nitrite were added.
2 After sonication, the mixture was irradiated at 90 °C and 30 W
3 for 30 min (Scheme 1). The process was repeated twice to
1—2 accomplish a certain degree of functionalization. The presence
& G peak of azo compounds was confirmed using different characteriz-
g . ation techniques. The aryl radicals appear to initially react
= D peak D’ peak 2D peak K . . S
S 7 with FLG and then undergo aromatic homolytic substitution
: . y J\A after this first modification, as reported previously.””*®
1000 1500 2000 2500 3000

Raman shift (cm™)

Fig. 2 Raman spectra of FLG, sulfanilic acid and f-FLG.

Finally, the TEM analysis of FLG revealed a lateral size dis-
tribution of 216 + 22 nm and confirmed the presence of four
layers (Fig. 3a).

Functionalization of FLG

The functionalization of pristine graphene is still challenging
since this non-reactive material comprises exclusively sp>
carbon atoms with n-electrons delocalized over the entire 2D
surface.*” The degree of functionalization of graphene with
aryl diazonium salts is heavily influenced by the graphene
structure, and some authors have described that only the
edges or defects are susceptible to reaction.*!

a b

(@, (b)
230 020
5 €15

320 3
10 010
5
06150 360 450 600 750 0

0 100 200 300 400 500
Lateral size (nm)

Lateral size (nm)

Fig. 3 Lateral size distribution and TEM images of (a) FLG and (b) f-FLG.
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The fFLG obtained was washed thoroughly with water,
ethanol and dichloromethane and characterized using
Z-potential measurement, TGA, Raman spectroscopy, elemen-
tal analysis and TEM.

The Z-Potential of the pristine FLG and fFLG was analysed,
revealing a value of —33.30 and —70.84 mV, respectively
(Fig. S37). These results confirm the successful incorporation
of sulfonic groups onto the FLG surface.

TGA showed clear changes after the reaction (Fig. 1, red
line). Thus, the FLG starting material showed a weight loss of
3% at 600 °C under a N, atmosphere, whereas an extra weight
loss of 6% at 600 °C was observed after functionalization, thus
confirming the success of the reaction.

On the other hand, elemental analysis confirms the pres-
ence of 0.78 mmol per gram sulfonic groups (Table 1, entry 2).
Elemental analysis also revealed the presence of nitrogen,
thereby confirming further reaction of the aryl ring attached to
FLG. In addition, the presence of diazonium salts could lead
to azo derivatives, as also described previously.>”>®

The Raman spectrum shows that the symmetric 2D band at
2711 em™" in FLG is retained. Moreover, no clear differences
were found between FLG and f*FLG samples due to the minor
modifications at the FLG surface. In addition, no increase in
the D band was observed, thus confirming the presence of azo
derivatives as discussed above (Fig. 2, blue line).

Finally, TEM analysis revealed a lateral size distribution of
159 + 11 nm (Fig. 3b), similar to that for pristine FLG, thus

Scheme 1 Proposed synthesis scheme for the radical addition of sulfa-
nilic acid to FLG.

This journal is © The Royal Society of Chemistry 2023
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confirming that the surface of FLG was not heavily influenced
by the incorporation of a limited number of organic groups.
Although multiple examples of graphene functionalization
via radical addition have been reported, the starting material
tends to be graphite®>® or graphene oxide.® Furthermore,
while the degree of functionalization is very high for GO, full-
erenes or SWNTs,”> > in graphene, only the edges are suscep-
tible to reaction. In this case, pristine FLG with small defects
was used and, after functionalization, the FLG structure
remained, as shown by the TEM and Raman characterization.

From thermal- to photo-polymerization: synthesis of
acrylamide-based hydrogels

Most of the acrylamide-based hydrogels published previously
are prepared by thermal radical polymerization, which is very
time-consuming. Thus, an optimization process involving
photopolymerization under UV light was performed using
IRGACURE 2959, which is a highly efficient radical photo-
initiator for UV curing systems that is commonly used for
unsaturated monomers, especially in aqueous solution.®***
Furthermore, it has been reported that IRGACURE 2959
shows low cellular toxicity and can also be employed in the
synthesis of hydrogels for final applications in the field of bio-
medical or tissue engineering.’® In this case, polymerization

[l 1
1
AN° ! / -
HN | IRGACURE 2959 | ==
AM . 15 min P FLG water &
1

UV light (365 nm) _(i dispersion (0.5 mg/mL)

+ 1
0 o 1 \\ ! (b)
VLHAHJV : ‘\‘
MBA i !

\

\ f-FLG water
\ dispersion (0.5 mg/mL)
-»>
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took place in water, using AM as the main monomer and MBA
as a crosslinker. This reaction resulted in a tough and easily
manipulable hydrogel (Scheme 2a). The synthesis of hydrogels
by photopolymerization reduces the reaction time, in this case
from 1 h to 15 min. In addition, it allows the possibility of
using a 3D printer, thereby enhancing the versatility of the
hydrogels by creating different shapes or sizes depending on
the final application of the hydrogels.®® Furthermore, photo-
polymerization avoids the precipitation of FLG in the hydrogel
structure, thus resulting in highly homogeneous materials.

In the case of FLG (p-AM_G)- and fFLG (p-AM_f-G)-based
hydrogels (Scheme 2b and c, respectively), they were prepared by
in situ radical polymerization, incorporating them into the syn-
thesis process. A dispersion of 0.5 mg mL™ FLG or fFLG in
water was first prepared, and then AM, MBA and IRGACURE
2959 were added and immediately polymerized under UV light.

The final hydrogels were immersed in 250 mL of Milli-Q
water for four days, where water replacement was carried out
three times daily to ensure the complete removal of any
unreacted monomers or initiator. Subsequently, the hydrogels
were dried at 40 °C in an oven until a constant weight was
achieved, resulting in the formation of xerogels. The structure
and role of the nanomaterials in the polymer network were
thoroughly characterized using different techniques.

- \\
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o ~
s \
\z’ll, ° N = 3 TN
e HN N \H !
= | N LT HN A
- \ | ) H 1
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Scheme 2 Synthesis scheme and digital images of p-AM hydrogels: (a) blank, (b) FLG- and (c) f-FLG-based hydrogels.
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Characterization of the hydrogels

The swelling degree is a very important parameter when con-
sidering the final application of the hydrogels. Thus, each
xerogel was immersed in Milli-Q water and the CCM and the
swelling degree was determined after 24 h where the weight of
the hydrogels remained constant. As shown in Fig. 4, there are
no significant differences between the hydrogels, although the
swelling degree decreases slightly in the presence of both FLG
and fFLG. Moreover, the swelling degree in the CCM is lower
since this medium contains salts and other compounds.

In addition, the microstructure of these hydrogels was ana-
lysed by scanning electron microscopy (SEM) (Fig. 5). The pres-
ence of FLG and f-FLG in the hydrogel structure gave rise to a
heterogeneous pore-size distribution. In the case of fFLG, a
slight decrease in pore size is found since, apart from the n-n
interactions between FLG sheets and between these sheets and

26
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Fig. 4 Swelling degree of p-AM hydrogels.
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Fig. 5 Pore-size distribution and SEM images of (a) blank, (b) FLG and
(c) f-FLG p-AM hydrogels.
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Fig. 6 (a) Stress—strain curves and (b) Young's modulus of p-AM
hydrogels.

benzene rings from sulfanilic acid, the sulfonic groups in the
network can interact with AM molecules via hydrogen-bond
interactions.

Mechanical compressive tests were performed (Fig. 6a), and
Young’s modulus (Fig. 6b) was analysed in order to evaluate
the influence of FLG and f-FLG on the hydrogel network. The
addition of FLG improves the mechanical strength, thus
suggesting that FLG interacts strongly with the network.
Despite the increase in pore size in the presence of FLG, the
stiffness of the hydrogel also increases, thus resulting in a
more rigid material. For p-AM_f-G, no differences are observed
in comparison with the blank AM hydrogel, while the elastic
modulus decreases with respect to the FLG-based one. In this
case, as mentioned above, the presence of dynamic inter-
actions in the network may give rise to a more elastic network
and, consequently, a lower Young’s modulus.

Viscoelastic studies were also performed by compressing
hydrogels to 15% of their strain in order to check the stress
relaxation of the hydrogel after 10 min of stress (Fig. 7). The
inclusion of FLG in the structure did not enhance this prop-
erty. However, the addition of fFLG with sulfanilic acid groups
improved the viscoelasticity of the material, which exhibited a
stress relaxation of 40%. As noted above, hydrogen-bond inter-
actions and n—r stacking between FLG sheets and between FLG
and benzene rings from sulfanilic acid can alter the network,
thereby making it more elastic. These kinds of interactions are
dynamic; in other words, when the hydrogel is under constant
stress, the polymer chains reorganise by breaking these links
and building new bonds, thus resulting in a material with
good stress relaxation. These hydrogels can therefore be modu-
lated owing to the altered connectivity and chain mobility in
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Fig. 7 Viscoelastic behaviour of p-AM hydrogels.
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the polymer network due to the presence of fFLG with sulfani-
lic acid moieties. The viscoelasticity values of p-AM_fG are
similar to those found in the literature for human tissues.**

Cell-viability assays

Due to the good mechanical and, especially, viscoelastic pro-
perties of these new hydrogels with sulfonic fFLG, cell-viabi-
lity assays were carried out to evaluate possible cytotoxic
effects. Thus, the neuroblastoma cell line SH-SY5Y was seeded
onto the three different kinds of hydrogels. This cell line is
commonly used in experimental neurobiology and has been
extensively employed as a model by our research group
because it can differentiate into a neuron-like phenotype. In
this case, representative confocal images were taken after 2
and 7 days of cell culture (Fig. 8).

The presence of sulfonic groups, together with the viscoelastic
environment, promotes cell viability in the early stages of cell
culture, with this viability stabilising after 7 days (Fig. 9).

This improved viability observed at short times for the sul-
fonic-based hydrogel could be due to a combination of several
factors. Thus, sulfonic groups can improve the hydrophilicity
of the material. This is important because many biological pro-
cesses take place in aqueous environments and hydrophilicity
can improve the ability of the material to interact with cells
and biological fluids. Similarly, the presence of sulfonic

Fig. 8 Representative confocal fluorescence images of SH-SY5Y cells
grown on different scaffolds. The results are presented in the following
order: merged image, propidium iodide staining for dead cells in red,
calcein-AM staining for living cells in green and Hoechst 33342 for
nuclear staining in blue. Scale bar: 100 pm.

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Viability of SH-SY5Y cells after two and seven days of culture on
p-AM, p-AM_G and p-AM-f_G hydrogels. The results at each time refer
to the corresponding percentage of living cells on the p-AM hydrogel.
Differences were obtained using the Kruskal-Wallis procedure for inde-
pendent samples and the DMS post hoc test (*p < 0.05).

groups can increase the negative charge on the surface of the
material, which can enhance the ability of the material to
interact with positively charged molecules and cells in the bio-
logical This is particularly important for
materials intended for tissue engineering, where a good inter-
action between cells and the material is crucial for cell
adhesion and proliferation. Finally, sulfonic groups can act as
anchoring groups for bioactive molecules, such as peptides or
proteins, which can enhance the interaction between the
material and cells.

Another important scaffolding property of our hydrogel is
the viscoelasticity. The viscoelasticity can significantly affect
fundamental cellular processes, including differentiation.
Extensive research has demonstrated that this property of the
extracellular matrix can regulate these processes and promote
behaviors that are not observed with purely elastic hydrogels in
both two- and three-dimensional culture microenvironments.
In addition, these results suggest design guidelines for the
next generation of biomaterials, aiming to match tissue and
extracellular matrix mechanics for in vitro tissue models and
applications in regenerative medicine.®*®”

In order to analyse the potential of these materials in
SH-SY5Y cell differentiation and therefore their possible appli-
cation in neuronal regeneration processes, a comparative ana-
lysis was performed in which BDNF, a factor that promotes cell
differentiation in SH-SY5Y cells after exposure to ATRA, was
embedded in p-AM_G and p-AM_f-G (Fig. 10). MAP2 detection
is typically used as a hallmark of neuronal differentiation.®®
Preliminary experiments suggest that, when cell differentiation
takes place on the surface of fFLG scaffolds, there is an
increase in MAP2 expression, that is, an increase in the
number of cells that successfully differentiate in comparison
with non-functionalized FLG hydrogels. This approach is of
great significance as FLG and its derivatives have shown
unique and promising properties in various biotechnological
applications. The presence of sulfonic groups on FLG may
facilitate cell differentiation as a result of potential alterations
in surface charge, chemical reactivity, and cellular inter-
actions, which warrants further biological research.

environment.
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Fig. 10 Representative immunochemistry images for microtubule-
associated protein 2 (MAP2; a neuronal cytoskeletal marker).
Immunochemistry of MAP2 was performed on hydrogels with or
without (control) BDNF, seeded with SH-SY5Y cells pre-treated with
ATRA. Results are presented in the following order: merged image,
MAP2 signal in green and DAPI, for nuclear staining, in blue. Scale bar:
100 pm.

Conclusions

The preparation of synthetic hybrid sulfonic-based hydrogels
as soft scaffolds for tissue engineering has been reported.
Functionalization of the FLG surface was accomplished using
sulfanilic acid, with microwave irradiation as the energy
source. Despite the effective functionalization with sulfonic
groups on the graphene surface, the FLG structure is pre-
served. Moreover, the incorporation of this modified 2D nano-
material into a photopolymerizable AM hydrogel network
allows modulation of the macroscopic properties of the 3D
system. In fact, the presence of sulfonic-modified-FLG in the
network improves the viscoelastic behaviour, which is similar
to that found in living tissues. This new hybrid material
enhances the cell viability in the early stages of the process
and facilitates the differentiation process due to potential
alterations in surface charge, chemical reactivity, and cellular
interactions, which warrant further biological research.

Notes

We encourage the citation of primary research over review
articles, where appropriate, in order to give credit to those who
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first reported a finding. Find out more (https:/www.rsc.org/
news-events/articles/2020/jun/rsc-signs-dora/) about our com-
mitments to the principles of San Francisco Declaration on
Research Assessment (DORA).
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