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ARTICLE INFO ABSTRACT

Keywords: Injectable and biocompatible novel hybrid hydrogels based on physically crosslinked natural biopolymers and

Injectable hydrogels green graphene for potential use in tissue engineering are reported. Kappa and iota carrageenan, locust bean gum

gam;?ee“an and gelatin are used as biopolymeric matrix. The effect of green graphene content on the swelling behavior,
raphene

mechanical properties and biocompatibility of the hybrid hydrogels is investigated. The hybrid hydrogels present
a porous network with three-dimensionally interconnected microstructures, with lower pore size than that of the
hydrogel without graphene. The addition of graphene into the biopolymeric network improves the stability and
the mechanical properties of the hydrogels in phosphate buffer saline solution at 37 °C without noticeable
change in the injectability. The mechanical properties of the hybrid hydrogels were enhanced by varying the
dosage of graphene between 0.025 and 0.075 w/v%. In this range, the hybrid hydrogels preserve their integrity
during mechanical test and recover the initial shape after removing the applied stress. Meanwhile, hybrid
hydrogels with graphene content of up to 0.05 w/v% exhibit good biocompatibility for 3T3-L1 fibroblasts; the
cells proliferate inside the gel structure and show higher spreading after 48 h. These injectable hybrid hydrogels
with graphene have promising future as materials for tissue repair.

1. Introduction

Hydrogels have become an important focus of study in pharmaceu-
tical and biomedical research due to their attractive characteristics and
close resemblance to the extracellular matrix (ECM) [1], e.g., acting as
physical barriers, fluid absorbents and their biocompatibility and ability
to provide scaffolding [2,3]. In the last decades, highly variable
hydrogels with a multitude of functions have been developed. Hydrogels
are classified according to several factors: the origin of the polymeric
network (natural, synthetic or hybrid) [4-8], the preparation method
[9,10] and the type of crosslinking (physical or chemical) [11-13].
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Hydrogels have wide range of applications that includes tissue engi-
neering, wound healing, and injury treatment [14], as a vehicle for
localized and controlled delivery of cells, pharmacological molecules,
and growth factors [15-19]. Injectable hydrogels can be administrated
through minimally invasive procedure, thus decreasing recovery times
and infection risks [20,21].

Wide variety of hydrophilic natural and synthetic materials,
including hyaluronic acid, chitosan, gelatin, alginate, silk fibroin,
carrageenan, poly(ethylene glycol) (PEG), and poly(lactic-co-glycolic
acid) (PLGA) [22-24] have been investigated as injectable hydrogels.
Carrageenans are hydrophilic and anionic linear sulfated galactan
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polymers extracted from red algae. There are three main types of car-
rageenans, kappa carrageenan (xC), iota carrageenan (1C) and lambda
carrageenan (AC), which differ in their structure, molecular weight and
the amount of sulfate groups present [25]. These structural differences
provide specific characteristics in terms of solubility, ability to interact
with metal ions, and gelation behavior [26]. Both kC and 1C are formed
by alternating polymeric chains of D-galactose and 3,6-anhydro-D-
galactose (3,6 - AG) linked through a-1,3 and p-1,4 glycosidic bonds
[27,28], while A-carrageenan is only composed of D - galactose units.
Gels formed by kC in the presence of potassium ions (K) are strong and
rigid, while gels formed by 1C in the presence of calcium ions (Ca*2) are
softer and more elastic. As for AC, the high degree of sulfation, the po-
sition occupied by the sulfate groups within the chemical structure and
the absence of 3,6-GA, prevent its crosslinking and gelation [29].
However, some studies have described its possible gelation through
trivalent ions such as iron ions, which allow favourable interactions
between A-carrageenan chains [30,31]. Hydrogels formed with this
natural polymer possess high water-holding capacity, modifiable gelling
properties, thermo-reversibility, low toxicity, and high water-holding
capacity [32].

In addition to the sulfate groups, other components were identified
in the chemical structure of carrageenans, such as xylose, glucose,
uronic acids, methyl esters and/or pyruvate groups [33-35] that allow
modifying certain gel characteristics. Another way to change and
improve the properties of a gel is by mixing with other compounds such
as gelatin, cellulose, locust bean gum, etc. [2,3,36].

Graphene is a two-dimensional (2D) material that is composed of a
monolayer of sp>-bonded carbon atoms arranged in a hexagonal lattice,
forming strong covalent bonds between adjacent carbons. Depending on
the synthetic procedure, the characteristics of the graphene layers in
terms of different aspect ratios, type and number of functional groups
attached to the structure, and the ratio of sp? to sp® carbon atoms can be
controlled [37,38]. The superior properties of graphene, such as tensile
strength, Young's modulus, thermal and electrical conductivity allow it
to improve the properties of other materials, such as carrageenan,
improving its mechanical robustness by acting as a structural support.
There is scarce information on how pristine graphene affects medical
trials and research so far has focused on the use of graphene derivates.
The most used graphene-like structures are graphene oxide (GO),
reduced graphene oxide (rGO), and carbon nanotubes (CNTs) [39,40]
rich in oxygen functional groups such as hydroxyl (-OH), carboxylic
acids (-COO), carbonyl (C-O) and epoxide groups [41]. In contrast to
oxidized graphene, the structure of pristine graphene is not greatly
affected by the preparation method due to its chemical structure, free or
low number of functional groups. These functional groups provide new
features allowing covalent and non-covalent bonds. However, the re-
sults show that the interaction between GO nanosheets and the hydrogel
matrix was slightly weak [42,43].

Recently, injectable nanohybrids of carrageenan with graphene ant
its derivatives have been developed, which has opened a path in the
search for new possibilities of applications of these materials. Graphene
and its derivatives, such as GO and rGO, are attracting increasing
attention in biomedical and pharmacological research due to their
biocompatibility along with outstanding electrical, mechanical, and
thermal properties [43-45]. Some evidence of this is the use of a xC-
grafted graphene oxide-based nanocarrier conjugated with biotin for
controlled and targeted drug delivery in cancer treatment [46], kC with
dopamine-functionalized graphene oxide for tissue engineering [47]
and carrageenan-acrylic acid-graphene-hydroxyapatite as scaffolds for
bone regeneration [48,49].

Using more than one component to form the biopolymeric network
of the hydrogel helps in tuning the final properties towards the needs of
the desired application. The carrageenans present a thixotropic behavior
that makes it appropriate to form injectable matrices for the transport of
cells or some active principle [50]. While kappa carrageenan offers the
strength and rigidity required for a stable hydrogel, iota carrageenan is
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known for producing softer hydrogels that can offers the required
ductility for an injectable product. In addition, the mechanical perfor-
mance of a hydrogel of a mixture of these carrageenans was reported to
better than the sum of the corresponding individual gels [50]. As for
locust bean gum (neutral polysaccharide), it does not form gels under
normal conditions, but it can act synergistically with kappa carrageenan
allowing the formation of elastic and strong gels [51] due to its ability to
interact with the surface groups of carrageenan through hydrogen
bridge bonds. Gelatin is known to improve cells adhesion and prolifer-
ation on polymeric matrices. Besides, it can form thermos-reversible gels
with kappa carrageenan, capable of having a synergetic effect [52],
increasing mechanical strength, improving flexibility [2].

In the particular case of graphene/carrageenan composites, the
design of a hybrid hydrogel that combines the best characteristics of
both components should consider the required levels of mechanical
properties such as recovery efficiency, toughness, elasticity, and fatigue
resistance, for possible applications. The objective of this study was the
development of new injectable hybrid hydrogels using physically
crosslinked natural biopolymers and graphene or tissue repair. Kappa
and iota carrageenan, locust bean gum, gelatin and green graphene were
used for its preparation. The properties of graphene and the physical
interactions, surface morphologies, swelling behavior, biocompatibility
and mechanical properties of the prepared hydrogels were evaluated to
assess their potential for tissue repair.

2. Materials and methods
2.1. Materials

The kappa carrageenan (xC) (MW ~ 500 kDa), iota carrageenan (1C)
(MW = 300 kDa) and locust bean gum (LB) (viscosity 3500 cps, 25 °C)
were kindly gifted by Ceamsa, Spain. Gelatin was obtained from BD,
USA. Potassium chloride and calcium chloride were of analytical grade
and purchased from Scharlau, Spain. The graphene powder 99 % (GR)
was kindly supplied by GreenTech, Spain. The sustainable and ecolog-
ical manufacturing process of this graphene allows reducing production
costs to obtain high quality graphene powder. All chemicals were used
without further purification. The water used in the preparation and the
dialysis was purified in a Milli-Q ultrapure system (Millipore, France).

2.2. Preparation and characterization of the graphene dispersions

2.2.1. Preparation of the graphene dispersions

Solutions of 1C (1 and 2 % w/v), gelatin (1 % w/v), and kC (1 % w/v)
in water were prepared by stirring and heating at 70 °C, 50 °C, and 80 °C
respectively. The graphene powder was added to each of these solutions
at a concentration of 0.5 % w/v and then kept under constant stirring for
approximately 15 min. Subsequently, ultrasonication was applied for 10
min using an ultrasonic processor SONOPULS HD 3200 (Bandelin
electronics, Germany) equipped with a titanium microtip of 7 mm
diameter. The applied ultrasonic power was up to 200 W and the pro-
cessing frequency was 20 kHz. The resulted suspension was centrifuged
for 3 min at 5000 rpm.

2.2.2. Raman spectroscopy

The Raman spectra measurements were performed using a Renishaw
InVia-Reflex Raman system (Renishaw plc, Wotton-under-Edge, UK),
which employed a gratin spectrometer with a Peltier-cooler CCD de-
tector coupled to a confocal microscope. Raman scattering was excited
with an argon ion laser (A = 785 nm), at 1 % of power and 20 scans were
accumulated per sample using a 100x microscope objective (NA =
0.85). Spectra were recorded in the range between 100 and 3200 cm !
from several positions. All spectral data were processed with Renishaw
WiRE 5.0 software. The analysis was performed on the graphene powder
as well as the graphene dispersion in 2 % 1C solution from the spun
sample of 1C + GR from which a small drop was deposited on a silica



D. Moncada et al.
plate.

2.2.3. UV- visible spectroscopy

To evaluate the dispersion of graphene in different solutions, the
electronic spectra of diluted graphene dispersions (1/10) were measured
in a Lambda 35 UV/VIS Spectrometer, Perkin Elmer (Norwalk, CT, USA)
in the region of 400 nm to 800 nm at a scan rate of 240 nm min~_. The
results were analyzed using uv.winLab software.

2.3. Hydrogels preparation

The solutions of 1C (1 and 2 % w/v), gelatin (1 % w/v), kC (1 % w/Vv)
and the graphene suspension in 1C solution were prepared as described
before [53]. The graphene injectable hydrogels (IH + GR) were prepared
by mixing 6 mL of kC/LB solution, 1 mL of gelatin solution, and different
amounts of 1C/GR dispersion and the 1C solution reaching final volume
of 10 mL. The final graphene concentrations in the hydrogel formula-
tions and the corresponding sample names are summarized in Table 1.
The mixtures were magnetically stirred at 55 °C then, 300 pL of 0.5 M
KCl and 150 pL of 0.5 M CaCl, were added to promote gelation. The
mixtures were left at room temperature for approximately 1 h for
complete gelling. A control hydrogel (IH) was prepared replacing the 1C/
GR dispersion with 1C solution.

2.4. Mechanical properties

The mechanical properties of the hydrogels including the compres-
sive modulus and the compressive strain at break point were evaluated
using an Instron Universal Testing Machine 5565 (Instron, England)
with a 100 N load cell and a crosshead speed of 2 mm min~!. Cylindrical
hydrogel samples with a diameter of 25 mm and a height of 10 mm were
used for the compression tests. Compressive modulus was defined as the
slope of the linear region of the strain/stress curves, corresponding to
5-15 % strain. Data of the compressive strain correspond to the strain at
the yield point. The results were reported as the mean + standard error
of at least seven specimens.

2.5. Injectability

To evaluate the smoothness and injectability visually, the hydrogels
were loaded into 10 mL syringes with a 18G needle and injected by
hand. The IH was spiked with methylene blue to improve visualization.

2.6. Swelling behavior

The swelling behavior of the lyophilized hydrogels was determined
from freeze-dried hydrogels immersed in phosphate buffer saline (PBS)
solution at 37 °C. The swollen hydrogels were weighed daily after
removing the water until equilibrium or degradation was reached.
Surface water was absorbed by filter paper before weighing. The equi-
librium swelling ratio (SR) [54] was calculated by Eq. (1).
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Table 1
Final concentration of graphene in each hydrogel.

Sample code GR final concentration w/v %
IH 0

IH + GR-0.01 0.01

IH + GR-0.02 0.02

IH + GR-0.025 0.025

IH + GR-0.05 0.05

IH + GR-0.075 0.075

IH + GR-0.1 0.1

IH + GR-0.15 0.15
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where Wg is the weight of the swollen hydrogel and Wj is the initial
weight of the lyophilized hydrogel.

2.7. Scanning electron microscopy (SEM)

To evaluate the surface morphological structures, the freeze-dried
hydrogels were sputter- coated with iridium using a Cressington
208HR high-resolution sputter coating (Cressington Scientific Instru-
ment, UK). The surface morphologies were observed with a JSM 7200F
field emission scanning electron microscope (Jeol, USA) at an acceler-
ating voltage of 10 kV and 15 kV.

2.8. Cell assays

2.8.1. Cell cultures

3T3-L1 murine fibroblasts, purchased from American Type Culture
Collection (ATCC) USA, were cultured in high glucose (4.5 g L) Dul-
becco's modified eagle medium (DMEM) (Lonza Group Ltd, Switzerland)
supplemented with 10 % heat-inactivated fetal bovine serum (FBS)
(Merck KGaA, Germany), 2 % penicillin/streptomycin antibiotics and 2
% L glutamine (Sigma-Aldrich, USA) at 37 °C and 5 % COx.

2.8.2. Confocal laser microscopy

Hydrogels were prepared in a thin monolayer on 35 mm dishes with
glass bottom (Ibidi GmbH, DE) and left under ultraviolet light for 2 h.
3T3-L1 fibroblasts were seeded on the hydrogel and then cultured for 24
h and 48 h. Cells were simultaneously stained with 7 uM propidium
iodide (PI) (Merck KGaA, DE) and with 2.5 pM calcein-AM (Thermo
Fisher Scientific Inc., US) to discriminate between dead (red staining)
and live cells (green staining), respectively. Images were taken using the
confocal microscope Leica TCS SP8 MP (Leica Microsystems AG, Wet-
zlar, Germany). Stacking analysis was recorded at each time point using
30 cross- sections. Image-J software (1.53 s) was used for cell counting
from at least 4 images of 1 mm? area, taken from different positions of
each hydrogel sample.

2.8.3. Statistical analysis

Data of the mechanical properties was analyzed using one-way
analysis of variance (ANOVA) test. The significance between groups of
the results of compressive moduli and compressive strain at break point
were checked by Tukey post-hoc and Kruskal-Wallis test, respectively.
Data of the cell assay are reported as the mean + standard error of the
mean of at least three independent experiments. Statistical analyses
were performed with GraphPad Prism 9.3.1 software (GraphPad Soft-
ware, USA). ANOVA test followed by Bonferroni's multiple comparison
test was performed to compare the data. A P value <0.05 was considered
as significant.

3. Results and discussion
3.1. Optimization of graphene dispersion

3.1.1. Raman spectroscopy

Raman spectroscopy was used to distinguish the ordered and disor-
dered crystalline structures of carbon in the graphene powder where
three characteristic bands can be distinguished, the D, G, and the 2D
bands (Fig. 1). The G band (1582 em™ D) corresponds to the vibration of
the sp? carbon atoms in the two-dimensional hexagonal network. This
position is the same for both graphite and graphene [39,55]. The 2D
band shape and relative intensity (2615 cm™ ) allows us to assess
thickness of graphene. In this case, the 2D/G intensity ratio suggests
good exfoliation producing few-layer graphene. It is also possible to
observe the disorder induced D band with high intensity at (1309 cm ™)
as well as the splitting of the G band (1582 cm ™! and 1605 cm™?, the
latter corresponding to edge defects) indicating disorder and defects in
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Fig. 1. Raman spectra of graphene powder and the graphene (0.5 % w/v)
dispersed in 1C (2 % w/v).

the graphene nanosheets [56]. The intensity ratio between the D and G
bands (Ip/Ig) was calculated at 2.1 which is indicates the presence of
defects or imperfections in the graphene sheets, in good agreement with
previous reports for graphene derivatives with similar D/G ratios [57].
The Raman spectra of the graphene (0.5 % w/v) suspension in 1C (2
% w/v) showed similar peaks as the graphene powder, suggesting that
no significant changes occur under the dispersion procedure (Fig. 1).

3.1.2. UV-visible spectroscopy

The UV-Vis spectroscopy was used to determine the most adequate
polymeric solution for the suspension of graphene. The UV-vis spectra
of graphene lack of absorbance peaks in the visible region [58].
Nevertheless, an upward baseline shift within this region is normally
observed due to the light scattering caused by the dispersed nano-
particles [59]. Therefore, the greater the baseline shift, the greater the
concentration of dispersed particles in solution. The dispersion of gra-
phene was evaluated by UV-Vis spectroscopy in 10-fold diluted 0.5 %
w/v graphene suspensions in 1 % w/v gelatin, 1C, and xC solutions, in
addition to 2 % w/v 1C solution. Fig. 2A shows the absorbance of the
different solutions used for graphene dispersion without applying ul-
trasound. The graphene suspension in gelatin showed the lowest base-
line shift, followed by 1C (1 % w/v), kC, being the highest 1C solution at
2 % w/v. The application of ultrasound for 5 min increased the baseline
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shift for the graphene suspension in 2 % w/v 1C. Increasing the ultra-
sonication time to 10 min further increases the shifting, which indicate
improved graphene dispersion (Fig. 2B).

With these results the dispersion of graphene in 1C/GR 2 % was
selected for hydrogel preparation. Samples prepared with this dispersion
and listed in Table 1 will be discussed hereafter.

3.2. Hydrogel characterization

3.2.1. Mechanical properties

The mechanical properties of the hydrogels listed in Table 1 were
measured by applying compression stress—strain tests. The effect of the
incorporation of graphene on the compressive modulus and the
compressive strain at break point of the hydrogels is shown in Fig. 3.

The compressive modulus of physically crosslinked hydrogel
increased gradually with the loading of green graphene (0.025 to 0.075
w/v%) from 50 + 5 kPa (at IH) to 75 + 4 kPa (at HI + GR-0.075)
(Fig. 3A). Therefore, the incorporation of graphene significantly
improved the compression modulus by >50 % compared to the IH
hydrogel. These results indicate strong interfacial interaction between
the graphene and the hydrogel components at relatively low graphene
concentrations. At graphene concentrations higher than 0.075 w/v%,
the modulus decreased to values similar to IH hydrogel. The drop of
modulus could be attributed to the agglomeration of graphene lami-
nates, which are prone to adhere together, and form agglomerates due to
its high surface area. These graphene agglomerates act as stress-
concentration points and cannot mitigate the proper stress transfer
from graphene (high elastic domain) to the highly viscoelastic poly-
saccharide gel matrix, [60]. The compressive moduli of the hybrid
hydrogels in this study were found to be much greater than those re-
ported for polysaccharide hydrogels reinforced with graphene,
including methacrylate- kappa-carrageenan-dopamine functionalized
with 1 % of graphene oxide (40 kPa) [47], chitosan-based hydrogel
nanocomposites with 0.8 wt% of graphene oxide (0.104 kPa) [61], and
chitosan/B-glycerophosphate with 0.04 wt% of graphene oxide (11.6
kPa) [62].

The compressive strain at break point did not show a clear trend with
the graphene concentration (Fig. 3B). A significant increase is observed
for the sample with the lowest loading, followed by a slight diminution
at intermediate loadings until an important drop for the samples with
the highest graphene loading. Nevertheless, it is worth mentioning that
the IH completely collapsed under 80 % of compressive strain (Fig. 3C),
while hybrid hydrogels with 0.025 and 0.075 w/v % of graphene were
able to preserve their integrity under the same strain and to fully recover
the original shape after releasing the applied stress (Fig. 3D). A hypo-
thetical reason of complete recovery hybrid hydrogel after uniaxial

B)

0.84

0.6

0.4+
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0.2

0.0 T T T T T
400 450 500 550 600 650 700 750 800

Wavelength (nm)

Fig. 2. Absorbance of graphene dispersed in different solutions: A) gelatin (1 % w/v), kC, (1 % w/v) and 1C (1 % and 2 % w/v). B) The spectra of the graphene
suspension in 1C (2 %) applying different ultrasonication times (5 min and 10 min).
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I

IH+GR-0.075 hydrogel

Fig. 3. Effect of green graphene content on the compressive modulus (A) and compressive strain at break point of hydrogels (B). Error bars show standard deviation;
sample size n > 7. Values with different letters (a and b) or * in the columns are statistically different at P < 0.05 by Kruskal-Wallis test. Compression test photographs
of hydrogels IH (C) and IH + GR-0.075 (D) under 70 % of compressive deformation.

compression resides on physical interaction of polymer chains onto
graphene, which provides another physical secondary bonding. This
additional physical interaction could be the cause for recovering its
mechanical property in a short time [63].

3.2.2. Injectability

Pettinelli et al. have reported on a hydrogel with similar polymeric
components as the reported in this study, which presents shear thinning
properties. Thus, the hydrogel displays reduced viscosity upon applying
shear force. This property is of paramount importance in viscoelastic
hydrogels intended for injection as they can pass the syringe needle
relatively easy and then recover their original mechanical properties
after injection [2]. The injectability of the hydrogels was visually
assessed by applying pressure with a syringe needle (Fig. 4). Upon the
application of a shear force, all hydrogels flowed continuously through
the syringe needle (Fig. 4). The presence of dispersed graphene sheets
does not seem to affect the injectability of the hydrogels, thus these
hydrogels can be envisaged as potential candidates for applications
requiring localized injectability.

3.2.3. Swelling behavior

The water absorption capacity within the porous hydrogel structure
is one of the main useful characteristics of hydrogels for tissue engi-
neering. This allows the diffusion and delivery of nutrients, active
molecules such as drugs and growth factors, in addition to being
particularly important for cell delivery. Therefore, the swelling ratio of
IH and IH + GR hydrogels were evaluated by immersing the lyophilized
hydrogels in phosphate buffer saline (PBS) solution until equilibrium.
The calculated swelling ratio of the hydrogels is presented in Fig. 5. All
hydrogels absorbed large amounts of water, reaching the maximum
absorption within two to three days, and maintaining their structural
integrity for at least 5 days. This initial swelling might be enhanced by
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Fig. 4. Injectability by hand of hydrogels.

the hydrogen bonding between the water molecules and the amino,
carboxyl and hydroxyl groups of the polysaccharides and gelatin [64]
The hydrogels then began to gradually lose mass, an effect that is more
noticeable in the IH hydrogel which collapsed completely within 8 days.
The addition of the graphene to the hydrogels substantially improved
the stability of the hydrogels, decreasing the degradation rate or even
preventing it. Furthermore, it is known that due to its hydrophobic na-
ture, graphene reduces the water uptake of hydrophilic polymers [65].
In this study it can be observed that very low loadings of graphene in the
hydrogels slightly decreased the SR. The improved overall hydrogel
stability is probably due to the presence of -COOH and -OH groups in
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Fig. 5. Swelling ratio of the freeze-dried hydrogels.

graphene nanosheets (<0.1 %), which can also form hydrogen bonds
with carrageenans and gelatin, acting as a physical cross-linking point
that hinder the swelling of IH + GR hydrogels and improves their
physical stability [66]. It is known that -COOH groups are located at the
edges of the graphene laminates and Raman data (Fig. 1) support this, as
the D’ band is clearly observed. In addition, the graphene-hydrogel
hydrogen bonding might interfere in the formation of hydrogen
bonding between the hydrogel and water molecules, resulting in a
diminution of the swelling ratio of the hydrogels with graphene (Fig. 5).
The hydrogel with the least water absorption capacity was the one with
the highest graphene concentration (IH + GR-0.15). Despite that, the SR
of the graphene containing hydrogels remains relatively high.

3.2.4. Scanning electron microscopy

Fig. 6. shows the morphologies of the freeze-dried hydrogels. The IH
hydrogel (Fig. 6A) showed a porous network with three-dimensionally
interconnected microstructures due to the combination between
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gelatin and carrageenan [2,67]. Hydrogels with graphene showed lower
pore size than the IH hydrogel (Fig. 6B-H). The pore size seems to
decrease with increasing the concentration of graphene, being poorly
defined at the highest used graphene concentrations (Fig. 6G-H). The
decrease in pore size might be attributed to the extra hydrogen bonding
provided by the graphene residual groups to the hydrogel network. It is
also in line with the increased stability, slight decrease of swelling ca-
pacity and the improved mechanical properties of the graphene hydro-
gels. Some graphene agglomerations were observed on the hydrogel
surfaces, especially at higher graphene concentration.

3.2.5. Invitro biological evaluation

To investigate the biocompatibility of the injectable hydrogels, for
the potential applications in tissue repair, cell adhesion and the effect
produced by the materials on the cell viability of 3T3-L1 fibroblasts were
evaluated by confocal laser microscopy (CLM). We used CLM rather than
the methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay, classi-
cally used for the evaluation of cellular viability, since in our pre-
liminary assays performed with MTT, graphene caused false positive
results (data not shown) [68]. Staining with PI or calcein was performed
after 24 h and 48 h of cell contact with the different hydrogels. As shown
in Fig. 7, 3T3-L1 cell proliferation in hydrogels containing increasing
percentage of graphene was similar to that observed in control gels
(without graphene) up to a graphene loading of 0.05 %. However, when
graphene reached the concentration of 0.075 %, cell proliferation
decreased (Fig. 7d and h). The control hydrogel (without graphene) was
previously reported to be biocompatible and to promote the prolifera-
tion of the 3T3-L1 cells. It enhanced the cellular adhesion and improved
the spreading of the cells inside the hydrogel matrix. [53]. In all the
hydrogels tested so far, 3T3-L1 cells were able to proliferate inside the
gel structure and showed higher spreading after 48 h (Fig. 7e-h), which
is a morphological visual indicator of an appropriate cell attachment.

As shown in Fig. 8a, quantification of the cell number (expressed as
n° of cells /mm?) after 48 h suggested a clear detrimental effect of
graphene on cell proliferation at the highest concentration tested so far.
The addition of graphene at a concentration up to 0.05 % w/v did not
significantly affect the cell count inside the hydrogels (Fig. 8a). The
count of the 3T3-L1 cells in the hydrogels with higher graphene con-
centrations (0.075 % w/v) was significantly lower which indicates
certain interference with the proliferation rate of the cells. Despite that,

Fig. 6. SEM images of the hydrogels: IH (A); IH + GR-0.01 (B); IH + GR-0.02 (C); IH + GR-0.025 (D); IH + GR-0.05 (E); IH + GR-0.075 (F); IH + GR-0.1 (G); and IH

+ GR-0.15 (H).
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IH+GR-0.05 IH+GR-0.075

Fig. 7. Confocal laser microscopy images obtained after 24 h (a-d) and 48 h (e-h) showing the live/dead staining of 3T3-L1 fibroblasts cultured with the hydrogels

IH (a, e), IH 4+ GR-0.025 (b, f), IH 4+ GR-0.05 (c, g) and IH + GR-0.075 (d, h).
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Fig. 8. Count (a) and the Live/total (b) percentage of the cell proliferated after 48 h inside the hydrogels with different graphene concentrations (ns = non sig-

nificant, ***P < 0.001).

graphene increasing concentrations in the hydrogels likely did not affect
the ratio of live/total cells, counted after 48 h, suggesting that graphene,
per se, did not show relevant cytotoxic effects (Fig. 8b).

Taken together, these data point out that the hydrogels having gra-
phene concentrations of 0.025 and 0.05 % w/v, which showed enhanced
mechanical and swelling performance, demonstrated also promising
clues of biocompatibility. These results are in agreement with other
studies that reported the biocompatibility of hybrid material systems
containing k-carrageenan and graphene oxide for targeted doxorubicin
delivery and tissue engineering. Graphene and graphene oxide have
been studied for wide variety of diagnostic, therapeutic and tissue en-
gineering applications, however, the discussion about their possible
cytotoxicity is still open and widely controversial [69]. Many studies
have reported the biocompatibility of graphene and different graphene
containing biomaterials [70-72]. On the other hand, Duan et al.
demonstrated both experimentally and by simulation the cytotoxicity of
graphene through pore formation on the cell membrane [73]. Liao et al.

described graphene and graphene oxide to have haemolytic effect on red
blood cells [68]. Interestingly, the same study reported that this hae-
molytic effect was eliminated when the graphene was coated with chi-
tosan. Embedding the graphene within a biocompatible polymeric
matrix seemed to decrease a possible cytotoxic effect of the nanosheets.
In addition, the physical interactions between the graphene and the
polymeric chains may lead eventually to hindering the mobility of these
nanosheets, thus decreasing their contact with the surface of the cells.
Collectively, the biocompatibility of graphene and graphene containing
biomaterial seems to be dependent on diverse factors including the
morphology, size, functional groups, purity, and the degree of aggre-
gation of the graphene nanosheets, in addition to the interactions with
the surrounding biomaterials.

4. Conclusions

The injectable hybrid hydrogels based on carrageenan/locust bean
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gum/gelatin reinforced by green graphene were prepared using a
physical crosslinking strategy. The well-dispersed green graphene and
the multiple physical bonds in hydrogels are keys for its injectability,
stability in physiological buffered salt solution as well as a good me-
chanical performance. The hybrid hydrogels possessed porous structure
with water uptake ability, which favours living cells ingrowth. The
injectable hybrid hydrogels with graphene content between 0.02 and
0.05 % w/v not only enhanced mechanical property but also promoted
the viability, cell attachment, and proliferation, exhibiting future
promising for application in regenerative medicine. Additional in vivo
analysis would strengthen the proposed application of these hydrogels.
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