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Graphene derivatives such as reduced graphene oxide (rGO) are used as components of novel biomaterials for
their unique electrical properties. Electrical conductivity is a crucial factor for muscle cells, which are electrically
active. This study reports the development of a new type of semi-interpenetrated polymer network based on two
biodegradable FDA-approved biomaterials, sodium alginate (SA) and polycaprolactone (PCL), with Ca* ions as
SA crosslinker. Several drawbacks such as the low cell adhesion of SA and weak structural stability can be
improved with the incorporation of PCL. Furthermore, this study demonstrates how this semi-IPN can be
engineered with rGO nanosheets (0.5% and 2% wt/wt rGO nanosheets) to produce electroactive nanohybrid
composite biomaterials. The study focuses on the microstructure and the enhancement of physical and biological
properties of these advanced materials, including water sorption, surface wettability, thermal behavior and
thermal degradation, mechanical properties, electrical conductivity, cell adhesion and myogenic differentiation.
The results suggest the formation of a complex nano-network with different interactions between the compo-
nents: bonds between SA chains induced by Ca®" ions (egg-box model), links between rGO nanosheets and SA
chains as well as between rGO nanosheets themselves through Ca?" ions, and strong hydrogen bonding between
rGO nanosheets and SA chains. The incorporation of rGO significantly increases the electrical conductivity of the
nanohybrid hydrogels, with values in the range of muscle tissue. In vitro cultures with C2C12 murine myoblasts
revealed that the conductive nanohybrid hydrogels are not cytotoxic and can greatly enhance myoblast adhesion
and myogenic differentiation. These results indicate that these novel electroactive nanohybrid hydrogels have
great potential for biomedical applications related to the regeneration of electroactive tissues, particularly in
skeletal muscle tissue engineering.

1. Introduction

Alginate-based hydrogels are usually produced by crosslinking algi-
nate polymer chains with divalent cations such as Ca?* [1]. Although
alginate-based hydrogels possess excellent properties for a broad range
of industrial applications [2,3], Ca?" ionically cross-linked alginate
hydrogels possess weak mechanical properties within a few hours in
physiological solution or immersed in distilled water at body tempera-
ture (37°C) [4]. In addition, the hydrophilic nature of alginate hydrogels
leads to a lack of cell adhesion [5,6]. Several reinforcing strategies can

be used to overcome these issues such as incorporating a hydrophobic
polymer with good mechanical properties in the form of
semi-interpenetrated polymer networks (semi-IPNs), in which only the
hydrophilic polymer networks are crosslinked [7] and/or incorporating
carbon nanomaterials (CBNs) [4,8]. Among hydrophobic polymers, the
synthetic and biodegradable polymer polycaprolactone (PCL) has good
mechanical performance and have shown great potential in biomedical
applications such as tissue engineering and drug delivery [9,10]. PCL
possesses low melting temperature and superior viscoelastic perfor-
mance, which render it easy to process into a broad range of shapes and
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sizes [11]. Furthermore, alginate and PCL are Food and Drug
Administration-approved materials for biomedical applications [12,13].
Previous studies found that CBNs combined with natural or synthetic
polymers can reinforce the biomaterials’ mechanical properties,
enhance cell adhesion, proliferation [14] and differentiation into several
lineages [15], such as osteo-, neural- [16] or skeletal muscle [17].

Graphene (G), one of the most promising CBNs is a two-dimensional
material forming a lattice with unique properties [18]. The family of G
related materials includes graphene oxide (GO), and reduced graphene
oxide (rGO), obtained after GO reduction [16]. Graphene-based com-
posites have been suggested as promising novel biomaterials in the field
of regenerative medicine [19], particularly in skeletal muscle regener-
ation [20-23]. Composites based on natural polymers, such as gelatin
with graphene oxide (GO) nanosheets [24] and aligned polysaccharides
with graphene fibers [25], have been shown to promote spontaneous
differentiation of C2C12 myoblasts. Shin et al. [26] fabricated hybrid
fibers matrices composed of poly(lactic-co-glycolic acid)-Collagen
impregnated with GO which stimulated cell attachment and myogenic
differentiation of murine myoblast cultured in growth medium; more-
over, myogenesis was further enhanced using differentiation medium.

Among the properties of G and rGO nanomaterials, its exceptional
conductivity stands out [27,28], which make them useful for producing
conductive polymer-based composites [29-31]. Although rGO sheets
have certain structural defects, lower conductivity and mechanical
strength than pristine G sheets, their lower cost and excellent scalable
synthesis has enabled many advanced nanocomposites containing rGO
to be developed with excellent physical properties [32]. Electrical con-
ductivity is essential for muscle cells, just as it is for neural and cardiac
cells. It has been postulated that electrically conductive cell environ-
ments could, by themselves, facilitate electrical communication be-
tween muscle cells, thus stimulating myogenesis [15]. Composites based
on rGO and polyacrylamide (PAAm) enhanced myogenic differentiation
compared with GO/PAAm [33], however, it has also been reported that
cell response can be conditioned by the reduction method employed to
obtain rGO [15].

In this study, we have prepared novel nanohybrid hydrogels based on
sodium alginate and polycaprolactone (SA/PCL semi-IPN with Ca%* ions
as alginate crosslinker) with incorporated conductive rGO nanosheets
with the aim to overcome the drawback of alginate hydrogels (weak
structural stability in aqueous environments and poor cell adhesion) and
stimulate bioactivity. The incorporated rGO nanosheets will provide
bioactivity (in the form of intrinsic electrical conductivity) suitable for
the regeneration of electroactive tissues, such as skeletal muscle, cardiac
and neural tissue. We hypothesize that the combination of alginate and a
very small amount of PCL (10% wt/wt) in the form of semi-IPN with
embedded rGO nanoparticles (0.5 or 2% with respect to the total mass of
polymers) could produce highly stable conductive nanohybrid hydro-
gels with enhanced physical and biological properties with promising
prospects for skeletal muscle tissue engineering. This percentage (10%
of PCL) was chosen to keep the hydrophilic properties of calcium algi-
nate, while enhancing its mechanical and cell adhesion properties. Since
carbon-based materials, such as rGO, are still quite expensive materials,
low percentages of rGO were also selected to reduce production costs as
much as possible and avoid potential biocompatibility issues. The
physico-chemical properties of the nanohybrid composites were char-
acterized by field emission scanning electron microscopy (HRFESEM),
atomic force microscopy (AFM), Fourier transformed infrared spec-
troscopy (FTIR), water sorption, surface wettability, differential scan-
ning calorimetry (DSC), thermogravimetry (TGA), dynamic mechanical
thermal analysis (DMTA) and impedance analysis (electrical conduc-
tivity). Furthermore, the biological behavior of C2C12 skeletal myoblast
cultures in the nanohybrid hydrogels were analysed to explore their
biocompatibility and bioactivity (in terms of cell adhesion and myogenic
differentiation).
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2. Materials and methods
2.1. Materials

Polyaprolactone (PCL) (molecular weight 43-50 kDa, Product Code
19561) was purchased from Polysciences. Sodium Alginate from brown
algae (SA) (538 kDa, ~250 cP, M/G ratio: 0.85, product code 71238)
was supplied by Merck. Dioxane and anhydrous calcium chloride
(CaCly) were provided by Scharlab. Reduced graphene oxide (product
code C459/rGOB070) was purchased from Graphenea (Spain). Water
was purified with a MiliQ Direct Q 3, 5, 8 system from Millipore. All
reagents were used as received.

2.2. Fabrication of crosslinked SA and semi-IPN SA/PCL 90/10

SA was dissolved in ultrapure water (Mili-Q) (2% wt/wt) at room
temperature with constant stirring overnight. PCL was dissolved in
dioxane (1% wt/wt), also with constant stirring for 2 h at room tem-
perature. To obtain the SA/PCL blends, SA and PCL solutions were
mixed with magnetic stirring for 24 h at 85 °C with a 90/10 wt/wt ratio.
SA/PCL 90/10 blend films were obtained after the solvent evaporation
in an air oven at 50 °C for 72 h. Reference samples (pristine SA and PCL)
were obtained from the initial polymer solutions poured into Petri
dishes. Pristine SA films were kept at 50 °C in an air oven and PCL films
were placed at room temperature until solvent evaporation (72 h in both
cases).

SA and SA/PCL 90/10 blend films were ionically crosslinked by
immersion in a 2% wt/wt CaCl; solution for 2 h (sodium alginate turns
into calcium alginate after crosslinking). After that, the films were rinsed
three times in Mili-Q water to remove any salt residue, left 48 h at room
temperature to evaporate water and dried at 50 °C under vacuum until
constant weight to remove traces of moisture.

2.3. Production of electroactive SA/PCL semi-IPN with embedded rGO
nanosheets

The semi-IPNs with incorporated rGO nanosheets were prepared
following the same procedure described in Section 2.2 but including an
additional previous step. Two different concentrations of rGO (0,5% wt/
wt and 2% wt/wt of the total polymeric weight) were first dispersed
(ultrasonic bath for 6 h) in the specific amount of MiliQ water needed to
dissolve SA to obtain a homogeneous dispersion of the nanoparticles and
avoid aggregates. Then, the nanohybrid composites were obtained
following the same procedure described previously.

The scheme with the different steps followed to prepare the semi-IPN
and the nanohybrid hydrogels is shown in Fig. 1a, and the notation and
sample compositions are indicated in Table 1.

2.4. Characterization techniques

2.4.1. Electron microscopy

The morphology of the samples was analysed by HRFESEM (Gem-
iniSEM 500, Carl Zeiss Microscopy) with an accelerating voltage of
0.8-1.0 kV. The samples were coated with a platinum layer (EM
MEDO020, Leica). Samples were previously hydrated until equilibrium
and then freeze-dried to preserve the porous structure. The cross-section
was observed after cryogenic fracture.

2.4.2. Atomic force microscopy

The surface topography of the semi-IPN SA/PCL-E and the nano-
hybrid hydrogel with 2% of rGO nanosheets was analysed by AFM
(NanoScope Illa, Veeco) operating in tapping mode in air (75 kHz
resonance frequency and 2.8 N/m constant force). Drive amplitude
(600 mV), amplitude set point Asp (1.8 V) and Aco /A0 (0.8) were set.
Nanoscope 5.30r2 software was used for image processing. Roughness of
samples was measured from AFM images (300 nm x 300 nm). Root-
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Fig. 1. (a) Scheme with the steps followed to prepare the semi-IPN and the nanohybrid hydrogels. (b) High-resolution field-emission scanning electron microscopy
(HRFSEM) images of the cross-section (left column) and surface (right column) in freeze-dried samples. The image at the bottom shows pristine rGO nanosheets

dispersed previously in water. (c) Representative Atomic Force microsc;
nanohybrid hydrogels with 0.5% and 2% of rGO.

Table 1
Sample notation and composition.

opy (AFM) images (height, vertical deflection, and phase) of the semi-IPN SA/PCL-E and

Sample Sample description (composition)
PCL 100% Polycaprolactone

SA 100% Sodium alginate

SA-E 100% crosslinked SA

SA/PCL Blend 90% SA/10% PCL
SA/PCL-E Semi-IPN (90% SA/10% PCL)

SA/PCL-E(0.5rGO)
SA/PCL-E(2rGO)

Semi-IPN nanohybrid hydrogel SA/PCL 90/10 + 0.5% rGO nanosheets
Semi-IPN nanohybrid hydrogel SA/PCL 90/10 + 2% rGO nanosheets
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mean-square average of height deviations taken from the mean image
data plane (R;) was calculated using the roughness subroutine of
Nanoscope software.

2.4.3. Fourier transformed infrared spectroscopy (FTIR)

The presence of specific (chemical) groups was determined by FTIR
spectroscopy (Bruker Optics FTIR Alpha II). FTIR spectra were collected
in transmittance mode from 4000 to 400 cm™! after 24 scans at a res-

olution of 2 em 1.

2.4.4. Swelling assay

Swelling experiments were performed in crosslinked samples. Cir-
cular samples (ca. 3,8 c¢m?) were vacuum-dried at 60 °C and subse-
quently immersed in Mili-Q water at 37 °C for 24 h until equilibrium.
Experiments were performed in triplicate.

Samples were weighed before (Wp) and after (W;) swelling. The
swelling degree (W,y) was calculated as follows:

W, =W

W, (%) = W 100 @

2.4.5. Surface wettability

Surface wettability was determined by water contact angle (WCA)
using the sessile drop method. A Mili-Q water drop (3 L) was deposited
gravimetrically onto the surface to measure the contact angle and sta-
bilization was allowed (~5 s). WCA was measured by an optical contact
angle and contour analysis system (Dataphysics OCA 20). All measure-
ments were performed in quintuplicate to ensure reproducibility.

2.4.6. Differential scanning calorimetry (DSC)

DSC analysis was carried out by a PerkinElmer DSC 8000 under a
flowing nitrogen atmosphere (20 mL/min). Samples were subjected to a
single heating scan from — 80-240 °C at 20 °C/min.

2.4.7. Thermogravimetric analysis (TGA)

Thermal stability and decomposition were analysed by a thermog-
ravimetric analyser Mettler Toledo TGA 2 (SF) system. Vacuum-dried
samples (5-10 mg weight) were heated from 30 to 600°C at a rate of
30°C/min. The mass of the samples was constantly measured as a
function of temperature.

2.4.8. Mechanical properties (DMTA)

Dynamic mechanical thermal analysis (DMTA) was performed with a
Perking Elmer DMA 8000 at a frequency of 1 Hz on sample bars (20 x
5% 0.0l mm) in an immersion bath (Mili-Q water). The storage
modulus (E’) and loss modulus (E’’) was measured in the temperature
range 35-39 °C at a heating rate of 1 °C/min.

2.4.9. Electrical properties

Electrical characterization was performed by the Agilent 16451B
parallel plates (circular electrodes 5 mm in diameter) connected to an
impedance analyser Hewlett Packard 4284 A LCR Meter. Complex
impedance was obtained at frequencies 20, 50 and 100 kHz at room
temperature. Electrical conductivity (¢) was calculated (S/m) as:

(2)

[
c=—"
Rg-A
Where [ is the sample thickness, Ry is the real part of the complex
impedance and A is the electrode area. The measurements were per-
formed in triplicate.

2.5. Cell culture and biological characterization

Murine myoblasts (C2C12, Sigma Aldrich; Merck) were cultured in
high glucose Dulbeco’s Modified Eagle’s Medium (DMEM, Biowest)
supplemented with 10% fetal bovine serum (FBS, ThermoFisher) and
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1% Penicillin/Streptomycin (P/S, ThermoFisher) in a humidified at-
mosphere at 37 °C and 5% CO». Cells were passed during amplification
at maximum 80% confluence.

2.5.1. Cytotoxicity

Cytotoxicity was performed by adapting the ISO/EN10993 standard
to evaluate in vitro toxicity from the extracts (indirect method) by mean
of an MTT (3-[4, 5-dimethylthiazol-2-yl]—2, 5 diphenyl tetrazolium
bromide) assay. The ratio of material surface to extraction fluid was
2.5 cm?/mL (sample thickness ca. 200 pm). 96-well plates were seeded
with 10* cells/well with 100 uL of growth medium (DMEM + 10% FBS
+ 1% P/S) and placed in the incubator. At the same time, autoclaved
crosslinked samples (121 °C, 20 min) were cultured overnight in growth
medium to generate the extracts. After 24 h of culture, the medium was
replaced by 100 pL of the extracts. Culture medium (growth medium)
was used as negative control (life) and natural rubber latex extract was
the positive control (death). Each sample was studied with three bio-
logical replicates.

After 24, 48 and 72 h, supernatant was replaced by 100 uL of new
growth medium without phenol red containing a 1:10 MTT dilution
(Sigma Aldrich; Merck). Viable cells were stained with water-insoluble
formazan dye. After incubation for 4 h, the solution was removed and
100 pL of solubilization buffer (10% SDS in 0.01 M HCI) (Sigma Aldrich;
Merck) was added to each well and left overnight at 37 °C to dissolve the
formazan crystals. Optical density was then measured by a microplate
reader (Victor Multilabel Plate Reader, Perkin Elmer) at 570 nm wave-
length. Cell viability was calculated as:

o OD test
Viability (%) = oD control -100 3)
where OD test is the optical density of the sample and OD control is the
optical density of the negative control.

2.5.2. Cell adhesion

Cell adhesion was studied by fluorescence microscopy (Nikon Mi-
croscope Eclipse 801i). Sterilized samples were left overnight at 37°C and
5% CO, growth medium (DMEM, 10% FBS, 1% P/S) to allow protein
adsorption and surface functionalization. Culture medium was then
renewed and C2C12 cells were seeded at a 5000 cells/cm? density on the
materials’ surface (3,8 cm?). After 24 h of culture, wells were rinsed
with Dulbecco’s phosphate buffered saline (DPBS) and fixed with a 4%
paraformaldehyde solution (1 h at room temperature). Samples were
then permeabilized with 0.5% Triton-X-100/DPBS, blocked with 5%
horse serum (HS) in DPBS (1 h, 37 °C) and stained with fluorescent
Phalloidin (dil:1:100, Invitrogen/ThermoFisher A12379). Finally, sam-
ples were mounted in Vectashield mounting media (Palex Medical) and
observed through a fluorescence microscope. Image quantification of
cell areas (actin cytoskeleton) was performed on ImageJ software.

2.5.3. Myogenic differentiation

To assess myogenic differentiation, C2C12 cells were seeded in
growth medium at 20,000 cells/cm? on the materials’ surface (3,8 cmz),
previously pre-treated with overnight incubation with growth medium
to facilitate protein adsorption. After 24 h of culture the medium was
changed to supplemented differentiation medium containing insulin
transferrin selenium (ITS liquid media supplement, Sigma) (DMEM, 1%
ITS, 1% P/S) for 6 days, with medium changes every 2 days. Cells were
then fixed with paraformaldehyde for 1 h and blocked with 5% HS in
DPBS for 1h, permeabilized with 0,5% Triton-X-100 in DPBS and
incubated with sarcomeric o-actinin mouse monoclonal antibody
(Invitrogen/Thermofisher MA1-22863, clone EA-53, 1:200) for 1 h at
37 °C. Then, samples were rinsed with DPBS and incubated with sec-
ondary Alexa 488 conjugated goat anti-mouse IgG polyclonal antibody
(Invitrogen/Thermofisher A11029, 1/500) for 1 h at 37 °C. Finally,
samples were mounted with Vectashield containing DAPI and analysed
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by fluorescence microscopy. Image quantification of myogenic differ-
entiation was performed on ImageJ software.

The nanohybrid hydrogels with rGO nanosheets showed a strong
auto fluorescence background on the same wavelength as DAPI
(358461 nm, blue), hindering the correct visualization of the cell nu-
cleus. To overcome this issue and be able to adequately identify the
differentiated myoblasts (myotubes), an adapted method from Inoue
et al. [34] was used. The average area of myotubes with two nuclei from
the semi-IPN hydrogel (average area: 550 ym?), which did not show
auto fluorescence background and cell nuclei could be observed by DAPI
staining, was first calculated. Differentiated myoblasts were considered
as those with cell area > 550 um? and elongate shape while undiffer-
entiated cells remained with round shape. Myogenic differentiation was
quantified as the number of myotubes/cmz, mean myotube area and
diameter and the ratio between the areas of myotubes and the area of
total sarcomeric o-actinin positive cells.

SA/PCL-E(2rGO) !
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2.6. Statistical analysis

One-way ANOVA tests were performed on GraphPad Prism 8.0.2
software. Data were presented as mean + standard deviation. Statistical
significance was indicated by (*) p < 0.05, (**) p < 0.01, and (***)
p < 0.001 according to the analysis of variance.

3. Results and discussion
3.1. Microstructure (SEM and AFM results)

HRFESEM images (Fig. 1b) show the cross-section and surface
morphology of the semi-IPN and nanohybrid hydrogels with incorpo-
rated rGO nanosheets (0.5% and 2% wt/wt) previously swollen in water
and freeze-dried to preserve the porous structure. The images show a
uniform structure in all samples (no evidence of phase separation is
observed), with micropores along the cross-section (Fig. 1b, left col-
umn), with pore size < 0.25 ym. This small pore size is related to a very
compact structure, which indicates that the system is highly crosslinked.

a) SA/PCL-E(0.5rGO) :

3700-3000

transmittance % (a.u)

PCL

3800 3300 2800 2300

1800 1300 800 300

Wavenumber (cm-")

b)

Alginate+Ca?* (Egg-box model)

COOH COOH

Reduced graphene oxide nanosheets

(e}

PCL intertwined chains

" . Ca?* ions

Hydrogen bond

COOH COOH

Fig. 2. (a) Fourier transform infrared spectroscopy (FTIR) spectra in the region 4000-300 cm™': SA/PCL blend, semi-IPN SA/PCL (SA/PCL-E) and nanohybrid
composites with 0.5% and 2% of rGO nanosheets. Neat PCL and SA, crosslinked SA (SA-E) have been included as reference. (b) Schematic diagram of the structure of

nanohybrid hydrogels.
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This feature is expected to limit the swelling capacity and the formation
of large pores, as will be verified in the swelling assay (Section 3.3). A
homogenous surface, with low porosity, can be observed in the semi-IPN
and nanohybrids hydrogels (Fig. 1b, right column) with a slight increase
in surface roughness after the incorporation of rGO nanosheets. In
addition, the image of pristine rGO nanosheets after dispersion in water
by ultrasonic bath shows that their length can reach 3-4 ym and that
they tend to wrinkle, forming small aggregates. The surface roughness
observed in the nanohybrid hydrogels suggests the presence of rGO
nanosheets close to the surface highly embedded in the polymeric
matrix.

Dry samples obtained after solvent casting were analysed by AFM to
study the surface topography (Fig. 1c). The porous alginate-based hy-
drophilic structures collapsed during drying, as expected (see Fig. 3 in
ref [35]). On the nanoscale, the surfaces of the semi-IPN and nano-
composites with rGO nanosheets show a fairly homogeneous structure
with rough areas, as can be seen in Fig. 1c, consistent with the presence
of two materials and two solvents (water and dioxane) with different
evaporation dynamics during sample preparation. The roughness
parameter, Ry, rises from 4.14 nm for the semi-IPN SA/PCL-E to 9.33 nm
for the nanocomposite with 2% of rGO nanosheets.

3.2. Fourier transform infrared spectroscopy analysis

Fig. 2a shows the FTIR spectra of neat PCL, SA, SA/PCL blend and
semi-IPN SA/PCL-E with and without rGO nanosheets. The neat PCL
spectrum shows the characteristic peaks related to asymmetric and
symmetric stretching of the CHy groups, which belong to the bands at
2945 and 2865 cm ™! [36,37]. The distinctive peak around 1720 due to
carbonyl stretching of the -COOH group can be clearly identified,
together with asymmetric COC stretching at 1240 cm ™' and symmetric
COC stretching at 1170 cm ! [37,38]. Neat SA shows a wide band be-
tween 3700 and 3000 cm ! associated with O-H stretching. The peaks at
2919 cm™! and 1417 cm ™ 'are due to C-H stretch sp® and C-OH stretch,
respectively [39,40]. Alginate gelation takes place when divalent ions
interact ionically with the guluronic acid block, which produce a
three-dimensional network [41]. Crosslinking SA replaces sodium with
calcium ions, resulting in a change in ion density, diameter and weight,
affecting the stretch forces applied to the C=0 carboxylic salt functional
groups [42]. This phenomenon can be identified as a slight shift from
1593 cm ™! in pristine SA to 1590 cm ™! in the crosslinked samples [39,
43].

The SA/PCL blend spectrum shows the characteristic peaks related to
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both SA and PCL, confirming their presence in the blend. The semi-IPN
(SA/PCL-E) obtained after crosslinking SA with CaCl, also shows the
slight shift related to the stretch in the C=0 carboxylic salt functional
groups (asymmetric stretching vibrations), with the peak located at
1590 cm™!. After the addition of rGO nanosheets, the position and in-
tensity of the main characteristic absorption peaks did not change sub-
stantially because they shared the same functional groups and the
amount of filler is small. The spectra show a slight reduction of the in-
tensity of the band between 3700 and 3000 cm ™}, more noticeable after
the addition of 2% of rGO (SA/PCL-E(2rGO) sample) [44]. This behavior
suggests an interactions between the polymer matrix and rGO nano-
particles through oxygen-containing functional groups, such as —OH and
—COO groups, forming interfacial hydrogen bonds between both com-
ponents [44]. An additional shift of the peak related to carbonyl
stretching (C—=0) can be seen in the nanohybrid composites, from 1593
to 1588 cm ™!, which may have been produced by further interactions
between SA chains and rGO nanosheets through Ca2" ions. Specific ions,
such Ca2+, Zn** and Fe3+, are able to crosslink alginate chains and GO
nanosheets simultaneously, generating hydrogels with crosslinked GO
networks inside the alginate hydrogel [45-47]. It has also been reported
that the oxygen-containing functional groups of GO can bond to divalent
ions, particularly Mg?" and Ca?" [48]. The nanocomposite spectra
suggest that although the number of functional groups in rGO nano-
sheets is lower than in GO, they still remain.

We therefore hypothesized that the nanocomposites present a com-
plex nano-network structure (Fig. 2b) formed by bonds between SA
chains induced by Ca®" ions (the well-known egg-box structure [49]),
links between rGO nanosheets and SA chains and also between rGO
nanosheets themselves through Ca®* ions, and finally hydrogen bonds
between rGO nanosheets and SA chains (-OH and -COOH groups). In
this structure, the PCL chains are trapped inside the calcium
alginate-rGO nano-network. The results of the characterization of the
system using additional techniques are presented below. These
confirmed the proposed structure of the nanohybrid hydrogels.

3.3. Swelling behavior and surface wettability

Water sorption (Fig. 3a) was obtained gravimetrically as the amount
of water absorbed from the dry to the swollen state in crosslinked
samples (SA/PCL-E and nanohybrid hydrogels). Crosslinked alginate
(SA-E) was included as reference. The swelling degree of the systems is
moderate (between 50% and 70%), indicating high crosslinking density.
The mean swelling degree in the semi-IPN SA/PCL-E does not present

)

SA-E

SA/PCL-E

b

SAIPCL-E(0,5%rGO)

Q(, vﬁ/ \/'@ 00\ o A
@ QQC’ K SAIPCL-E(2%rGO)
2 & o
&8
& @

Fig. 3. (a) Swelling degree in equilibrium. (b) Water contact angle of semi-IPN SA/PCL-E and nanohybrid hydrogels with 0.5% and 2% of rGO. Crosslinked SA (SA E)

and PCL have been included as reference. Graphs show mean =+ standard deviation. (*) and (

respectively).

) indicate significant differences (p < 0.05 and p < 0.001,



J.L. Aparicio-Collado et al.

significant differences with respect to the crosslinked alginate, probably
due to the fact that the system is highly crosslinked and the amount of
PCL is low. The addition of rGO nanosheets affects the swelling capacity
as expected, according to previous water sorption results obtained with
other composite hydrogels of alginate/carbon nanomaterials [2,35].
Nanohybrids with 0.5% of rGO did not show a statistically significant
reduction of water swelling. However, the nanohybrids with 2% of rGO
exhibited a statistically significant decrease of 16% with respect to the
swelling degree of the semi-IPN SA-E. These results are in good agree-
ment with the porous microstructure shown in Fig. 1b (cross-section
images), where the small pore size shown by the semi-IPN and the
nanohybrid hydrogels results in moderate swelling capacity.

Fig. 3b shows the surface wettability obtained from the static water
contact angle measurement. The contact angle for the reference samples
is 92 + 3° for smooth surface PCL (low wettability) [50] and 52 + 4° for
crosslinked SA. In the semi-IPN SA/PCL with 10% PCL, the contact angle
increases to 61 + 4°. The addition of rGO nanosheets does not signifi-
cantly influence the hydrophilic behavior of the nanohybrid composites,
in good agreement with previous results [51].

The reduced swelling in the nanohybrid hydrogels suggest that the
remaining functional groups of rGO nanosheets (after reduction)
embedded in the SA/PCL matrix are able to generate a more compact
network [46,52], consistent with the structure proposed in the previous
section. However, surface wettability is not altered, probably due to the
particles being completely covered by the polymer matrix and not
showing up on the surface.

3.4. Thermal behavior and degradation, and mechanical properties

3.4.1. Differential scanning calorimetry (DSC)

Fig. 4a shows the normalized heat flow on heating. SA/PCL blend
shows a small endotherm peak around 60 °C followed by a large one at
180 °C; finally, thermal degradation can be identified at temperatures
higher than 220 °C. Alginates have a strong affinity for water and the
molecular structure determines their hydration properties [53]. Water
can be released at different temperatures according to the interactions
between water and alginate chains [54]. Free water can be released at
temperatures lower than 80 °C, water linked through hydrogen bonds
can be released in the interval between 80 and 120 °C and more tightly
linked water through polar interaction with carboxyl groups at higher
temperatures [53,55]. The samples were vacuum dried at 60 °C for 24 h
to remove free water, however, in neat SA, crosslinked SA and SA/PCL
blend, a peak appeared at temperatures higher than 150 °C, related to
the evaporation of the tightly linked water. This was not found in the
semi-IPN SA/PCL and the nanocomposites with rGO nanosheets, indi-
cating their lower hydrophilic character. Both alginate and rGO nano-
sheets possess -COOH groups that can bond with water molecules and
also with each other through hydrogen bonds. The lower intensity of this
peak after the ionic crosslinking of the carboxyl groups of alginate and
Ca®* ions (samples SA E and SA/PCL E) indicates a reduction of bonded
water molecules [47]. In the nanohybrid hydrogels, the endotherm peak
related to the evaporation of tightly bonded water molecules can
scarcely be seen. This behavior indicates strong links between the SA
chain, Ca®" ions and rGO nanosheets, resulting in a high crosslinked
network with reduced capacity to bond with water molecules. The re-
sults are in good agreement with those obtained from the swelling assay,
in which incorporating 2% rGO nanosheets significantly reduced the
swelling capacity. These results reinforced the proposed structure of the
nanohybrid hydrogels based on complex nano-networks with multiple
interactions between the components through Ca®" ions and hydrogen
bonding (Fig. 2b).

The melting process in the blend is related to PCL crystallization
(only 10% wt/wt) and in the semi-IPN and nanohybrid composites. The
melting temperature, enthalpy of fusion and crystallinity are collected in
Table 2. There are no significant changes in the PCL melting tempera-
ture, although the crystallinity of the embedded PCL is strongly affected
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by alginate chains, ionic crosslinking and rGO nanosheets, hindering the
reorganization of the PCL chains (see the dotted box in Fig. 4a). PCL
crystallinity in the SA/PCL blend is reduced from X¢ = 0.64 for neat PCL
to X¢ = 0.18, with an additional reduction after crosslinking (X¢c = 0.1).
The crystallinity continues to decrease after incorporating rGO nano-
sheets to X = 0.06 for the nanohybrid composite with 0.5% rGO and
0.04 for the 2% sample.

3.4.2. Thermogravimetry analysis (TGA)

The thermal degradation profile in the SA/PCL blend and the semi-
IPN SA/PCL is dominated by the SA profile (Fig. 4b and c), consistent
with the 90% SA in the sample. SA, SA/PCL blend and crosslinked
samples (SA-E, semi-IPN SA/PCL-E and nanohybrid composites) show
an initial weight loss due to the removal of water molecules at tem-
peratures below 200 °C (free and linked water) [13], in good agreement
with the DSC thermogram. The first degradation step occurred in the
interval 200-275 °C followed by a second step in the range between 290
and 525 °C, both related to the degradation of the SA matrix. The third
process was at temperatures above 525 °C, attributed to the formation of
metal carbonates [42,47]. Crosslinking, in both SA and SA/PCL blends
shifts the first process of the thermal degradation to higher tempera-
tures. The 50% weight loss temperature, Tgs509, is more than 30 °C
higher in the crosslinked samples [47]. The nanohybrid composites
(Fig. 4d and e) with 0.5% and 2% rGO nanosheets show an additional
shift in T4.509, ca. 50 °C, although the degradation profile is quite similar
to the semi-IPN. It can therefore be concluded that thermal stability
increases after adding both Ca" ions and rGO nanosheets.

3.4.3. Mechanical properties

The mechanical properties of hydrogels on wet environments (e.g.
under in vitro or in vivo conditions) may be completely different from
those in the dry state. Thus, the complex modulus (storage modulus (E')
and loss modulus (E')) was obtained in the interval between 35 and
39 °C, simulating physiological conditions (Fig. 4f). The storage
modulus of crosslinked SA is 9.55-10° & 1.1-10° Pa, in good agreement
with previous results of highly crosslinked calcium alginate films [56].
As expected, the semi-IPN SA/PCL-E shows an increase in the mechan-
ical properties in both E' and E"’ (5.84-107 + 2.6-10° Pa and 1.47-107
+ 5.9:10° Pa, respectively) due to the presence of 10% of PCL, which
possess higher mechanical strength. This enhancement in the mechan-
ical properties indicates that the PCL chains are homogeneously
dispersed in the alginate network, reinforcing its structure. It can be
observed that the addition of rGO nanosheets affects the mechanical
properties of the polymeric matrix, though not in the same manner. The
nanohybrid hydrogel with 0.5% of rGO shows a substantial rise in the
storage modulus and loss modulus (2.28-10% + 1.1-107 Pa and 4.92-107
+ 2.4-10° Pa, respectively). However, the addition of 2% of rGO does
not increase the mechanical behavior (E'= 3.70-107 + 1-10° Pa and
E’=7.87-10° & 2.2.10° Pa), but even decrease slightly its value. This
deterioration of the mechanical properties may be attributed to the
aggregation of rGO during the preparation of the nanohybrid hydrogel
with higher amount of nanosheets. These results are consistent with
other studies with graphene-based nanocomposites, where the
increasing concentration of GO or rGO produced a decline in the me-
chanical properties [57,58] due to a poor dispersion of the nanoparticles
in the composite matrix.

3.5. Electrical conductivity

rGO nanosheets were introduced into the semi-IPN SA/PCL-E with
the aim of increasing its conductive properties. Conductivity was
measured at frequencies of 20, 50 and 100 kHz in dry samples (Fig. 4g).
The semi-IPN SA/PCL-E has low conductivity, which increases signifi-
cantly after adding rGO nanosheets, which have been reported to pro-
mote electronic conduction across the entire range of frequencies [59,
60]. At 100 kHz, conductivity rises from 0.43 mS/m for the semi-IPN
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Fig. 4. (a) DSC thermograms at a rate of 20 °C/min. Normalized heat flow on heating of SA/PCL blend, semi-IPN SA/PCL (SA/PCL-E) and nanohybrid composites
with 0.5% and 2% of rGO nanosheets. Thermogravimetry results (TGA): (b) SA/PCL blend, semi-IPN SA/PCL (SA/PCL-E) and (c) derivative. (d) Nanohybrid
hydrogels with 0.5% and 2% of rGO and (e) derivative. SA/PCL-E has been also included in (d) and (e) to facilitate comparison. Neat SA and PCL and crosslinked SA
(SA-E) have been included as reference in DSC and TGA results. (f) Dynamic mechanical analysis. Storage modulus (E”) and loss modulus (E’’) in the interval 35-39 °C
performed on samples immersed in water. (g) Electrical conductivity of semi-IPN SA/PCL (SA/PCL-E) and nanohybrid composites with 0.5% and 2% of rGO
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Table 2

50% weight loss decomposition temperature from the thermogravimetric assay
(T4.509)- Melting temperature (T;,), enthalpy of fusion (AHp and degree of
crystallinity related to PCL content (from DSC thermograms).

Sample Ta.509 (°C) Tm (°C) AH; (J/8) X, PCL
PCL 405 64.5 89.8 0.64
SA 311 - - -

SA-E 339 - - -
SA/PCL 299 62.8 2.68 0.18
SA/PCL-E 332 67.3 1.4 0.1
SA/PCL-E(0.5rGO) 351 64.2 0.9 0.06
SA/PCL-E(2rGO) 350 64.2 0.6 0.04

SA/PCL to 1.33 mS/m for the nanohybrid 0.5% rGO composite and to
1.67 mS/m after adding 2% rGO nanosheets, although without reaching
the percolation threshold. The results suggest possible aggregation of
the rGO nanosheets, more noticeable at the higher concentration, which
moderately increases conductivity in this sample (in good agreement
with DMTA results). The conductivity obtained for the nanohybrid
hydrogels is in the same range as other electroactive biomaterials for
tissue engineering applications that have induced a cell response [61,
62] and those recommended specifically for skeletal muscle applications
(8.0 x 107*~4.5 x 1073 5/m) [63].

3.6. Biocompatibility

It is essential to evaluate the biomaterial cytotoxicity for biomedical
applications, which was assessed for murine myoblast (C2C12 cell line)
exposed to the extracts of the semi-IPN SA/PCL-E and the nanohybrid
hydrogels. Both components of the polymer matrix, SA and PCL are
biocompatible and biodegradable polymers widely used in the
biomedical field [64-66]. However, the cytotoxicity of carbon nano-
materials such as graphene, GO or rGO have been reported to depend
not only on the concentration but to a large extent on the processing
techniques used to prepare the biomaterial [67].

Fig. 5a shows the cytotoxicity results after 24, 48 and 72 h exposure
to the extracts. According to the ISO standard 109935, the materials are
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considered cytotoxic when cell viability shows values lower than 70%
than the negative control. The semi-IPN SA/PCL-E and the nanohybrid
hydrogels have viability values over 80% in the three evaluated times,
with no significant differences from the negative control (considered as
100% viability). This allows us to conclude that the materials are
biocompatible, in good agreement with previous results in which rGO
nanoparticles entrapped in polymeric matrices [68,69] were not cyto-
toxic even at concentrations higher than those administered in form of a
solution [70].

3.7. Myoblast adhesion on semi-IPN SA/PCL-E and nanohybrid
hydrogels

Cell adhesion was studied after 24 h of culture on samples pre-
conditioned with protein adsorbed on the surface (Fig. 5b and c).
Myoblasts C2C12 were seeded at a low density (5000 cells/cm?) to
minimize cell contact. Actin staining showed that the average cell area
increases significantly in the semi-IPN SA/PCL-E (mean cell area ca.
1190 um?) compared to the SA-E hydrogel, included as reference (mean
cell area ca. 930 um?). The surface of hydrogels are known to show poor
cell adhesion due to poor mechanical properties, high hydrophilicity or
the absence of binding sites [5,71]. High hydrophilicity hinders protein
absorption on the biomaterial surface, a key factor in regulating cell
behavior [72-75], which can be overcome by combining the hydrogel
with a hydrophobic polymer. Optimal hydrophilicity has been reported
to enhance cell adhesion [76], which is maximized on surfaces with
moderate wettability (50-70°). The wettability of the semi-IPN SA/PCL,
which contains 10% of PCL, is significantly lower than that of the SA-E
hydrogel (as shown by the increase in the water contact angle), which is
at the limit of what is considered moderate surface wettability. The rise
in the cell area in the semi-IPN SA/PCL-E seems to be related to reduced
surface hydrophilicity, which facilitates protein adsorption and in-
creases bioactivity, improving cell adhesion.

After adding rGO, there was a clear trend towards higher average cell
area (Fig. 5b). Both nanohybrid hydrogels (with 0.5% and 2% of rGO
nanosheets) present significant differences in their average cell area to
the SA-E hydrogel. The nanohybrid hydrogel with 2% rGO increases ca.
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Fig. 5. Cytotoxicity results and cell adhesion. (a) MTT cytotoxicity results represented as cell viability after 24, 48 and 72 h incubation with extracts from semi-IPN
and nanohybrid hydrogels with 0.5% and 2% of rGO nanosheets. Positive control: latex extract, negative control: growth medium. (b) Average cell adhesion area for
each condition from actin staining. (c) Representative immunofluorescence images of cells attached to the different hydrogels (actin staining). SA-E was considered as

reference. Graphs show mean =+ standard deviation. (*), (**) and (

) indicate significant differences (p < 0.05, p < 0.01 and p < 0.001, respectively).
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by 65% and 28% with respect to the SA-E hydrogel and the semi-IPN SA/
PCL-E, respectively. It has been shown that cell adhesion is enhanced in
rGO-based hybrid nanomaterials [77-79]. It has also been hypothesized
that rGO enables certain proteins from the culture medium to be
adsorbed on the rGO surface, promoting cell adhesion [79,80]. Protein
absorption is highly dependent on the physicochemical properties of the
surfaces and interactions such as electrostatic forces, hydrophobic in-
teractions and hydrogen bonding [80,81]. rGO nanosheets are able to
form hydrogen bonds with proteins through oxygenous groups along
with electrostatic forces and hydrophobic interactions [80]. The results
obtained suggest that the higher cell-spreading during adhesion in the
nanohybrid hydrogels after adding rGO could be related to enhanced
adsorption of proteins involved in cell adhesion onto the surface of
rGO-containing hydrogels.

3.8. Myoblast differentiation on semi-IPN SA/PCL-E and nanohybrid
hydrogels

Fig. 6 shows immunofluorescence images (Fig. 6a) and the quanti-
fication of myoblast differentiation on the semi-IPN and nanohybrid
hydrogels with rGO nanosheets assessed after 6 days of culture in ITS-
containing medium (Fig. 6b to e). Differentiation medium was specif-
ically used to analyze whether, under culture conditions that favor cell
differentiation, the conductive properties of the nanohybrid hydrogels
stimulate myogenesis.

The semi-IPN SA/PCL-E shows a dramatic rise in myogenic differ-
entiation of C2C12 cells compared to the SA-E hydrogel (included as
reference), with a 400% increase in the number of myotubes/cm2
(Fig. 6b). The ratio between the area of the myotubes and the sarcomeric
a-actinin positive cells in the semi-IPN is also more than twice the ratio
in the SA-E hydrogel (Fig. 6d). The morphology of the myotubes is also
affected; the average myotube area and diameter in the semi-IPN is
respectively 280% and 150% higher compared to the values obtained in

a)

SA-E SA/PCL-E

Sarcomeric a-actinin

SA/PCL-E(0,5% rGO) SA/PCL-E(2% rGO)
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the SA-E hydrogel (Fig. 6¢ and e). These results indicate that the cell-
adhesion behavior, with a higher cell-spreading area, is reflected in
cell differentiation, as reported elsewhere [72,82]. The reduced surface
hydrophilicity (increased water contact angle) promotes adsorption of
proteins, among them cell adhesive glycoproteins (such as fibronectin
and laminin), which in turn, enhances cell adhesion (larger spreading
areas) and stimulates cell differentiation [72,75].

The nanohybrids hydrogels with 0.5% and 2% rGO nanosheets also
show considerably more myoblast differentiation than both the SA-E
hydrogel and the semi-IPN SA/PCL-E without nanoparticles (Fig. 6a).
Conducting cell substrates have been shown to promote myogenic dif-
ferentiation [54,83,84]. The conductivity in both nanohybrid hydrogels
increased substantially after adding rGO nanoparticles, as can be seen in
Fig. 4f. The nanohybrid hydrogels with 2% rGO shows significant dif-
ferences in cell differentiation in all the parameters analysed. The
number of myotubes per cm? increase by 700% compared to the SA-E
hydrogel and almost 200% as compared with the semi-IPN SA/PCL
(Fig. 6b). The ratio between the area of the myotubes and the sarcomeric
a-actinin positive cells in this nanohybrid hydrogel is also more than
four times the ratio in the SA-E hydrogel and almost twice the ratio in
the semi-IPN SA/PCL-E (Fig. 6d).

Regarding the morphology, the average area of the myotubes and the
diameter show a 180% and 150% increase, respectively, compared to
the semi-IPN SA/PCL (Fig. 6¢ and e). The nanohybrid hydrogels with
0.5% rGO nanosheets also show an improvement in terms of myogenic
differentiation. The results, although not as marked as with 2% rGO,
indicate that the average area of myotubes increases significantly. These
results are in good agreement with those reported in several previous
studies, where it has been suggested that electrically conductive envi-
ronments, even without external electrostimulation, facilitate electrical
communication between myoblasts, leading to increased myogenic dif-
ferentiation [15,51,59]. The polymeric matrix served as elastomeric
environment and rGO provided the electric conductivity. The better
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Fig. 6. Results of myoblast differentiation. (a) Immunofluorescence images of differentiated myoblasts (sarcomeric a-actinin staining) after 6 days of culture in
differentiation medium (DMEM+1% P/S+1%ITS). (b) Myotubes density represented as number of myotubes/ em?. (c) Average myotubes area. (d) Ratio between the
area of differentiated myotubes/area of total sarcomeric a-actinin positive cells. (¢) Mean diameter of myotubes after analysis of 80 random myotubes per hydrogel.
SA-E was considered as reference. Graphs show mean =+ standard deviation. (*), (**) and (***) indicate significant differences (p < 0.05, p < 0.01 and p < 0.001,

respectively).
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myoblast differentiation in the nanohybrid hydrogels than in the
semi-IPN SA/PCL-E could be attributed to the increased conductivity of
the cell substrate after adding rGO nanoparticles to the polymeric ma-
trix. It should be noted that even under conditions that favor myogenic
differentiation (myogenic culture medium), the conductive properties of
rGO stimulate myogenesis over and above what occurs with cell sub-
strates without conductive properties.

These results demonstrate that the combination of calcium alginate
and a very small amount of PCL in the form of semi-IPN and rGO pro-
duce stable conductive nanohybrid hydrogels with enhanced physical
and biological properties that show great promise for muscle tissue
engineering, in good agreement with our hypothesis.

4. Conclusions

We developed electroactive cell substrates consisting of a novel semi-
IPN SA/PCL crosslinked with Ca®* ions and rGO nanosheets (0.5% and
2% wt/wt rGO nanosheets) to assess its potential to stimulate cell
adhesion and myogenic differentiation. Freeze-dried samples showed a
homogeneous porous structure with an increase in surface roughness
after adding rGO nanosheets. The FTIR, calorimetry and swelling results
suggest the formation of a complex nano-network structure formed by
bonds between SA chains induced by Ca?" ions (egg-box model), links
between rGO nanosheets and SA chains and also between rGO nano-
sheets themselves through Ca" ions and strong hydrogen bonding be-
tween rGO nanosheets and SA chains. Thermal stability was improved
both after crosslinking through Ga" ions and incorporating rGO nano-
sheets. The resulting electric conductivity of the nanohybrid hydrogels is
expected to be suitable for electroactive tissues, including skeletal
muscle. The in vitro biological studies with murine myoblasts revealed
that the nanohybrid hydrogels are not cytotoxic and can greatly promote
myoblast adhesion and myogenic differentiation. These novel nano-
hybrid hydrogels have shown to be promising biomaterials for the
development of biomedical applications, particularly in skeletal muscle
tissue engineering. Regeneration of electroactive tissues like neural and
cardiac ones, are also potential applications of the nanohybrid bio-
materials engineered, however, further studies are needed to explore
their full potential.
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