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Abstract: Decellularized extracellular matrices (dECMs) have shown enormous potential for the biofabrication of tissues due 
to their biomimetic properties that promote enhanced cellular interaction and tissue regeneration. However, biofabrication 
schemes requiring electrostimulation pose an additional constraint due to the insulating properties of natural materials. Here, we 
propose a methacryloyl-modified decellularized small intestine submucosa (SISMA) hydrogel, embedded with graphene oxide 
(GO) nanosheets, for extrusion-based 3D bioprinting applications that require electrostimulation. Methacryloyl biochemical 
modification is performed to enhance the mechanical stability of dECM constructs by mediating photo-crosslinking reactions, 
and a multistep fabrication scheme is proposed to harness the bioactive and hydrophilic properties of GO and electroconductive 
properties of reduced GO. For this, GO was initially dispersed in SISMA hydrogels by exploiting its hydrophilicity and protein 
adsorption capabilities, and in situ reduction was subsequently performed to confer electroconductive abilities. SISMA-GO 
composite hydrogels were successfully prepared with enhanced structural characteristics, as shown by the higher crosslinking 
degree and increased elastic response upon blue-light exposure. Moreover, GO was homogeneously dispersed without affecting 
photocrosslinking reactions and hydrogel shear-thinning properties. Human adipose-derived mesenchymal stem cells were 
successfully bioprinted in SISMA-GO with high cell viability after 1 week and in situ reduction of GO during this period 
enhanced the electrical conductivity of these nanostructures. This work demonstrates the potential of SISMA-GO bioinks as 
bioactive and electroconductive scaffolds for electrostimulation applications in tissue engineering and regenerative medicine.
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1. Introduction
Decellularized extracellular matrices (dECMs) have 
gained significant attention over the past few decades as 
biomaterials for tissue engineering due to their promising 
potential as biomimetic scaffolds[1,2]. Composition-wise, 
dECMs hold a complex of structural proteins such as 
collagen, laminin, elastin, and fibronectin, which in native 
tissues grant adequate mechanical rigidity and structural 
stability for cellular growth, migration, and proliferation, 
and provide attachment sites for cell adhesion[1]. Additional 

proteins present in dECMs such as glycoproteins, 
proteoglycans, and bound growth factors mediate 
morphological organization and physiological function[3] 

while glycosaminoglycans (GAGs) provide an extremely 
hydrophilic environment essential for withstanding high 
compressive forces[4]. Although ECM composition varies 
depending on tissue function, its overall structure is similar 
for all tissues and, therefore, dECM hydrogels closely mimic 
the native cellular environment. Moreover, several studies 
have revealed that the presence and cumulative action 
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of the bioactive molecules described above can promote 
regeneration processes and restore tissue homeostasis[5-7], 
underscoring the potential of dECM hydrogels for cellular 
scaffolding and advanced biomanufacturing applications 
above other natural materials.

Despite their great composition-wise resemblance 
to native tissues, solubilization procedures during dECM 
hydrogel preparation have shown to detrimentally alter 
the native structure of its fibrous proteins, mainly because 
of the use of proteolytic enzymes to aid matrix digestion[8]. 
This results in diminished biomechanical stiffness and 
higher biodegradability rate, which limits their prolonged 
functionality[9,10]. Specifically, temperature-dependent 
gelation, the principal crosslinking mechanism in dECM- 
and collagen-based hydrogels, is often not enough for 
maintaining structural stability within three-dimensional 
structures due to the weak forces (e.g., hydrogen bonds) 
holding together the digested components in the solubilized 
matrix[10]. As a result, dECM hydrogels usually need to be 
combined with other natural materials, such as hyaluronic 
acid, alginate, gelatin, chitosan, and silk fibroin, to facilitate 
alternative crosslinking mechanisms and improve their 
mechanical rigidity[11-13]. In this regard, the addition of 
crosslinking agents, such as glutaraldehyde and 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride 
(EDC)/N-hydroxysulfosuccinimide (NHS), allows the 
formation of dense hydrogel networks[10,14]. However, 
unreacted reagents and reaction by-products from these 
approaches usually reduce the viability of the obtained 
hydrogel-based cellular constructs[15,16]. The biochemical 
modification of natural materials with methacryloyl 
groups has also emerged as a suitable alternative for 
photocrosslinking schemes[17], a method where material 
excipients are largely avoided for formulating the 
hydrogels and that favors crosslinking agents of low 
cytotoxicity[18-20]. In particular, improved mechanical 
stability has been reported in kidney- and bone-derived 
dECM bioinks upon methacryloyl modification, allowing 
tunable degrees of crosslinking with moderate ultraviolet 
or blue-light irradiation dosages[13,21]. Moreover, numerous 
biocompatible photoinitiators are commercially available 
to mediate this reaction (e.g., LAP, eosin Y, and riboflavin 
[RF])[13,20,22,23]. Therefore, methacryloyl modification of 
dECMs represents one of the most valuable avenues for 
the development of biomimetic hydrogels that closely 
recapitulate the biological and structural environment 
of native tissues and this, in turn, makes them suitable 
candidates for 3D bioprinting applications. In particular, 
these hydrogels can be precisely tuned for extrusion-
based bioprinting (EBB) since their pseudoplastic 
rheological behavior facilitates their extrusion at high 
viscosity values, which are needed to achieve adequate 
shape fidelity and stability upon deposition[24]. EBB is 
one of the most adopted bioprinting technologies for the 

biofabrication of tissues and its advantages over other 3D 
bioprinting techniques have been extensively described 
elsewhere[25,26].

However, for the particular case of biomanufacturing 
tissues that require electrical stimulation to acquire their 
final biological function, dECM hydrogels face relevant 
limitations as building blocks, mainly because of their 
insulating properties[27]. Moreover, electrostimulation 
approaches have been reported to be beneficial in wound 
healing[28,29], bone regeneration[30,31], cell differentiation[32-34], 

and tissue maturation[35,36]. The incorporation of 
electroconductive nanostructured materials into hydrogels, 
such as graphene derivatives, gold nanoparticles, and 
carbon nanotubes, has shown great promise to alleviate 
these shortcomings[37]. Graphene, in particular, is a 
flexible nanomaterial made of sp2 hybridized carbon atoms 
organized in a single two-dimensional layer, which generate 
a π-electron cloud responsible for electroconductivity[38]. 
However, due to its hydrophobic surface, the colloidal 
stability of graphene in hydrophilic media is highly limited. 
Consequently, its oxidized derivative, graphene oxide 
(GO), has attracted significant attention due to its superior 
hydrophilicity. This can be attributed to the presence of 
functional groups, such as hydroxyl and carboxyl moieties, 
which facilitate its dispersion in aqueous media. Moreover, 
they can promote protein adsorption from either culture 
media or cellular secretions, which improves overall cell-
hydrogel interactions by increasing available cell anchoring 
sites[39,40]. However, the introduction of functional groups 
on GO disrupts the highly ordered carbon structures and 
results in reduced electroconductivity when compared to 
pristine graphene or reduced GO (rGO)[41]. Leveraging 
the bioactive and electroconductive properties of GO 
nanostructures is, therefore, a major challenge for the 
development of electroconductive hydrogels for tissue 
engineering applications.

Accordingly, the aim of this study is to develop an 
extrudable bioink based on methacryloyl-modified dECM 
and fully exfoliated GO nanosheets to render the potential 
for the electrostimulation of 3D bioprinted tissue constructs. 
We propose a fabrication scheme for the incorporation of 
GO that exploits both its bioactive and hydrophilic properties 
during the initial maturation stage of extruded constructs 
and simultaneously improves GO’s electroconductivity 
upon in situ reduction. In particular, we harness the protein 
adsorption capacity of GO to induce homogeneous nanosheet 
dispersion within the dECM hydrogel, thus facilitating 
the formation of interconnected electrical networks and 
aiding initial cellular anchoring. The electro- and photo-
addressable hydrogel obtained here, and the corresponding 
bioprinting scheme, hold much promise in the biofabrication 
of electrosensitive tissue constructs. Moreover, it may enable 
cell differentiation and tissue maturation processes by highly 
controllable electrostimulation strategies.
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2. Materials and methods 
2.1. Materials
Methacrylic acid (MA), EDC, NHS, dimethylformamide 
(DMF), picrylsulfonic acid, RF, formalin solution, TOX8 
resazurin-based assay, rhodamine B, sodium bicarbonate, 
and low glucose Dulbecco’s Modified Eagle Medium 
(DMEM) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Sodium dodecyl sulfate was purchased from 
Santa Cruz Biotechnology (Dallas, TX, USA). Fetal 
bovine serum (FBS) and penicillin/streptomycin (P/S) 
were purchased from BioWest and hydrogen peroxide 
(H2O2), sodium chloride (NaCl), sodium hydroxide 
(NaOH), glacial acetic acid, sulfuric acid, phosphoric 
acid, potassium permanganate (K2MnO4), Tris-HCl, and 
hydrochloric acid (HCl) were purchased from PanReac 
AppliChem (Chicago, IL, USA), and graphite flakes 
from Graphene Supermarket (Ronkonkoma, NY, USA). 
Propidium iodide, AlexaFluorTM 488 Phalloidin, and 
Hoechst 3342 were purchased from Invitrogen (Waltham, 
MA, USA). 

2.2. Isolation and decellularization of small 
intestinal submucosa (SIS)
Porcine small intestines were obtained from a local butcher 
shop and SIS was isolated and decellularized by following 
the protocol previously reported by Sánchez-Palencia 
and colleagues[42]. Briefly, the jejunum was thoroughly 
washed with tap water and the tunica mucosa and serosa 
muscularis layers were mechanically removed to isolate 
the SIS. For decellularization, isolated tissue samples 
were chemically treated with a proprietary solution 
consisting of H2O2, sodium hypochlorite, and autoclaved 
type II water for 15 min under constant agitation at room 
temperature (~23°C). Next, three successive washes with 
autoclaved type II water and one with sterile 1× phosphate-
buffered saline (PBS) were performed to remove cellular 
and chemical remnants and for restoring ionic balance, 
respectively. Finally, the obtained membranes were 
dried at room temperature under laminar flow overnight 
and subsequently pulverized with the aid of a cryogenic 
mill (6875 Freezer/Mill, SPEX SamplePrep, Metuchen, 
NJ, USA). Dry SIS powder samples were then stored at 
−20°C until further use.

2.3. GO synthesis and characterization
GO synthesis was performed by following the Tour’s 
methods with slight modifications[43]. Briefly, a solution 
prepared by mixing sulfuric acid and phosphoric acid at 
a 9:1 ratio was carefully poured into a flask containing 
graphite flakes and potassium permanganate. The 
resulting blend was then heated at 60°C and left for 12 h 
under constant vigorous magnetic stirring. Next, ice cold 

water and hydrogen peroxide (H2O2) were added to the 
blend and the obtained GO was washed successively 
by filtration with polyester fiber, centrifugation, and 
resuspension in a solution containing HCl, ethanol and 
type I water. The final pellet was resuspended in type II 
water and lyophilized for 24 h. 

Adequate GO synthesis was confirmed through 
Raman spectroscopy by assessing the difference between 
excitation and emission intensity within a range of 0 and 
3000 Raman shift (cm−1). A point-wise laser excitation 
of 532 nm was shone at different locations along the 
synthesized GO sheets to evaluate homogeneity of the 
sample. 

2.4. Pre-gel preparation and biochemical 
modification 
Dry SIS powder was solubilized at 4 mg/mL in a solution 
containing 0.5 M acetic acid and porcine pepsin at a 
1 mg/mL concentration. Solubilization was performed 
under constant vigorous magnetic stirring and at room 
temperature (~23°C) for 48 h. The free-amine groups 
present in the obtained SIS pre-gels were quantified 
by performing the 2,4,6-trinitrobenzene sulfonic acid 
(TNBSA) assay (see section 2.6). 

Next, the obtained pre-gel was biochemically 
modified by covalently linking the C-terminal of MA 
to primary-amine residues present in fibrous structural 
protein backbones of SIS. This was accomplished by 
adapting the protocol reported by Gaudet et al., which 
was developed for the biochemical modification of 
collagen[44]. Briefly, a working solution of MA (in a 1:20 
molar excess with respect to free amines in SIS), EDC 
(1:1 molar ratio with MA) and NHS (1:1 molar ratio 
with MA) was prepared in DMF and heated for 15 min 
at 40°C under constant magnetic stirring for activating 
the terminal carboxyl groups of MA. The activated 
solution was then poured into the SIS pre-gel and the 
biochemical modification reaction was left for 24 h under 
constant magnetic stirring at 4°C. The resulting modified 
SIS (SISMA) pre-gel was dialyzed against 0.5 M acetic 
acid for 48 h and subsequently lyophilized for 24 h. 
The biochemically modified SIS samples were stored at 
−20°C and, if used for bioprinting experiments, sterilized 
by treatment with ethylene oxide (EtO).

2.5. Quantification of GO protein adsorption 
capacity
Dispersion of GO in acid solutions and biological 
buffers is very limited due to the presence of protonated 
carboxyl groups and surface charging that induces 
sheet agglomeration[45]. Consequently, its homogeneous 
incorporation into ECM and collagen-based hydrogels is 
a challenging task. To address this issue, we hypothesized 
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that the dispersion of GO would be improved by promoting 
protein adsorption before its incorporation into SIS and 
SISMA hydrogels. To test this hypothesis, GO’s protein 
adsorption capacity was evaluated by quantifying the 
difference in protein concentration of cell culture media 
in the presence and absence of dispersed GO. Briefly, 
GO was dispersed at a concentration of 0.5 mg/mL in a 
DMEM cell culture media solution supplemented with 
10% (v/v) FBS and 1% (v/v) P/S for 2 h at 4°C. The 
resulting solution was then centrifuged at 12,000 rpm for 
5 min to isolate the GO from the medium, and protein 
concentration in the supernatant was finally quantified 
with the Quanti-Pro bicinchoninic acid assay Assay Kit 
(Sigma-Aldrich) and a bovine serum albumin standard 
curve (Figure S1). The same procedure was conducted, 
as a control, for the same supplemented DMEM but in 
the absence of GO. Absorbance was measured at 562 nm 
with the aid of a microplate photometer (Multiskan™ 
FC, Thermo Scientific, Waltham, MA, USA) and 
protein adsorption on the GO sheets was calculated by 
implementing Equation 2.5.1.

Protein adsorption
A
A
DMEM GO

DMEM
% *= −







−
1 100  (2.5.1)

where ADMEM-GO is the absorbance measured from the 
supplemented DMEM in the presence of GO and ADMEM 
is the absorbance from the supplemented DMEM alone.

2.6. Hydrogel preparation
A working solution (pH 8.5) consisting of DMEM 
supplemented with 10% (v/v) FBS, 1% (v/v) P/S, 0.1% 
(w/v) RF, and Tris-HCl 0.1 M was prepared. Next, GO was 
dispersed at a 0.5 mg/mL concentration in this working 
solution and left for 12 h at 4°C to promote protein binding. 
This was followed by resuspension of lyophilized SISMA 
at 40 mg/mL in a 0.02 M acetic acid solution aided by a 
spatula. This mixture was subsequently mixed at a 1:1 
volume ratio with the working solution containing GO 
(SISMA-GO). For the hydrogels produced in the absence 
of GO, the same procedure was performed but with a 
working solution without the dispersed nanomaterial.

2.7. Quantification of functionalization efficiency
Since MA is conjugated to free-amine residues, 
these were quantified before and after biochemical 
modification as an indicator of reaction efficiency. This 
was achieved through a TNBSA assay according to 
the protocol described by Capella-Monsonís et al.[46]. 
Briefly, SIS and SISMA hydrogels were diluted in 0.1 M 
sodium bicarbonate (pH 8.5) to a final concentration of 
0.2% (w/v), and 250 µL of a 0.01% (w/v) picrylsulfonic 
acid solution were then added to 500 µL of the diluted 

hydrogel sample. The blends were then mixed thoroughly 
with a benchtop vortex and incubated for 2 h at 37°C 
under constant agitation. Finally, 100 µL of each sample 
after incubation were transferred to a 96-well microplate 
and the absorbance was measured at 405 nm with the aid 
of a microplate photometer (Multiskan™ FC, Thermo 
Scientific, Waltham, MA, USA). The reaction product is 
highly chromogenic, meaning that a higher color intensity 
is associated with a higher concentration of primary 
amines. Finally, the reaction efficiency was calculated 
with Equation 2.7.1.

% *of functionalization
A
A
SISMA

SIS
= −






1 100   (2.7.1)

where ASISMA and ASIS are the absorbance’s of 
SISMA and SIS samples, respectively. 

2.8. GO dispersion in SISMA
To evaluate if protein adsorption allowed proper GO 
dispersion within the hydrogel, serum proteins were 
fluorescently labeled with rhodamine B and exposed 
to GO such that, after dispersion, they can be imaged 
through confocal microscopy. Briefly, the carboxy 
terminal of rhodamine B was activated with EDC/NHS 
at 37°C for 15 min and subsequently added to a 10% 
(v/v) solution of FBS. The mixture was left to react 
for 24 h at room temperature (~23°C) under constant 
magnetic stirring. GO was then added at a concentration 
of 0.5 mg/mL and, after 2 h of exposure to the labeled 
proteins, it was thoroughly washed by several cycles of 
centrifugation and resuspension in type II water until the 
supernatant showed no traces of rhodamine B. Finally, 
protein-adsorbed GO was resuspended in type II water 
and mixed at a 1:1 volume ratio with a 40 mg/mL SISMA 
solution prepared in 0.02 M acetic acid. The samples were 
imaged at 559 nm with an Olympus FV1000 Confocal 
Microscope (Tokyo, Japan, Objective 10X) and particle 
count and area were later analyzed with the ImageJ® 
software. Z-stack reconstruction was also performed by 
capturing images at different positions throughout the 
hydrogel depth to assess the spatial distribution of GO 
sheets within the hydrogel. 

2.9. Rheological evaluation
To assess the rheological response of the developed 
hydrogels, as well as the influence of photocrosslinking 
on their mechanical properties, flow sweep, temperature 
sweep, and time sweep experiments were performed on a 
Discovery Series Hybrid Rheometer-1 (TA Instruments, 
New Castle, DE, USA) using a parallel plate geometry 
with a 20 mm gap. Flow sweep experiments of SISMA 
and SISMA-GO hydrogels were conducted from 0.01 to 
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200 1/s at 1% strain and room temperature. The thermal 
response of these hydrogels was evaluated between 
15°C and 37°C with a temperature ramp of 20°C/min, 
at 1% strain and 10 rad/s frequency. Finally, to compare 
the change in storage modulus upon photocrosslinking, 
time sweep assays were carried out before and after blue 
light irradiation (5 min at 62 mW/cm2 constant intensity) 
under oscillatory mode, and constant strain of 1% and 
10 rad/s.

Shear-thinning properties of the hydrogels were 
estimated by fitting the viscosity (η) versus shear rate 
(γ) plot to the power law regression model described by 
Equation 2.9.1.

  η γ= −K n 1  (2.9.1)

K and n were recovered for all samples to assess 
shear thinning behavior[24].

2.10. Scanning electron microscopy (SEM) 
imaging of crosslinked structures
To evaluate the resulting hydrogel microstructure upon 
thermal- or photo-crosslinking, SISMA-GO samples 
were imaged through SEM. Gelation temperature was 
achieved after incubation of the samples for 15 min at 
37°C. Photocrosslinking was achieved upon blue-light 
irradiation for 5 min at a constant intensity of 62 mW/
cm2. Samples were freeze dried and observed under 
vacuum conditions at 200× magnification with a 20 kV 
accelerating voltage (JSM 6490-LV, JEOL, Tokyo, Japan).

2.11. Isolation and in vitro culture of human 
adipose tissue-derived mesenchymal stem cells 
(hAD-MSCs) 
For bioprinting experiments, hAD-MSCs were isolated 
following the protocol reported by Linero et al.[47] 
according to which residual adipose tissue (obtained from 
abdominoplasty procedures with the previous approval 
from the research ethics committee at the Universidad de 
Los Andes Act No. 942, 2018 and subsequent signing of 
patient informed consent) was subjected to mechanical 
distortion combined with enzymatic digestion. The 
isolated cells were subcultured until passage four using 
low glucose DMEM, supplemented with 10% (v/v) 
FBS and 1% (v/v) P/S. Their stem cell status was then 
characterized through flow cytometry (BD FACSCanto™ 
Flow Cytometer, BD Biosciences, San Jose, CA, 
USA) with the aid of a human mesenchymal stem cell 
validation kit (Human Mesenchymal Stem Cell Multi-
Color Flow Kit, R&D Systems, Minneapolis, MN, USA) 
and data acquisition and analysis was done with the BD 
FACSDiva™ software version 6.1.3. Cells demonstrated 
positive expression of CD73, CD105, and CD90 as well 
as negative expression of all markers included in the 

negative marker cocktail. Quadrants have been set based 
on isotype controls (Figure S2).

2.12. Biofabrication of cell-laden SISMA-GO 
constructs 
After sterile SISMA and SISMA-GO hydrogels were 
successfully prepared, hAD-MSC in low glucose DMEM 
supplemented with 10% (v/v) FBS and 1% (v/v) P/S 
was homogeneously mixed at a 1:10 volume ratio with 
each hydrogel formulation to a final cell density of 4.5 
× 106 cells/mL. The prepared bioink (i.e., hydrogel with 
embedded cells) was then loaded into a sterile printing 
cartridge. Bioprinting experiments were performed on an 
INKREDIBLE+ bioprinter (CELLINK AB, Gothenburg, 
Sweden). Printing parameters were manually optimized 
to achieve appropriate printing velocity and extrusion 
pressure according to the bioink’s characteristics (i.e., 
viscosity, printability, and shape fidelity), as well as 
nozzle diameter for the intended construct geometry. In 
this regard, SISMA and SISMA-GO hydrogels achieved 
proper filament formation through a 25 G blunt needle 
nozzle at a constant pneumatic pressure of 10 kPa and 
5 mm/s printing velocity. A 100 mm2 squared construct 
with a 0.4 mm height was bioprinted with 10% infill density 
in a 6-well culture plate and was immediately crosslinked 
with 405 nm blue-light irradiation (62 mW/cm2) for 1 
min (Figure S3). After photocrosslinking, 4 mL of cell 
medium were added to each well and the constructs were 
incubated for up to 7 days. The cell medium was refreshed 
every other day. 

2.13. Cell viability, morphology and proliferation 
assessment
To assess the viability of hAD-MSCs embedded in 
SISMA and SISMA-GO constructs, nuclei and dead 
cell staining was performed with Hoechst 3342 and 
Propidium Iodide stains, respectively, at 2 h, 3 days, 
and 7 days after bioprinting. Accordingly, a working 
solution of the fluorophores was prepared at a 1:1000 
ratio with 1× PBS each, and subsequently added to 
the culture medium at a 1:4 ratio. After 45 min, the 
medium was removed; the constructs were fixed with 
4% (v/v) paraformaldehyde for 5 min and stored in PBS 
until microscopic observation. Confocal microscopy 
(Olympus FV1000, Tokyo, Japan) was used to visualize 
nuclei and dead cell locations with a 358 nm and 559 nm 
laser excitation, respectively. Emission channels were 
overlapped to identify live and dead cells, where live 
cells comprised locations with only nuclei being stained 
and dead cell locations with both nuclei and propidium 
iodide stained. Cell viability was assessed by stacking 
25 images, captured from adjacent Z-planes separated 
by 2 µm each, and counting the live cells from the total 
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number of cells. Four different areas of each hydrogel 
were evaluated for statistical analysis.

Cell morphology changes were assessed in SISMA 
and SISMA-GO bioprinted constructs by staining F-actin 
filaments with AlexaFluorTM 488 Phalloidin and cell 
nuclei with Hoechst 3342 at day 0 and day 6. Briefly, 
tissues were fixed with 10% (v/v) formalin for 30 min 
and washed with 1× PBS 3 times to remove remnants of 
formalin. Cell membranes were then permeabilized with 
a 0.25% (w/v) solution of Triton-X in 1× PBS for 5 min 
and subsequently washed 3 times with 1× PBS. Finally, 
a working solution of AlexaFluorTM 488 Phalloidin and 
Hoechst 3342 was prepared at a 1:400 and 1:1000 ratios 
in 1× PBS, respectively, and then added to the constructs 
and incubated for 1 h. The stained constructs were 
washed 3 times with 1× PBS and immediately visualized 
with confocal microscopy using 488 nm and 358 nm 
laser excitations, respectively. Five images at a 20× 
magnification were captured and stacked from adjacent 
Z-planes, separated by 2 µm each, and emission channels 
were overlapped. Similarly, single-cell morphology was 
observed by capturing and stacking 45 images collected 
at 60× magnification.

Cell proliferation in SISMA and SISMA-GO 
constructs was also assayed by quantifying cell metabolic 
activity at days 0, 4, and 7 aided by a resazurin-based 
assay (TOX8). Reduced resazurin by viable cells emits red 
fluorescence and, therefore, the amount of dye conversion 
was fluorometrically measured. Accordingly, resazurin 
dye solution was added to the cell culture medium of each 
construct at a 10% (v/v) concentration and then incubated 

for 3 h. The medium was then removed and fluorescence 
intensity was quantified with a FluoroMax® fluorometer 
(Horiba, Kyoto, Japan) at 560 nm excitation. Fresh 
culture medium was added to the assayed constructs to 
continue incubation until the next measurement.

2.14. Characterization of GO reduced in situ
GO’s in situ reduction was confirmed with Fourier 
Transform Infrared (FT-IR) spectroscopy and 
thermogravimetric analysis (TGA). Infrared spectra of 
graphite, GO, and rGO were recorded using an A250/D FT-
IR (Bruker, Germany) within the range of 4000 – 400 cm−1 
and spectral resolution of 2 cm−1. The presence or absence 
of characteristic peaks of each material was analyzed 
to assess structural changes within these. TGA (TA 
Instruments) was also performed on these three materials 
from 30 to 800°C, with a temperature ramp of 10°C/min, 
to compare thermal stability differences that may arise 
from structural defects within these. Sample masses of 
5 mg were used for this analysis. Reduction was further 
confirmed with Raman spectroscopy (0 – 3000 Raman 
shift [cm−1]) of the bioprinted constructs after 3 days of 
incubation in DMEM culture medium supplemented with 
0.5 mM ascorbic acid at 37°C. The treated constructs were 
lyophilized to avoid noise by water presence during data 
collection and point wise laser excitation of 532 nm was 
performed at different locations within the samples. 

2.15. Electroconductivity of GO reduced in situ 
Since GO was incorporated at a low concentration 
of 0.25 mg/mL, contacts between all GO sheets 

Figure 1. SISMA-graphene oxide (GO) composite bioink preparation and bioprinting schematic. 
The different steps in the preparation process are shown from small intestine submucosa dissection to 
bioprinting and tissue maturation with in situ reduction of GO (Created with BioRender.com).
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are limited by their spatial distribution within the 
hydrogel. Therefore, considering that the hydrogel 
alone is not electroconductive, when a current is 
applied, it will only flow through interconnected 
networks at the microscale. However, such networks 
might not necessarily be all well connected. Since 
electric currents would be difficult to measure under 
the conditions of this scenario and present high 
variability, electroconductivity of the GO reduced 
in situ was measured by creating a densely packed 
rGO’s squared sheet of 1 cm2. For this, GO dispersed 
in DMEM culture medium supplemented with 0.5 mM 
ascorbic acid was incubated at 37°C for 3 days and 
subsequently centrifuged at 5000 rpm. The resulting 
pellet was lyophilized for 24 h and the obtained dry 
powder was resuspended in 96% (v/v) ethanol at a high 
concentration of 20 mg/mL to finally deposit it over a 
squared 1 cm2 glass slide. To favor sheet formation by 
ethanol evaporation, the preparation was left overnight 
at room temperature. Then, variable currents (Keithley 
2450 SourceMeter, SMU Instruments) were applied to 
the resulting sheet using the four-point probe method 
to measure the resulting voltage values. Resistance of 
the rGO sheet was calculated according to Ohm’s law 
by fitting a linear regression of the measured values 
(Figure S4). Conductivity was posteriorly calculated 
according to Equation 2.14.1.

  C L
RA

=  (2.14.1)

where L is the thickness of the rGO sheet, A is 
the contact area of the sheet with the probes, and R is 
the previously calculated resistance of the sheet. This 
procedure was also performed for a GO sheet to estimate 
the possible effects of ascorbic acid and temperature 
treatment on the electroconductivity.

2.16. Statistical analysis
All experiments were performed in triplicate, unless 
otherwise stated and quantitative data are expressed 
as the mean ± standard deviation. Statistical analysis 
was performed with Student t-tests and P < 0.05 was 
considered as statistically significant.

3. Results and discussion
3.1. Preparation and functionalization of 
decellularized small intestine submucosa 
hydrogels
The SISMA-GO composite bioink was developed 
following the scheme shown in Figure 1. SIS was isolated 
from porcine intestines and subsequently decellularized 
with a sodium hypochlorite-based treatment (see section 2). 
Dry SIS powder was then solubilized with the aid of pepsin 
in an acidic solution to obtain a SIS pre-gel. Conjugation 
of carboxyl groups of MA to free amines present in the 
backbone of the ECM’s proteins was later performed to 
confer photosensitive properties to the material in the 
presence of photoinitiator molecules. Considering that 

Figure 2. Proposed mechanism for the methacryloyl-modification of small intestinal submucosa collagen, 
as a general example of this modification on extracellular matrix proteins (Created with BioRender.com). 
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collagen is the main structural component of dECMs, the 
proposed mechanism for EDC/NHS mediated conjugation 
of MA to collagen backbones is shown in Figure 2, where 
EDC and NHS are zero-length crosslinkers that activate 
the nucleophilic reaction but are not included in the 
conjugation[48]. This is convenient since this biochemical 
modification involves no bulky elements that significantly 
modify the native dECM composition and, before cell 
embedding, the reaction by-products are eliminated with 
the aid of dialysis. ECM free amines were previously 
quantified with the TNBSA assay to determine the 
necessary reagent concentrations. An efficient biochemical 
conjugation reaction was demonstrated by an 81.5 ± 
0.8% reduction in free-amine content after methacryloyl 
conjugation to SIS pre-gels (i.e., SISMA) (Figure S5). 
This strongly suggests a high degree of functionalization 
when compared with previously reported values of other 
functionalization methods with MA[43,49,50], which ranged 
between 20% and 30%. Furthermore, it was comparable 
to other methods based on methacrylic anhydride, which 
reported values between 71% and 87%[13,51,52]. Dialyzed 
SISMA samples were then lyophilized and resolubilized to 
incorporate the GO nanosheets and the photoinitiator (i.e., 
RF). Moreover, a pH 8.5 DMEM solution supplemented 

with serum proteins and Tris-HCl buffer was added during 
the resuspension procedure to raise the pH of the hydrogel 
to 7 and to adjust the ionic balance for posterior cell 
incorporation.

3.2. GO synthesis and dispersion in SISMA 
hydrogels
GO nanosheets were successfully synthesized upon 
graphite exfoliation and oxidation procedures. However, 
the colloidal stability of GO in SISMA hydrogels was 
a special concern since previous studies have reported 
that GO forms aggregates in acidic media and biological 
buffers[53], two of the essential media for SISMA hydrogel 
preparation. The electrostatic repulsion between GO 
nanosheets has shown to be the main driving force for their 
colloidal stability[45], and this phenomenon is impaired 
at low pH due to the protonation of GO’s carboxylic 
groups. Similarly, the sp2-hybridized carbon backbone of 
GO has a high degree of surface planarity that facilitates 
electrostatic surface charging in the presence of electrolyte 
solutions, resulting in irreversible sheet aggregation[54]. 
Accordingly, we hypothesized that by coating GO surface 
with hydrophilic serum proteins from culture media, 
GO aggregation could be largely avoided. This would 

Figure 3. Graphene oxide (GO) protein adsorption and dispersion in composite hydrogels. (A) Schematic 
of hypothesized GO exfoliation in SISMA hydrogels as a result of exposure to serum proteins before 
dispersion (Created with BioRender.com). (B) Protein concentration in culture medium before and after the 
addition of GO. A statistically significant decrease is observed (P < 0.05, n = 3), which is attributed to serum 
protein adsorption on GO surface. (C) Confocal imaging of fluorescently labeled serum proteins adsorbed 
on GO shows a homogeneous dispersion within the hydrogel. Reference dimensions are in µm. (D) GO 
particle area distribution within the hydrogel seen as a right-tailed distribution centered at 0.386 µm2.
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lead to a superior exfoliation level within the hydrogel 
(Figure 3A). Protein adsorption on GO after exposure 
to culture media was confirmed by a 23.57 ± 3.51% 
decrease in medium protein concentration, as observed in 
Figure 3B. This corresponds to approximately 2.29 µg of 
serum proteins adsorbed per µg of GO. Nanocomposite 
exfoliation in SISMA hydrogels was then assessed 
by fluorescently labeling the serum proteins before 
its dispersion in SISMA. Confocal microscopy image 
reconstruction through z-stacking of the imaged GO-
embedded hydrogels showed low aggregate formation 
and an overall homogeneous dispersion of GO nanosheets 
within the hydrogel (Figure 3C). Moreover, the particle 
area distribution within the hydrogel (Figure 3D) 
shows a right-tailed distribution centered at 0.386 µm2 

with a few out-of-distribution cases, indicating that low 
GO aggregation occurred. The high frequency at this 
specific area value may have been a result of the image 
resolution limits, which means that smaller GO sheets 
may exist within the hydrogel. This suggests that protein 
coating before dispersion may contribute to the adequate 
GO exfoliation levels observed in SISMA hydrogels. 
Our exfoliation strategy is advantageous with respect to 
previous methods as it does not require any alterations 
to GO’s chemical structure with complex surface 
modification strategies[55-57]. We aimed at avoiding this 
functionalization approach because altering the surface 
groups of GO could hinder the reduction efficiency 
after bioprinting. Moreover, it avoids rough exfoliation 

methods, such as long periods of sonication[58,59], which 
can alter protein structure within bioactive hydrogels[60].

3.3. Characterization of SISMA-GO hydrogel 
crosslinking
The microscopic structural morphology of SISMA-GO 
composite hydrogels after thermal gelation and photo-
crosslinking was evaluated through SEM imaging 
(Figure 4A). Fibrillar patterns resembling the hierarchical 
organization of collagen fibrils in native tissues were 
observed in thermally crosslinked hydrogels (yellow 
arrows). Self-assembling of collagen into fibers has been 
previously reported upon an increase in temperature, 
a process that is mediated by hydrogen bonding 
between collagen fibrils[61]. However, as shown in the 
magnified view (Figure 4A, right panel), the hydrogel 
is highly porous, a characteristic of weak crosslinking 
mechanisms[62]. On the contrary, fiber arrangement on 
photo-crosslinked hydrogels exhibits a much less porous 
structure (i.e., higher crosslinking degree), but is much 
more disorganized. This could be a result of the differences 
in crosslinking dynamics between both methods. In the 
presence of blue-light irradiation (405 nm), RF degrades 
and generates free radicals that destabilize the double 
bonds in methacryloyl moieties of the functionalized 
ECM and, as a consequence, induce covalent crosslinking 
between adjacent proteins[63]. Since at the moment of 
covalent bond formation collagen fibers were not aligned, 
SISMA hydrogels exhibited no observable hierarchical 

Figure 4. Thermal and photo-induced crosslinking of SISMA-graphene oxide (GO). (A) SEM images 
of composite hydrogels crosslinked with temperature and with blue-light irradiation. Thermal gelation 
showed alignment of collagen fibers but a highly porous structure, while photo-crosslinking showed 
a more disordered but less porous structure. (B) Temperature sweep experiments in SISMA-GO and 
SISMA hydrogels showed slow temperature-induced gelation profiles, as demonstrated by a similar 
increase in their storage moduli (G’). (C) Time sweeps before and after irradiation demonstrated a higher 
increase in G’ than with the temperature stimulus, and negligible effect of GO on photocrosslinking.
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structure even after incubation at 37˚C. This is probably 
because upon this thermal stimulus the formed covalent 
bonds have limited rotation for their 3D rearrangement.

Thermal- and photo-induced crosslinking of SISMA-
GO hydrogels was further compared by evaluating their 
rheological behavior in the presence of both stimuli 
(Figure 4B and C). SISMA hydrogels were also assessed 
as a control to ensure that the presence of GO led to no 
detrimental impact on the crosslinking dynamics. Both 
crosslinking mechanisms effectively increased the storage 
moduli (G’) in both hydrogels while the loss moduli (G’’) 
remained unchanged. This confirms that both mechanisms 
increase the elastic response of the hydrogels and, 
consequently, their structural stability. Moreover, there is no 
crossover between G’ and G” curves during crosslinking, 
which indicates that the hydrogels exhibit a predominantly 
elastic behavior over time. This is particularly important in 
hydrogels intended for EBB, since it is crucial for assuring 
filament formation during extrusion, and for maintaining 
shape fidelity upon deposition[24]. However, while the 
temperature stimulus increased G’ values of SISMA-GO 
to 300 Pa after 5 min, blue-light irradiation led to a value of 
about 400 Pa after 1 min, confirming that photo-stimulation 
yields faster and stronger crosslinking dynamics. 

Moreover, since the formed covalent bonds during 
photo-stimulation are expected to produce more stable 
structures than the weak hydrogen bonds formed during 
thermal-stimulation, we evaluated both the soluble and 
gel fractions of thermally and photo-crosslinked SISMA-
GO constructs as a function of mass loss over time, 
such that their stability can be estimated. After a 24-h 
incubation period, their gel fractions approached 69.32 
± 3.41% and 90.39 ± 1.92%, respectively (Figure S6). 
These results suggest that photo-crosslinked SISMA-GO 
constructs exhibit a much slower degradation rate and are, 
therefore, more structurally stable over time. Likewise, 
swelling tests confirmed that, upon incubation, irradiated 
SISMA-GO constructs only swell up to 27.90 ± 4.88% 
of their initial weight, and this value remains unchanged 
after the first 8 h of incubation (Figure S7). This confirms 
that the formed covalent bonds limit excessive hydrogel 
swelling and maintain stable hydrogel structures over 
time.

3.4. 3D bioprinting of cell-laden constructs
Before incorporating hAD-MSCs into the composite 
hydrogel, we conducted several tests to ensure it presented 
the required bioink behavior. Manual extrusion tests were 
carried out to select the adequate SISMA concentration 
that allowed a stable filament formation during the process 
(Figure 5A). Based on these results, a grid-like pattern 
was deposited with a 3D bioprinter to evaluate the shape 
fidelity of the concentration that granted the best filament 
formation (20 mg/mL). A defined construct outline with 

sharp edges was observed, which adequately maintained 
its shape during the bioprinting process and before 
photocrosslinking (Figure 5B, left panel). Similarly, an 
8-layered cubic construct was successfully bioprinted 
(Figure 5B, right panel), which further demonstrates the 
suitability of our bioink for maintaining deposited patterns 
during the additive manufacturing of multilayered 3D 
constructs. Flow sweep experiments depicted in Figure 5C 
show that SISMA and SISMA-GO hydrogels presented 
the characteristic shear-thinning behavior of bioinks with 
superior printability, in which a decrease in viscosity 
occurs upon the application of a shearing force[64]. After 
fitting the data to a power law model (Figure S8), the 
obtained n coefficients from Equation 2.9.1 were 0.208 and 
0.223 for SISMA and SISMA-GO hydrogels, respectively, 
indicating a pseudoplastic behavior with strong shear-
thinning (close to n = 2)[24]. This is important since high 
shear stress values predominate during the extrusion 
process and shear thinning fluids attenuate the perceived 
stress by cells by stress-relaxation mechanisms that 
ultimately help maintaining high cell viability[65]. Again, 
there was no observable difference between the shear-
thinning behavior of SISMA-GO and SISMA hydrogels, 
meaning that GO shows no significant impact on the 
rheological response of the produced bioinks. 

hAD-MSCs were embedded and bioprinted in 
SISMA-GO hydrogels to evaluate the biocompatibility of 
the materials and the suitability of the proposed bioprinting 
scheme. In addition, the proposed ascorbic acid-based 
scheme for in situ reduction was also performed on day 3 
to assess whether any change was observable on construct 
viability. Cell viability was assessed with nuclei (blue) and 
dead cell (red) staining, where nuclei signal alone marked 
live cells and dual staining (seen as magenta) marked 
dead cells (Figure S9). Since propidium iodide has been 
reported to interact with GO sheets[66], spots with only red 
staining were disregarded as they correspond to GO-PI 
complexes. The bioprinted constructs exhibit high cell 
viability at all measured time points, with a slight decrease 
on day 3 but a prompt recovery by day 7 (Figure 6D). 
This small drop may be attributed to unreacted by-
products from the photocrosslinking reaction, since 
excess free radicals may induce the formation of reactive 
oxygen species, which have shown to induce DNA 
damage and compromise cell viability[67]. The ascorbic 
acid supplementation on day 3 may have also contributed 
to the observed drop. Despite this, a timely recovery 
was observed and high cell viability (96.9 ± 0.9%) was 
achieved 1 week after bioprinting, confirming that neither 
GO incorporation nor the proposed reduction scheme 
compromises cellular survival. In addition, embedded 
hAD-MSCs in both SISMA and SISMA-GO constructs 
transitioned from rounded to elongated morphology 
after 6 days of incubation (Figure 5E), which suggests 
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the formation of cell-matrix interactions that mediate 
cell adhesion (i.e., cell-matrix adhesion complexes)[68]. 
Moreover, as observed in the magnified images of day 
6 (Figure 5, bottom panel), hAD-MSCs in SISMA-GO 
constructs exhibit a greater amount of filopodia than in 
SISMA constructs, indicating that the presence of GO 
likely aids in cell adhesion. Notably, GO nanosheets also 

favored hAD-MSCs proliferation, as evidenced by the 
increased proliferation rate when compared to SISMA 
constructs (Figure 5F). This is consistent with the 
previous reports where proteins adsorbed on GO surfaces 
have been shown to favor integrin-based cell adhesion by 
providing anchoring sites that facilitate cell migration, 
proliferation and function[69]. 

Figure 5. SISMA-graphene oxide (GO) bioprinting. Adequate filament formation during extrusion aided 
by a 3D bioprinter (A) and shape fidelity upon deposition (B) was observed for SISMA-GO composite 
hydrogels, highlighting their suitability for bioprinting applications. (C) Flow sweep experiments of SISMA-
GO and SISMA hydrogels depict an appropriate shear-thinning behavior, with no observable difference in 
the presence of GO. (D) Cell viability of human adipose tissue-derived mesenchymal stem cells (hAD-
MSC) 2 h, 3 days, and 7 days after bioprinting indicates high biocompatibility with SISMA-GO hydrogels 
(n = 4). (E) Confocal microscopy images of hAD-MSCs embedded in bioprinted SISMA and SISMA-GO 
constructs with stained nuclei in blue and stained F-actin filaments in green. Elongated morphologies are 
observed after 6 days of incubation, indicating the presence of cell-matrix interactions that mediate cell 
adhesion and spreading. (F) hAD-MSC proliferation in SISMA and SISMA-GO constructs, as measured 
by resazurin reduction as a consequence of metabolic activity. 
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3.5. Improved electroconductivity of GO 
reduced in situ 
Several GO reduction methods have been reported that 
yield high reduction efficiencies, usually by employing 
high temperatures and by adding strong acids or bases at 
high concentrations[70]. However, these methods are not 
compatible with our biofabrication scheme due to their 
high cytotoxicity, especially considering that we need an 
in situ reduction of GO to harness its bioactive effects 
during the initial maturation stages of the bioprinted 
constructs. As a result, we propose an alternative reduction 
scheme based on ascorbic acid exposure and incubation 
at 37°C, to maintain high levels of electroconductivity 
without detrimentally affecting cell viability. Ascorbic 
acid concentration was selected according to previously 
reported values that are non-cytotoxic for mesenchymal 
stem cells[71]. GO reduction was evaluated after 3 days 
of exposure to ascorbic acid to subsequently assess the 
electroconductive potential of the bioinks. As observed 
in Figure 6A, after 3 days of incubation, the construct 

displays a much darker color (characteristic of rGO) in 
comparison to the color immediately after printing. The 
reduced weight loss profile of rGO when compared to 
GO (~20% difference) observed with TGA experiments 
(Figure 6B) suggests that the improved thermal stability 
may be a result of a decrease in GO’s surface functional 
groups with our method. Similarly, FT-IR spectroscopy 
analysis of GO and rGO sheets (Figure 6C) showed that 
carboxyl (1721 cm-1) and hydroxyl (1364 cm-1) peaks in 
rGO were strongly diminished, but epoxy peaks (1215 and 
1051 cm-1) were conserved[72], suggesting a partial reduction 
was achieved. Moreover, Raman spectra of graphite, GO 
and rGO (Figure 6B) display the characteristic G and D 
peaks, where G represents the degree of sp2 hybridization 
and D represents structural disorder (increases with surface 
modification)[73]. When comparing GO to graphite spectra, 
a clear increase in the D peak intensity is observed, which 
indicates disruptions in the sp2-hybridized structure as a 
result of the presence of superficial carboxyl and hydroxyl 
groups. This, in turn, is an indicator of correct oxidation 
of the carbon structure, especially because the structural 

Figure 6. In situ reduction of graphene oxide (GO). (A) SISMA-GO constructs before and after 3-days 
incubation with ascorbic acid show hydrogel darkening attributed to GO reduction. (B) FTIR analysis 
confirms the elimination of carboxyl and hydroxyl peaks upon ascorbic acid incubation, and a (C) 
decreased thermal degradation rate is observed with thermogravimetric analysis. (D) Raman spectra of 
graphite, GO and GO after incubation in ascorbic acid (reduced GO [rGO]) present an increase in D peak 
intensity (ID) with surface modifications and it surpasses G peak intensity (IG) after ascorbic acid-based 
reduction. ID/IG ratios are indicative of structural disorder. (E) Improved electrical conductivity of rGO 
sheets with respect to GO, as measured with the four-point probe method.
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disorder ratio (ID/IG) is <1, which is typical of oxidized 
graphene[73]. The observed D peak intensity in the rGO 
spectrum surpasses that of the G peak, which indicates that 
incubation with ascorbic acid increased structural disorder. 
This structural disorder ratio above 1 has been reported for 
rGO because previously oxidized structures fail to recover 
the original carbon backbone of graphene[74]. Moreover, 
the process permanently destroys some functional groups, 
thereby affecting the carbon backbone even further[74].

To further characterize GO’s reduction, the 
conductivity of GO before and after incubation with 
ascorbic acid was assessed with the four-point probe 
method. As shown in Figure 6C, ascorbic acid-based 
reduction significantly increased the electroconductivity 
of GO sheets by nearly two orders of magnitude (i.e., 
from 0.49±0.04 mS/m to 30.59±1.27 mS/m). We decided 
to measure electroconductivity on the rGO sheets directly, 
instead of the composite hydrogel, to isolate the effect of the 
reduction from that of electrolytes in the culture medium 
and avoid measurement variabilities due to the localized 
electrical percolation networks[75]. This is a promising 
result for the intended electrostimulation applications 
since increased electroconductivity within the sheets may 
help direct electrical currents through the bioink. However, 
despite the large increase in conductivity with respect to 
GO, rGO sheets still exhibit a lower conductivity than 
those reported for rGO by other reduction methods[76-78]. 
This was an expected result due to the mild temperature 
and acid concentration used during the process to 
maintain viability unaffected. Nonetheless, considering 
electrostimulation studies have been performed in 
hydrogels without conductive materials due to the 
conductivity of cell culture medium (1,700 mS/m[79]) and 
that of cell surfaces (10-2 – 10-5 mS/m[80,81]), the presence of 
rGO sheets could enhance previous efficiencies by aiding 
the electrical connectivity and directing currents within 
the hydrogel. This is specifically advantageous if currents 
are applied during early maturation stages, since cells are 
yet to form interconnected networks themselves.

4. Conclusions
Tailoring the mechanical and biological properties of 
biomaterials for the biofabrication of tissues with specific 
maturation profiles has been an ongoing research focus 
for their translation to medical scenarios. The herein 
developed photocrosslinkable nanocomposite bioink 
showed great promise for 3D bioprinting applications, 
considering that it can be directly printed with little 
composition modifications and without the need of other 
excipient materials. The limited modification to the overall 
ECM composition enabled by methacryloyl modification 
maximizes its bioactive and biomimetic advantages, 
while also enhancing its mechanical properties upon the 
formation of stable interconnected crosslinked networks. 

This integrates two of the most important aspects for 
recapitulating the environment of native tissues and, in 
turn, for bioink formulation. In addition, GO incorporation 
followed by its in situ reduction harnessed the bioactivity 
and hydrophilicity of GO to improve its colloidal stability 
within the bioink, and once it was stably dispersed, 
improved its electroconductive properties by two orders 
of magnitude. As such, its bioactive, mechanically stable, 
and electroconductive properties are a clear advantage 
above previous bioink formulations.

The enhanced electrical conductivity of rGO sheets 
increases the potential of SISMA-GO for the biofabrication 
of tissues that require electrostimulation while avoiding 
current limitations of electroconductive hydrogels, such 
as cytotoxicity and poor dispersibility[82]. As such, it 
could contribute significantly to the development of 
electrosensitive tissues (e.g., skeletal muscle, cardiac 
muscle, and neural tissue), directing differentiation 
profiles (e.g., chondrogenesis[83], and osteogenesis[84]), 
and tissue regeneration[85]. Future work will be focused 
on optimizing the in situ reduction procedure to further 
improve the observed electroconductivity, and assessing 
its direct contribution to different electro stimulation 
applications. This work paves the way for exploiting the 
potential of SISMA-GO within the field of electrosensitive 
tissue engineering and regenerative medicine.
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