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A B S T R A C T   

One of the exciting prospects of using decellularized extracellular matrices (ECM) lies in their biochemical profile 
of preserved components, many of which are regeneration-permissive. Herein, a decellularized ECM from adi-
pose tissue (adECM) was explored to design a scaffolding strategy for the challenging repair of the neural tissue. 
Targeting the recreation of the nano-scaled architecture of native ECM, adECM was first processed into nano-
fibers by electrospinning to produce bidimensional platforms. These were further shaped into three-dimensional 
(3D) nanofibrous constructs by gas foaming. The conversion into a 3D microenvironment of nanofibrous walls 
was assisted by blending the adECM with lactide-caprolactone copolymers, wherein tuning the adECM/copol-
ymer ratio along with the amount of caprolactone in the copolymer led to modulating the mechanical properties 
towards soft, yet structurally stable, 3D constructs. In view of boosting their performance to guide neural stem 
cell fate, adECM-based platforms were doped with a bioinspired surface modification relying on polydopamine- 
functionalized reduced graphene oxide (PDA-rGO). These adECM-based 3D constructs revealed a permissive 
microenvironment for neural stem cells (NSCs) to adhere, grow, and migrate throughout the microporosity, 
owing to the synergy between the unique biochemical features of the adECM and the nanofibrous architecture. 
NSC responded differently depending on the adECM-based architecture–nanofibrous bidimensional, or 3D 
design. The 3D spatial arrangement of the nanofibers – induced by the gas foaming – exhibited a remarkable 
effect on NSCs’ phenotype determination and neurite formation, thereby reinforcing the critical importance of 
engineering scaffolds with multiple length-scale architecture. Furthermore, PDA-rGO promoted the differentia-
tion of NSC towards the neuronal lineage. Specifically in 3D, it significantly increases the levels of Tuj1 and 
MAP2 a/b isoforms, confirming its effectiveness in boosting neuronal differentiation and neuritogenesis.   

1. Introduction 

Recreating the native extracellular matrix (ECM) of tissues translates 
into engineering platforms with biomimetic physical and chemical or-
ganizations. The native ECM of the nervous system is mainly composed 

by collagen, glycoproteins such as fibronectin, laminins and dystrogly-
can and proteoglycans like perlecan or tenascin [1]. Thus, the use of 
single components or combination of these ECM components have been 
intuitively the basis for regenerative strategies [2]. Sensibly, decellula-
rizing extracellular matrices from different tissues to explore as building 
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blocks for tissue engineering platforms also emerged as a robust manner 
to yield complex site-specific combinations of biochemical and me-
chanical cues [3]. Distinct ECM have shown encouraging outcomes for 
some regenerative challenges of the neural tissue such as spinal cord 
injuries (SCI). Namely, ECM from human umbilical cord, porcine 
bladder [4], and brain [5] were exploited as injectable hydrogels which 
supported the migration of human mesenchymal stem cells (MSC) and 
the differentiation of neural stem cells (NSCs) in vitro, specifically pro-
moting axonal outgrowth [4]. In rat SCI models, porcine brain decel-
lularized matrix fostered a pro-reparative macrophages’ phenotype and 
promoted locomotor function until 2 months after the injury [5]. 
Interestingly, decellularization of the optic nerve, selectively removed 
some axonal regrowth-inhibitory molecules while preserving some 
regrowth-promoting ones, leading to an optimized function of the adult 
optic nerve in supporting the oriented outgrowth of dorsal root ganglion 
(DRG) neurites [6]. A decellularized matrix from a rodent spinal cord 
was transformed into a porous freeze-dried sponge that acted as a 
neurogenic niche favorable for the targeted migration, residence and 
neuronal differentiation of endogenous NSCs after SCI [7]. 

In this work, we describe a porcine adipose-derived extracellular 
matrix (adECM), which is abundant, easily obtainable, and rich in 
basement membrane proteins. Previous proteomic analysis has demon-
strated the biochemical profile of several preserved ECM components, 
namely laminin, fibronectin, and collagen IV, among others [8]. These 
proteins have been characterized as permissive components of neural 
regeneration, specifically critical to facilitate axon growth [6]. Partic-
ularly, laminin is a major glycoprotein of the basement membrane of 
neural tissues, and laminin-associated integrins seems to correlate with 
the regenerative state of neurons associated with axonal guidance [9]. 
As coating in silk nanofibrous scaffolds, laminin acted as an effective 
biological signal for promoting nerve cell proliferation and guide axonal 
growth [10]. Although individual proteins such as collagen, laminin and 
fibronectin have shown to be suitable as substrates for NSCs adhesion, 
migration, and axonal growth, blending them did not always result in 
upgraded strategies with better biological performances [2]. Thus, the 
biochemical resemblance between the adECM and the molecules known 
to form a permissive microenvironment for neural tissue repair does not 
ensure, per se, that this particular adipose-derived ECM composition 
will translate into such a microenvironment. Therefore, any strategies 
based on adECM targeting the nervous system always require appro-
priate cytocompatibility analysis. 

Regarding the recreation of the physical architecture of the native 
ECM, manufacturing techniques such as electrospinning [11], electro-
hydrodynamic jet printing [12] and lithography [13] allow the precise 
engineering of two-dimensional (2D) and three-dimensional (3D) plat-
forms across a length scale from a few micrometers down to a dozen of 
nanometers. Early work on micropatterned polydimethylsiloxane 
(PDMS) surfaces demonstrated the conciliation of neuronal cell devel-
opment and differentiation of primary human stem cells by carefully 
engineering microgrooves in PDMS surfaces, with neurite outgrowth 
and efficient alignment of neurites in a pre-defined direction imposed by 
engineering the size in micropatterning [14]. Owing to its easiness of 
operation, electrospinning has been massively disseminated and used to 
produce scaffolds with nanosized elements. Electrospinning hybrids 
using decellularized extracellular matrices supported by synthetic 
polymers are gaining interest for diverse tissues [15], including neural 
tissue, peripheral [16,17] and central [18], to shape ECM-based high- 
volume-to-surface ratio nanoscale fibrous structure, yet with structural 
and mechanical integrity. ECM derived from cauda equina blended with 
poly(l-lactide-co-glycolide) (PLGA) and electrospun into nanostructured 
scaffolds, allow the survival of Schwann cells and induce longer exten-
sion of axon in the dorsal root ganglia explants than PLGA alone [18]. 
However, electrospun membranes are not true three-dimensional envi-
ronments and can be seen as bidimensional platforms with a texturiza-
tion of hundreds of nanometers in scale. Also, as they have a rather 
limited porosity, cell migration as well as diffusion of biomolecules can 

be hindered. Thus, ideally, cells within a scaffold should be surrounded 
by nanosized fibers while still allowing for initial migration and constant 
exchange of biomolecules such as nutrients and waste [19]. Further-
more, NSC cultured in 2D systems may gradually lose their capacity to 
differentiate into neuronal cell types, so-that alternative culture systems 
should be considered [20]. While the cells engage with scaffolds at the 
nanoscale level within the early interaction stages, a multiscale archi-
tecture design is critically relevant for orchestrating the complex 
regenerative mechanisms. In a lateral hemisection of a SCI, increased 
axon regrowth through the lesion was correlated with the cell infiltra-
tion achieved by increasing the porosity and channel number within a 
multichannel-like bridge [21]. Besides the self-assembling peptides 
which are compatible with bioactive moieties and controllable in 
structure formation for building multi-faceted nanoscaffolds [22], there 
are not many studies on three-dimensional constructs using electrospun 
fibers as building blocks. To cite a few, electrospun nanofibrous collagen 
mats were organized in a rolled-up 3D configuration that suppressed 
astrocyte proliferation and supported DRG neurite outgrowth in vitro, as 
well as cellular infiltration and neural fiber sprouting in vivo [23]. 
Exploiting a similar approach of rolling up electrospun mats, aligned silk 
fibroin nanofibers were rolled longitudinally into circular channels to 
test the macroscale architecture effect in an injured spinal cord. Multi-
channel conduits with individual channels of 570 µm diameter demon-
strated permeation by newborn tissue and almost a 6-fold increase in 
axon length compared to single-channel conduits with a diameter of 1 
mm [10]. Electrospinning was also applied to an hydrogel-like photo-
crosslinked gelatin methacryloyl (GelMA) to produce microfibers, sub-
sequently organized into fiber bundles that shows superior high water 
content and elasticity [24]. Specific 3D geometries were self-assembled 
based on polycaprolactone (PCL) and gelatin electrospun nanofibers 
acting as physical cross-linkers of reduced graphene oxide (rGO) sheets, 
whereby varying the chemical composition of the nanofibers, the pore 
size and structural integrity of the 3D constructs could be modulated 
[25]. Exploiting a magnetically-assisted approach, PCL-gelatin mixed 
with super paramagnetic iron oxide nanoparticles were wet-electrospun 
to form 3D scaffolds, wherein the magnetic field controlled the micro-
architectural features of the resulting porous scaffolds [26]. Another 
avenue for shaping electrospun nanofibers into 3D constructs involves 
the application of gas within the electrospun membranes to induce their 
expansion using either physical agents such as inert gases, CO2 or H2, or 
by chemical ones (sodium or ammonium borohydride) [27,28]. These 
studies focus primarily on testing the gas-induced expansion on novel 
materials or improving the resulting micro- and nanofeatures of the 
resulting 3D scaffolds [29]. Gas foaming was exploited so far for pe-
ripheral nerve repair only, where electrospun membranes of polylactic 
acid and silk were shaped into 3D nanofibers foams to fill nerve conduit 
grafts showing superior performance comparing to hollow grafts [30]. 
Applications targeting the soft central nervous tissue are yet to be 
developed. 

Here, the adECM of porcine origin is shaped into bidimensional 
electrospun platforms via electrospinning, as well as into 3D nano-
fibrous constructs by gas foaming. Copolymers based on the biocom-
patible and biodegradable polylactic acid and polycaprolactone are 
exploited to support the design integrity of the adECM-based 3D 
scaffolds. 

Additionally, graphene-based materials have proven to be versatile 
and multifunctional platforms for the challenging pathologies of the 
nervous system, from biomolecules carriers to treat neurological disor-
ders, to neuromodulation therapeutics, down to scaffolding building 
blocks to bridge lesions of the spinal cord. One of their effective ability is 
to favor neuronal differentiation [31]. Thus, we further propose a bio-
inspired and simple surface modification of the adECM-based platforms, 
via doping the adECM with a polydopamine-functionalized reduced 
graphene oxide (PDA-rGO), intended to further boost their performance. 
Among the reductant agents used to reduce graphene oxide (GO), 
dopamine is a promising and green alternative to the commonly toxic 
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and hazardous chemicals, such as hydrazine [32-34]. In mild alkaline 
environment, dopamine can self-polymerize into polydopamine (PDA) 
with catechol groups converting in quinone groups by oxidation 
[35,36]. Simultaneously, the electrons release in the polymerization can 
participate in the reduction, with PDA molecules decorating the GO 
surface, yet exhibiting functional groups that will allow further inter-
action with other molecules [37,38]. 

For the repair of the central nervous system, NSCs have revealed 
therapeutic potential in both pre-clinical and clinical settings [39], 
owing to their innate ability to differentiate into mature cells, specif-
ically functional neurons and glial cells [40]. Here, a murine immor-
talized NSC line is employed to test the ability of the 2D and 3D 
nanofibrous adECM-based platforms to support neuronal migration, 
growth and differentiation. Furthermore, the effect of doping the plat-
forms with functionalized rGO is investigated under distinct cell dif-
ferentiation conditions. 

2. Materials and methods 

2.1. Materials 

The polymer PURASORB® PL18, and two copolymers PURASORB® 
PLC8516 and PURASORB® PLC7015, were obtained from Corbion, with 
a lactide/caprolactone ratio of 100/0, 85/15 and 70/30 and inherent 
viscosities of 1.8, 1.6 and 1.5 g/mL, respectively. They are here referred 
as PLA100, PLA85 and PLA70, with relation to PLA content. adECM was 
obtained from the decellularization of the porcine adipose tissue as 
described previously [8]. Briefly, porcine adipose tissue was harvested 
from a local food company (JAUCHA S.L., Navarra, Spain), cleaned, 
creamed using a beater and stored at − 20 ◦C. Afterwards, protein pellet 
was obtained by tissue homogenization (Polytron PT3100) at 12,000 
rpm for 5 min, centrifugation (5000 rpm for 5 min) with ultrapure water 
and manual discarding of lipids. Then, the protein pellet was treated 
with isopropanol (Merck Life Science SL, Madrid, Spain) and 1 % (v/v) 
triton x-100 and 0.1 % (v/v) ammonium hydroxide (Merck Life Science 
SL). Each step was followed by cleaning with Phosphate Buffer Saline 
(PBS) (Merck Life Science SL) supplemented with 1 % (v/v) antibiotic 
antimycotic solution (Gibco-BRL, Paisley, UK) and a last wash with Ul-
trapure milli Q water. Finally, adECM was milled using a mixer mill 
(Retsch MM400, Haan, Germany) and conserved at 4 ◦C in a vacuum 
desiccator. Powdered adECM was enzymatically digested with pepsin in 
0.1 N HCl by magnetic stirring for 48 h at room temperature (RT), fol-
lowed by freeze-drying. 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP; pu-
rity 99.5%), sodium borohydride (NaBH4) and dopamine hydrochloride 
were purchased from Sigma-Aldrich (Germany) and used as received. 
GO (4 mg/mL aqueous dispersion) was purchased from Graphenea® 
(Spain). 

2.2. Graphene oxide functionalization with dopamine and 
characterization 

The modification of GO with dopamine was carried out according to 
Xu et al. [36] with minor modifications. GO aqueous dispersion (4 mg/ 
mL) was centrifuged 3 times at 12,000 rpm for 40 min, and after each 
cycle the supernatant was removed and replaced by Tris-HCl 0.1 M (pH 
8.5). The final concentration of GO in Tris-HCl (0.1 M, pH 8.5) was 
adjusted to 0.5 mg/mL. Afterwards, 25 mg of dopamine hydrochloride 
was added to 100 mL of the GO suspension and stirred at 60 ◦C. After 15 
min, the resulting product was collected after centrifugation and thor-
oughly washed with distilled water. 

Fourier-transformed infrared (FTIR) on a Perkin Elmer Spectrometer 
in the range 500 to 4000 cm− 1, with 64 scans and a resolution of 4 cm− 1, 
X-ray diffraction (XRD) on a Rigaku Smartlab SE system, and Raman-FT 
Bruker RFS/100S were used to characterise the final sample. 

2.3. Preparation of adipose-derived extracellular matrix-based 
bidimensional platforms by electrospinning 

Three different copolymers (PLA100, PLA85 and PLA70) were used 
to prepare polymer-adECM blend solutions for electrospinning. The final 
concentration of the blends was fixed at 14 % (w/v) and the weight ratio 
of adECM/copolymer was first set at 60/40. The proper amount of 
copolymer was dissolved in 8 mL of HFIP and adECM was added 
thereafter. The solution was transferred to a syringe equipped with a 
stainless needle (22G) and fed at a constant rate of 1.0 mL/h. NANON- 
01A electrospinning setup was used applying voltages at 18 to 20 kV, 
according to the temperature and humidity variations inside the elec-
trospinning chamber (21 ± 2 ◦C and 35 ± 5% RH). The nanofibrous 
platforms were collected on a rotative drum (2500 rpm) covered with 
aluminium foil and placed at 15 cm from the needle tip. On the second 
approach, only the PLA70 copolymer was used in formulations of 
varying adECM/PLA70 ratio between 60:40 to 80:20. The resulting 
platforms were labelled as “2D adECM/PLA(PLA content) ratio”, for 
example, 2D adECM/PLA70 (60/40). 

To prepare the 2D platforms doped with PDA-functionalized rGO, 
1.5 wt% of PDA-rGO was added to the adECM-based formulations prior 
electrospinning. This amount was selected based on the visual obser-
vation of the appropriate dispersion within the solution. Also, higher 
amounts were avoided since they favored the formation of agglomerates 
at the tip of the needle and disturbed the stability of the jet. 

2.4. Preparation of adipose-derived extracellular matrix-based three- 
dimensional platforms by gas foaming 

The first stage regarding the gas foaming process focused on the 
selection of the NaHB4 concentration and time of reaction. The pre- 
selection of these parameters was addressed for the electrospun 
adECM/PLA70 60/40 membrane. Three different concentrations 0.1, 
0.25, 0.5 M were assayed. The criterion used to select these two pa-
rameters was the obtention of reproducible, highly porous yet robust 
constructs. Bidimensional electrospun nanofibrous platforms were cut 
into 10 × 10 mm2 pieces and immersed in freshly prepared 0.25 M 
NaHB4 solutions for 60 s at RT. Immediately after, the 3D structures 
were thoroughly washed 3 times with distilled water and freeze-dried. 
The resulting 3D nanofibrous scaffolds were labelled similarly to their 
2D counterparts. 

2.5. Characterization of adipose-derived extracellular matrix based 
bidimensional and three-dimensional platforms 

The morphology of 2D and 3D platforms was evaluated by scanning 
electron microscopy (SEM, Hitachi TM 4000, Japan). The average fibre 
diameter of the 2D nanofibrous membranes was determined from 100 
measurements on each sample using SEM micrographs at a 1,000 ×
magnification, while the interlayer spacing (side length and width) was 
determined from 120 measurements using a 50 × magnification. All 
these measurements were carried out using Image J software (National 
Institutes of Health by Wayne Rasband USA). 

Structural analyses included FTIR analysis, differential scanning 
calorimetry (DSC) and mechanical tests. FTIR spectra of the samples 
were recorded using a Perkin Elmer Spectrometer from 4000 to 500 
cm− 1 at a resolution of 4 cm− 1 and 64 scans. Thermal analysis was 
carried out in a differential scanning calorimeter (Perkin Elmer 4000) by 
heating the samples from 25 ◦C to 220 ◦C with a rate of 10◦/min in a N2 
atmosphere. Mechanical tests were conducted in a Instron 101 N ma-
chine (Shimadzu MMT-101 N, Japan). The mechanical strength of the 
2D platforms (rectangles of 25 × 5 mm × thickness - approximately 
120–200 μm) was determined in tensile mode, at a crosshead speed of 1 
mm/min. The compressive behaviour of the 3D structures was carried 
out at 1 mm/min for full compression. Prior to the compression test, a 
preload of 0.01 N was applied to confirm the contact and avoid slipping. 
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The wettability of 2D and 3D structures was measured by assessing 
the angle formed between a 2 µL water drop and the material surface 
(sessile drop) using OCA Dataphysics (Data Physics Corp., San Jose, CA). 
The contact angle was measured right after the contact and monitored 
for more 30 s (the time that the water drop takes to be fully absorbed). 

The water uptake (WU) was determined for 3D scaffolds by gravi-
metric route. The dry 3D scaffolds were weighted (W0), immersed in PBS 
and kept at 37 ◦C. The swollen samples were removed from PBS and 
weighed after removing the excess surface liquid (Wt) at different time 
points. The samples were placed in solution again and the procedure was 
repeated until the swelling equilibrium was reached. 

WU =
Wt − W0

W0 

Two selected 3D platforms were also analysed by electrochemical 
impedance spectroscopy to measure the effect of the PDA-functionalized 
rGO on the platform electrical conductivity. Briefly, the platforms were 
hydrated in deionized water, 3 µS/cm, and were electrically stimulated 
with 50 mV sinusoidal voltage signal from 1 to 1 MHz, using PalmSens4 
interface (PalmSens Compact Electrochemical Interfaces, The 
Netherlands) to acquire the electrochemical impedance spectroscopy 
results. The signal was injected through platinum wires connected to 
silver electrodes on the top and the bottom parts of the platforms. 

2.6. Neural stem cells morphology, proliferation and differentiation on the 
bidimensional and three-dimensional ECM based platforms 

2.6.1. Cell culture and seeding 
The NE-4C neuronal cell line obtained from ATCC (#CRL-2925) was 

used. These NSCs were maintained on poly-L-lysine (PLL, 15 μg per mL; 
Sigma-Aldrich)-coated culture flasks with complete culture medium: 
Eagle’s Minimum Essential Medium (EMEM, Sigma-Aldrich) with 10% 
(v/v) fetal bovine serum (FBS, Sigma-Aldrich) and 1% (v/v) penicillin/ 
streptomycin (P/S, Sigma Aldrich), at 37 ◦C in humidified atmosphere of 
5% CO2. Medium was replaced every second day. Prior to cell culture, 
the bidimensional and three-dimensional platforms were disinfected 
with 70% (v/v) ethanol aqueous solution, further sterilized under UV 
radiation for 30 min and then thoroughly washed with PBS (Panreac 
AppliChem). The platforms were then immersed into a PLL aqueous 
solution for 2 h at RT, washed twice with PBS and finally conditioned for 
2 h in complete culture medium. 

NSCs were seeded on the platforms at a density of 5 × 104 and 15 ×
104 cells per bidimensional and three-dimensional platforms, respec-
tively, and incubated at 37 ◦C for 30 min to allow cellular attachment. Of 
note, NSCs seeding on the three-dimensional platforms were performed 
on their porous surface. Afterwards, complete medium was added, and 
the NSCs-seeded platforms were cultured for 14 days, with medium 
refreshment every second day. 

2.6.2. Cell metabolic activity 
Cell metabolic activity was assessed using the resazurin reduction 

assay. Briefly, at determined time points (at day 1, 7 and 14 of culture) 
the cell-seeded platforms were incubated for 4 h with fresh complete 
medium containing 10% (v/v) of a resazurin solution (0.1 mg per mL in 
PBS; ACROS Organics), at 37 ◦C. Later, triplicates of 100 µL per well 
were transferred to a 96-well plate and the resazurin to resorufin con-
version was measured by spectrophotometry (Infinite 200 Pro, Tecan) at 
570 nm and 600 nm. For each day, final absorbance for each sample was 
calculated as the ratio Abs570/Abs600nm minus the Abs570/Abs600 
nm ratio of a negative control (platform without cells). The absorbance 
values of each cell-seeded platform after 1 day of culture was considered 
as 100 %, and the cellular metabolic activity on day 7 and 14 was 
calculated as percentages of these control values. 

2.6.3. Cell morphology studies 
SEM was used to visualize NSCs morphology. Briefly, after 7 days of 

culture, the NSCs-seeded platforms were rinsed with 0.1 M sodium 
cacodylate buffer (SCB, Sigma-Aldrich), then fixed with para-
formaldehyde (PFA, 2.5% w/v in 0.1 M SCB; Sigma-Aldrich) and 
glutaraldehyde (2.5% v/v in 0.1 M SCB; TCI) for 20 min at RT, dehy-
drated with graded concentrations of ethanol aqueous solutions (30, 50, 
70, 90 and 100% v/v), dried with hexamethyldisilazane (TCI), mounted 
in an aluminum stub and visualized via SEM at an accelerating voltage of 
10 kV. NSCs morphology was also assessed by a phalloidin/DAPI 
immunocytochemical staining, where NSCs-seeded platforms were first 
fixed in 4 % (w/v) PFA and permeabilized with 0.5 % (v/v) Triton X- 
100. The 3D platforms were embedded in cryomatrix (Thermo Fisher 
Scientific) and sectioned transversally to the z axis in 16 µm slides in a 
cryostat (Leica CM 3050 S). The NSCs-seeded bidimensional and the 
cross-sectioned three-dimensional platforms were subsequently blocked 
with 5% (v/v) FBS, stained with Flash Phalloidin™ Red 594 (Biolegend) 
and 4′,6-diamidino-2-phenylindole (DAPI) and visualized using a fluo-
rescence microscope (Axioimager M2, Zeiss) with magnifications of 
20×/0.50 and 5×/0.125. 

2.6.4. NSC differentiation 
On the fourth day of culture, NSCs-seeded platforms were primed 

with 10-6 M all-trans retinoic acid (RA; Sigma-Aldrich) in a low-serum 
medium: EMEM with 1% (v/v) FBS and 1% (v/v) P/S. 48 h later, the 
medium was replaced by a serum-free differentiation medium consisting 
of Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 Ham 
(Sigma-Aldrich) supplemented with 1% (v/v) B27 (Thermo Fisher Sci-
entific), 1% (v/v) insulin-transferrin-selenium (ITS, Sigma-Aldrich) and 
1% (v/v) P/S. 6 days after RA-induced differentiation, brain-derived 
neurotrophic factor (BDNF, 30 ng per mL; Sigma-Aldrich) was added 
to the serum-free differentiation medium until the end of the culture. 
However, to test if our platforms have the potential to guide a sponta-
neous neuronal differentiation, a set of samples were cultured in non- 
differentiating conditions, i.e. without RA, BDNF and in medium con-
taining 10 % (v/v) of FBS. 

2.6.5. Immunocytochemical staining 
Differentiated NSCs-seeded platforms were fixed (1X fixation buffer 

diluted from a 10X stock solution consisting of 20% (w/v) formalde-
hyde, 2% (v/v) glutaraldehyde, 70.4 mM Na2HPO4,14.7 mM KH2PO4, 
1.37 M NaCl, and 26.8 mM KCl), permeabilized with 0.1% Triton X-100 
(Fisher Scientific) in PBS for 5 min, blocked with 2% (wt/v) bovine 
serum albumin (BSA, Sigma-Aldrich) in PBS for 30 min, and incubated 
for more than 1 h at RT with primary antibodies specific against 
β-tubulin III (Tuj1, Biolegend) and Glial Fibrillary Acidic Protein (GFAP, 
Sigma-Aldrich) at 1:1000 and 1:250 dilutions, respectively. After 
washing with PBS, the NSCs-seeded platforms were incubated for 45 min 
with DyLight™488-conjugated anti-mouse (Invitrogen) and Alexa Fluor 
594®-conjugated anti-chicken (Invitrogen) at 1:500 and 1:1000 di-
lutions, respectively, and counterstained with 3 µM DAPI (Sigma- 
Aldrich) for 15 min. Afterwards, NSCs-seeded platforms were mounted 
on glass microscope slides and observed in a LSM 810 confocal micro-
scope (Carl Zeiss Microimaging GmbH, Jena, Germany). Differentiation 
was analysed using the Image J software on the confocal images (n ≥ 4 
per platform) to quantify the Tuj1 and GFAP positively stained areas 
with respect to the DAPI area. 

2.6.6. SDS-PAGE and immunoblotting 
Lysates from 15 × 104 NE-4C neural stem cells grown for 14 days on 

the three-dimensional platforms, under differentiation medium, were 
prepared by collecting and mincing the 3D structures in 1% Sodium 
Dodecyl Sulfate (SDS), followed by sonication and boiling for 10 min. 
Upon protein quantification (Pierce™ BCA Protein Assay Kit, Pierce 
Biotechnology), mass-normalized lysates were resolved by 5–20% 
gradient SDS-PAGE in Tris-Glycine buffer and electrotransferred onto 
nitrocellulose membranes. 

After reversible incubation with Ponceau S (Sigma-Aldrich), and 
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blocking with 5% non-fat dry milk/TBS-T for 2 h at RT, membranes were 
further incubated with the primary antibodies in 3% BSA/TBS-T: mouse 
anti-MAP2 (Novus Biologicals NBP2-25156; 1:5000; 2 h at RT and ON at 
4 ◦C), mouse anti-βIII-Tubulin (Sigma-Aldrich T8578; 1:4000; 2 h at RT) 
and mouse anti-GAPDH (Santa Cruz Biotechnology, sc-47724; 1:2000; 2 
h at RT). The anti-mouse IgG secondary antibody (horseradish 
peroxidase-linked, Cell Signaling 7076S; 1:3000–1:5000) was then 
incubated (1 h at RT). The protein signal was detected by enhanced 
chemiluminescence (Amersham ECL Prime or ECL Select, Cytiva 
RPN2236 and RPN2235) using a ChemiDoc Imaging System (Bio-Rad), 
and results were analyzed using the ImageLab Software (Bio-Rad). The 
proteins’ quantifications were normalized to the average of two loading 
controls: 1) the Ponceau S staining that assesses total protein loaded in 
each lane, and 2) the house-keeping gene GAPDH. 

2.6.7. Statistical analysis 
All data are expressed as mean ± standard deviation. Statistical 

significance was determined by one-way analysis of variance (ANOVA), 
followed by post hoc Tukey’s test (except when stated otherwise). Sig-
nificance was accepted at p-values inferior to 0.05. 

3. Results and discussion 

3.1. Adipose-derived extracellular matrix based electrospun 
bidimensional platforms 

As long-established, the morphology of electrospun fibers stems from 
the integration of various factors such as solution viscosity and electrical 
conductivity as well as the spinning working parameters, particularly 
the applied voltage [41]. Primarily, factors such as collection distance, 
voltage and solution concentration were optimized to produce nano-
sized bead-free fibers of a blend based on adECM and synthetic co-
polymers of lactide/caprolactone. The influence of the adECM/ 
copolymer ratio (60/40; 70/30 and 80/20) and the amount of lactide in 
the lactide/caprolactone copolymer (100, 85 and 70%) on the 
morphology, hydrophilicity and mechanical properties of the electro-
spun membranes are shown in Fig. 1. All formulations yield bidimen-
sional nanofibrous platforms with smooth, bead and fusion-free fibers 
with most up to 900 nm in diameter. As the amount of lactide increases 
in the copolymers, the viscosities of the PLC copolymers (PLA70, PLA85) 
and the PLA100 increase from 1.5 to 1.6 and 1.8 g/mL, respectively, 
which accounts for a slight increase in the frequency of larger fibers 
(Fig. 1a), an effect inherent to viscosity in the electrospinning process 
[42]. Similarly, when increasing the adECM from 60 to 70%, the 
resulting viscosity of the composite solution decreases, thereby leading 
to a higher percentage of smaller fibers within the low range of 300 to 
600 nm. Besides the viscosity factor, the adECM proteins may act as 
polyelectrolytes, raising the charge density on the solution surface and 
subsequently the electrical potential difference leading the jet to expel 
thinner fibers [43]. Similar observations were reported in binary sys-
tems of PLC/collagen [44] and PLC/gelatin [45] wherein fiber diameter 
gradually decreases upon the addition of gelatin and collagen. However, 
when further increasing adECM to 80%, the jet becomes unstable pre-
venting thinner fibers to reach the collector, leading to a final membrane 
of lower thickness and more fibers with larger diameters. 

Structural analysis via FTIR-ATR (Fig. 1b) illustrates the character-
istic vibrational bands from the following bidimensional electrospun 
platforms: 2D adECM, 2D PLA70 and the blends with different ratios. 
The bands of 2D PLA70 are typically CH2 and CH3 stretching 
(3000–2800 cm− 1), C = O group stretching (1746 cm− 1), asymmetric 
CH bending (1454 cm− 1) and symmetric CH bending (1382 cm− 1) [46], 
while the electrospun 2D adECM spectrum shows the bands of Amide A 
(3200–3500 cm− 1), Amide I (1642 cm− 1), Amide II (1540 cm− 1) and 
Amide III (1218 cm− 1) [47]. When combined, the bidimensional elec-
trospun blends basically followed the infrared characteristics of both 
constituents, wherein the characteristics bands of adECM are more 

intense as its content within the blend increases. Regarding their inter-
play, a slight shift of C = O (1746 to 1754 cm− 1) from 2D PLA70 and the 
NH stretching vibrations from the Amide A (3286 to 3280 cm− 1) sug-
gests adECM interaction with the carbonyl of the poly (lactide-capro-
lactone), as observed elsewhere in collagen/PCL electrospun nanofibers 
[48]. 

As envisioned by the use of a high content of adECM in the electro-
spun blends, all bidimensional electrospun platforms are hydrophilic, 
with water contact angle (WCA) between 58 and 80◦ [49,50] (Fig. 1c), 
thus suitable for cell adhesion. Polylactide acid (PLA100) and its co-
polymers with caprolactone (PLA85, PLA70) are hydrophobic in nature 
[45] and the addition of adECM endows the resulting nanofibrous 
membranes with an hydrophilic character, owing to the amino, car-
boxylic and hydroxyl polar groups found in its proteins [51]. The WCA 
was determined right after the drop entered in contact with the mem-
branes surface since it was quickly absorbed by the platforms, displaying 
values around 0◦ just after 30 s. Besides the contribution of the chemical 
composition, the surface roughness and the variable fibre diameter can 
account for the slight differences in the measured WCA [50]. 

The most appreciable effect of incorporating caprolactone into the 
lactide/caprolactone copolymer on the adECM-based bidimensional 
platforms reflects on their mechanical properties (Fig. 1d and 1e). 
During tensile experiments, the 2D platforms exhibit the traditional 
stress–strain curve profile characterized by an initial elastic region, 
followed by the yield point and finally the strain-hardening region. By 
simply integrating 15 and 30% of caprolactone (PLA85 and PLA70), two 
valuable effects are achieved in the bidimensional platforms. Without 
significantly changing the hydrophilicity and surface chemistry, the 
tensile modulus can be modulated towards lower values (around 35 %) 
targeting the soft neural tissue. Additionally, owing to PCL elasticity, the 
copolymer behaves like an elastomer, conferring toughness, character-
ized by longer strain-hardening region [52]. Expectedly, the 2D blends 
produced with the highest content of adECM, i.e. adECM/PLA70 with a 
ratio of 80/20, presents the lowest value of tensile modulus (61.9 ± 4.8 
MPa) owing to the contribution of its soft proteins. 

3.2. Decellularized adipose-derived extracellular matrix based three- 
dimensional nanofibrous platforms 

The 2D platforms were successfully converted into 3D nanofibrous 
platforms via gas foaming – expansion via immersion in NaBH4 aqueous 
solution – resulting in a 3D continuous interconnected layered structure 
of nanofibers. The gas release from NaBH4 dissolution in water pene-
trates in the interspace of the bidimensional platforms, allowing an 
accumulation of H2 trapped inside pores that induces pressure on the 
surrounding fibers, resulting in the formation of the 3D structure [53]. 
After just one minute of immersion in 0.25 M NaHB4 solution, the 
platforms expanded around 33-fold in the Z direction, along a slight 
decrease of width and length (Fig. 2a). While early studies on expanding 
PCL electrospun membranes by gas foaming reported low expansion 
capacity in 0.1 M of NaHB4 and longer time of reaction [28], binary 
systems of PCL combined with natural proteins which are more hydro-
philic, have demonstrated higher foaming capacity. For instance, when 
blended with silk fibroin, a 4 fold expansion was obtained in 20 min 
using 0.1 M NaBH4 [53]. PVA/chitosan system also achieved high level 
of expansion (25 times the initial height) using concentrations of NaHB4 
superior to 0.1 M and/or immersion above 30 min [54]. The remarkable 
expansion achieved in this work is attributed to the adECM as a reflec-
tion of the intrinsic elasticity of its constituents such as elastin and 
collagen. The nature of the copolymer employed to blend with the 
adECM did not significantly change the expansion capacity (Fig. 2c). 
Regarding the adECM/PLA ratio, while increasing the adECM content 
from 60 to 70% also did not change the expansion magnitude, the 
membrane with 80 % of adECM expanded in a smaller extent. This is 
attributed to the higher frequency of larger fibers which offer more 
resistance to the H2-induced pressure. 
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Fig. 1. Characterization of electrospun nanofibers depending on adECM and copolymer nature and ratio: a) Morphological analysis: SEM images and nanofiber 
diameter distribution (insets). Scale bar 20 μm; b) ATR-FTIR spectra; c) Water contact angles; d) Mechanical analysis specifically, tensile modulus and e) Stress–strain 
profile curves. 
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Fig. 2. A) Photographs of 3D platforms: 1-adECM/PLA100 (60/40), 2- adECM/PLA85 (60/40), 3- adECM/PLA70 (60/40), 4- adECM/PLA70 (70/30) and 5- adECM/ 
PLA70 (80/20); b) SEM images of 3D adECM/PLA70 (60/40) platform: XY plan; YZ and magnification of YZ plan; c) thickness of the 2D membranes and expansion 
after gas foaming; d) DSC thermograms; e) ATR-FTIR spectra; f) Water uptake and Compressive Young’s modulus. Statistical analysis by One-way ANOVA followed 
by post hoc Tukey test: *p < 0.05, #p < 0.05, where * denotes statistically significant differences between platforms while #, in graph f), denotes statistically 
significant differences in the compressive young modulus of the different platforms. 
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Structurally, the faces corresponding to XZ and YZ planes display 
intercalated layers of nanofiber arrays and gaps (Fig. 2b). The interlayer 
spacing is in the range of 25–500 µm, which is a favorable microenvi-
ronment for cell diffusion and proliferation [55]. On the other hand, the 
top and bottom surfaces, XY planes, are denser arrangements of fibers 
without large pores, resembling the original bidimensional membranes. 

While a 2D nanofibrous membrane was electrospun solely from an 
adECM solution to obtain additional information on the implications of 
processing the adECM via electrospinning and subsequent gas foaming 
on its biochemical integrity, the resulting 3D platform was deemed 
unsuitable as it partially collapsed due to proteins reorganization upon 
hydration in PBS. Blending with the copolymer provides structural sta-
bility after the gas foaming process. 

Shaping proteins into three-dimensional scaffolds bears several 
challenges such as protecting and retaining their biochemical features 
for optimal bioactivity in vitro and in vivo. This aspect is sometimes 
overlooked while pursuing specific morphological and physical prop-
erties of 3D constructs. Literature cautions on substantial less stability 
even on commercial scaffolds based on various ECM due to various 
degrees of processing-induced destabilization in relation to the their 
respective source tissue [56]. Many factors in electrospinning collagen 
such as employing fluoroalcohols and electric field may be responsible 
for low to high degree of protein denaturation [57]. Here, DSC and FTIR 
analyses (Fig. 2d and 2e) provide insights on the effect that successive 
processing had on the adECM organization. The thermal denaturation 
profile of adECM-based products translates not only the stability of its 
individual constitutive proteins, but also the complex supramolecular 
assembly of these elements in terms of fibrogenesis, nanofiber and mi-
crofiber formation capacity and their alignment, as well as the deposi-
tion and interaction of the non-collagenous compounds. Transforming 
adECM powder into adECM-based nanofibers via electrospinning, which 
encompassed adECM digestion, dissolution and application of an elec-
tric field led to some degree of structural destabilization. Indeed, the 
broad endothermic peak at 92 ◦C observed for the adECM powder 
decreased to 79 ◦C for the adECM electrospun membrane (2D adECM), 
implying that less energy is required to unfold and denature the adECM 
compounds (Fig. 2d). The effect of this structural destabilization of the 
adECM was investigated on the metabolic activity of NSCs (Figure S4) 
and revealed that although it induced lower metabolic activity, it did not 
severely compromised the proliferative ability of the cultured cells. 

When further compositing adECM with the copolymer, the thermal 
denaturation temperature of the bidimensional adECM/PLA70 nano-
fibrous platforms diminishes further about 10 ◦C. In the collagen orga-
nization, the triple helices interact via hydrogen bonds and self-assemble 
into highly organized and hierarchical microfibrillar structures. The 
incorporation of the copolymer chains, owing to the interaction of their 
carbonyl bond with the amide A, interferes in the supramolecular in-
teractions between adjacent triple helices by disrupting hydrogen bonds, 
leading to a less ordered self-assembling of the triple helices. 

After converting the 2D electrospun membrane into a 3D nano-
fibrous construct, the denaturation temperature did not vary, thereby 
suggesting that the gas foaming process, which includes pressure from 
the gas on the nanofibers followed by rinsing and short freeze-drying, 
did not further alter the adECM protein organization in relation to the 
prior alteration caused by the addition of the copolymer. However, 
when electrospinning adECM only and subjecting the resulting mem-
brane to gas foaming, a slight decrease in thermal stability is observed - 
from to 79 to 74 ◦C, suggesting that the organizational variation induced 
by the copolymer prevent further disorganization upon the gas foaming 
process. In fact, when immersing the adECM nanofibrous membrane 
into the sodium borohydride solution, the hydrated collagen fibrils are 
subjected to the gas-induced pressure that may cause expansion of their 
intrafibrillar space. Additionally, gas foaming is followed by freeze- 
drying that has potential for a slight destabilization of collagen fibrils 
due to the imposed mechanical stress by ice formation [58,59]. Thus, the 
intermolecular hydrogen interactions provided by the copolymer 

restrict further motion of the collagen molecules and prevent supple-
mental disorganization when applying the gas-foaming process, that 
emerges as an attractive and easy process to convert adECM based 
bidimensional hybrids into three-dimensional nanofibrous architec-
tures. Noteworthy, the variation in the adECM thermal stability induced 
by the combination of electrospinning and gas foaming is not larger than 
the one observed in traditional freeze-dried and crosslinked adECM- 
based scaffolds (Figure S1). 

In FTIR spectra (Fig. 2e), Amide I is detected at different wave-
numbers according to the secondary structure of the protein, so it is 
commonly used as a reference to infer protein denaturation [52]. 
Infrared spectroscopy revealed a slight shift when electrospinning 
adECM (6 to 8 cm− 1), regardless if blended or not with the copolymer 
PLA70. Expectedly, the combined use of organic solvents and electric 
field may have caused some degree of denaturation, corroborating the 
DSC analysis that pointed to the presence of unfolded structures. Gas 
foaming did not induce further shift on the Amide I, while it did alter the 
position of Amide A and Amide II towards higher wavenumbers. 
Notwithstanding the presence of unfolded structures that relate to par-
tial denaturation of the protein, the collagen triple helices can retain 
their structural integrity. This can be probed by the ratio between peaks 
around 1240 cm− 1 (amide III) and 1450 cm− 1, wherein values around 1 
are indicative of a triple helical structure and values around 0.5 suggests 
protein denaturation [60]. Here, a slight decrease from 0.97 for the 
adECM powder to 0.85 for the gas foamed adECM platforms implies 
that, whereas some unfolding of adECM components have occurred, the 
triple helices have preserved their structural integrity. While a partial 
loss of biological and structural integrity may be of concern, both in vitro 
and in vivo evidence have shown that electrospun collagen improved 
healing in dermal and muscle reconstruction compared to electrospun 
gelatin so-that the exact collagen native structure does not require a 
strict replication to take advantage of its biological activity. In fact, both 
native and denatured collagen α chains, independently from their 
arrangement, have shown distinctive biological properties, that out-
performs electrospun gelatin [61]. 

The 3D platforms were submitted to PBS uptake measurements and 
mechanical compression to evaluate their adequacy as scaffolding 
strategies for the central nervous system, specifically the spinal cord 
tissue (Fig. 2f). All 3D platforms presented low Young’s modulus ranging 
from 1.55 to 5.33 kPa. The continuous, porous, and layered elastic 
structure of the adECM/copolymer conferred the platforms the ability to 
return to their initial shape in seconds, allowing an easy manipulation 
(video S1). In contrast to other tissues, the SCI has a specific patho-
physiology including secondary injury mechanisms that can be partic-
ularly detrimental to tissue repair. Namely, fibroblasts infiltrate the 
lesion and form a scar fibrous tissue. If the scaffold is too soft, it may 
suffer from the tissue contraction in vivo, due to the pathophysiological 
fibrous tissue formation induced by fibroblasts invading the lesion 
during the secondary injury [62]. Strategies based solely on decellu-
larized extracellular matrices have sometimes poor performance after 
implantation due to a structural collapse following fibrosis at the lesion 
site [7]. Here, the copolymer imparted structural stability to the ECM- 
based 3D platforms. Interestingly, electrospun nanofibrous PLGA used 
as shell for an ECM freeze-dried scaffold demonstrated in vivo to serve as 
an effective barrier to isolate the infiltration of meningeal fibroblasts, 
providing a milieu with less fibrotic invasion [7]. Similarly, it is envis-
aged that the denser peripheral layers of the gas foamed 3D construct 
can be beneficial for physically segregating the infiltrating fibroblasts 
from the surrounding connective tissue. Mechanical compliance is 
another critical factor for an appropriate integration of the scaffold. The 
adECM/PLA70 (60/40) formulation was characterized by a Young’s 
modulus of 1.55 ± 0.36 kPa, as low as soft rGO aerogels (1.3 ± 1.0 kPa) 
that reportedly demonstrated mechanical compliance towards neural 
cells and spinal cord tissue and enhanced the reparative neural re-
sponses in chronic hemisected spinal cord in rats, by avoiding scar 
retraction within the lesion site while allowing axons to grow [63]. 
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Beyond the biomimicry intent, using nanofibers as building blocks for 
three-dimensional scaffolds also preclude the critical issue of cell loss or 
neuropathy that can be induced by non-physiological local stress [19]. 
While all 3D platforms exhibited a high PBS uptake capacity, saturating 
after just one hour, the adECM/PLA70 (60/40) formulation presented 
the highest uptake, resulting from the complex synergy between the 
hydrophilicity of the adECM components, the fibers surface wetting 
properties and the interfiber pore volume across the nanofibrous 
network. 

3.3. Incorporation of PDA-rGO in the bidimensional and three- 
dimensional adECM-based nanofibrous platforms 

PDA-rGO was successfully synthesized according to a method pre-
viously reported in the literature. ATR-FTIR, XRD and Raman spec-
troscopies were used to monitor the reduction process (Figure S2 and 
discussion in supplementary information (SI)). Based on its suitable set 
of structural properties, the formulation adECM/PLA70 (60/40) was 
selected to incorporate 1.5 % (w/w) of PDA-functionalized rGO, 
henceforward named adECM/PLA and adECM/PLA PDA-rGO. Similarly, 
to its undoped counterpart, adECM/PLA PDA-rGO was electrospun into 
a dense arrangement of uniform and bead-free nanofibers, with PDA- 

rGO sheets homogeneously integrated onto the membrane (Fig. 3a). 
The average fiber diameter decreased from 564 ± 238 nm to 377 ± 158 
nm in undoped and PDA-rGO doped samples respectively, presumably 
due to the improved conductivity of the electrospinnable solution 
(Fig. 3b). Furthermore, when transforming the 2D electrospun mem-
branes into the 3D constructs, the pore size distribution of the PDA-rGO 
doped ones shifted slightly towards higher pore sizes (Fig. 3e and 3f), 
attributed to the repulsion between rGO sheets, previously observed in 
3D self-assembled rGO sheets and PCL-gelatin nanofibers [25]. Besides 
this discrete morphological variation with regard to the 2D nanofibrous 
platforms and their 3D analogues, the low loading of PDA-rGO was not 
sufficient to promote significant alterations in the wettability and tensile 
modulus of the bidimensional platforms (Fig. 3c and 3d). Parallelly, the 
fluid uptake capacity and the compressive modulus of the respective 3D 
undoped and PDA-rGO doped platforms were also similar (Fig. 3g and 
3h). Thus, since the main structural properties are not significantly 
altered by the polydopamine-functionalized rGO doping, its potential 
effect on the NSCs can be easily singled out. Noteworthy, a homogenous 
distribution of PDA-rGO across the 3D nanofibrous construct is clearly 
visible owing to the uniform grey appearance imparted by the PDA-rGO 
(photographs of 3D nanofibrous constructs in Figure S3). 

Neurite outgrowth as well as axonal elongation are critical for the 

Fig. 3. Characterization of the bidimensional and three-dimensional platforms based on the formulation adECM/PLA70 (60/40) and its composites with PDA-rGO 
denoted here as 2D adECM/PLA, 2D adECM/PLA PDA-rGO, 3D adECM/PLA and 3D adECM/PLA PDA-rGO: a) SEM images of the 2D platforms; b) Fiber diameter; c) 
Water contact angle; d) Tensile modulus; e) SEM images of the 3D platforms; f) Pore size distribution; g) Water uptake; h) Compressive modulus; and i) EIS 
measurements log(|impedance|) vs log(frequency). Statistical analysis by One-way ANOVA (*denotes statistical difference p < 0.05). 
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formation of neuronal circuits required in neural tissue repair. Besides 
guiding neurite outgrowth by physical cues, electrical stimulation can 
also direct it. Electrical conductivity was evaluated to determine if 
doping the adECM-based platforms with polydopamine-functionalized 
rGO had a significant effect. Depending on the stimulating frequency, 
the resistance of the platform varies (Fig. 3i). For stimulating NSCs, the 
frequency parameter can be as low as 0.5 Hz for regeneration purposes 
and as high as hundred thousand Hz for deep brain stimulation [64,65]. 
The 3D nanofibrous platforms show a flat impedance profile for lower 
frequencies, while high frequencies get progressively less resistive. 
Conductivity was calculated for two of the most used frequencies in 
neural stimulation, 100 and 1 kHz. Deionized water was used because of 
its lower content of dissolved ions, thereby avoiding the contribution of 
ionic currents and for a better understanding of the intrinsic properties 
of the highly porous and nanofibrous 3D platforms. Doping the plat-
forms with 1.5% (w/w) of PDA-rGO increased the electrical conductivity 
from 5.5x10-6 to 2.3x10-5 S/cm. This further supports the observation of 
a homogeneous distribution of PDA-rGO across the nanofibrous 
construct. The conductivity of the PDA-rGO containing 3D platform was 
predictably lower than the one obtained in bidimensional electrospun 
silk fibroin/poly(l-lactic acid-co-caprolactone) with 4 coatings of rGO (4 
x10-4 S/cm) [66], owing to its highly porous network comparing to a 

dense electrospun membrane. Still, a significant conductivity improve-
ment is evident in the rGO-doped platforms, from a low slope region of 
400–300 kΩ to 100–50 kΩ. With lower impedance platforms, current 
can flow and interact with cells in the surroundings. 

3.4. adECM-based 2D and 3D platforms for NSCs migration, proliferation 
and differentiation 

Embryonic stem cells are tissue-specific pluripotent cells, that divide 
to generate progenitor cells, which further differentiate into fully 
functional terminally differentiated cells. While the supply of human 
cells is limited and raises ethical concerns, murine cells represent an 
advantageous alternative since they are genetically similar to human 
cells [67] and are readily available. A commercial immortalized murine 
cell line was employed as a suitable alternative to human cells to screen 
the cytocompatibility of the adECM-based bidimensional and three- 
dimensional nanofibrous platforms and analyze the effect of the 
morphology on the cells fate. NE-4C (CRL-2925 ATTC) is a NSC line 
isolated from cerebral vesicles of 9-day-old mouse embryo lacking 
functional p54 genes, with the ability to differentiate into either neurons 
or astrocytes when exposed to RA. 

The NSCs display the usual clustered morphology with round-shaped 

Fig. 4. Proliferation and morphology of NSC-seeded bidimensional and three-dimensional platforms: (a) Percentage of viable NSCs on the platforms relative to the 
adhered cells on day 1 after 7 and 14 days of culture and schematic illustrations of the seeding process in each platform; (b) SEM images of the NSC-seeded platforms 
after 7 days of culture, with white arrows highlighting the cellular clusters and black arrows pointing to the out-growing processes; (c) Immunocytochemistry of actin 
filaments (phalloidin in red) and nuclei (DAPI in blue) of the NSC-seeded platforms after 14 days of culture; (d) DAPI staining of the cross-sectioned NSC-seeded 
three-dimensional platforms, with white arrows showing the cellular migration pathway. Statistical analysis by One-way ANOVA followed by post hoc Tukey test: *p 
< 0.05, where * denotes statistically significant differences between platforms. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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cells, characteristic from undifferentiated cells, well visible after 7 days 
(Fig. 4b) and further growing into confluency after 14 days in the 
bidimensional platforms as depicted in the phalloidin/DAPI staining 
(Fig. 4c). Since the three-dimensional platforms have virtually more 
than 2 orders of magnitude the available surface area, cells did not to 
reach confluency at day 14. Importantly, the interconnected micropo-
rosity - induced by the gas foaming process - effectively allows the 
migration of NSCs, as shown by DAPI-stained cells along the Y axis of the 
3D platforms (Fig. 4d). Throughout the 3D constructs, the adECM cell- 
recognizable sites shaped into the nanofibrous pore walls act as 
anchoring niches for NSCs to adhere and grow, wherein large cell 
clusters are harbored (Fig. 4b, white arrows). When peeling off the dense 

peripheral layer of nanofibers in the 3D constructs, cell colonies were 
found up to 280 µm in thickness covering large areas of the nanofibrous 
internal walls. An enhanced cell infiltration in vivo has been linked to an 
increased density of regenerated axons [21], and is considered a primary 
condition to form sufficient endogenous neural relays within the short 
repair window after an acute injury [68]. Proliferation profile was 
assessed via a resazurin assay, an indicator of metabolic activity 
(Fig. 4a). In the bidimensional platforms, the presence of PDA-rGO 
greatly increased the metabolic activity of the NSCs. Similar behaviour 
was observed with a neuroblastoma cell line grown on bidimensional 
electrospun silk scaffolds, where as little as 1% of rGO enhanced the 
metabolic activity and proliferation of cells [69]. In contrast, PDA- 

Fig. 5. NSCs spontaneous (a) and RA-induced (b) differentiation on bidimensional and three-dimensional platforms through immunocytochemistry of neuronal (Tuj1 
in green) and astrocyte markers (GFAP in red) and cell nuclei (DAPI in blue) after 14 days culture. Quantification of the area covered by Tuj1 and GFAP per DAPI on 
spontaneous differentiation (c) and Tuj1 per DAPI on the RA-induced differentiation (d). Statistical analysis by One-way ANOVA followed by post hoc Tukey test: *p 
< 0.05, #p < 0.05, where * denotes statistically significant differences between Tuj1-positive areas of the different platforms, while # denotes statistically significant 
differences between GFAP-positive areas of the different platforms. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

D.M. Silva et al.                                                                                                                                                                                                                                 



Chemical Engineering Journal 472 (2023) 144980

12

functionalized rGO had no boosting effect on the metabolic activity of 
cells when grown onto the 3D platforms. This may be related to multiple 
factors. In fact, in 3D environments, the spatial distribution of integrin- 
mediated adhesions is largely different than in 2D, which affects cell 
spreading and subsequently impacts cell proliferation [70]. Also, the 
lower increases in metabolic activity within the 3D are potentially 
related to an onset of differentiation. Indeed, the cell morphology is 
appreciably different, with noticeable out-growing cellular processes 
attaching to the nanofibrous walls and projecting towards other cell 
clusters, particularly evident on rGO containing platforms (black arrows 
in Fig. 4b). 

NSCs differentiation-related events, particularly lineage commit-
ment and neuritogenesis, were investigated in two distinct conditions 
(Fig. 5). The first approach was to test the potential of the investigated 
platforms to affect spontaneous NSC differentiation in terms of lineage 
commitment, while the second relied on neuronal differentiating con-
ditions commonly employed for NSC cultures, aiming to test the effects 
of the platforms in the neuritogenesis of NSC-derived neurons. In the 
neuronal differentiation conditions, retinoic acid was first used, fol-
lowed by serum depletion and concomitant medium supplementation 
with BDNF - a growth factor involved in neuronal development and 
regeneration. In both scenarios, the platforms were immunolabeled for 
β-tubulin III (Tuj1), the tubulin isoform of neurons, present in their cell 
bodies and neurites (dendrites and axons), and a commonly used marker 
of immature neurons [71]. Further, since Tuj1 is also expressed by fetal 
astrocytes [72], cells on platforms were also labelled for glial fibrillary 
acidic protein (GFAP), a specific astrocyte cytoskeletal marker. Their 
expression was evaluated by quantifying the positive staining area of 
both Tuj1 and GFAP in microphotographs, normalized to DAPI area, 
depending on the architecture − 2D versus 3D – and the biochemical cue 
– only adECM-based versus adECM combined with PDA-rGO. 

In the absence of differentiation-inductive factors, specifically no 
exposure to RA and BDNF, concurrently with maintaining the serum- 
supplemented medium, NCS clusters of mostly undifferentiated and 
immature early differentiated cells populate both two- and three- 
dimensional platforms. Undifferentiated cells are only stained with 
DAPI, while the later cells demonstrated individual immunoreactivity 
for Tuj1 (immature neurons) or dual immunoreactivity for GFAP and 
Tuj1 (immature astrocytes), and none or few neuritic projections 
(Fig. 5a). The fate of NSC was evaluated by quantifying the relative 
expression of the neuronal (Tuj1) and astrocytic (GFAP) markers 
(Fig. 5c). Interestingly, when the nanofibrous membranes are shaped 
into a 3D fibrous microenvironment, commitment towards the astrocytic 
lineage seems to be significantly prevented, illustrated by less GFAP 
(red) staining observed via confocal imaging and significant less GFAP/ 
DAPI area. Furthermore, the incorporation of a little amount of rGO 
boosts the differentiation towards the neuronal lineage, both in the 2D 
membranes and the 3D nanofibrous platforms, given the concomitant 
increase in the Tuj1/DAPI area and decrease in the GFAP/DAPI area for 
platforms with PDA-rGO. Also, consonant with culture conditions not 
inducing differentiation, neuritogenesis is absent except for the 3D 
constructs doped with PDA-rGO, which exhibit emerging neurites 
within the cell clusters (and a concomitant Tuj1/DAPI area greater than 
1.0). The results thus indicate that adECM-based nanofibers, organized 
in a 3D environment and combined with the biomimetic-inspired rGO, 
induce spontaneous differentiation of NSC toward neurons. These 
findings are in accordance with the growing evidence found in literature 
on the ability of rGO to promote the phenotypic determination of neural 
cells independently of how rGO is exploited - as a standalone scaffold or 
an additive. In three-dimensional self-assembly of rGO sheets and PCL- 
gelatin nanofibers, the partially reduced rGO triggered the best neural 
progenitor cell response.[25] A simple coating of rGO on a porcine- 
derived dermal matrix also demonstrated to induce the neuronal dif-
ferentiation of bone-marrow-derived MSC [73]. The accelerated differ-
entiation by rGO has been linked to a few mechanisms such as its high 
capability for electron transfer and ability to affect 

mechanotransduction [74]. Parallelly, polydopamine-functionalized 
substrates have shown to enhance differentiation of human NSCs at a 
level comparable or greater than Matrigel®, owing to polydopamine 
ability to efficiently immobilize growth factors, adhesion peptides and 
other molecules favourable to neural development [75]. 

When using neuronal differentiation-inducing conditions for the 
NSCs culture (Fig. 5b), as expected, a high number of NSC appreciably 
develop a neuronal morphology and present extensive neuritogenesis, 
shaped into a dense branching of long processes extending out of the 
neuronal cell bodies. This dense neuritic network is apparent within the 
cells clusters as well as branching out of them. Axonal growth depends 
on contact-mediated cues which can be provided by both the adECM- 
based nanofibers and PDA-functionalized rGO, and diffusible cues 
expressed by neighboring cells or found in the medium. Since neural cell 
clusters are chemotactic microenvironments, wherein diffusible cues 
from the medium are more concentrated at the periphery, thicker neu-
rite outgrowth is more evident at the cluster periphery (Figure S5). 
Accordingly, the quantification of the immunolabeling reveals high 
levels of Tuj1 expression (Fig. 5d) while the GFAP staining remains 
negligible (not shown). Furthermore, more intricate and denser neuritic 
networks, critical for the maturation of the neuronal culture [76], are 
formed within the neuronal cell clusters in the three-dimensional con-
structs. Thus, when using RA combined with BDNF supplementation at 
day 6 and 8 of culture, the NSC fate commitment was efficiently driven 
towards neuronal differentiation, particularly within the three- 
dimensional constructs. This is expected, since RA is an early differen-
tiation trigger, that starts mediating early neurite outgrowth and in-
creases the expression of neurotrophic receptors such as TrkB (the main 
BDNF receptor) [76,77], while BDNF supplementation boosts the 
neuronal differentiation program, including neuritic elongation.[77]. 

Under these pro-neuronal cultures, the differentiation effect of the 
mediated-contact PDA-rGO cue is overshadowed by the strong chemical 
and diffusible cues provided by the RA acting synergistically with BDNF. 
While RA is a differentiation inductor, it also mediates neurite 
outgrowth by regulating the expression of the transcription of neuro-
trophic receptors such as BDNF [76]. BDNF direct supplementation 
further supports neurite outgrowth [78]. Noteworthy, while the effect of 
PDA-rGO becomes statistically non-significant, the 3D spatial arrange-
ment of the nanofibers – induced by the gas foaming - have a remarkable 
effect on the phenotype determination and the neurite formation. This 
result reinforces the critical importance of engineering scaffolds with 
multiple length-scale architecture. On the other hand, in this analysis of 
microphotographs, the differentiation effect of the mediated-contact 
PDA-rGO cue is still apparent, but statistically non-significant when 
compared to the 3D adECM/PLA. To further understand if the PDA-rGO 
cue can improve neuronal differentiation and/or neuritogenesis in a 3D 
spatial arrangement, immunoblot analyses of the protein levels of Tuj1 
and MAP2 ‘a’ and ‘b’ isoforms of higher molecular weight, widely used 
neuronal markers [79], were performed (Fig. 6). Both Tuj1 and MAP2a/ 
b levels significantly increase by ~ 1.26-fold and ~ 1.72-fold, respec-
tively, in NSCs grown on 3D adECM/PLA PDA-rGO under neuronal 
differentiation conditions, relatively to 3D platforms without PDA-rGO. 
Tuj1 protein levels are well known to increase throughout the course of 
neuronal differentiation, alongside with the increase in neuritic length 
[80]. Further, during neuronal differentiation the expression of the 
MAP2 ‘a’ and ‘b’ neuronal isoforms increase (while the expression of 
other more ubiquitous MAP2 isoforms of lower molecular weight 
decrease, Figure S6), with MAP2b being required for neurite 
outgrowth/extension and MAP2a being associated with the maturation 
of dendrites, including their increased thickness [81-83]. These results 
are aligned with the previous observation that the PDA-rGO cue pro-
motes differentiation towards the neuronal lineage and/or neurito-
genesis. Based on the promising results, before implantation in a SCI 
animal model, further evaluation should include assays within ISO 
10993 concerning the biological evaluation of medical devices. Specif-
ically, assays respective to hemocompatibility, genotoxicity and 
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identification/quantification of degradation products and their systemic 
effect in vivo will be conducted. 

4. Conclusion 

Here, an adipose-derived decellularized extracellular matrix, assis-
ted by a lactide-caprolactone copolymer, is shaped into a three- 
dimensional nanofibrous microenvironment by electrospinning com-
bined with gas foaming. Optimizing the proportion of the copolymer in 
relation to the decellularized extracellular matrix as well as varying the 
caprolactone content in the copolymer led to a fine tune of the 3D 
nanofibrous constructs, that exhibit structural stability, adequate 
microporosity and mechanical compliance with soft neural tissue such 
as the spinal cord. 

Taken together, the 3D nanofibrous architecture and unique 
biochemical features of the adECM provided microenvironmental cues 
to guide neural stem cells adhesion and migration. Furthermore, the 
adECM-based platforms were doped with polydopamine functionalized 
rGO to boost their performance as platforms to direct stem cell fate and 
neuritogenesis. 

The metabolic activity/proliferation of neural stem cells was highly 
dependent on rGO presence on bidimensional platforms while not 
visibly affected when grown into the three-dimensional platforms. 
Regarding NSC differentiation, in the absence of exogenous diffusible 
signaling that drives differentiation (i.e. RA and BDNF), the results 
suggest that polydopamine-functionalized rGO encourages the stem 
cells spontaneous differentiation toward the neuronal lineage, in both 
2D and 3D platforms. Under well-established pro-neuronal differentia-
tion conditions, the 3D platforms were the most favorable to promote 

the acquisition of a neuronal phenotype. More specifically in the 3D 
platforms, PDA-rGO further boosts neuronal differentiation, translated 
by an increase of 1.26-fold and 1.72-fold in the levels of Tuj1 and 
MAP2a/b neuronal isoforms, respectively. Thus, although broadly 
exploited, electrospun membranes are hardly effective platforms to test 
neural stem cells response in a physiological-like environment. Gas 
foaming is a straightforward technique to produce 3D nanofibrous 
constructs with tunable properties, so-that when testing novel bio-
materials, it readily provides a 3D microenvironment, that reveals 
biomaterial-induced effects which otherwise could remain unperceived. 
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P. de Chadarévian, D.P. Agamanolis, A. Legido, K. Khalili, P. Dráber, C.D. Katsetos, 
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