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Abstract
In the context of peripheral nerve injuries treatment, self-electrical stimuli nerve guidance conduit is a promising technique. 
To fabricate such structures, PVDF-chitosan–gelatin was considered for the outside walls of conduit and gellan gum contain-
ing conductive polyaniline-graphene (PAG) nanocomposite particles in the middle. PVDF-chitosan–gelatin nanofibers were 
prepared using the dual-electrospinning method and highly conductive binary-doped polyaniline-graphene was synthesized 
by chemical oxidative polymerization in the presence of aniline and sodium dodecyl sulfate. The morphology and chemical 
structure of nanofibers and PAG were characterized using SEM and FTIR analyses. The morphological, structural, electrical, 
and mechanical properties of gellan containing PAG particles were investigated with SEM, FTIR, piezoelectric and rheology 
tests. Gelation time, swelling, and degradation of gellan PAG were also studied. Morphological investigation of self-electrical 
stimuli conduit represents successful electrospinning and the polymerization of polyaniline was confirmed using FTIR and 
XRD methods. The designed conduit shows the adequate output voltage and highly oriented pore structures in gellan gel as an 
in-situ thermosensitive construction makes convenient properties for peripheral nerve injury treatment. Our obtained results 
illustrate that the self-electrical nerve guidance conduit with gellan PAG can provide a novel substrate as a neural conduit.
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Introduction

Peripheral nerve injury is a widespread disease caused by 
trauma, natural disasters, and accident annually, many peo-
ple suffer from this disservice. The disadvantages of auto-
graph and allograph in peripheral nerve damages approaches 
such as possible inflammation and disease transmission 
provide some limitations (Hua et al. 2018). An alterna-
tive method for this aim is introduced as a nerve guidance 

conduit (NGC). In this technique, the need for secondary 
surgery is removed and the tunable properties based on host 
tissue are the main preponderances (Shen et al. 2011).

For NGC designing, electrical conductivity, Physico-
chemical adaption with damaged zone, and also texture 
properties play a crucial role (Zeng et al. 2011). Although, 
a wide range of conductive materials are candidates for this 
goal but applying self-electrical stimuli substitute for NGC 
fabrication can overcome common restrictions (Ming et al. 
2018). Poly (vinylidene fluoride) (PVDF) with the piezoe-
lectric behavior under effect on the β-phase formation which 
is made using planar configuration the dipole moments in 
a parallel situation, can achieve an electrical environment 
in NGC without any external stimulations (Badatya et al. 
2021).

The presence of other biopolymers specifically natural 
ones including chitosan and gelatin in the piezoelectric 
NGC would manage the wettability and cellular interaction 
with these structures (Yuan-YuHsueh 2014; Liu et al. 2020). 
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Chitosan, a deacetylated form of chitin, with the features of 
biocompatibility and biodegradability, and gelatin as a pro-
tein representative material are suitable substrates for NGC 
synthesis (Abnoos et al. 2018; Xiao et al. 2021).

Hydrogels recognized as a three-dimensional network 
with the ability of a high amount of water absorbance are 
widely implied in various biomedical engineering applica-
tions (Ilka et al. 2018). These kinds of materials are used 
for contact lens (Silva et al. 2021), wound dressing (Zhang 
and Zhao 2020), and tissue engineering scaffolds (Mohseni 
and Dezfouli 2020), and with their potential to mimic the 
extracellular matrix (ECM) of cells and create stiffness 
resemble living tissues attracted more attentions (Mohseni 
et al. 2020).

Generally, natural polymers have outstanding virtues 
and among them, polysaccharides make the possibilities 
of efficient cellular interaction with tunable chemical and 
mechanical properties (Maity et al. 2021).

In the wide range of natural biomaterials, carbohydrates 
have some applicable potentials for biomedicine (Pan 
et al. 2021). Gellan gum with Food and Drug Administra-
tion (FDA) approved, is adopted for hydrogel fabricating 
(Mohseni et al. 2021a). This polysaccharide is adequate in 
diverse tissue engineering areas including cartilage (Lee 
2020), bone (Lin and Chiu 2020), tendon (Park et al. 2021). 
But using this structure as an in-situ gel in neural applica-
tions is constrained because of the lack of sufficient electri-
cal conductivity of gellan gum (Maharjan 2020).

In the tissue engineering ideology particularly nerve 
regeneration, electroactive structures such as polymers 
allow electrical stimulation for functional cell performances 
(Deval Prasad Bhattarai 2018). Polyaniline (PANI), has been 
recognized as a conductive polymer for axonal elongation 
(Gao et al. 2021) has the privileges of environmental sta-
bility and high conductivity (Mohseni et al. 2021b). To 
improve the electrical conductivity of PANI, the presence 
of other materials with electroactivity such as graphene 
nano-sheet can produce nanocomposite to control Physico-
chemical features of PANI (Bilal Ahmad Farooqi 2020). The 
nanocomposite of polyaniline-graphene (PAG) overcome the 
weakness of each compartment individually and the synthe-
sis of this nanocomposite presents better electrical conduc-
tivity (Kung 2021; Mohammadi 2020).

Herein, self-electrical stimuli based on PVDF-chi-
tosan–gelatin NGC filled by conductive gellan gum were 
fabricated. The dual-electrospinning method was used for 
fiber preparation and the nanocomposite of polyaniline-gra-
phene was synthesized with an in-situ emulsion polymeriza-
tion method with enhanced conductivity. Physico-chemical 
features of electrospun piezoelectric nanofibers were charac-
terized using SEM, FTIR, contact angle, and the analyses of 
PAG structures were FTIR, XRD, and SEM. The rheological 
behavior of gellan comprising PAG particles was studied 

with the help of viscosity, storage, and loss modulus dia-
grams, and electroactivity of designed neural conduit was 
measured.

Materials and methods

Materials

Aniline monomer, ammonium peroxydisulfate (APS), 
sodium dodecyl sulfate (SDS), phosphate-buffered saline 
(PBS), gellan powder (low acyl), and graphene were 
obtained from Sigma-Aldrich. Chitosan [poly (d-glucosa-
mine) deacetylated chitin] and gelatin type A (derived from 
porcine skin, bloom 175 were supplied from Sigma-Aldrich. 
Poly(vinylidene fluoride) with a molecular weight (Mw) of 
270,000 g  mol−1, N, N-Dimethylformamide (DMF), glacial 
acetic acid (99.7% purity) were purchased from Merck (Ger-
many). MTT (3[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide), and phosphate-buffered saline (PBS), 
Fetal Bovine Serum (FBS), RPMI 1640 (culture medium), 
trypsin–EDTA, penicillin–streptomycin were supplied from 
Sigma-Aldrich.

Electrospinning of PVDF‑chitosan–gelatin 
nanofibers

Piezoelectric-based nanofibers were prepared by the tech-
nique of the dual-electrospinning method. For this aim, 
PVDF solution was prepared by dissolving a specified 
amount of polymer in DMF at 50 °C. Acetone was added 
dropwise to dissolved PVDF solution and was magnetic 
stirred at ambient temperature for 2 h. The proportion of 
DMF: acetone in this step was considered at 60:40 and the 
homogenous solution was electrospun with the voltage of 
14 kV, the flow rate of 0.5 ml/min, and nozzle-collector dis-
tance of 14 cm. The optimum concentration of PVDF was 
characterized at different concentrations of 5, 70, 10, 15, 
and 25 (%w/v).

To electrospinning process of PVDF-chitosan–gelatin 
nanofibers, chitosan solution was prepared by dissolving 
of polymer in acetic acid 2 (%v/v) and gelatin solution in 
the solvent of acetic acid 20 (%v/v) at 45 °C was added 
to the previous solution and stirred for 7 h. Two syringes 
(chitosan–gelatin solution, PVDF solution) were connected 
to a high voltage of 19 kV, rotating drum with a speed of 
250 rpm and the distance between each needle and collector 
was 14 cm with the flow rate of 0.5 ml/min were the condi-
tion of the electrospinning process. The schematic diagram 
of chitosan–gelatin-PVDF nanofiber synthesis was shown 
in Fig. 1.

Three experiments were applied based on Table 1 but the 
final concentration of chitosan: gelatin for further evaluation 
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was 30:70. All solution compositions of chitosan–gelatin 
were expressed in (%v/v).

Polyaniline‑graphene (PAG) nanocomposite

PAG was synthesized using emulsion polymerization 
(Adrián Magaz et al. 2021). Briefly, 0.5 (wt.%) of graphene 
was dispersed in HCL (1 M) containing monomer of ani-
line under ultrasound technique with the power of 80 w for 
6 min. Graphene in HCL and monomer was transferred to 
the three-necked flask in the condition of nitrogen purging 
and the temperature of 5 °C in ice bath status and 5.767 g 
SDS was added to the previous mixture under continuous 
stirring. A fresh solution of APS containing 0.913 g in 
10 ml HCL (1 M) was added dropwise to aniline-graphene 
for 30 min. The polymerization process was continued for 
6 h until the color was tuned in to a bluish, the structure 
was kept at room temperature for 24 h. Methanol, etha-
nol, and water were used to remove unreacted ingredients 
several times with a centrifuge device. Finally, dried PAG 
powder was obtained with maintenance at room tempera-
ture for 24 h. The obtained conductive nanocomposites 
were dispersed in deionized water to prevent any possible 
aggregations.

Conductive gellan gel

Highly conductive in-situ gellan gel was accomplished 
by adding PAG nanocomposite to gellan solution. The 

procedural steps for the synthesis of conductive thermo-
sensitive gels are as follows; First, gellan gum solution was 
achieved by dissolving the polymeric powder in deionized 
water at 90 °C magnetically stirring. The gelation mecha-
nism was controlled by 10 µl of 2 (%v/v) acetic acid at 
the pH of 4.5. Second, a conductive nanocomposite of 
PAG dispersed in 2 ml deionized water with the help of 
an ultrasound homogenizer (power 80 w, 10 min) was 
added during homogenizing the gellan solution at 90 °C. 
Diverse PAG compositions [1, 1.5, and 2 (wt.%)] disper-
sion was loaded into dissolved gellan solution and was 
further stirred for 4 h.

Gellan solutions were cross-linked with the use of 
 CaCl2 [1 (%w/v)] and scaffolds with two approaches were 
fabricated. In the first one, gellan with the temperature of 
90 °C was kept at room temperature to have stable gels and 
then formed gels were transferred to the freezer (-70 °C) 
and in the second approach, hot gellan (90 °C) directly 
moved to − 70 °C.

Fabrication of PVDF‑based nanofibers filled 
with gellan PAG

The highly oriented gellan-PAG gel was synthesized using 
the freeze-drying method. For this purpose, electroactive 
gel formulations obtained in see “Conductive gellan gel” 
were poured in a cylindrical tube wrapped with Styrofoam 
insulation around sidewalls with varied thicknesses of 15 
and 25 mm and frozen at − 70 °C and freeze-dried. The 
polymeric networks have been tuned to hydrogels with 
rehydration in PBS medium.

For fabrication of nerve conduit based on PVDF 
nanofibers filled gellan PAG, rectangular shape of the 
electrospun mat (3 × 10  cm2) was rolled around prepared 
aligned gellan gel containing different amount of PAG 
nanoparticles.

Fig. 1  Scheme of PVDF-
chitosan–gelatin nanofibers with 
dual-electrospinning technique

Table 1  Samples with different 
amount of PAG loading

Chitosan–gelatin 
(%v/v)

Sample

70:30 GC1
50:50 GC2
30:70 GC3
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Characterization

PVDF‑chitosan–gelatin nanofibers characterizations

The morphological information of PVDF nanofibers and 
PVDF-chitosan–gelatin electrospun fibers was obtained via 
SEM (PHILIPS XL30) device at an accelerating voltage of 
25 kV after gold coating using a sputter coater.

For chemical structure identification of electrospun 
nanofibers, FTIR spectroscopy (Bruker, Ettlingen, Germany) 
was implied in the range of 3500–500  cm−1.

The wettability of electrospun nanofibers was measured 
with a contact angle analyzer (SHARIF AZMA, CA-1, Iran). 
The test was repeated three times and conducted at room 
temperature.

PAG analyses

The chemical structure of PAG nanocomposite was studied 
using FTIR (Bruker, Ettlingen, Germany) analysis. The pel-
let technique with KBr was used and the spectra in the range 
of 4000–1000  cm−1 were captured.

XRD (Unisantis, XMD 300, Germany) analysis was 
implied for the characterization of the crystalline behavior 
of PAG. Diffracted peaks in the span of 2ϴ = 5–50° were 
recorded and the device setting was 30 mA and 40 kV for 
current and voltage respectively.

The morphology of synthesized PAG structures was visu-
alized using SEM (PHILIPS XL30) analysis after gold coat-
ing at an accelerating voltage of 20 kV.

Rheology study

The rheological parameters of gellan solution containing 
PAG have studied with Physica MCR 301 rheometer (Anton 
Paar) with 25 mm parallel plates. Viscosity, Gʹ, and Gʺ of 
samples at diverse frequencies at the temperature of 90 °C 
were analyzed for 10 min.

Structural study of gellan composite

X-ray diffractometer (XRD) (Equinox 300) analysis was per-
formed for phase detection over a 2ϴ range of 5–50°. The 
current and voltage setting of the device was 30 mA and 
40 kV respectively.

Electrical properties study

The conductivity of scaffolds was measured with a stand-
ard four-point probe. The constant current of 0.5 mA and 
the room temperature was the condition of the experiment. 

Using the recorded voltage, current, and thickness of sam-
ples the electrical conductivity of scaffolds was calculated 
using the following equation:

where σ is electrical conductivity (S/cm), t is the thick-
ness (cm), I considered as current (A), and V is voltage (V) 
(Gupta et al. 2006). Each sample was repeated three times 
and the average value was reported.

The piezoelectric behavior of self-electrical conduit 
was evaluated using a digital oscilloscope (ROHDE & 
SCHWARZ, HMO-3522, Germany) at constant force and 
frequency at ambient temperature.

Gelation time

Based on Gupta et al.’s reports, the gelation time of gellan 
with different contents of PAG was determined (Jun et al. 
2009). Briefly, 2 ml of gellan-based solution was maintained 
at 90 °C for 5 min and immersed in a vial tube with an inner 
diameter of 10 mm. Solutions were kept at room temperature 
and gelation time was specified. The time of gels couldn’t 
flow was set as gelation time.

Biodegradation test

To evaluated the degradation of scaffolds, each sample with 
a dimension of 1 × 3 cm was prepared and weighed. Samples 
were immersed in PBS (pH 7.4) and kept in a shaking incu-
bator (temperature of 37 °C) for 30 days. Weight changes of 
specimens were determined and reported according to the 
following equation:

where M0 is the initial mass and M1 is the mass of scaffolds 
after a particular time.

Scaffold swelling

The swelling behavior of gellan-based gels was examined by 
submerging the specified amount of scaffold in PBS at 37 °C 
with filter paper, surplus PBS was removed and the weight 
of swollen and dried scaffolds was recorded. The swelling 
ratio was calculated wing following equation:

W1 is the dried scaffold and W2 is the weight of the swollen 
sample.

� =
Ln2

�t

(

I

V

)

Degradation (%) =
(

M1 −M0

)

∕M0 × 100

Swelling (%) =
(

W2 −W1

)

∕W1 × 100
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In vitro culture of PC12

PC12 cells (neuronal model cells) were obtained from Pas-
tor Institute cell bank. Cells were cultured in a tissue culture 
flask in RPMI-1640 medium containing penicillin–strep-
tomycin, FBS (10%) at  CO2 (5%), and 37 °C. The culture 
medium was changed every day and kept in an incubator 
until cells reach 70% of confluency. Thereafter, cells were 
detached for MTT assay for cytotoxicity appraisement.

Cellular toxicity, proliferation and morphological 
study

MTT assay was employed for cellular toxicity evaluation. To 
the preparation of samples for this analysis, fiber mats were 
sterilized by submerging in ethanol (70 (%v/v)) for 30 min 

and exposure to UV light for 15 min. PC12 cells with a 
density of 5000 cells/cm2 were cultured on fibrous nanofib-
ers and a multiwall culture plate as a control sample. The 
cellular viability was determined with MTT assay during 
24 and 48 h. Briefly, 100 µl of culture medium with 10 µl of 
MTT were added to specimens and incubated for 2 h. After 
color change observation, 100 µl DMSO was added to each 
well and kept at dark conditions. Cellular absorbance was 
measured at 570 nm using an ELISA reader. All cellular 
culture analyses were repeated three times.

For cellular morphology observation using SEM device 
(ZEISS, Sigma VP), cultured cells were fixed with 2.5% 
glutaraldehyde for 2 h and soaked in gradient ethanol con-
centrations for 50 min. Finally, the prepared samples with 
coated with a thin layer of gold for SEM analysis.

Fig. 2  SEM images of PVDF 
nanofibers at different con-
centration of A 5 (%w/v), B 
7 (%w/v), C 10 (%w/v), D 15 
(%w/v), E 25 (%w/v)
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Statistics

One-way ANOVA by Graph-Pad software, USA was used 
to compare the results. A significant difference was reported 
in p value < 0.05.

Results and discussion

PVDF‑chitosan–gelatin nanofiber analyses

In the present study, piezoelectric nanofibers comprising 
PVDF-chitosan–gelatin were synthesized using the dual-
electrospinning method. Figures 2 and 3 represent the mor-
phology of PVDF and PVDF-chitosan–gelatin nanofibers, 
respectively. In these images, the effect of PVDF concentra-
tion on synthesized nanofibers was studied. The morphol-
ogy of electrospun nanofibers in the lower concentrations 
[5, 7, and 10 (%w/v)] indicates that the fibrous fibers with 
free beads structures have not been formed. The concentra-
tion of 25 (%w/v) has been induced ribbon-like morphology 
to nanofibers structures and 15 (%w/v) of this polymer has 
caused fibrous structures with ultrafine morphology which 
is due to an appropriate viscosity and surface tension of this 
polymer solution. In principle, concentration and viscosity 

are the decisive factors in nanofiber synthesis (Bayat and 
Ahamd Ramazani 2020). PVDF nanofibers at the concen-
tration of 15 (%w/v) with an appropriate viscosity led to 
uniform piezoelectric nanofibers.

The PVDF-chitosan–gelatin nanofibers were synthesized 
using two nozzle electrospinning method. At this experi-
mental section, 15 (%w/v) of PVDF solution was set as the 
optimum concentration of PVDF. The SEM micrographs 
of PVDF-chitosan–gelatin nanofibers as a function of three 
ratios are shown in Fig. 3. In GC1, fiber-beads with fused 
fibers were created but with a decrease in chitosan concen-
tration, ultrafine nanofibers with uniform morphology were 
observed in GC3. Morphology of GC3 in SEM analysis indi-
cates that with the variation of chitosan–gelatin concentra-
tion the structure of fiber formed has been turned. Therefore, 
in GC3, PVDF-chitosan–gelatin has made a suitable viscos-
ity and electrical conductivity to the successful electrospin-
ning process compared to other proportion of chitosan–gela-
tin at the constant electrospinning parameters (Fig. 3). For 
further study, the GC3 sample was selected. by raising the 
volume ratio of gelatin in chitosan–gelatin composition, the 
uniformity of nanofibers has been improved and the average 
fiber diameter showed a decrement trend. This is due to the 
present high level of gelatin polymeric chains and reducing 
the repulsive forces within the charged polymeric chains in 

Fig. 3  SEM micrograph of A 
GC1, B GC2, C GC3 nanofibers
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the obtained solution. Generally, solution conductivity and 
viscosity play a critical role in fiber morphology and diam-
eter. In the sample with a higher ratio of gelatin in PVDF-
chitosan–gelatin nanofibers, more uniformity and less fiber 
diameter were apperceived.

The synthesis of PVDF-chitosan–gelatin nanofibers 
was confirmed with the help of FTIR spectra. As shown in 
Fig. 4A, the detected vibration bands which are associated 
with chitosan are 2865  cm−1  (CH2 stretching), 1174  cm−1 
(C–O–C stretching), 1604  cm−1 (C = O stretching). In gelatin 
spectrum vibration bands of  CH2 symmetric stretch, Amid II 
and Amid III at wavenumbers of 2850  cm−1, 1524  cm−1, and 
1246  cm−1 were figured out respectively.  CH2 and  CF2 in 
PVDF-chitosan–gelatin nanofibers were detected at 946 and 
598  cm−1 attributed to PVDF polymers and vibration band 
at 1246  cm−1 as a clue of gelatin presence and 1604  cm−1 
confirmed the successful electrospinning of PVDF-chi-
tosan–gelatin nanofibers.

The wettability traits of self-electrical electrospun 
nanofibers were examined with a contact angle analyzer. 
Generally, PVDF has hydrophobic nature and the co-pres-
ence of chitosan–gelatin in the synthesized nanofibers has 
decreased the contact angle of fibers which makes possi-
ble the tendency to improve the hydrophilicity of nanofib-
ers. The confirmation of improved wettability in PVDF-
chitosan–gelatin is clued with the degree of contact angle 
in neat PVDF nanofibers with the number of 68.23° and 
43.82° for PVDF-chitosan–gelatin. The contact angle results 
are shown in Fig. 4B. This reduction in the contact angle 
of fiber mats in PVDF-chitosan–gelatin is originated from 
the functionality of chitosan and gelatin in the structure of 
PVDF-chitosan–gelatin nanofibers.

PAG analyses

Synthesis of PAG nanocomposite was studied with FTIR and 
XRD as shown in Fig. 5A and B. In the FTIR of graphene 
and PAG, the specific vibration bands describe the prosper-
ous polymerization of aniline with the mechanism of emul-
sion polymerization. The N–H stretching band at 3400  cm−1 
and the stretching C-N bands of the benzenics and quinonics 
rings in the range of 1500–1600  cm−1 were detected, also 
deprotonation of structure using delocalization of electri-
cal charge was clued with the peak of 1128  cm−1. Electron 
delocalization is the main mechanism of enhanced electrical 
conductivity of PAG and this point is revealed through the 
promotion of quinoid against benzoid rings.

XRD patterns in Fig. 5B illustrate a strong and sharp 
peak at 2ϴ = 24–26° attributed to graphene nanosheets. In 
the XRD of the PAG profile, the diffraction peak at 2ϴ = 20° 
is responsible for the isomorphous structure due to polyani-
line chains in the PAG composite. Reduction in intensity of 
the diffracted peak of graphene and also the appearance of 
new peaks in the range of 2ϴ = 5–25° supports the claim of 
PAG synthesis.

For morphological characterization of graphene and 
PAG nanoparticles, SEM analysis was performed. Accord-
ing to the obtained results shown in Fig. 5C, during emul-
sion polymerization of aniline, sheet-based graphene nan-
oparticles were covered which is in agreement with other 
reports (Bayat and Ahamd Ramazani 2020) (Figs. 6 and 7).

Morphology of gellan gel

Structural analysis

To evaluate the structural analysis of gellan gel contain-
ing PAG nanocomposite, XRD patterns were studied. 
As shown in Fig. 8, the diffraction peaks related to PAG 

A

B

Fig. 4  PVDF-chitosan–gelatin nanofibers, A FTIR spectra of chi-
tosan, gelatin and chitosan–gelatin nanofibers, B Contact angle of 
synthesized nanofibers
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particles (2ϴ = 24–26° and 2ϴ = 5–10°) were detected in 
the XRD graph of gellan PAG. The partial enhancement 
of the peak intensity in composite compare to pure gel-
lan scaffold is because of the graphene sheets in the PAG 
structure. XRD pattern of gellan nanocomposite suggests 
that incorporation of PAG nanocomposites between gel-
lan polymeric chains, engendered to increase the level of 
crystallinity and gellan PAG has more crystalline phase 
compare to neat gellan. This increment in the intensity of 
gellan-PAG nanocomposite confirmed the modification of 
gellan with PAG.

Gelation time

The inverted tube was the method to determine the gelation 
time. In the gellan polymer, the gel is formed with physically 

bonded to each other (Yang et al. 2019). Placement of any 
fillers in between the gellan polymeric chains is an effective 
factor that can control the gelation time and temperature 
as two critical factors in the use of in-situ gel applications.

Based on our examination, to create the stable gellan gel 
the approximately time of 4 min is required. In Fig. 9 the 
alteration time for completion of the gelation process is plot-
ted. The presence of PAG engendered to increase the gela-
tion time to 6.5 min. The incorporation of these conductive 
particles in the structure of polymer causes the entanglement 
process of these chains to be delayed and the gelation time 
to change. The positioning of PAG particles in the polymer 
eliminates enough space for a physical connection between 
the chains.

Fig. 5  Chemical and structural analyses of PAG nanocomposite; A FTIR spectra, B XRD and SEM images of C graphene, D PAG nanocompos-
ite
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Rheology

The rheological behavior of gellan gel containing differ-
ent amounts of PAG particles was evaluated and viscosity, 
storage modulus (Gʹ), and loss modulus (Gʺ) results of 
these samples are shown in Fig. 10. In the study of rheo-
logical behavior, Gʹ and Gʺ depict linear behavior and 
toughening trend in gel with an increase of PAG concen-
tration. With the increase of PAG loading in gellan, ame-
liorated storage and loss modulus of gellan samples was 
comprehended. Gellan gel toughening using embedding 
PAG particles was observed in the rheological examina-
tion. The existence of particles between polymeric chains 
in gellan structure can make a partially cross-link among 
chains (Li et al. 2020).

The regime behavior of Gʹ, Gʺ has linear behavior and 
toughening trend in gel with an increase of PAG concentra-
tion was obtained. Placement of particles between gellan 
polymer chain induced the improve the mechanical traits of 
gellan-based composite. The existence of particles between 
polymeric chains in gellan structure can make a partially 
cross-link among chains (Mohseni et al. 2016). Based on 
rheology results, gel toughening using PAG particles is 
because of the energy adsorbing through particles (Flávia 
Souza Almeida 2019).

Electrical properties

The electrical conductivity of substrates is one of the 
recognized requirements of the neural scaffolds which 
can accelerate nerve regeneration using degradable scaf-
folds (Yaobin et al. 2016). Diverse conductive materials 
including poly aniline demonstrated their potential for 
neurite outgrowth (Wang et al. 2019; Guo and Ma 2018). 
But control the electrical activity of synthesized piezo-
electric NGC and ameliorate this potential based on tis-
sue requirement, pushed researchers to synthesize novel 
nanocomposites such as PAG. According to Table 2, the 
electrical conductivity of gellan-based nanocomposite 
was ascended with the PAG concentration. The electrical 
conductivity of scaffolds from 0 without any PAG load-
ing has ascended to 10.1 ×  10–5 with the particle loading 
of 2 (wt.%) and these results exhibited the relationship 
between PAG loading and electrical conductivity. The 
procured conductivity in the mentioned conduit is on 
modification of graphene with aniline and also proper 
diffusion in the polymeric matrix.

Fig. 6  SEM image of A PAG 
in gellan gel, B gellan gelation 
through direct freezing, C gel-
lan scaffold with PAG particles
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Fig. 7  Morphology of gellan 
gel A without insulation, B 
insulation with the thickness of 
15 mm, C insulation with the 
thickness of 25 mm

Fig. 8  XRD patterns of gellan and gellan PAG; XRD illustrates the 
increase of crystallinity compared to pure gellan

Fig. 9  Gelation time of gellan-based nanocomposite with different 
concentration of PAG
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Conduit characterization

Biodegradation assessment of scaffolds was performed with 
weight loss. Ideal scaffolds should have a degradation rate 
in accordance with the native tissue (Sathain et al. 2021). 
As shown in Fig. 11A, the degradation trend of scaffolds 
has altered with various concentration of PAG. The scaffold 
with 0 (wt.%) PAG retained its stability in PBS solution for 
30 days and only 3% of the scaffold degraded. PAG particle 
loading caused the decrementing behavior in these samples. 
In the PAG, crystalline nature can have an effective role to 
control the degradation behavior. Reduce the degradation 

rate in structure by 2 (wt.%) PAG is reasonable with the 
high loading of PAG. Immersion of gellan nanocomposite 
in PBS resulted from the dehydration of the gel. In the PBS, 
the ionic concentration is higher than that of the hydrogel. 
Localized the PAG particle in the polymer chain with the 
crystalline structure leads to slower degradation of gellan-
based substrate.

The graphs of the swelling ratio of pure gellan scaf-
fold and filled with PAG particles are shown in Fig. 11B. 
In all diagrams within the first 10 h, ascending slope of 
swelling was observed. After this time, swelling reaches a 
steady state. But the incorporation of PAG in gellan solu-
tion undergo different swelling ration in the nanocomposite. 
In PAG nanocomposite, two aspects of the amorphous and 
crystalline nature of polyaniline and graphene are received. 
Changes in the swelling trend of samples loaded PAG show 
diverse swelling behavior as a result of the presence two-part 
of PAG in gellan scaffold.

In this study, a self-electrical substrate was fabricated 
as a possible candidate for neural conduits. For this aim, 
PVDF-based nanofiber was designed, and also the synthe-
sized PAG nanostructures were designed as a synergic agent. 

A B

C

Fig. 10  Rheological results of gellan PAG; A complex viscosity, B storage modulus, C loss modulus

Table 2  Electrical conductivity 
of gellan containing different 
amount of PAG

Sample Electrical 
conductivity 
(S/cm)

0 0
1 7.8 ×  10–5

1.5 9.5 ×  10–5

2 12 ×  10–5
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The output voltage of the neural conduit as a function of 
PAG loading was recorded with the use of a digital oscillo-
scope and plotted in Fig. 11C. The piezoelectric test reveals 
that the neural conduit has a piezoelectric feature and the 
obtained voltage has an increment trend with the change of 
PAG concentration. Figure 11 provided sufficient evidence 
to confirm the idea of embedding conductive particles to 
manipulate the output voltage. Based on these results, con-
ductive PAG particles engendered to enhance output voltage 
with the localized electrical voids in the presence of piezo-
electric fibers (Chen et al. 2020).

The core–shell morphology of the conduit was charac-
terized using SEM analysis in Figs. 11D, E. Incorporation 
of conductive in-situ gellan in the core of neural conduit is 
observed in Fig. 11D and also the interface of fiber shell and 
hydrogel core in Fig. 11E represent the stable complex of 
core–shell structure.

In vitro biocompatibility evaluation

PC12 cells were selected as a model of neural cells for 
cytocompatibility appraisal in neural conduit for peripheral 
nerve regeneration. MTT assay was conducted for toxicity 
study and as plotted results shown in Fig. 12, electrospun 
fibrous nanofibers didn’t have any specific toxicity for cul-
tured cells and in the period of 48 h, increase the cellular 
viability is attributed to enhance the proliferation of PC12 
cells. An appropriate interaction between the cellular ECM 
and piezoelectric nanofibers is the basic reason for the cel-
lular tendency to proliferation. In synthesized nanofibers, the 
presence of chitosan and also gelatin with the specific active 
site for cellular ligands prepare a proper micro-environment 
for sufficient cellular interactions (Olad and Hagh 2019). 
Gellan-PAG cellular viability showed acceptable cellular 
compatibility. In the gellan sample containing 2 (wt.%) PAG 

Fig. 11  Conduit properties 
study; A swelling trend of sam-
ples with varied concentration 
of PAG, B biodegradation of 
specimens containing 1, 1.5 and 
2 (wt.%) PAG, C output voltage 
of piezoelectric neural conduit, 
D SEM image of core–shell 
conduit, E Interface image of 
hydrogel core and fiber shell
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Fig. 12  Cellular study of 
samples; A MTT of PVDF-
chitosan–gelatin nanofibers, B 
MTT assay of gellan contain-
ing different content of PAG 
during 24 h, C MTT of gellan 
PAG with diverse content of 
PAG for 4 h, C cell morphology 
of PVDF-chitosan–gelatin for 
24 h, D cellular attachment of 
PC12 on PVDF-chitosan–gela-
tin for 48 h, E) cellular observa-
tion of gellan, F gellan-1 (wt.%) 
PAG, G gellan-1.5 (wt.%), I) 
gellan-2 (wt.%)
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minor decrement trend of PC12 viability was observed. A 
higher amount of poly aniline is responsible for this phe-
nomenon (Mohammed et al. 2020). But this alteration in 
cellular viability is not specific and can be considered as a 
biocompatible substrate. Compared to another study with 
the focus of using conductive structure to control the PC12 
cellular alignment and attachment, the acceptable reaction of 
neural cells with conductive structures is expected (Yaobin 
et al. 2018).

Cellular morphology of PC12 cultured cell in 
Fig. 12C, attached cells on piezoelectric nanofibers is 
confirmed and support in terms of cellular attachment 
and proliferation of PC12.

Conclusion

In this study, a self-electrical PVDF-chitosan–gelatin conduit 
filled with gellan nanocomposite was fabricated. For this pur-
pose, piezoelectric nanofibers were synthesized using the dual-
electrospinning method. The conductivity of the specimen was 
supplied using poly aniline-graphene with the conductivity of 
12 ×  10–5 S  cm−1. The output voltage of self-electrical based 
nan- conduit was improved with the synergic effect of conduc-
tive particles and the electro-mechanical features of the designed 
conduit have proved the sufficient requirements of novel self-
electrical conduit for neural regeneration.
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