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ABSTRACT

Neural tissue engineering has recently emerged as an alternative strategy to repair nerve damage

and promote nerve regeneration. It involves the fabrication of scaffolds with properties mimicking

those of the natural extracellular matrix for guiding a three-dimensional (3D) neural regeneration.

These engineered constructs, in addition to mechanical support, should be also capable of pro-

viding proper chemical and electrical stimuli for adhesion, migration, and proliferation of the neu-

ral cells. In this study, we developed conductive composite hydrogel films based on gelatin and

carbon black (CB) as scaffolds for neural tissue engineering applications. The presented hydrogel

constructs were fabricated in the form of films using the solvent casting method after dispersing

several concentrations of CB in a 5 % (w/v) gelatin solution along with (3-glycidoxypropyl)

trimethoxysilane (GPTMS) as the crosslinking agent at a concentration of 1.84 % (v/v). The CB

concentrations of 0.3 %, 0.5 %, 0.7 %, and 0.9 % (w/w) with respect to the gelatin amount were

chosen. The morphological, compositional, swelling, dissolution, electrical, mechanical, and wet-

tability properties together were characterized as function of CB content and compared with

those of pure gelatin-based hydrogel. Results demonstrated that the incorporation of different

quantities of CB relatively reduced the water uptake capability of the films and increased the

stability inwater of the gelatin matrix. Findings from themechanical tests revealed that composite

hydrogels have a lower elastic modulus with respect to the pure gelatin matrix. Moreover, it was

found that the incorporation of incremental CB concentrations kept the wettability surface prop-

erty unchanged while the electrical characterization of the proposed structures showed a reduc-

tion of the electrical impedance. Overall, the study suggests that the composite structures could

be used as a potential candidate for fabrication of scaffolds for neural regeneration with tunable

electrical and mechanical properties by varying the CB concentration in a finite range.
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Introduction

Every year, central and peripheral nerve injuries affect millions of people worldwide because of traumas, patho-

logical events, or aging. These injuries are the most important cause of physical disability among patients, re-

sulting also in enormous social and economic concerns.1 The repairing process in the nervous system is

complicated to be clinically addressed. Despite the intrinsic regenerative capacity of the peripheral nervous system

(PNS), nerve allograft or autograft represents the only therapeutic option for the improvement of neurological

deficits even despite their drawbacks, such as lack of donors, neuroma, infection diseases, recurring pain, and

sensory loss.2–3 Unlike in PNS, neuroregeneration in the central nervous system (CNS) is not possible under the

normal conditions because several factors can cause its failure, consequently, any clinical management of CNS

injuries is still not promising.4

Recent efforts in regenerative medicine, especially in the tissue engineering field, have been made with the

aim to develop an engineering approach for the regeneration, repair, and replacement of the human PNS and

CNS tissues at the site of injury.5 The tissue engineering approach is generally based on the triad, consisting of

scaffolds, cells, and growth-stimulating signals, which helps to develop a biological substitute to replace the dis-

eased tissues.6

Scaffolds are bioactive and biodegradable engineered structures, typically made of polymeric biomaterials,

whose function is to provide a structural support for cell attachment so as to guide the tissue regeneration in three

dimensions. The ideal scaffold for an engineered tissue should match the extracellular matrix (ECM) of the target

tissue from the topological, chemical, biological, and mechanical points of view to mimic the physiological micro-

environment that controls specific cellular responses.6 Many studies on nerve cells have revealed that the electrical

signals also play pivotal roles for controlling cell metabolic activity, cell adhesion, proliferation, and differentia-

tion.7 Therefore, for the neural tissue engineering purposes, an important aspect of well-designed scaffolds for

nerve regeneration is their ability to conduct electricity, thereby reinstating the electrical functionality of the

neural tissue.

Electrically conductive polymers (CPs), such as polypyrrole (PPy), polyaniline (PANI), or poly(3,4-ethylene-

dioxythiophene) (PEDOT), have been widely used to fabricate neural tissue engineering scaffold because of their good

electrical properties and processability.8–10 However, the biocompatibility of CPs has not been conclusively proved

until now, and they are generally stiff and display a high hydrophobic nature.11,12 Thus, research efforts have been

directed toward the fabrication of scaffolds using electroconductive and electroactive hydrogels, which intrinsically

provide the biomechanical, electrical, and hydration properties akin to the native soft tissues.13 Conductive hydrogels

can be generally fabricated by incorporating CPs or carbon-based nanofillers such as graphene, carbon nanotubes

(CNTs) or carbon black (CB) into a synthetic or natural (or a combination of both) polymeric 3D aqueous matrix.12

Recently, natural polymers-based hydrogels have attracted attention as a bulk material for conductive scaf-

folds, because they show many desirable characteristics such as biocompatibility, biodegradability, and nontox-

icity.14 Among all the natural biopolymers, gelatin, which is a biocompatible protein derived by acid or alkaline

hydrolysis of collagen, is deemed very suitable for the tissue engineering applications thanks to its low antige-

nicity, cells adhesion, and migration-promoting characteristics.15

In the current study, novel conductive gelatin-based hydrogel scaffolds for neural tissue engineering purpose

were fabricated by solvent casting technique in form of films. The conductive gelatin solution was prepared by

introducing different quantities of a highly conductive CB powder into the 3D gelatin matrix. With a future

prospective view to perform in vitro tests on the proposed structures, the gelatin matrix was chemically

cross-linked to improve its mechanical properties and durability in aqueous media. To this purpose, in this work

(3-Glycidoxypropyl)trimethoxysilane (GPTMS) was used as chemical crosslinker, given its capability to function-

alize the gelatin matrix favoring cells adhesion and proliferation when added in an appropriate quantity to the
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gelatin solution.16,17 Among all the carbon-based additives, in this work, CB microparticles were selected to en-

hance the electrical properties of gelatin because of their numerous desirable properties, such as low cytotoxicity,

good electrical conductivity, low cost, and good thermal and chemical stability.18,19

Herein, an investigation was carried out on the effects of the different CB concentrations on the morpho-

logical, compositional, electrical, mechanical, and swelling properties of the proposed hydrogels in order to

explore their feasibility to be employed as scaffolds for future and tailored applications in the field of neural

tissue repair.

Experimental

MATERIALS

Gelatin (Type A from porcine skin), GPTMS, and Tween 20 were purchased from Sigma Aldrich. CB powder

(Vulcan XC-72) was supplied by Cabot Corporation.

METHODS

Preparation of gelatin-CB-GPTMS Film Scaffolds

The preparation of the gelatin-CB-GPTMS (G-CB-GPTMS) scaffolds by solvent casting technique is schemati-

cally shown in figure 1. Firstly, a 5 % (w/v) gelatin solution was prepared by dissolving the gelatin powder in the

Milli-Q ultrapure water at 50°C under continuous stirring on a magnetic stirrer. The CB suspension was prepared

by dissolving the CB powder in Milli-Q water with a concentration of 1 % (w/v). After adding a volume of 100 μL
of Tween 20 to the suspension, a homogenous conductive solution was obtained by dispersing CB with sonication

at a power of 2 W for 2–3 h (5 min break for every 15 min).

The G-CB-GPTMS solutions with different CB amounts were obtained by adding to a volume of gelatin

solution the CB solution at four concentrations of 0.3%, 0.5 %, 0.7 %, and 0.9 % (w/w) with respect to gelatin

solution along with GPTMS at concentration of 1.84 % (v/v). The amount of the crosslinker was selected on the

basis of our previous works to guarantee the biocompatibility of the composite structures in view of the intended

application.20 The resulting mixtures were then subjected to another sonication cycle for about 15 min at 2 W for

obtaining a homogeneous G-CB-GPTMS solution.

FIG. 1 Schematic illustration of the fabrication process of G-CB-GPTMS scaffolds.
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Starting from the G-CB-GPTMS solutions, the scaffolds were obtained by film casting technique according

to procedures schematically described in figure 1. For the purpose of mechanical and swelling characterization,

2 mL of each G-CB-GPTMS solution were cast into a rectangular acrylic homemade mold (50 by 10 by 5 mm3)

placed on a leveled table and frozen for 30 min to speed up the hydrogel formation and to avoid the CB pre-

cipitation. Then, samples were air-dried at a room temperature (25°C) and demolded after 36 h casting to obtain

rectangular dry thin films with an average thickness of 140 μm (see fig. 2). For the purpose of electrical char-

acterization, 4 mL of each G-CB-GPTMS solution were casted into polystyrene Petri dishes of 35 mm in diameter.

With the same procedure, the control group films were prepared by casting gelatin-GPTMS solution (G-GPTMS,

without any addition of CB) in dedicated molds.

Swelling and Dissolution Tests

The procedure to evaluate water swelling properties of the G-CB-GPTMS hydrogel scaffolds can be summarized

as follows: the weight of dry G-CB-GPTMS scaffolds was initially measured for each CB concentration under

investigation. These scaffolds were then placed in Milli-Q water at 25°C, and the weights of the hydrated samples

were recorded at regular time intervals until they swelled to equilibrium. The mass swelling ratio (SR) was calcu-

lated as described by others21:

SRð%Þ =
�
Ws −Wd

Wd

�
× 100 (1)

where Ws and Wd are the swollen and dry weight, respectively.

At each time point (every 30 min for about 7 h), the measurements were performed in triplicate on each kind

of G-CB-GPTMS films and on control samples. After the swelling test, all the samples were dried at 25°C for 48 h,

and then they were weighted again and to estimate the dissolution percentage (D) as described in21:

Dð%Þ =
�
Wd −WD

Wd

�
× 100 (2)

where WD is the weight of the dried samples after the swelling test.

Moreover, the thickness of the rectangular dry and swelled films was evaluated using an analogic micrometer

with an accuracy of 10 μm and compared. In order to estimate the average thickness on each sample, three

random locations on a film were used. The measurements were performed on three G-CB-GPTMS samples

for each CB concentration under investigation and on three control samples.

Contact Angle Measurements

The water contact angle was measured using the sessile drop method. A Milli-Q water droplet of approximately

1 μL was gently put in contact with the dry film surface. The profile of the sessile drop was then analyzed by means

of a telescope-goniometer for calculating the contact angle according to the θ/2 method22:

FIG. 2 Photograph and schematics of two examples of gelatin-based hydrogels prepared with two of the five

concentrations (% w/w) of CB under investigation. Gelatin without any addition of CB (control sample) or

incorporating the maximum amount of CB are shown in the figure.
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θðdegreeÞ = 2tan−1
�
2h
w

�
(3)

where h is the height of the drop, and w is the width of the drop. For the determination of the average contact

angle on each sample, four readings were taken on random locations on the film. Each reported contact angle was

the mean value of the measurements taken on three G-CB-GPTMS specimens for each CB concentration and on

three control samples.

Mechanical Characterization

Mechanical properties of the rectangular-shaped hydrogel scaffolds were assessed by uniaxial tensile tests con-

ducted on a Z005 series Zwick/Roell testing machine endowed with a 100-N load cell. The samples were hydrated

prior to mechanical testing in Milli-Q water at 25°C for 2 h. Each hydrated sample was fixed on the machine’s

standard grips covered with fine paper to reduce the slippage and then strained at a strain rate of 1 % per minute

until failure. From the stress–strain graph of each specimen, the tensile strength and the Young’s modulus or

elastic modulus (E) were calculated. E was calculated as the slope of the fitted line on the stress–strain curve in the

range of 3 % to 5 % of strain. Three G-CB-GPTMS specimens for each CB concentration and three control

samples were tested and compared.

Fourier Transform Infrared-Attenuated Total Reflectance Spectroscopy Analysis

Fourier transform infrared (FTIR) spectroscopic analysis was performed on each single samples’ component

(G, CB, and GPTMS) and on both control (G-GPTMS) and test specimens (G-CB-GPTMS) in the range of

900–4,000 cm−1, using an Agilent 660 FTIR spectrophotometer with a focal plane array detector, operating

in the Attenuated total reflection (ATR) mode. For each sample, data were acquired at a spectral resolution

of a 4 cm−1 with 38 scans.

Morphological Characterization

Scanning electron microscope (SEM) images obtained using the Philips XL 20 were used to assess the cross-

sectional morphology of G-GPTMS and G-CB-GPTMS samples. Specimens were fractured along a direction

parallel to the surface in liquid nitrogen using a cutting nipper. Samples were gold sputter-coated prior to

SEM analysis. An acceleration voltage of 15 kV and a working distance of about 10 mm were used to acquire

images.

Electrical Impedance Characterization

Impedance measurements were performed using an Agilent E4980 impendence meter and a four-point probes

configuration over a range of 20 Hz and 2 MHz at 25°C. Two adhesive copper electrodes were used as probes–

hydrogels interface. Measurements on round shaped scaffold were conducted on hydrated samples (after 2 hours

of immersion in Milli-Q water) within Petri dishes. The experimental setup is shown in figure3. Electrical imped-

ance tests were performed in triplicate both on control samples (G-GPTMS) and on test samples (G-CB-GPTMS)

at each CB concentration under investigation.

Statistical Analysis

Unless specified otherwise, all the results were presented as mean and standard deviation. One-way statistical

analyses of variance combined with a Tukey’s post hoc test were used with a significant level p of 0.05 to determine

differences among the samples.

Results and Discussion

SWELLING AND DEGRADATION TESTS

SR is one of the main properties that can affect biomaterials’ biocompatibility. In fact, for the tissue engineering

applications, a high degree of SR is a significant indicator of hydrogel scaffolds’ capability to absorb water so as to
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mimic the biomechanical properties of native tissues, to transfer nutrients and metabolites, and to promote cell

infiltration and adhesion into the structure. The SRs of the G-CB-GPTMS samples and of the neat cross-linked

gelatin samples were calculated according to equation (1), and the swelling profiles over time are shown in the

graph in figure4, with the standard deviations were marked using the error bars to give a clue about the statistical

differences among the acquired data sets. It is seen that G-CB-GPTMS and G-GPTMS hydrogels had the same

swelling trend even if, especially at the first time points of investigation, G-GPTMS scaffolds showed a higher SR

than that of the samples filled with CB because of the completely hydrophilic nature of their bulk material. This

means that water absorption and diffusion into the gel was hindered by the hydrophobic nature of the CB

microparticles dispersed within the bulk materials.23,24 It was also found that the water uptake of the films de-

creased as CB content increased in the range 0.3–0.7 % (w/w). This suggests that these concentrations allowed a

homogeneous dispersion of the conductive filler within the matrix, and consequently, a homogenous crosslinking

density between gelatin and CB particles, which hampered the diffusion of water molecules.25 Indeed, this behav-

ior was not observed in the samples filled with the 0.9 % of CB, suggesting that this concentration did not guar-

antee a good dispersion of the filler in the matrix, but it induced the formation of CB agglomerations, which in

turn reduced G-CB interactions so that to facilitate the diffusion of water within the hydrophilic matrix. However,

FIG. 3

Picture of the

experimental setup used

for the electrical

impedance

measurement.

FIG. 4 Swelling property characterization. Percentage of increase of the weight (SR (%)) of G-CB-GPTMS hydrogels as a

function of time and CB concentrations obtained from the samples immersed in Milli-Q ultrapure water (25°C)

over time.
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no statistical differences were found in the water uptake capability of G-GPTMS and all the G-CB-GPTMS sam-

ples just from the second hour of immersion in the aqueous medium (see fig. 5).

Given the shape of the sample, which can be approximated to a truss (i.e., with its length much more longer

with respect to the other two dimensions) with a rectangular cross section, experimentally it was easier to measure

the changes in length with respect to the changes in thickness, because of the isotropy of this phenomenon in

these types of hydrogel. However, as the thickness of a construct for tissue engineering applications is a design

parameter that can influence its mechanical and transport properties and the achievable cell density through the

structure,26 the thickness of dry and hydrated samples was measured and compared in order to investigate how it

could be influenced by different concentrations of CB. The measurements were performed after placing the sam-

ples in Milli-Q ultrapure water for 2 h.

The average thickness of dry films of both G-CB-GPTMS and G-GPTMS was 140 μm because the volume of

solution used for solvent casting was always the same. The thickness of hydrated samples is reported in Table 1.

No significant differences were found among the hydrated composite films and between composite films and

controls; all the samples increased their thickness to about 70 % with respect to their dry state. These findings

suggested the addition of different amounts of CB could be embedded in the gelatin matrix without any impact on

the wet films’ thickness.

Finally, as regard to the degradation tests, after 7 h of immersion in Milli-Q water, the samples were dried to

quantify their stability by measuring the weight loss according to equation (2). As shown in figure 6, the per-

centage of degradation or loss of bulk material is significantly reduced as we increased CB concentrations. That is,

the incorporation of CB in a concentration greater than 0.3 % (w/w) significantly increased the overall stability in

the selected medium of the composite films with respect to the controls. However, no significant difference among

all the G-CB-GPTMS films was found regarding their degradation.
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FIG. 5

Swelling test results. SR

of G-CB-GPTMS

hydrogels as a function

of CB concentrations in

the most significant time

points.

TABLE 1
G-CB-GPTMS film thickness as function of the CB content. The measurements
were performed after immersing the samples for 2 h in Milli-Q ultrapure water
(25°C). No significant differences (p< 0.05) were found among each group

CB Content (% w/w) Film Thickness (μm)

0 240.7 ± 0.5

0.3 241.3 ± 1.1

0.5 243.7 ± 3.2

0.7 240.3 ± 0.6

0.9 241 ± 1.7
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MECHANICAL CHARACTERIZATION

Because it is well known that the mechanical properties of scaffolds can significantly affect the behavior of cells,

G-GPTMS and G-CB-GPTMS samples were mechanically tested to investigate the suitability of the proposed

structures for neural regeneration.27,28 The Young’s modulus (E) was calculated from the stress–strain curves,

and it is shown in figure 7 as a function of conductive filler content. In general, it is expected that a carbon-based

additive contributes to the reinforcement of a polymeric matrix, and thus, an increase in E is expected because of

the addition of CB. In our study, on the contrary, it was found that the G-GPTMS samples showed a significantly

higher E when compared with the composites of G-CB-GPTMS samples. This behavior is in line with that de-

scribed by other authors in literature.29 With the 0.3 % (w/w) of CB, E decreased up to about 50 % when compared

with G-GPTMS samples, then it slightly increased when the conductive filler was increased until 0.7 % (CB), and

finally, with 0.9 % (w/w) of CB, a slight drop of E was evidenced. However, comparing the elastic moduli of all the

G-CB-GPTMS samples, no significance differences were observed among them. The results obtained in this sec-

tion were in good accordance with previous studies about the effect of SR on the elastic modulus in hydrogels.30,31

In fact, the lower E in the composite films with respect to pure G-GPTMS specimens was due to decreasing of the

FIG. 6 Degradation characterization. Percentage decrease of the weight (D (%)) of G-CB-GPTMS hydrogels for different

CB concentrations. The measurements were performed on dried samples after about 7 h of immersion

in Milli-Q ultrapure water. The symbol (*) indicates a statistical significance (p<0.05) between the groups.

FIG. 7

Mechanical

characterization of

G-CB-GPTMS hydrogel.

Young’s moduli of the

composite gelatin-based

films for different

CB concentrations.

The symbol (*) indicates

a statistical significance

(p<0.05) between the

groups.
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water uptake resulted mainly from the barrier effect of CB microparticles for the diffusion of water and its effect

on the chemical crosslinking process between gelatin chains.30–32 Our experiments found that the incorporation

of CB with a concentration between 0.3–0.7 % (w/w) caused a growing homogeneous saturation of the gelatin

matrix with hydrophobic conductive microparticles, thereby decreasing the SRs and increasing the elastic moduli

(lower however respect to the pure G-GPTMS samples). The addition of 0.9 % (w/w) of CB probably caused

agglomerations of conductive microparticles that hampered gelatins chains interactions resulting in a higher water

uptake accompanied by a drop of the elastic modulus. Moreover, our results suggested that the proposed G-CB-

GPTMS films reached its optimal concentration limit at 0.7 % (w/w) of conductive filler and in accordance with the

percolation threshold theory previously reported by others.33

Results from the mechanical characterization also suggested that, even if the addition of the CB caused

a significant lowering of elastic modulus with respect to the control samples, the G-CB-GPTM films did not

achieve a suitable mechanical similarity with their natural counterparts. In fact, neural substrates have an elastic

modulus approximately ranging from 2 kPa to 40 kPa.34 Despite this aspect, it cannot be ruled out that the

presented G-CB-GPTMS structure could support neural growth as proved by others in literature.35 In this regard,

as a second stage of this work, the response of neural cells to these structures will be evaluated to validate whether

there is an effect of interest to pursue this material for its final application or if a modulation of the composition of

the structures will be needed in favor of structures with improved mechanical properties.

MORPHOLOGICAL CHARACTERIZATION

SEM was used to analyze the morphology of the proposed hydrogels. SEM micrographs of films’ cross section

at two high magnification (×10,000 and ×30,000) for each CB concentration under investigation are observed in

figure 8. Morphological changes were detected inside the films because of the increasing amount of CB loading.

As expected, the cross-sectional surface of pure cross-linked gelatin films appeared to be smooth, compact, and

homogeneous. The cross-sectional surface of the films filled with the 0.3 % and 0.5 % CB appeared compact and

homogeneous as well, reflecting a good dispersion of the conductive microparticles within the cross-linked

matrix. A loss of cross-sectional homogeneity was found in G-CB-GPTM films loaded with 0.7 % of CB, in which

the conductive microparticles appeared mostly well dispersed, even if some small CB aggregates started to form.

Finally, the SEM images of G-CB-GPTMS films loaded with the 0.9 % of CB showed a smooth cross section as

those of pure cross-linked gelatin but endowed with CB agglomerations that demonstrated the absence of a uni-

form distribution of the conductive microparticles within the material. These findings confirmed all the deduc-

tions about the mechanical and swelling behavior of the presented G-CB-GPTMS hydrogels.

CONTACT ANGLE MEASUREMENTS

An important surface property that significantly influences the biocompatibility of a material for tissue engineer-

ing purposes is its surface wettability, which quantifies the capability of a fluid to spread on a surface. The wet-

tability of a material, with respect to a specific fluid, can be determined by measuring the contact angle of the fluid

and the material.36 In our study, we measured the value of water contact angle to investigate how the well-known

hydrophilic properties of G-GPTMS films can be altered by the introduction of different contents of CB.

The water contact angles were calculated according to equation (3), and the results are shown in figure 9: the

hydrophilicity of the hydrogel films did not significantly change with the CB content and with respect to the

control samples. This finding evidenced from the wettability point of view about the potentiality of the proposed

hydrogel films to accommodate and support the neural cells’ growth.

FTIR-ATTENUATED TOTAL REFLECTANCE SPECTROSCOPY ANALYSIS

FTIR-ATR spectra for CB, GPTMS, and pure gelatin are shown in figure 10. In the GPTMS’s spectra, the

broad peak at 1,087 cm−1 was characteristic of the Si-O-CH3 stretching vibration of ethoxy groups. The bands

at 1,342 cm−1 and 1,640 cm−1 corresponded to the epoxy-ring stretching. Furthermore, peaks at 2,842 and

2,947 cm−1 accounted for –CH2 and –CH3 symmetric stretching.37
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In the pure gelatin spectra, the bands at 1,239 cm−1, 1,547 cm−1, 1,630 cm−1, and 3,282 cm−1 were

respectively related to the amide-A, amide-I, amide-II, and amide-III. Meanwhile, the bands at 3,293 cm−1

corresponded to the N-H and O-H stretching vibrations.38

In figure 11, FTIR spectra of G-CB-GPTMS samples are reported for every CB concentration under inves-

tigation. All the spectra clearly showed the peaks related to the gelatin’s main functional groups. Additionally,

characteristic bands of Si-O-Si bonds and of Si-OH stretching vibrations were observed in all the spectra at

FIG. 8

Morphological

characterization

of G-CB-GPTMS

hydrogels via SEM

as a function of the

CB concentration at two

magnifications.
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920 cm−1 and 1,030 cm−1, respectively, as a demonstration of the formation of some cross-links (covalent bonds)

between G and GPTMS.16 However, the spectra could not provide any information about the increasing quantities

of CB within the specimens and about the efficacy of crosslinking process by increasing the CB concentration.

IMPEDANCE MEASUREMENTS

Besides physical, biochemical, or mechanical properties, the electrical cues are one of the main prerogatives that

neural tissue constructs have to show to efficiently support the functionalities of neural cells.39 Therefore, impedance

measurements were performed to investigate the electrical properties of round hydrated shaped gelatin-based films

as a function of frequency for different incorporated quantity of CB. The results from impedance measurements are

reported in figure 12. It was found that the impedance spectra of G-CB-GPTMS samples were consistent with those

observed by others in the main neural tissues.40,41 As it can be observed in figure 8, pure cross-linked gelatin

samples showed a higher electrical impedance as compared with composite ones in all the analyzed frequencies’

spectrum. The impedance of the G-CB-GPTMS films exhibited a decreasing impedance trend with the increase in

FIG. 9

Characterization of

the wettability surface

property of the G-CB-

GPTMS films. Water

contact angle was

measured on hydrogels’

surface for different

CB concentrations.

No significant

differences (p<0.05)

were found among each

group.
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concentration of CB concentration; furthermore for each CB concentration, a significant decreasing of impedance

was recorded around the frequencies commonly used in literature used for in vitro neural stimulations.42–44 This

behavior clearly suggests that higher concentration of CB can favor the passage of an increasing resistive current
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FIG. 11

FTIR-ATR spectra of the

G-CB-GPTMS films for

different CB

concentrations.

FIG. 12

Electrical

characterization.

Magnitude of electrical

impedance of G-CB-

GPTMS hydrogels as

a function of the

frequency for different

CB concentrations.

The measurements were

performed after

hydrating the samples

for 2 h in Milli-Q ultrapure

water (25°C).
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through the CB network within the gelatin matrix, improving its electrical conductibility. The overall results dem-

onstrated, on the one hand, the possibility to tune the electrical properties of the presented structures to control cell

behaviors by providing proper electrical stimuli10; on the other hand, they demonstrated the possibility to employ

the presented structures as sensing substrates to record impedance change correlated with cellular activity.

Conclusions

Recently, soft and biocompatible hydrogels with enhanced electrical properties have gained considerable attention in

neural tissue engineering for their capability to enable not only biochemical and physical interactions but also electro-

mechanical stimuli intimately mimicking the native neural tissues’ ECM. In the presented study, chemically cross-

linked and conductive hydrogels based on gelatin and different content of CB were fabricated in the form of films by

the solvent casting technique and investigated for neural repair purpose. The proposed hydrogels were characterized in

terms of morphological, compositional, swelling, dissolution, wettability, mechanical, and electrical properties as func-

tion of CB content. The films’ thickness in hydrated state did not vary with the incremental content of CB reaching a

value of 240.1 ± 0.6 μm (almost 70 % more than that of dry films) after approximately 2 h of immersion in Milli-Q

ultrapure water. The water uptake capability of the composite hydrogels relatively decreased for the CB concentration

range of 0.3 %–0.7 % (w/w) in the gelatin matrix, while the dissolution in Milli-Q water significantly improved by

increasing the percentage of CB content because it reduces the hydrogels’ degradation over the time. In agreement

with the degradation tests, the FTIR-ATR spectra on the G-CB-GPTMS revealed the occurrence of crosslinking proc-

ess. It was even found that the well-known surface hydrophilicity of the pure gelatin did not change with the increase

in CB content. From the mechanical point of view, the composite hydrogels exhibited a lower elastic modulus (7.7–

9.3 MPa) with respect to that of pure cross-linked gelatin-based hydrogels (15.49 ± 0.64MPa). Although the presented

mechanical properties did not precisely match with those of the common neural tissue, nevertheless, this research

evidence did not preclude the effectiveness of the presented structures for neural tissue regeneration as demonstrated

by others in literature.35 The morphological characterization of the G-CB-GPTMS samples via SEM confirmed all the

deduction about the mechanical and swelling properties of hydrogels. Further, SEM images demonstrated that the

concentration of 0.9 % of CB was too high to guarantee a uniform dispersion of the filling agent inside the gelatin

matrix, causing a degradation of both mechanical and swelling properties.

Finally, the incorporation of an increasing content of CB enhanced the electrical performance of the gelatin

hydrogel matrix as demonstrated by lowering the electrical impendence.

Based on the presented results, the proposed G-CB-GPTMS hydrogels could be considered as potential

scaffolds with controllable and tunable mechanical, swelling, and electrical cues for tissue engineering applica-

tions. However, further studies are needed to assess the cells behavior on the presented structures and the effect of

the electrical stimulation on cells adhesion and differentiation. On the basis of the cell tests’ outcome, we could go

on investigating if a modulation of the composition of the presented structures will be needed in order to get

engineered hydrogels with improved mechanical, electrical, and morphological properties that better recapitulate

those of the neural tissues.
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