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Purpose: Aim of the work was to develop a potential neural scaffold, endowed with neuroprotective and neuroregenerative potential,
to be applied at the site of nervous tissue injuries: nanofibers, consisting of gellan gum (GG), spermidine (SP) and gelatin (GL), were
prepared via electrospinning. SP was selected for its neuroprotective activity and cationic nature that makes it an ideal GG cross-
linking agent. GL was added to improve the scaffold bioactivity.

Methods: Mixtures, containing 1.5% w/w GG and increasing SP concentrations (0-0.125% w/w), were prepared to investigate GG/
SP interaction and, thus, to find the best mixture to be electrospun. Mixture rheological and mechanical properties were assessed. The
addition of 0.1% w/w GL was also investigated. The most promising GG/SP/GL mixtures were added with poly(ethylene oxide)
(PEO) and poloxamer (P407) and, then, electrospun. The resulting fibers were characterized in terms of size and mechanical properties
and fiber morphology was observed after soaking in water for 24 hours. Nanofiber biocompatibility was assessed on Schwann cells.
Results: More and more structured GG/SP mixtures were obtained by increasing SP concentration, proving its cross-linking potential.
After blending with PEO and P407, the mixture consisting of 1.5% w/w GG, 0.05% w/w SP and 0.1% w/w GL was electrospun. The
resulting nanofibers appeared homogenous and characterized by a plastic behavior, suggesting a good mechanical resistance when
applied at the injury site. Nanofibers were insoluble in aqueous media and able to form a thin gel layer after hydration. GG/SP/GL
nanofibers showed a higher compatibility with Schwann cells than GG/SP ones.

Conclusion: SP and GL allowed the production of homogenous GG-based nanofibers, which preserved their structure after contact
with aqueous media and showed a good compatibility with a neural cell line. After local application at the injury site, nanofibers
should support and guide axonal outgrowth, releasing SP in a controlled manner.
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Introduction

Over the last few decades, the electrospinning has been recognized as a valuable technique that enables the production of
nanofibrous scaffolds for different biomedical purposes, among which the restoration of the broken neural circuitry at the
site of nervous tissue injuries.' > Such lesions, caused in most cases by mechanical traumas, represent a challenging
clinical issue worldwide and, nowadays, the treatments are often ineffective or provide only a partial functional
recovery.*> Nervous defects and injuries may involve the central nervous system (CNS), specifically the spinal cord,
and/or the somatic and autonomic components of the peripheral nervous one (PNS).® The neurons of CNS and PNS
differently respond to axotomy; the difference in CNS and PNS regenerative potential may be explained by the difference
in neuroglia composition. In PNS, the presence of Schwann cells provides, at the site of injury, a pro-regenerative milieu
by maintaining a constant nutrient supply to nervous tissue, myelinating nerve fibers, secreting neurotrophins and
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producing extracellular matrix (ECM) components. On the counter part, in CNS, axons do not regenerate in their native
environment: astrocytes participate in the formation of a dense scar that circumscribes the site of damage and
oligodendrocytes express inhibitory factors, which hinder axonal outgrow‘[h.5’7’8

Despite the capacity of peripheral nerves to regenerate after damage, in the most severe cases, a combined therapeutic
approach, ensuring both a neuroprotective and neuroregenerative effect, is required to restore the cavitary defects formed
in nervous tissue. In the literature, a huge number of research articles have been published regarding the successful use of
electrospun nanofibers as scaffolds for neural tissue applications.** "

Once applied at the nervous tissue injury, nanofibers, consisting of biocompatible and biodegradable polymers,
provide a bioinspired three-dimensional pro-regenerative environment, filling the lesion gap, supporting and guiding
axonal outgrowth and, thus, promoting a proper functional recovery.'*'> The versatility of the electrospinning technique
allows to design and obtain fibers with optimized architectural and mechanical features for the intended therapeutic use;'®
in particular, it has been demonstrated that fiber size, texture, density and orientation could be affected by several
parameters, related to the process (spinneret-collector distance, applied voltage and flow rate), to the collector geometry
and, obviously, to the polymeric solution or blend to be electrospun.'”"°

In a previous work of ours, a gellan gum (GG)-based composite system, loaded with a drug candidate with
neuroprotective effect (RC-33), was developed for the local treatment of nervous tissue injuries. The design of the
system, consisting of nanofibers embedded in a freeze-dried RC-33-loaded matrix, was functional to fill the lesion gap,
control drug release and support axonal regrowth. Nanofibers, representing the inner structure of the composite system,
were prepared by electrospinning a solution composed of GG, two different grades of poly(ethylene oxide) (PEO) and
poloxamer; after cross-linking with calcium ions, the fibrous mat was soaked in a GG-RC-33 solution and, then, freeze-
dried.””

Based on the experience gained with the electrospinning of GG-based solutions, the present work deals with the
development of a fibrous scaffold to be implanted at the site of nervous tissue injuries. It consists of electrospun

21-27

nanofibers based on GG, an attractive anionic polysaccharide in neural applications, and spermidine (SP), a biologic

polyamine. SP was used as multifunctional agent for the preparation of nanofibers. In fact, SP cationic nature at
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physiological pH makes it an ideal cross-linking agent for anionic polysaccharides, such as GG. Moreover, SP is
characterized by a neuroprotective activity: it preserves neurons from oxidative damage and modulates the over-
expression of pro-inflammatory cytokines at the injury site.”**®

GG/SP mixtures, containing a fixed GG amount and increasing SP concentrations, were prepared and characterized to
identify the GG/SP mixture most suitable for the preparation of the polymeric solutions to be electrospun. Due to the
challenging GG electrospinnability, the GG/SP mixture selected for the prosecution of the work was blended with PEO,
a spinning-enhancer synthetic polymer, and poloxamer, a surfactant agent. The addition of gelatin (GL) as bioactive
molecule was also investigated to obtain electrospun nanofibers endowed with a greater compatibility with nervous cells
and, thus, a higher capability to enhance cell attachment and colonization after in vivo application.?**

To the best of our knowledge, this is the first time that nanofibers, containing GG cross-linked with SP, were prepared
by the electrospinning technique. When nanofibers come into contact with aqueous fluids, the water-soluble synthetic
fiber components (PEO and poloxamer) should dissolve, while GG/SP/GL, forming physical hydrogels, should preserve
the original fibrous structure. Therefore, after application at the injury site, the resulting GG/SP/GL hydrogel nanofibers

should support and guide axonal outgrowth and their degradation should be responsible for a SP controlled release.

Materials and Methods

Materials

Deacetylated gellan gum (GG, Gelrite™; Kelco Division of Merck & Co., Rahway, New Jersey, USA), spermidine
trihydrochloride (SP; Sigma Aldrich, Milan, Italy), gelatin from porcine skin (GL, gel strength 90-110 g Bloom, Type A;
Sigma Aldrich, Milan, Italy), poly(ethylene oxide) of high molecular weight (h-PEO, MW = 4000 kDa; Colorcon,
Dartford, United Kingdom), poly(ethylene oxide) of low molecular weight (I-PEO, MW = 600 kDa; Sigma Aldrich,
Milan, Italy) and Kolliphor P407 poloxamer (P407; Sigma Aldrich, Milan, Italy) were used for the preparation of the
polymeric solutions to be electrospun.

For the experiments with Neuronal Schwann cells RT4-D6P2T (ATCC CRL-2768), the materials hereafter reported
were used. Dulbecco’s Modified Eagle’s Medium (ATCC-30-2002) was purchased from LGC Standards S.r.L. (Milan,
Italy), while inactivated Fetal Bovine Serum (FBS) from Biowest (Nuaillé, France). Phosphate Buffer Solution (PBS),
antibiotic/antimycotic solution (100X stabilized with 10,000 units penicillin, 10 mg streptomycin, and 25 g amphotericin
B per mL) and trypsin—-EDTA solution were purchased from VWR (Radnor, Pennsylvania, USA). Dimethyl sulfoxide
(DMSO), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and Trypan Blue solution were pur-
chased from Sigma-Aldrich (Milan, Italy).

Preparation of GG/SP Mixtures

Different GG/SP mixtures (GG/SP1-GG/SP6), containing 1.5% w/w GG and increasing concentrations of SP, were
prepared in distilled water (Table 1). In details, 2% w/w GG solution, prepared at 60°C, was blended with different SP
solutions according to 3:1 w/w ratio; each mixture was then maintained under vigorous magnetic stirring for 15 minutes
at 60°C. A solution of pure GG, free of SP, was also prepared (Table 1).

Table | Quali-Quantitative Composition
of GG/SP Mixtures, Expressed as % w/w

Mixture GG SP

GG 1.5 0

GG/SPI 1.5 0.017
GG/SP2 1.5 0.025
GG/SP3 1.5 0.050
GG/SP4 1.5 0.0625
GG/SP5 1.5 0.075
GG/SPé 1.5 0.100
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Characterization of GG/SP Mixtures
Rheological Analysis
Rheological analysis was carried out by means of a rotational rheometer (MCR 102, Anton Paar, Turin, Italy) equipped
with a parallel-plate combination (PP50, & = 50 mm) as measuring system. All the experiments were performed at 30°C
and the gap was set at 0.5 mm; three replicates were considered for each sample.

Mixture viscosity was investigated in a wide shear rate interval (10-1000 s '). In an attempt to evaluate, on
a consistent basis, the increment of viscosity following the addition of increasing SP concentrations, the parameter
nGG/SP/MGG was calculated for each GG/SP mixture at three different shear rates (50, 500 and 1000 s™'): at each value
of shear rate considered, nGG/SP and nGG were the viscosity of GG/SP mixture and GG solution free of SP,
respectively. Mixture viscoelasticity was investigated by dynamic oscillatory experiments, such as stress sweep test
and oscillation test. In the stress sweep test, increasing stresses were applied at a constant frequency (1 Hz) and the elastic
response of the sample, expressed as storage modulus G’, was measured as a function of stress; such a test allowed the
identification of the linear viscoelastic region, characterized by constant G’ values on increasing stress. In the oscillation
test, a shear stress, chosen in the linear viscoelastic region previously determined, was applied at increasing frequencies
(1-20 Hz) and G’ (storage modulus) and G” (loss modulus) profiles were recorded. Loss tangent value (tgd) was also
calculated as G”/G’ for each GG/SP mixture at 10 Hz. Moreover, in an attempt to investigate the frequency dependence
of G’ following the addition of increasing SP concentrations, the parameter AG’/G’yy, was calculated for each GG/SP
mixture, where AG” was the difference between G’ measured at 20 Hz (G’,»on,) and G’ at 1 Hz (G’ 1p,).

Texture Analysis

After rest for 24 hours at room temperature in a cylindrical mold, mixtures were subjected to a compression test by
means of a TA.XT plus Texture Analyzer (Stable Micro Systems, Godalming, United Kingdom), equipped with a 1 kg
load cell and a P/10 measuring system, consisting of a cylindrical probe with a diameter of 10 mm. Before testing, each
sample was placed in a thermostatically controlled water bath at 30°C for 15 minutes. The probe was lowered with a test
speed equal to 1.00 mm/s for a distance of 25 mm in order to determine an 80% sample deformation. Three replicates
were carried out for each mixture; GG solution was considered as reference.

Compressive stress—strain curves were produced and the following parameters were considered: a) hardness that is the
maximum compressive force (F,.¢) per unit area required for sample destructuring; b) Young’s modulus (YM) that was
calculated as the slope of the tangent at the first part of the compressive stress—strain curve (<15% of strain) in order to
investigate the ability of each mixture to withstand changes in length when subjected to compression.

Preparation of the Polymeric Solutions for Electrospinning
GG/SP3 and GG/SP4 mixtures were added with 2.2% w/w poly(ethylene oxide) (PEO) at low molecular weight (I-PEO)
and 0.5% w/w PEO at high molecular weight (h-PEO); poloxamer P407 was also added at the concentration of 2% w/w
(Table 2). A polymeric solution free of SP (S), consisting of 1.5% w/w GG, 2.2% w/w 1-PEO, 0.5% w/w h-PEO and 2%
w/w P407, was prepared and used as reference. GG-containing polymeric solutions were prepared in distilled water and,
then, maintained under magnetic stirring overnight at room temperature before electrospinning.

The viscosity of all the polymeric solutions (S, S3 and S4) was assessed (see Supplementary Data).

Table 2 Quali-Quantitative Composition of the Polymeric Solutions for Electrospinning, Expressed

as % wiw
Formulation GG SP I-PEO h-PEO P407
S 1.5 0 2.2 0.5 2
S3 1.5 0.05 2.2 0.5 2
S4 1.5 0.0625 2.2 0.5 2
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GG/SP Nanofiber Preparation

All polymeric solutions were electrospun by using an electrospinning apparatus (STIKIT-40; Linari Engineering,
Grosseto, Italy), equipped with a high-voltage power supply (Linari Engineering), a syringe pump (Razel Scientific,
Saint Albans, VT, USA) and a collector plate (Linari Engineering); solutions were pumped at a rate of 0.8 mL/h through
a 21 gauge needle with a length of 15 mm. Process parameters, such as spinneret—collector distance and applied voltage,
were varied: the best electrospinning conditions were identified at 20 cm and 20-25 kV. The electrospinning process was
performed at atmospheric pressure, maintaining temperature and relative humidity in a range of 30-35°C and 15-30%,
respectively.

GG/SP Nanofiber Characterization
Morphological Properties
Fiber morphology was observed by means of a scanning electron microscope (Tescan Mira3 XMU, Brno, Czech
Republic). Afterwards, fiber sizes were measured using the imaging analysis program Imagel 2.0; thirty fibers were
considered for each sample.

Moreover, GG/SP-containing fibers were soaked in distilled water for 24 hours and, then, dried at room temperature;
a morphological investigation was carried out also on the resulting hydrated fibers.

Mechanical Properties: Resistance to Deformation

Fiber mechanical properties were assessed by means of a TA.XT plus Texture Analyzer, equipped with 5 kg load cell.
Each sample was cut (1 X 3 cm) and then clamped on an A/TG tensile grips probe; an initial distance of 1 cm between the
grips was set. The upper grip was raised at a constant speed of 10 mm/s for a distance of 50 mm. Before testing, fiber
thickness was measured by means of a Sicutool 3955G-50 (Milan, Italy) apparatus. Tensile strength was calculated at
different strain % (10%, 20%, 30%, 40% and 50%); three replicates were considered for each sample.

GG/SP/GL Nanofiber Preparation and Characterization

GG/SP3 was added with 0.1% w/w GL (GG/SP/GL); a GG/GL mixture containing 1.5% w/w GG and 0.1% w/w GL was
also prepared. GG/SP/GL was subjected to rheological and texture analyses as previously described in the subsections
“Rheological analysis” and “Texture analysis”.

Thereafter, GG/SP/GL mixture, containing 1.5% w/w GG, 0.05% w/w SP and 0.1% w/w GL, was added with 2.2%
w/w 1-PEO, 0.5% w/w h-PEO and 2% w/w P407 and, then, electrospun as described in the section “GG/SP nanofiber
preparation”. The resulting nanofibers (S3-G) were characterized for their morphological and mechanical properties (see
section “GG/SP nanofiber characterization™).

Moreover, GG/SP and GG/SP/GL nanofibers were analyzed for their water retention capacity. Fibers were cut into
pieces having a surface area of approximately 1 cm?, weighted and layered on a dialysis membrane in the apical chamber
of a Franz cell (PermeGear, Bethlehem, Palestine). The receptor chamber, thermostated at 37°C, was filled with
phosphate buffer saline (PBS, pH 7.4), mimicking biological fluids. After 24 hours, fiber weight was measured, and
the Water Retention Capacity (WRC) calculated according to the following equation:

WRC% = [(Wf — Wi)/Wi]«100

where Wf was the weight of the hydrated fibers (hydrogel nanofibers), while Wi was the weight of the dried one. For
each sample, three replicates were performed.

In vitro Cell Culture Experiments: Schwann Cells

The cytotoxicity of the electrospun fibers (S3 and S3-G) was assessed on Schwann cells from 4th to 7th passage. Briefly,
cells (50,000 cells/em®) were seeded in the basolateral chamber of Transwell® Permeable Supports (Corning
Incorporated, Corning, New York, USA) for 24 h. After UV-irradiation, fibers were cut into pieces having a surface
area of approximately 1 cm? and, then, placed in the apical chamber for other 24 h with the addition of 0.5 mL of
complete culture medium (CM; DMEM ATCC-30-2002 with 10% FBS and 1% antibiotic/antimycotic solution). After 1,
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3 and 7 days of treatment, cell morphology and fiber topological structure were observed by an inverted microscope
(VWR International, Milan, Italy) and an MTT assay was performed.

Briefly, apical chambers were removed from each well and the medium in the basolateral chamber was discarded; the
cells were rinsed with PBS. Subsequently, an MTT 2.5 uM solution prepared in DMEM without phenol red was added to
each well and incubated for 3 h (37°C and 5% CO,). Finally, MTT solution was removed and DMSO was added to
promote the complete dissolution of formazan crystals, obtained from MTT dye reduction by mitochondrial dehydro-
genases of living cells. The solution absorbance was measured by means of a multi-mode microplate reader (FLUOstar
Omega, Bio-Rad Laboratories Inc., Hercules, California, USA) at 570 nm and 690 nm wavelengths after 60s of mild
shaking. Results were expressed as cell viability % by normalizing the absorbance measured after contact with each
sample with that measured for CM, used as reference. Three replicates were performed for each sample.

Statistical Analyses

Whenever possible, experimental values of the various types of measurements were subjected to statistical analysis,
carried out by means of the statistical package Statgraphics 5.0 (Statistical Graphics Corporation, Rockville, Maryland,
USA). In particular, one-way ANOVA was carried out followed by a Multiple Range Test.

Results

Characterization of GG/SP Mixtures

Rheological Analysis

Preliminary rheological and mechanical investigations were performed on GG/SP mixtures, consisting of a fixed GG
amount (1.5% w/w) and increasing SP concentrations (0-0.1% w/w), to identify the GG/SP mixture most suitable to be
used for the preparation of polymeric solutions to be electrospun. Both rheological and mechanical analyses were
performed at 30°C, that was the temperature at which the electrospinning process was conducted.

Depending on the concentration of the cationic polyamine added to the negatively charged polymer, the appearance,
color and firmness of the obtained GG/SP mixtures was quite different: in particular, an excess of SP was responsible for
syneresis.?’

Figure 1A shows the flow curves of GG/SP mixtures in comparison with a solution of pristine GG at the same
concentration present in the mixtures (1.5% w/w). It can be observed that the presence of SP results in a significant
increase in the viscosity of GG/SP mixtures. In particular, for concentrations of SP > 0.025% w/w (from GG/SP2
onwards), a more and more pronounced “spur” is observed in the flow curves as the concentration of SP increases,
indicating a strong mixture structuring due to SP cross-linking action. Moreover, it must be underlined that the flow curve
of GG/SP6 is characterized by a high variability, due to a poor sample homogeneity; in fact, for such sample a marked
syneresis phenomenon is observed. In order to assess on a homogeneous basis the increase in the viscosity due to the
presence of SP, the ngg/sp/MGG parameter was calculated for each mixture. In Figure 1B, ngg/sp/Mga values calculated at
three different shear rates (low, medium, and high) for all GG/SP mixtures are reported. It can be observed that the
presence of SP produces a marked increase in the ngg/sp/Mcg parameter. Depending on SP concentration, the viscosity of
GG/SP mixtures is 2—10 times greater than the viscosity of the GG solution free of SP.

Since it is well known that GG is able to form self-supporting gels, it seems interesting to evaluate how the presence
of SP could affect the viscoelastic behavior of GG/SP mixtures. As an example, in Figure 2, the storage elastic modulus
(G’) and the loss viscous modulus (G”) profiles of GG solution and GG/SP3 mixture are reported as functions of
frequency. Both GG and GG/SP3 are characterized by a typical hydrogel behavior in the whole range of frequencies: in
particular, the G moduli vs frequency curves of both samples reveal a prevalence of the elastic component on the viscous
one (G’>G”) that appears more evident in presence of SP.

A strict dependence of the mixture elasticity on the cationic polyamine concentration is also highlighted in Figures 3
and 4. The addition of increasing SP amount to the pristine GG solution is responsible for a progressive increase in G’
values in the whole frequency interval: at fixed GG amount, higher the SP concentration, greater is the number of cross-
linking junctions, which can support the stress applied on the sample (Figure 3A and B). Moreover, all the samples (GG

3426 e International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Vigani et al

A 1400
1200 .
- GG/SP1
& 1000 GG/SP2
2 a00 GG/SP3
s —e—GG/SP4
? 600 —e—GG/SP5
3 —e—GG/SP6
£ 400
[72]
200
0 v &
0 200 400 600 800 1000
Shear rate (s™)
B 20
¢ GG/SP1
18
GG/SP2
16
P
o 14 . GG/SP3
£ 3 uGG/SP4
g 0 uGG/SP5
c 5 ° mGG/SP6
6
4 b Ce el o d el
2 8= L b . S '
0 - = .. -1 .-
50 s-1 500 s-1 1000 s

Figure | (A) Flow curves of GG/SP mixtures containing a fixed GG amount (1.5% w/w) and increasing SP concentrations (0.017-0.1% w/w); a solution of pristine GG, free of
SP, was used as reference. Data are expressed as mean # SE (n = 3). (B) nGG/SP/NGG values calculated at three shear rates (50, 500, and 1000 s ') for all the GG/SP mixtures.
Data are expressed as mean % SE (n = 3). ANOVA one-way — Multiple Range Test (p-value < 0.05): 2vs< Pysef cysef dygh ayghfs byl cygfis dygfi ey fi alyqefs by e

solution and GG/SP mixtures) possess loss tangent (tgd) values lower than 1 at 10 Hz (Figure 3C). Since this parameter is
calculated as the ratio G”/G’, values lower than 1 indicate a prevalence of the G’ over G”. In general, a decrease of tgo is
observed on increasing SP concentration, suggesting that the increase in SP concentration is responsible for a more
pronounced prevalence of the elastic contribution of the sample to the viscous one.

Additionally, it is well known that a physical hydrogel, unlike a polymeric solution, is characterized by an elastic
behavior that is independent from the frequency. Therefore, another rheological parameter, AG’/G’y,, was calculated in
order to investigate the frequency dependence of G’ following the addition of increasing SP concentrations. Figure 4
shows that AG’/G’ |y, decreases on increasing SP concentration up to 0.05% w/w (GG/SP3), suggesting the formation of
a gel-like structure due to the cross-linking effect of SP. For SP concentrations higher than 0.05% w/w, no significant
differences are observed among AG’/G’ values.

Texture Analysis

Subsequently, the resistance to compression of each mixture was investigated through a compressive test by means of
a texture analyzer; compressive stress—strain curves of GG solution and GG/SP mixtures are reported in Figure SA. All
the curves are characterized by two major portions: i) a linear region (where compressive stress is proportional to the
applied strain), representing sample elastic deformation, for strain values lower than 20%, and ii) a curvilinear region
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Figure 2 G’ and G” vs frequency profiles of 1.5% w/w GG solution in absence and in presence of 0.05% w/w SP. Data are expressed as mean * SE (n = 3).

(where compressive stress and strain are not characterized by any linear relationships), attributable to sample plastic
deformation, for strain values higher than 20%. Contrary to elastic deformation, plastic deformation is irreversible since
it occurs after gel failure that, in GG/SP5 and GG/SP6 mixtures, is also followed by water leaking through the gel-like
structure.”’ As shown in Figure 5A, the stress—strain curves of GG/SP5 and GG/SP6 mixtures are lower than GG/SP3
and GG/SP4 ones, suggesting their poor water holding capacity when exposed to external forces.

In an attempt to investigate the behavior of GG/SP mixtures when subjected to a uniaxial compressive force in more
detail, two compressive parameters were determined: the hardness, that is the maximum compressive force required for
gel failure, and the Young’s modulus, a parameter directly proportional to gel stiffness and calculated as the slope of the
elastic region. As shown in Figure 5, GG/SP mixtures were characterized by two distinctive patterns of mechanical
response below and above a critical SP concentration at which a maximum gel strength was recorded.

Figure 5B and C suggest that the critical SP concentration was reached in GG/SP3 mixture (0.05% w/w); no
significant differences can be appreciated between GG/SP3 and GG/SP4, in which SP concentration was equal to
0.0625% w/w. The addition of increasing SP concentrations beyond the critical value (>0.0625% w/w) was responsible
for a decrease of both gel hardness (Figure 5B) and stiffness (Figure 5C).

The aforementioned results justify the use of GG/SP3 and GG/SP4 for the preparation of polymeric solutions to be
electrospun. SP concentrations, present in GG/SP3 and GG/SP4 mixtures (0.05% and 0.0625% w/w, respectively) and
recognized as critical, ensured that all the anionic groups on GG chains were occupied by cations, guaranteeing the
maximum GG-SP interaction within the gel network.>'** As evidenced by the rheological analysis above, SP concentra-
tions <0.05% w/w exerted a mild cross-linking effect on GG chains (GG/SP1 and GG/SP2): not all the anionic sites of
GG were occupied by SP and, thus, it could be assumed that such concentrations were not sufficient to guarantee the
insolubility of GG-containing nanofibers after hydration in biologic fluids.

GG/SP Nanofiber Characterization

Morphological Properties

In an attempt to produce homogeneous nanofibers by electrospinning, GG/SP3 and GG/SP4 mixtures were added with
a spinning adjuvant that was polyethylene oxide (PEO) at two different molecular weights, low (I-PEO) and high
(h-PEO); moreover, a surfactant agent, poloxamer (P407), was added to the mixtures in order to reduce the surface
tension of the polymeric solutions and, thus, to enhance the electrospinning process. The quali-quantitative composition
of such solutions, named S3 and S4, was as follows: S3 consisted of 1.5% w/w GG, 0.05% w/w SP, 2.2% w/w 1-PEO,
0.5% w/w h-PEO and 2% w/w P407, while S4 contained 1.5% w/w GG, 0.0625% w/w SP, 2.2% w/w 1-PEO, 0.5% w/w
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Figure 3 (A) Schematic representation of the ionic interactions between GG negatively charged chains and SP; the cross-linking junctions between GG chains and SP allows
the formation of a three-dimensional network able to elastically respond to the applied stresses. (B) G’ modulus vs frequency profiles of GG/SP mixtures; GG solution free
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h-PEO and 2% w/w P407. S solution derived from GG, namely a solution containing the same GG concentration but free
of SP, was used as reference; it consisted of 1.5% w/w GG, 2.2% w/w 1-PEO, 0.5% w/w h-PEO and 2% w/w P407. All
the three polymeric solutions (S, S3 and S4) were electrospun maintaining 20 cm between spinneret and collector (plate
geometry), applying a voltage equal to 20 kV and setting a flow rate of 0.793 mL/h. Such process parameters were
identified as necessary to produce fibers from all the polymeric solutions considered in the present work.

Subsequently, the resulting fibers were characterized in terms of morphological properties: as reported in Figure 6A,
S and S3 solutions produced homogenous nanofibers free of beads. Instead, the electrospinning process of S4 solution
stopped continuously, probably due to the higher SP content that produced an increase in the viscosity of the polymeric
solution; the resulting S4 fibers were not considered for the continuation of the work since they are not homogenous and
characterized by a lot of defects.

The presence of SP is responsible for the formation of nanofibers with a mean diameter of about 500 nm, significantly
higher than that of the fibers obtained from S solution (Figure 6B). This result could be explained by a slight increase in
the viscosity of S3 solution with respect to S (see Supplementary Data). Moreover, the presence of the cross-linker
ensured that the nanofibers obtained from S3 result to be insoluble in distilled water and able to form a thin gel layer after
hydration maintaining their structure. On the contrary, S fibers instantly dissolved when put in contact with aqueous
fluids due to the absence of SP. Figure 6C and D show respectively the macroscopic appearance and the SEM micrograph
of S3 nanofibers after 24 hours-hydration: it is evident that the soaking produces a statistically significant reduction in S3
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Figure 6 (A) SEM micrographs of S, S3 and S4 nanofibers at different magnifications. (B) S and S3 nanofiber dimensions (mean values + SE; n = 30). ANOVA one-way;
Multiple Range Tests (p-value < 0.05): different symbols (* vs **) indicate significant differences; (C and D) macroscopic appearance and SEM micrograph of S3 nanofibers
after soaking in distilled water for 24 hours.

fiber mean diameter (equal to 203.83 £ 9.06 nm; mean value + SE, n = 30), attributable to the dissolution of the two
grades of PEO and P407 in water. As already mentioned, after soaking, nanofibers preserved their structure.

Mechanical Properties: Resistance to Deformation

Finally, both the nanofibers obtained from S and S3 solutions were subjected to a tensile test. In Figure 7, it can be
observed that S and S3 nanofibers show a completely different force-strain profile: SP-free fibers (S) are characterized by
a sharp decrease in force on increasing deformation, while SP-containing fibers (S3) show tensile strength values
significantly lower than those of S fibers and a progressive increase in force on strain increasing. This different behavior
indicates that S fibers, free of SP, undergo a structure “breakdown” during the test, while S3 fibers, due to the presence of
SP, deform plastically without breaking.

GG/SP/GL Nanofiber Characterization
At first, the rheological and mechanical properties of GG/SP3 mixture added with gelatin (GL) at 0.1% w/w (GG/SP3/
GL) were assessed to investigate how the presence of GL could affect the microstructure of the mixture. At acid and
neutral pH, GL, characterized by an isoelectronic point in the pH range of 7-8, shows positive charges which can interact
with the anionic groups of GG;>® considering that GG/SP3 mixture showed a pH equal approximately to 6, it may be
expected that GG and GL form electrostatic complexes.

Therefore, in order to investigate the occurrence of a synergistic effect between SP and GL in improving the structure
of GG solution, viscosity measurements were performed on GG/SP3/GL in comparison with GG/SP3. The nvix/Maa
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Figure 7 Tensile strength values calculated at different strain % of S and S3 nanofibers (mean values * SE; n = 3).

parameter (where MIX indicates GG/SP3 and GG/SP3/GL mixtures) was calculated at three different shear rates
! that is the
shear rate that best mimics the stress to which the polymeric solutions were subjected during the electrospinning process,
the viscosity of GG/SP3/GL is 3 times greater than the viscosity of GG, while GG/SP3 is twice as viscous as GG. The
increase in viscosity observed when GL was added to GG/SP3 suggested a strong structuring of GG/SP3/GL mixture due

(Figure 8). A synergistic effect of SP and GL can be observed in the whole shear rate interval: at 1000 s~

to the combined cross-linking action of SP and GL.

Table 3 reports the rheological (spur value, tgd, AG’/G’1Hz) and mechanical (hardness and Young’s Modulus)
parameters determined for GG/SP3 and GG/SP3/GL mixtures: it can be observed that the presence of both SP and GL
produced a statistically significant increase in the spur value, suggesting a strengthening of the inner microstructure of the
mixture. The viscoelastic parameters, tgd and AG’/G’yy,, were calculated for the mixtures: the addition of SP/GL seems
to produce a statistically significant increase in the mixture elasticity, as shown by tgd values. The addition of GL ensured
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Figure 8 nux/Mag values calculated at three shear rates (50, 500 and 1000 s~ ') for GG/SP3, GG/GL and GG/SP3/GL mixtures. Data are expressed as mean # SE (n = 3).
ANOVA one-way — Multiple Range Test (p-value < 0.05): 2vs™ bys® 2ysPs Pyget 2"ys™ Blysc”,
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Table 3 Rheological (Spur Value, tgd and AG’/G’|y,) and Mechanical (Hardness and Young’s Modulus) Parameters Measured/
Calculated for GG/SP3 and GG/SP3/GL

Mixture Spur Value (Pa) tgod AGIG’ |, Hardness (Pa) Young’s Modulus (Pa)
GG/SP3 469.62 + 15.75* 0.142 + 0.003° 0.284 + 0.036° 39,491.6 + 1011.78 168.16 + 0.29'
GG/SP3/GL 617.40 + 26.60° 0.118 + 0.001¢ 0.289 + 0.049° 47,394.3 + 1386.8" 181.43 £ 0.65

Notes: Data are expressed as mean + SE (n = 3). ANOVA one-way — Multiple Range Test (p-value < 0.05): %vs® “vs% 8ys" vsl,
Abbreviation: nd, not detectable.

the production of a gel-like structure with an elastic behavior higher than that of GG/SP3 mixture, probably due to the
formation of an electrostatic complex between GG and GL. No significant differences are evidenced.

All the mixtures were also subjected to a uniaxial compressive force by means of a texture analyzer; the compressive
parameters, hardness and Young’s modulus were determined and reported in Table 3. Such parameters evidence that the
addition of GL produced gels characterized by a reinforced inner microstructure and not susceptible to syneresis.

Therefore, GG/SP3/GL mixture was added with 2.2% w/w I-PEO, 0.5% w/w h-PEO and 2% w/w P407 in order to
obtain a polymeric solution that could be electrospun. A slight modification in the process parameters appeared necessary
to improve the electrospinning process; in particular, the applied voltage was increased from 20 to 25 kV. In Figure 9A, it
can be appreciated the morphology of S3-G fibers, which appear homogenous and characterized by a mean diameter
equal to 492.50 + 25.23 (+ SE; n = 30), not significantly different from S3 one.

\ \ X N NN y %o L ¥
SEMHV:80kV  SEMMAG:5.00kx | . MIRA3 TESCAN SEMHV:8.0KV | SEMMAG:5.00kx | : MIRA3 TESCAN|
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BI: 5.00 Date(midly): 09/29/21 BI: 5.00 Date(midly): 09/29/21
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Figure 9 (A) SEM micrographs of S3-G nanofibers at different magnifications. (B) Tensile strength calculated for S3 and S3-G nanofibers; data are expressed as mean * SE (n = 3).
ANOVA one-way, Multiple Range Test (p < 0.05): different symbols (* vs **) indicate significant differences.
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ANOVA one-way, Multiple Range Test (p < 0.05): different symbols (* vs **, 5) indicate significant differences.

Finally, the mechanical properties of S3-G were analyzed through a tensile test. The presence of GL increased the
tensile strength of S3-G nanofibers with respect to S3 (Figure 9B), confirming the interaction of GG with both SP and
GL. The formation of a polyelectrolyte complex between GG, SP and GL produced a reinforced nanofibrous structure
that deformed plastically without breaking. After soaking in distilled water, the morphology of S3-G nanofibers (data not
shown) was quite similar to that of S3.

The water retention capacity of both S3 and S3-G was calculated as PBS amount retained by nanofibers, normalized
for nanofiber dry weight and expressed in percentage. Such calculation took into consideration the nanofiber mass loss
due to the dissolution of PEO (low and high MW) and P407 after hydration. WRC% was equal to 522 + 22% and to 538
+ 149% for S3 and S3-G, respectively.

In vitro Cell Culture Experiments: Schwann Cells

Finally, S3 and S3-G were tested on Schwann cells to evaluate their cytotoxicity during time; Figure 10 reports the
percentage of living cells after treatment with S3 and S3-G nanofibers for different times (1, 3 and 7 days). These results
demonstrate that the addition of GL improves the nanofiber compatibility with the cell substrate independently of the
time considered: at each time, S3-G is characterized by a cell viability % comparable to complete culture medium (CM)
and significantly higher than that of S3. The microscope observation of cell morphology after treatment with nanofibers
(data not shown) confirmed MTT results. After treatment with S3-G, cells showed the typical neuronal morphology of
Schwann cells that was similar to that of the untreated ones (CM). On the contrary, cells treated with S3 were
characterized by a more rounded shape, suggesting a lower biocompatibility. The microscope observation revealed
also that nanofibers preserved their topological structure after soaking in CM.

Discussion
In the present work, hydrogels in the form of nanofibers were proposed as potential tools for the treatment of nervous
tissue injuries. Such nanosystems were obtained by the electrospinning technique through a single-step cross-linking
approach: the cross-linker was dissolved into the polymeric solution to be electrospun without further treatment on the
resulting fibrous membrane.

The so-called “hydrogel nanofibers” combine the advantages of both hydrogels and nanofibers.>* Hydrogels are
porous, soft and elastic matrices able to incorporate high amounts of water, providing a three-dimensional micro-

35,36

architecture that resembles the extracellular matrix of several tissue types, including nervous one.>’ Due to their
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porosity, hydrogels represent ideal substrates for cell proliferation and colonization;*® in particular, there is evidence that
hydrogels offer physical guiding cues to axonal growth, creating a pro-regenerative environment for the repair and the
restoration of nervous tissue defects.>® On the counter part, nanofibers have been demonstrated as effective therapeutic
platforms in neural tissue regeneration due to their unique morphological and mechanical properties, such as large
surface area-to-volume ratio, small pore size, interconnected structure and flexibility. In the last two decades, the
electrospinning technique has gained increasing interest as simple, economic and versatile method to obtain nanofibers
from polymeric solutions.'>!7-4%:4!

To date, only a few works concerning the development of electrospun hydrogel nanofibers are reported in the
literature.>* Moreover, they refer to nanofibers subjected to a post-spinning cross-linking. In the 2018, alginate/gelatin
hydrogel nanofibers were prepared by wet electrospinning: the polymeric solution was electrospun into a Ca®'-
containing bath instead of a solid collector, producing physical hydrogels in nanofibrous form due to the rapid
alginate gelation.*> Core-shell electrospinning was also used for the preparation of hydrogel nanofibers. Two-layer
fibers, consisting in an alginate core and a polyvinyl pyrrolidone (PVP) shell, were electrospun and, subsequently,
soaked in a CaCl, ethanol/water solution: PVP dissolved, and alginate-based hydrogel nanofibers were obtained.*®
The same procedure was exploited by Naganuma et al, who produced core-shell nanofibers characterized by a core of
cellulose acetate and a shell of polyvinyl alcohol (PVA) that, when immersed in an aqueous bath, formed an hydrogel
layer.** In 2020, Kim and Kim developed glucose-responsive transparent hydrogel nanofibrous patches by a two-step
approach: electrospun fibers were subsequent heated at 110°C to obtain chemical hydrogels in nanofibrous form.*

In the present work, gellan gum (GG) was selected as the main structural component of hydrogel nanofibers; GG is
a negatively charged polysaccharide that can interact with different cationic compounds producing physical hydrogels. In
the pharmaceutical field, the latter are generally preferred to chemical gels since the lack in covalent bonds facilitates
system biodegradation and elimination from the organism.

In 2013, Lopez-Cebral et al demonstrated, for the first time that endogen polyamines (for example, putrescine,
spermine and spermidine) were capable to cross-link GG in a more effective manner than the inorganic cations generally
used for the production of polyanion-containing gels, such as Ca** and K'.>” Besides being highly valuable molecules,
such polyamines result as potent GG cross-linkers, preserving a good gelling capability at concentrations lower that those
necessary for inorganic cations.

Among the polyamines, spermidine (SP) appears the most interesting one to produce physical hydrogels intended
for nervous tissue repair/regeneration. SP is characterized by neuroprotective activity: it preserves neurons from
oxidative damage and modulates the over-expression of pro-inflammatory cytokines at the injury site.** Therefore,
GG/SP mixtures, containing a fixed GG amount (1.5% w/w) and increasing SP concentrations (0-0.1% w/w), were
prepared and characterized to identify the GG/SP mixture most suitable for the preparation of polymeric solutions to
be electrospun. In fact, it is widely recognized that, during the electrospinning process, the rheological properties of
the starting polymeric solutions play a crucial role in the morphology and homogeneity of the resulting nanofibers.'®

In the presence of SP, GG-based hydrogels are formed spontanecously by ionotropic gelation that represents the
simplest and no time-consuming method for the preparation of physical hydrogels due to the electrostatic interaction
between the negatively charged polymer and the cationic polyamine. The rheological analysis (viscosity and viscoelas-
ticity measurements) performed on the GG/SP mixtures confirmed that SP acts as a potent cross-linking agent of GG: the
addition of increasing SP concentrations to a solution of pristine GG produced more and more structured and elastic
mixtures, consisting of three-dimensional branched polymeric networks with entrapped water.*®

In addition to being characterized in terms of viscosity and viscoelasticity, GG/SP mixtures were investigated for their
textural properties, as well as for their deformation ability, through a compressive test. It is well known in the literature
that GG is able to form both elastic and brittle gels depending on the concentration of the cationic compound used as
cross-linker. Such a concentration may affect the microstructure of the network of GG chains forming the physical gel
and, thus, the mechanical behavior of the gel when subjected to uniaxial compressive forces. In the present work, texture
analysis revealed that GG/SP mixtures were characterized by two distinctive patterns of mechanical response below and

above a critical SP concentration at which a maximum gel strength was recorded.*
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Mao et al*® demonstrated that the composition of GG/Ca®" gels affected their mechanical properties. In particular, the
authors have supposed a relationship between the microstructure, the textural properties and the water holding capacity
(related to the syneresis phenomenon) of GG/Ca”" gels, which were all strictly influenced by the concentration of the
inorganic cation. According to the literature, the results obtained in the present work proved that the textural properties of
GG/SP mixtures are correlated to the gel capability to retain water that, in turn, depends on SP concentration. GG/SP
mixtures containing SP concentrations higher than the critical value (from GG/SP5 onwards) appeared brittle and
exhibited syneresis during compression. When such mixtures were subjected to external forces, the water entrapped
within the polymeric network was squeezed out of the gel: the loss of water resulted in a shrinking of the gel with
a subsequent change in its textural properties. On the contrary, GG/SP mixtures containing SP concentrations equal or
lower than the critical value were soft, easily deformable during compression and not susceptible to syneresis.

The compressive parameters, shown in the present work, were characterized by higher values than those reported in
the literature for hydrogels consisting of GG and SP. Such parameters strongly depend on GG concentration that, in the
present work, was fixed at 1.5% w/w (vs GG concentrations <0.5% w/w reported in the literature for GG/SP gels). Such
a GG concentration was selected since it was proved to be optimal to produce homogenous electrospun nanofibers,” as
well as hydrogel nanofibers after soaking into biologic fluids. As previously described, Lopez-Cebral et al prepared
physical hydrogels containing GG and SP; albumin and chondroitin sulfate were also added in the formulation as
interesting endogen molecules. Texture analysis evidenced a slight increase in the mechanical parameters (hardness,
cohesiveness and Young’s modulus) on increasing SP concentration up to 0.017% in presence of 0.14% w/w GG.; no
significant differences were recorded after the addition of a double amount of SP (from 0.017% to 0.034% w/w). Instead,
a significant decrease in gel strength was highlighted by halving the GG content (from 0.14% to 0.07% w/w).>” A year
later, the same research group proposed such physical hydrogels as drug delivery systems for the controlled release of
cloxacillin, a low molecular weight antibiotic. A neuro-fuzzy logic tool, used to investigate the effect of the hydrogel
composition on the textural properties, revealed that the hardest hydrogels were prepared by blending high GG amount
and low SP concentration and, vice versa, the softest ones resulted from low GG concentration and high SP content.*’

Therefore, as confirmed by a review of the literature, GG represented the main structuring agent of GG/SP mixtures
and, depending on GG content, the cross-linker concentration could affect the mechanical properties of the resulting
gel.* According to our results, the use of low SP concentrations, close to a critical value, were sufficient to cross-link
1.5% w/w GG and to obtain physical hydrogels easily deformable and characterized by a GG chain entanglement that
should be sufficient to sustain the electrospinning process. GG/SP3 and GG/SP4 were selected for the continuation of the
experiments.

In a previous work of ours, homogeneous electrospun GG nanofibers were prepared by adding two grades of poly
(ethylene oxide) (PEO) (low MW, I-MW, and high MW, h-PEO) and poloxamer (P407) to a GG aqueous solution;?’ the
polymer concentrations employed were as follows: 1.5% w/w GG, 2.2% w/w 1-PEO, 0.15% w/w h-PEO and 2% w/w
P407. Based on our experience in the electrospinning, the use of spinning synthetic non-ionic polymers, such as PEO, is
necessary to overcome the limitations related to the intrinsic properties of polysaccharides, which could hinder the
process. In recent years, we have demonstrated that the addition of a blend, mainly consisting of 1-PEO and containing
a small amount of h-PEQ, to an aqueous solution of anionic polysaccharides (alginate and GG) was functional to obtain
electrospun nanofibers with optimal mechanical properties.'” Moreover, the addition of a surfactant (P407) was proposed
to modulate the surface tension of the polymeric solution and, thus, to enhance its electrospinnability.>’ Therefore, GG/
SP3 and GG/SP4, selected as the mixtures with the best rheological and textural properties, were added to a blend of two
grades of PEO and P407 and, then, electrospun. S3 solution, obtained starting from GG/SP3 mixture, allowed the
production of homogenous nanofibers. On the contrary, the electrospinning of the polymeric solution, from GG/SP4
mixture, stopped continuously, probably due to the higher SP content responsible for an excessive increase in viscosity;
the resulting S4 fibers were not homogenous, characterized by a lot of defects and, thus, not suitable for the continuation
of the work.

To the best of our knowledge, it is the first time that homogenous electrospun nanofibers (S3), containing GG cross-
linked with SP, were obtained. After S3 nanofiber soaking in an aqueous medium, the water-soluble synthetic fiber
components (I-PEO, h-PEO and P407) dissolved and hydrogel GG/SP nanofibers were formed, as confirmed by SEM
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micrographs. In fact, the presence of the cross-linker ensured that the GG/SP nanofibers (S3) resulted to be insoluble in
aqueous fluids and formed a thin gel layer (hydrogel nanofibrous membrane) after hydration; on the contrary, SP-free
fibers (S) instantly dissolved when put in contact with aqueous media. Moreover, the tensile test revealed that S3
nanofibers, contrary to S fibers, did not undergo a structure “breakdown” during the test, but got a plastic deformation
without breaking. These results suggest that membranes consisting of S3 nanofibers can be easily handled during the
surgical procedure or rolled up to produce cylindrical systems to apply at the site of injury, filling the gap generated by
the nervous tissue defect. Furthermore, after application, the mechanical properties of S3 nanofibers should ensure that
they could withstand external stresses, while preserving their structure.

Since it is well known the relatively bioinert nature of GG, it was assumed that the addition of small amounts of
gelatin (GL) into S3 polymeric solution could allow to obtain electrospun nanofibers endowed with a greater compat-
ibility with nervous cells and, thus, a higher capability to enhance cell attachment and colonization after in vivo
application.*®* In fact, GL is a bioactive molecule derived from collagen, that is the main component of the extracellular
matrix of various tissues, and it is widely used to produce three-dimensional scaffolds for regenerative purposes.
Preliminary rheological and mechanical analyses were performed on GG/SP3 mixture added with 0.1% w/w GL (GG/
SP3/GL) in order to assess how the GG-based hydrogel properties could be affected by the addition of small amounts of
GL. A synergistic effect of SP and GL was highlighted in increasing hydrogel textural properties. Such a result suggested
a strong structuring of GG/SP3/GL mixture due to the cross-linking action of both SP and GL; the use of a small
polycationic compound (SP) and a positive charged polypeptide (GL) ensured a sufficient number of cross-linking
junctions and a fair amount of chain entanglements to generate a continuous jet during the electrospinning process. Such
a hypothesis was confirmed by the electrospinning of a polymeric solution consisting of GG/SP3/GL mixture, 2.2%
I-PEO, 0.5% w/w h-PEO and 2% w/w P407: homogenous nanofibers, turning into hydrogel nanofibers after hydration,
were obtained. Regarding fiber mechanical properties, the formation of a polyelectrolyte complex between GG and GL
reinforced the nanofibrous structure while preserving its plastic behavior. Finally, in vitro studies performed on Schwann
cells, used as neural cell model, evidenced that the presence of GL enhanced the nanofiber compatibility with the cell
substrate.

Conclusion
Hydrogels in the form of nanofibers, consisting of GG and SP, were prepared for the first time by the electrospinning
technique and proposed as a potential tool for the treatment of nervous tissue injuries.

Different GG/SP mixtures, containing a fixed GG amount and increasing SP concentrations, were prepared by
ionotropic gelation. SP, a cationic polyamine, acts as a potent cross-linking agent of GG, that is an anionic polysacchar-
ide: the addition of low SP concentrations was sufficient to cross-link GG and to obtain physical hydrogels easily
deformable and characterized by a GG chain entanglement that should be sufficient to sustain the electrospinning
process.

The GG/SP mixture with the best rheological and textural properties was added to a blend of two grades of PEO, as
spinnable enhancers, and P407, as surfactant, and, then, electrospun. The resulting nanofibers were homogeneous and
characterized by optimal mechanical properties: they can be easily handled during the surgical procedure or rolled up to
produce cylindrical systems to apply at the site of injury, filling the gap generated by the nervous tissue defect. After
nanofiber soaking in aqueous fluids, the water-soluble synthetic fiber components dissolved and GG/SP hydrogel
nanofibers were formed.

In order to improve the bioactivity of hydrogel nanofibers, GL was added. A synergistic effect of SP and GL in
reinforcing the nanofibrous structure was highlighted, without affecting its plastic behavior. Finally, in vitro studies
performed on a neural cell model evidenced that the presence of GL enhanced the hydrogel nanofiber compatibility with
the cell substrate.
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