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ARTICLE INFO ABSTRACT

Keywords: Physicochemical modification of biomaterials has enormous potential for enhanced functionality and applica-
Phytic acid tions. Phytic acid (PA) is a sustainable, non-toxic, and environmentally friendly material used for surface
Polycaprolaciise modification in different applications. However, the impact of PA on the surface of the biomaterial matrix and its
Electrospinning

response to nerve cells has not been studied as far as we know. In this study, we fabricated PA-embedded pol-
yeaprolactone (PCL) nanofibrous scaffolds using the electrospinning method and studied the potentiality of these
scaffolds for primary sensory neuron growth and alignment. The nanofiber morphology of the scaffolds was
evaluated using field emission electron microscopy (FESEM). The results showed that the fiber orientation and
diameter were dependent on the amount of PA in the electrospinning solution. The degree of orientation of the
aligned nanofibers was higher than that of their random counterparts in composite scaffolds. The PA-loaded
nanofibers were found to have higher compatibility with dorsal root ganglia (DRG) neuron cells than the cor-
responding fibers without PA. Further, the PA provided guidance for axon growth along the matrix. Overall, the
results suggested that embedding PA into the scaffold could be a better approach for enhancing nerve growth and

DRG neurons

alignment, which is required for nerve regeneration.

1. Introduction

The incidence of peripheral nerve injury is growing in the aged
population owing to increased road and industrial accidents and severed
disease states [1,2]. The recovery rate of conventional autograft models
is often inadequate when addressing large gaps. In this context, the
process of tissue repair depends on a thorough understanding of how the
microenvironment regulates cellular behavior [3]. Biomaterials have
gained increasing interest in facilitating nerve injury repair and are
often used in tissue regeneration. They are composed of natural and
synthetic polymers [4-6]. Generally, sets of designed biomaterials, such
as hydrogels, nanofibers, sponges, biomaterial ink, and 3D/4D con-
structs, have been of great interest over the last decade [7-10]. The
challenge of regenerating nerve tissue has been addressed using Poly-1-
lactide (PLLA), polycaprolactone (PCL), polyglycolic acid (PGA)
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nanofibers in vitro and in animal models [11,12]. However, the poly-
meric biomaterial itself may not be enough to regenerate tissues,
including neurons, due to its functionality and bioactivity. Mimicking
physiological resemblance and increasing bioactivity are good ap-
proaches for achieving tissue regeneration.

Many reports have demonstrated the improved nerve regeneration
capability of polymeric nanofibers synthesized by electrospinning
[13,14]. Electrospun nanofibers have been reported to have many ad-
vantageous properties, including structural resemblance to the extra-
cellular matrix and the possibility of tuning mechanical, wettability, and
biological properties for tissue growth [15-12]. In addition, electrospun
nanofibers work well as drug delivery vehicles because they can hold a
variety of medications, growth factors, and other bioactive substances to
impart biological cues and functions to the scaffolds in the produced
state [19]. The prerequisite criteria for achieving enhanced regeneration
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by scaffolding materials is that they should possess bioactivity along
with the physiological properties.

Bioactive compounds can be encapsulated into electrospun nano-
fibrous scaffolds for tissue regeneration [20]. Similarly, physical modi-
fication of the matrix in terms of morphology and orientation can
enhance nerve cell growth [21]. Several studies have shown that the
addition of hydrophilic bioactive chemicals improves the mechanical
characteristics, degradation rate, hydrophilicity, and in vivo shrinkage of
PCL scaffolds. The regulated electrospinning and solution parameters
may influence these physical characteristies [22,23].

The gadget may create random or aligned fibers based on three main
parameters: voltage, flow rate, and working distance [23,24]. The
encapsulation of growth factors and drug compounds and the control of
their release into the milieu enhanced the suitability of the fibrous
matrix. However, the encapsulation of the growth factors faces many
challenges owing to their delicate structure and the harsh electro-
spinning process under high voltage. High immunogenicity has also
been reported in real-world settings [25]. There has been a growing
interest in identifying compounds that enhance the regeneration process
and repair mechanism [26]. In this context, this study aimed to propose
PA, a naturally occurring compound with anti-inflammatory and anti-
oxidant properties that can enhance peripheral nerve growth and
improve regeneration by controlled and sustained release from a poly-
meric substrate. Phytic acid, mostly found in cereals, milk, nuts, and
grains, has been stated to have several health benefits under normal and
diseased conditions [27,28]. PA protects neurons from Alzheimer’s
disease [29] and chemotherapeutics induced peripheral neuropathy
[27]. More commonly, it has been used as a crosslinker to create
hydrogel networks because of its abundance of chelating functional
groups [30]. Our recent study showed that PA maintains peripheral
neuron integrity and enhances survivability [27]. To the best of our
knowledge, the perspective on the nerve regeneration capability of
electrospun nanofibers with PA has not yet been reported.

PCL is a synthetic polymer, and its electrospun nanofibrous scaffolds
have been widely used in tissue regeneration because of their non-
toxicity, tunable mechanical properties, good electrospinning proper-
ties, ability to achieve high material purity, and slow degradation profile
[31-23]. Numerous studies including ours have shown that PCL scaf-
folds support the cell adhesion, proliferation, and differentiation.
However, the low wettability and degradability of this polymer presents
a major drawback. [31,34,35]. Herein, we encapsulated of PA into the
PCL nanofibrous scaffolds to improve peripheral neuronal cell growth by
improving the hydrophilicity of the PCL nanofiber. The result demon-
strates that the PA concentration in the electrospun nanofibers altered
the morphology of the PCL scaffolds. The PA contained PCL scaffolds
had significantly reduced fiber diameters compared with pristine PCL
scaffolds. Besides, PCL/PAOQ.5 scaffold have shown neural cell growth
and alignment.

2. Materials and methods

Polycaprolactone (PCL; My, = 80,000 g/mol), and 2,2,2-Trifluoroe-
thanol (TFE) were purchased from Sigma-Aldrich, USA; Phytic acid
(PA) solution (CeH1s024Ps) was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. All analytical grade materials were
used without any additional purification.

2.1. Preparation of electrospinning solutions

PCL pellets (2 g) were dissolved in 19.5 g of TFE by magnetic stirring
overnight. Then, different amounts (0.5 and 2 g) of phytic acid solution
were slowly added to the PCL solutions under stirring and continued
overnight at room temperature. In addition, only the PCL solution was
prepared without PA.
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2.2, Fabrication of PCL/PA nanofibrous scaffolds

The 12 mL plastic syringe with a metal nozzle (23-gauge, 0.26 mm
diameter) was filled with all the prepared solutions. The following pa-
rameters were used in the NanoNC electrospinning system: Solution
flow rate: 1 mL/h; applied voltage, 17 kV; nozzle tip to collector dis-
tance, 100 mm; and collector drum speed, ~ 2000 rpm. Electrospinning
was performed at ambient temperature. The nanofibers prepared by
adding PA 0.5 mL and 2 mL to the PCL solution were denoted PCL/PA0.5
and PCL/PA2, respectively.

2.3. Characterization of scaffolds

Field-emission scanning electron microscopy (FESEM, Carl Zeiss,
supra 40 VP, Japan) was used to examine the surface morphology of the
nanofibrous scaffolds. The erystallographic structures of the materials
were analyzed using an X-ray diffractometer (XRD; Rigaku, Japan) with
Cu Ka (= 1.540 A) radiation over Bragg angles ranging from 10 to 50°.
Functional group were studied using Fourier transform infrared spec-
troscopy (FTIR; Perkin Elmer, USA). Thermal degradation analysis with
thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) were conducted under a Ny atmosphere from room temperature to
800 °C at a heating rate of 10 °C/min using TA instruments, SDT650.
The water contact angle of PCL and PCL/PAO0.5 scaffolds were measured
using SEO Phoenix 300 Touch, with 1 pL drop volume.

2.4. Dorsal root ganglia (DRG) neurons extraction and culture

All animal experiments were performed in accordance with the
procedures authorized by the University of North Carolina Charlotte’s
Institutional Animal Care and Use Committee (IACUC 20-013). DRG
newrons were obtained from the embryos of an E15 pregnant Sprague
Dawley rat under a flow of isoflurane (7.5 L/min). The embryos were
dissected using a stereoscopic dissection microscope (Nikon SMZ745T,
Japan). DRG cells were collected by dissecting the spinal column and
were later dissociated as previously reported [27]. Briefly, 2 ml of DRG
clumps comprising L15-P/S media was incubated with 1 mL of colla-
genase (10 mg/mL in L15-P/S) and 1 mL of DNAse (0.5 mg/mL) for 30
min, after which it was subjected to centrifugation. The cells were
further treated to 0.25 % trypsin for 5 min at 37 °C, neutralized with
fresh medium containing FBS, and centrifuged to collect the DRG cells.
The cells were then re-suspended in a DRG culture medium at a con-
centration of 100,000 cells/ml and seeded on the 96-wells (200 pL)
unless otherwise stated. The DRG culture medium consisted of neuro-
basal medium supplemented with 1 % 100x P/S, 1 % glucose, 100 x 2 %
glutamate, 2 % B27 supplement, and 20 ng/mL nerve growth factor
(NGF). 5-Fluoro-2-deoxyuridine (FUdR) (13 pg/mL) was added to the
culture medium to exclude possible non-neuronal glial cells. The cell
culture was maintained by replenishing the half-well media every 72 h.

2.5. Axon lengths measurement and neuronal alignment

Various PA loaded nanofiber scaffolds of 1 em? were attached to the
6 well Petri dishes using medical grade adhesive and sterilized by the UV
light exposure for 2 h in a cell culture hood.

The effect of PA on neurons were studied in terms of changes in axon
length. One thousand DRG cells in the cell culture suspension were
seeded onto culture plates containing nanofibrous sample. After 48 h of
culture the cells were stained with 5 pM Calcein-AM dye (Corning, USA)
containing media followed by live-cell images by fluorescence micro-
scope (Leica DM i8, Germany). Image J software (Java 1.8.0_345 (64-
bit)) was used to estimate the axon length. At least 50 axons were
selected from triplicate samples to calculate the average axon length.
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2.6. Statistical analysis

All data were presented as a mean =+ standard error (SE) (n = 3). The
probability value (P-value) between groups was analyzed using one-way
analysis of variance (ANOVA) followed by Tukey’s post-hoc test for
multiple comparisons. Statistical significance was set than 0.05

significant.
3. Results and discussion

The morphologies and fiber diameter distributions of the as syn-
thesized electrospun nanofibrous scaffolds were evaluated using FESEM
and ImagelJ software, respectively. The FESEM images showed that the
PCL/PA0.5 and PCL nanofibers were almost aligned in the micrographs
at low and high magnifications. As the amount of PA in PCL solution
increased, the fiber dimeter in the scaffolds decreased. Correspondingly,
the diameters of PCL, PCL/PAQ.5, and PCL/PA2 fibers were 983 4+ 266
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nm, 268 + 186 nm and 95 + 192 nm, respectively. The reduced fiber
diameter of PCL/PA2 was nineteen-fold less than that of the pristine PCL
NFs scaffold. In addition, it was found that the PCL/PA2 had more
randomness in the nanofibers than the PCL and PCL/PAO0.5 scaffolds.
The elemental mapping, EDS spectrum, and quantification of PCL/PA0.5
and PCL/PA2 NFs are depicted in Fig. 1(g, h) respectively. The results
show that the C, O, and P were noticeable. Moreover, an increase the
amount of Phosphorous Wt% is consistent with the increasing amount of
PA concentration in the electrospinning solution.

The XRD patterns of pristine PCL and PCL/PA are presented in Fig. 2
(a). The sharp diffraction peaks are clearly depicted at 20 = 21.3° and
23.7° corresponding to the crystal plane of (110) and (200) in PCL
scaffolds. While PA containing PCL, scaffolds showed lower crystalline
peaks at the same angle of 20. The result indicated that PA incorporation
into the PCL nanofibrous scaffolds reduced the erystallinity, as indicated
by the lower intensity peaks of the PCL/PA samples [36,37].

FTIR spectra of the PCL and PCL/PA nanofibrous scaffolds are shown

Element | Wrs |N\S | Atomic
sgma (%
T o1 53

N o 19.85
145 oo 0Bl
100.00 100.00

Fig. 1. FESEM images of (a, b) pristine PCL; (c, d) PCL/PAO.5; (e, f) PCL/PA2 NFs scaffolds with low and high magnification respectively. (g, h) color mapping with

the EDX spectra of PCL/PA0.5 and PCL/PA2 NFs, respectively.



G.P. Awasthi et al.

Results in Chemistry 14 (2025) 102096

—— PCL/PA2 — PCLIPAZ |
( a ) (110} —— PCLIPAO.S ( b ) —ECLIPALS
(200) — PCL |
o 3
5‘ -—
2 g
c
8 &
e [~
= L e
[ N
10 20 y 50 4000 3500 3000 2500 2000 1500 1000

30
20 (degree)

Wavenumber (cm™)

Fig. 2. (a) XRD and (b) FTIR of PCL, PCL/PAO0.5, and PCL/PA2 NFs.

in Fig. 2(b). For the pristine PCL, it can be seen that the characteristic
bands of 2949.83 em™! (C—H asymmetric stretching vibration),
2866.66 cm™ ! (C—H symmetric stretching vibration), 1729.10 em !
(C=0 stretching), 1469.73 em ! and 1365.42 ecm™! (G—H scissoring
and symmetric deformation), 1293.53 em ™} (C—Oand C—C stretching),
1246.31 em™! (C-0O-C asymmetric stretching vibration), 1170.89 em ™!
(O-C-O stretching vibration), 1113.10 ecm™! (C—O stretching), 1047.21
em” ! (C—O stretching) are existed [32]. In addition, the peak existed at
1047.21 em™! sifted towards 1045 cm™! and the intense peak exhibited
at 668.17 cm~! (P—0) in PA/PCL scaffolds. The peak existed at 1005
em™! belongs to the phosphate group [39].

The thermal behaviors of the synthesized nanofibers are shown in
Fig. 3. The TGA (Fig. 3(a)) result showed that PCL/PA2 nanofibers have
two weight loss stages (i.e.,, moisture evaporation and thermal degra-
dation) at about 100 °C and 350 °C, respectively [40]. While, pristine
PCL and PCL/PAO.5 have a slower degradation rate as compared to PCL/
PA2 nanofibers, Though, a lower weight loss or a higher residual weight
percentage of PCL/PA2 was obtained after the thermal degradation
stage, The fast decomposition of PCL/PA2 in moisture evaporation and
thermal decomposition might be due to the beads that exist in nano-
fibers. The PCL, PCL/PAO.5, and PCL/PA2 contained 2.49 %, 3.05 %,
and 4.28 % residual weight, respectively. Furthermore, the crystal
melting behavior of the samples was studied using DSC analysis (Fig. 3
(b)). The DSC thermogram of the PCL shows a broad melting peak at
about ~70 °C. The PA- incorporated samples showed a remarkable
melting peak shift compared with that of PCL. The mild peak shifts to-
wards lower temperature (~ 65 °C) for PCL/PA0.5, while peak shifts
towards upper temperature (~72 °C) for the sample PCL/PA2. The re-
sults showed that the hydrophilic nature of PA had changed the melting
behavior of PCL in PCL/PA composite nanofibers [41]. (See Figs. 4 and
5.)

Phytic acid, in the form of P, is a biological molecule that plays a

crucial role in energy storage. Similarly, inositol, a derivative of phytic
acid, is involved in various signaling pathways that regulate cellular
processes such as growth, swrvival, and differentiation [42]. However,
its positive effects on health have been underestimated by mis-
interpreted as an antinutrient compound. Calcium, magnesium, and zinc
are vital elements for cellular activities. It has been assumed that the
binding of these elements to phytic acid results in low bioavailability at
the cellular level and subsequent negative consequences for cellular
activities. To observe the effects of phytic acid on biomaterial scaffolds,
we cultured dorsal root ganglion cells on nanofibers with different
concentration of PA. The results clearly show that all nanofibers sup-
ported the extension of the DRGs along the nanofiber orientation.
However, the PCL/PAO.5 fibers have shown increased axonal networks
compared to pure PCL and PCL/PA2 fibers. Interestingly the cells on the
glass dises had no specific axon orientation and had shorter axons than
the cells on the nanofiber substrates (P > 0.05).

The increased axons length of PA-containing fibers compared with
that of non-PA-containing fibers suggests that PA plays a key role in axon
growth. However, increasing the PA concentration in the fibers resulted
in slightly shorted axons growth, indicating that the PCL/PA0.5 fiber
substrate can be a choice among others to achieve neurogenesis. The
nervous system contains relatively higher concentration of PA up to 5.5
mM.

These nanofibers mimic the extracellular matrix, with which
collagen fibers are largely associated. Therefore, nanofibers support the
initial cell attachment, growth, and migration [43]. Numerous studies
have shown that nanofibers support neurogenesis. However, cells ac-
tivities are limited to synthetic nanofibers owing to bio-functional de-
ficiencies. A previous report showed that cells adhered well during the
first 2 h and extended to form cellular network on the nanofibrous
substrate with albumin functionalization compared to non-
functionalized nanofibers [44]. Biomolecules are widely encapsulated
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Fig. 3. (a) TGA and (b) DSC of PCL, PCL/PA0.5, and PCL/PA2 NFs.
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Fig. 4. DRGs growth on the nanofiber substrates. DRGs on glass substrate (A1, A2), pristine PCL (B1, B2), PCL/PA0.5 (C1, C2), and PCL/PAZ (D1, D2). 1 and 2
correspond to the florescence images and merged images, respectively. Axon length on different substrates (E) and alignment of the DRGs growth on the PCL/PA0.5
fiber substrate (F). The nanofiber orientation is considered as 0" and angle of axons on nanofibers was measured using Image J. ** represent P < 0.01 and ***

represents P < 0.001.

(a)

(b)

Fig. 5. Average water contact angles of: (a) PCL nanofibers, and (b) PCL/PA0.5 respectively.

in the regenerative substrates to enhanced cellular growth, tissue repair,
and rapid recovery.

Peripheral nerves are well-extended network distally from the me-
dian body; therefore, they are more susceptible to getting injured by
injuries, accidents, aging populations, and diseased condition. Thus, a
substrate with a high potential for nerve regeneration is anticipated.
Modulation of nerve cells by maintaining the substrate architecture and
functionalization is a well-versed strategy. Phytic acid is commonly used
as a crosslinker to make substrates more likely than as a functional
molecule to enhance cell growth and regeneration. We first loaded PA
into the nanofiber matrix and evaluated its effect on DRGs neurons as a
peripheral neuron. Substrates are often coated with poly-p-lysine and
laminin prior to primary DRGs culture. Interestingly, the PA-loaded
nanofibers exhibit remarkable growth along the axis. The nanofibers
in the 0.5 PA fibers allow the axons growth almost along the fiber axis.
The enhanced alignment of axons was attributed to the aligned fibrous

structure. Another reason for the enhanced axonal growth in the PA-
containing fibers may the increased wettability of the fibers.

PCL has a hydrophobic surface (average contact angle of ~130°),
with which cells initially tend to exhibit low adhesion. In contrast the
PCL/PAO0.5 fibers were ~ 73° which is hydrophilie, supporting neuronal
attachment and growth over the axis of the nanofiber. The increased
wettability of PCL/PA nanofibers can enhance the degradation rate by
introducing hydrophilic sites (PO3™ and -OH groups) of the PA [45,46],
which promote PCL hydrolysis. Interestingly PCL/PA0.5 fibers had
lower axon lengths. This suggests that the burst release of PA at this level
may not support cellular processes. Since the cells underwent vigorous
steps prior to seeding, they may not initially be tolerant to higher con-
centrations of PA in the release medium. PCL/PA electrospun NFs have
shown promise in nerve regeneration due to their ability to mimic the
extracellular matrix and provide a supportive scaffold for cell growth.
However, they may have some limitations.
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“While generally considered biocompatible and bioactive, phytic
acid’s concentration must be carefully controlled to avoid cytotoxic ef-
fects, particularly at higher levels [27]. Similarly, the dense structure of
electrospun sheets can limit cell infiltration and migration into the
scaffold [47], which may hinder tissue integration and the formation of
functional neural networks. To address these limitations, we have
considered developing porous and three-dimensional hierarchical
nanofibrous scaffolds that facilitate efficient nutrient and oxygen
diffusion while promoting the formation of three-dimensional neural
networks in future works™.

4. Coneclusions

Phytic-acid-loaded PCL nanofiber scaffolds were successfully syn-
thesized by the electrospinning method. The nerve regenerative effect of
PA on PCL nanofibrous scaffolds was evaluated using DRG neural cells in
vitro. The topography and physicochemical characteristies of the scaf-
folds revealed the significant impact of PA on the PCL nanofibers. The
results showed that PA-embedded PCL scaffolds had reduced fiber di-
ameters, low crystallinity, improved hydrophilicity, and good thermal
stability compared with pristine PCL. Besides, the PCL/PA0.5 scaffold
provided a promising ECM for DRG neural cell growth and alignment.
Overall, the results highlight that PA-modified nanofibers can be

promising biomaterials for nerve regeneration.
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