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Abstract

Introduction: Fracture healing is a major concern in orthopedic surgery, necessitating the identification of new techniques with minimal
side effects to expedite the healing process. This study aimed to evaluate the effect of topical nanofibers loaded with Pistachio hull extract
on the healing of bone defects in rat calvaria

Methods: Defects of 7 mm were induced in the calvaria of 45 male Wistar rats. The animals were divided into three groups, with defects
in each group being treated with nanofibers loaded with Pistachio hull extract (PVA-PH), PVA nanofibers (PVA), or left empty as a control
group. Histopathological evaluation was conducted on days 14, 28, and 42.

Results: On day 14, a significant difference was observed between the PVA/PH and the control, while no significant difference was found
between the PVA/PH and PVA. As the days progressed to 28 and 42, the PVA/PH exhibited a significantly higher healing rate compared
to both the PVA and controls.

Conclusions: The results from this study demonstrate that nanofibers loaded with pistachio hull extract can significantly enhance
osteogenesis and promote the healing process of calvarial defects in rats over a 42-day period. This finding holds promise for developing

improved approaches to facilitate fracture healing with reduced side effects.
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Introduction

Effective bone regeneration depends on several key
factors, including precise analysis, specific materials,
appropriate growth factors, and molecules working
together. Oxidative stress has a significant impact on
bone regeneration by disrupting the balance between
osteoblasts and osteoclasts, potentially leading to bone-
related disorders. To manage oxidative stress, it's
crucial to administer antioxidant agents that can
mitigate the harmful effects of reactive oxygen species
(ROS). Custom-designed  scaffolds with  low
cytotoxicity and excellent biocompatibility can also
enhance bone regeneration by providing a solid

foundation for tissue restoration and remodeling.! In
recent decades, there has been a growing focus among
researchers on expediting the healing process of bone
fractures. Accelerated bone healing has been employed
in the treatment of fractures, non-union fractures,
osteomyelitis, bone lengthening procedures, bone
tumor resection, joint fusion, and joint prostheses.
Since the natural healing of bones is a time-consuming
process and non-healing fractures can occur, the
exploration of alternative therapies is desirable and
imperative. Nowadays, several methods for bone
regeneration are being employed, including the
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utilization of various materials as bone substitutes and
accelerators for bone healing.?®

Biomaterials and scaffolds play a crucial role in
promoting healthy tissue formation, particularly in
fields like bone regeneration. The key to success lies in
using materials that mimic the extracellular matrix
(ECM) and are bioactive. Achieving proper healing
involves a combination of nanotechnology and herbal
medicine applications. Nanoscale materials offer a
larger surface area for drug release and matrix
degradation, enhancing the healing process. Among
various nanotechnological methods, electrospinning is
the most commonly used technique for producing
uniform fibers from different materials.*®

Medicinal plants have a rich history in treating
diseases due to their empirically discovered health
benefits. However, their use has declined over time due
to factors like population growth, urbanization, and
scientific advancements. Chemical substances and
drugs have largely replaced medicinal plants in many
cases.®

Pistachio (Pistacia vera L.), native to arid regions in
Central and West Asia and found across the
Mediterranean basin, is renowned as one of the most
popular tree nuts. Over the past two decades, global
pistachio production has experienced a significant rise,
reaching an estimated 10,057,566 tons. The leading
producers include the United States of America (36%),
Iran (32%), Turkey (16%), China (7.5%), and Syria
(5%).

The industrial processing of pistachios generates a
significant amount of waste, with hulls accounting for
35 to 45% of the discarded material. Improper disposal
of these hulls can lead to environmental pollution.
However, recent research has revealed that pistachio
hulls contain valuable phenolic compounds similar to
those in known sources of phenolics. By utilizing these
hulls as a source of phytochemicals, not only adds value
to pistachio production but also offers a practical
solution for managing this abundant by-product and
reducing environmental impact.®!!

Accordingly, the present study aimed to evaluate the
effect of polyvinyl alcohol (PVA) nanofibers
containing pistachio hull extract on the treatment of
calvarial defects in rats.

Methods

Pistachio Hull Extract Preparation
The pistachio hulls (PH) were obtained from the
Damghan Agricultural Research Center in Iran and their
species were verified and documented at the herbarium
of the Semnan Agriculture and Natural Resources
Research Center. The hulls were thoroughly washed and
dried under dark conditions without the application of
heat, after which they were powdered using an electric
grinder. A total of 30 g of the prepared powder was
placed in a filter paper thimble and inserted into the
extraction chamber of a Soxhlet apparatus. Extraction
was carried out using 250 mL of ethanol (80% v/v) at a
temperature of 70°C for 4 hours. The resulting solution
was then transferred to a rotary evaporator to remove the
solvent and concentrate the extract. To separate the
liquid extract from the solid residue, vacuum filtration
was performed using sterile cellulose nitrate membrane
filters (0.45 um). Finally, the liquid extracts were stored
in sterile glass containers at a temperature of 4°C to
maintain their integrity and purity.*23

Antioxidant activity
The hydrogen atom or electron donation capabilities of
the corresponding extracts and specific pure compounds
were determined by observing the decolorization of a
purple methanol solution containing 2,2-diphenyl-1-
picrylhydrazyl (DPPH). This spectrophotometric assay
utilized the stable radical DPPH as a reagent, following
the method established by Burits and Bucar.!* In
summary, 50 pL of the extract was mixed with 5 mL of
a DPPH solution (0.004% methanol solution). After a
30-minute incubation at room temperature, the
absorbance was measured against pure methanol at 517
nm. The sample's radical-scavenging activities were
quantified as inhibition percentages using the following
equation: 1% = (Ablank - Asample/AbIank) x 100; where Apjank
represents the absorbance of the control (containing all
reagents except the test compound), and Asample IS the
absorbance of the test compound. The concentration of
the extract required to achieve 50% inhibition (IC50)
was calculated from the plot of inhibition percentages
against extract concentration using PHARM/PCS-
version 4.

Fabrication of pistachio hull-loaded Nanofibers
A solution of PVA (polyvinyl alcohol) with a molecular
weight of approximately 72,000 from Merk, Germany,
was prepared by dissolving it in distilled water at a
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concentration of 10% w/v. The solution was stirred for
3 hours at 80°C to achieve a homogeneous mixture.
Simultaneously, a solution of pistachio hulls was
prepared in distilled water at a concentration of 100
mg/ml. Different ratios of the PVA and pistachio hull
solutions were blended, namely 100:0, 90:10 and 80:20
(V/v%). The electrospinning process was conducted
under specific conditions, including an applied voltage
of 15 kV, a distance of 18 cm between the needle tip and
collector, and a feed rate of 2.5 ml/h, with the collector
rotating at a speed of 300 rpm. The resulting films
incorporated pistachio hulls at final concentrations of 10
and 20 mg/ml, respectively.

Characterizations of Electrospun pistachio hull-
loaded Nanofibers
Scanning electron microscopy (SEM, XL30 Philips)
was used to examine the surface morphologies and
microstructures of both PVA and PVA/PH nanofibers.
To facilitate the analysis, a thin layer of gold was
applied to coat the nanofibers. The average diameter of
the nanofibers was determined using Image J software.
In order to identify the chemical structures of the extract
and nanofibers, a Fourier Transforms Infrared
spectrometer  (FTIR, Shimadzu FTIR 8400S
spectrophotometer) was employed. The spectra were
collected at room temperature within the wavelength
range of 400-4000 cm-1.

Animals
45 male Wistar rats, about 300 g and 4 months old, were
used. To reduce stress and help the rats adjust to their
environment, they were kept in consistent
environmental and nutritional conditions for a duration
of one week. These conditions included maintaining a
stable temperature, humidity, lighting, food type, and
meal frequency. The rats were provided with specialized
laboratory animal feed pellets and had unrestricted
access to water.
Surgical procedure
The dorsal part of the cranium was shaved and
disinfected. A 5 cm midline incision, over the external
sagittal crest, was made. After the calvarium was
exposed, a 7 mm circular bone defect was created with
a trephine bur. The depth of the cavity reached the
meningeal membrane, allowing the drill bit to detect its
softness. The cavities were filled with dressing
composed of nanofibers loaded with pistachio hull
extract (PVA-PH group) in the first group and PVA

dressing (PVA group) in the second group. The third
group, designated as the control group, remained
untreated and empty. The incisions were closed using a
simple interrupted pattern with 3-0 nylon sutures.
Postoperatively, all animals received cefazolin (30
mg/kg, twice a day for 3 days) and flunixin meglumine
(20 mg/kg, once a day for 3 days).

Specimen preparation and histological evaluation

Animals were euthanized on 14, 28, and 42 days using
an over dose of thiopental. The skin surrounding the
original surgical defect on the animals' calvarium bone
was carefully dissected and removed en bloc with the
adjacent tissues. The excised tissue was immediately
placed in 10% neutral buffered formalin. Subsequently,
it was rinsed with water and demineralized using 10%
formic acid. After decalcification, each specimen was
longitudinally divided into two blocks in the sagittal
direction and embedded in paraffin. Longitudinal serial
sections were then cut, starting from the center of the
surgical defect. These sections were stained with
hematoxylin and eosin, as well as Masson's Trichrome,
for further analysis.
Blinded to the treatments, two investigators assessed the
images and assigned scores ranging from 1 to 10 based
on several parameters. These parameters included the
amount of new bone formation, the quality of the bone
(woven or lamellar), the degree of vascularization, and
the presence or absence of inflammation, following
Musson's grading system.®

Data Analysis
The statistical analysis utilized SPSS software version
16.0 (SPSS Inc., USA) along with the Kruskal-Wallis
test. The data were presented as the mean + standard
deviation (SD). Significance was determined by a p-
value less than 0.05.

Results

Morphology of the PVA and PVA/PH

Figure 1 illustrates the morphology of pure PVA and
PVA/PH nanofiber scaffolds at various ratios. The
findings indicate that the pure PVA and PVA/PH
scaffolds with a ratio of 90:10 (v/v) exhibit smooth and
thin nanofibers without any bead formation. This
suggests that the PSE extracts are effectively
incorporated within the nanofibers, resulting in a
uniform structure. However, in the 80:20 (v/v) ratio, the
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uniformity and smoothness of the fibers are reduced.
This could be attributed to the higher viscosity and
concentration of the solution, which impacts the
morphology of the nanofibers. Based on these
observations, the PVA/PH ratio of 90:10 (v/v) was
selected for further analysis.

The average diameter of the pure PVA and PVA/PH
nanofiber scaffolds at the 90:10 (v/v) ratio was
measured as 482+61 nm and 549+189 nm, respectively.
These results indicate that an increase in the

concentration of PH leads to an enlargement in the
diameter of the fibers.

Figure 1: SEM images of (A) PVA, (B) PVA/PH (90:10 (v/v)), (E)
PVA/PH nanofibers (80:20 (v/v)). The final concentration of the PH
incorporated into each film was 10 and 20 mg/ml respectively.

FT-IR Analysis

FT-IR spectra were employed to validate the
distinctive peaks of both pure PVA and PVA/PH
nanofibrous scaffolds (Figure 2). The peak at 848 cm-1
corresponds to the rocking vibration of C-H bonds
within the PVA structure. Absorption peaks at around
1093 cm-1 and 1255 cm-1 are linked to the stretching
vibration of C-O and C-OH bonds in the PVA structure.
Moreover, a visible absorption band observed at
approximately 1382 cm-1 and 1413 cm-1 indicates the
bending vibrations of C-H bonds in the chemical
composition. The absorption peak near 1730 cm-1 is
attributed to vibrations of the C=0 bond from residual
acetate within the PVA originating from the raw
materials used, specifically polyvinyl acetate. Weak
absorption peaks ranging from 2820 cm-1 to 2924 cm-

1 are associated with the symmetric and asymmetric
stretching vibrations of aliphatic C-H bonds in the
polyvinyl alcohol structure. Additionally, the broad
absorption peak at 3346 cm-1 corresponds to vibrations
of O-H bonds found in the hydroxyl groups of the PVA
structure.

Peaks of PVA/PH nanofibrous scaffold include the
stretching vibration of O-H bonds within the range of
3000 cm-1 to 3800 cm-1, which can result from the
presence of hydroxyl groups within the compound
structure or absorption of environmental moisture on
the material's surface. Furthermore, peaks associated
with the asymmetric and symmetric stretching
vibrations of C-H bonds in alkyl groups, stretching
vibrations of C=0 bonds, stretching vibrations of C=C
bonds within aromatic rings, bending vibrations of C-H
bonds, stretching vibrations of C-O bonds in C-O-C and
C-OH functional groups, and bending vibrations of C-
H bonds attached to aromatic rings in the extract
structure are evident. These peaks confirm the presence
of cellulose and lignin compounds as the primary
constituents  within the pistachio hull extract
incorporated in the fibers. Notably, the samples
containing pistachio hull extract display a new peak at
approximately 1590 cm-1, corresponding to the
stretching vibration of C=C bonds within the aromatic
rings of the extract. This peak serves as further evidence
of the extract compounds' presence within the
composite structure.

Transmittance (a.u.)

Wavenumber (cm™)

Figure 2: Fourier transforms infrared spectra of PVA and PVA/PH
nanofibers (90:10 (v/V)).
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Free radical-scavenging activity

The in vitro antioxidant activities of Pistachio hull
extract and beta-hydroxy toluene (BHT) in the DPPH
assay were found to be 0.02 pg/ml and 4.9 pg/mi,
respectively. Notably, the extract exhibited higher free
radical-scavenging activities compared to BHT.
Moreover, the results demonstrated that an increase in
extract concentration led to a corresponding increase in
free radical-scavenging activity. High IC50 values
indicated low antioxidant activity.

Histopathological Examination

Table 1 presents the results of histopathological
studies. On day 14, significant differences were
observed between the groups of PVA/PH and PVA
nanofibers when compared to the control group (p <
0.05). However, no significant difference was found
between the PVA/PH and PVA groups (p > 0.05). In the
control group, there was very little bone defect
coverage, along with a lack of new bone formation, low
angiogenesis, and relatively high inflammation. In
contrast, the PVA group showed moderate
angiogenesis, and in the group treated with nanofibers
containing extract, both angiogenesis and moderate
inflammation were observed (Fig. 3).

On day 28, there was a significant difference between
the PVA-PH group and control and PVA groups

(p<0.05); however, there was no significant difference
between the control and the PVA groups (p>0.05). In
the control group, there was very low coverage of the
bone defect, along with the creation of immature bone
tissue (Woven), noticeable angiogenesis, and moderate
inflammation. The PVA group showed no new bone
formation but had high levels of angiogenesis. In the
PVA/PH group, there was also low coverage of the
bone defect, the creation of immature bone tissue
(Woven), significant angiogenesis, and moderate
inflammation (Fig. 4).

The results revealed a significant difference between
the PVA-PH group and the control as well as PVA
groups on day 42 (p<0.05). Also, there was no
significant difference between PVA and control groups
(p>0.05). In the control group, there was very low bone
defect coverage, a lack of new bone formation along
with angiogenesis, and moderate inflammation. In the
PVA group, medium-sized fibroblasts with thin and
curly collagen fibers were observed, along with low
angiogenesis. In contrast, the PVA/PH group showed
distinct differences from the previous two groups. It
exhibited complete coverage of the bone defect, the
formation of immature bone tissue (Woven), noticeable
angiogenesis, and low levels of inflammation (Fig. 5).

Figure 3: Photomicrograph of all groups on day 14 post-operation; (A) PVA-PH group: Relatively thick collagen fibers were observed, along
with a relatively low number of fibroblasts and angiogenesis.; (B) PVA Group: A relatively high number of fibroblasts were present, along
with very thin collagen fibers and low levels of angiogenesis.; (C) Control Group: A high number of fibroblasts were observed, along with
very thin collagen fibers and a significant level of angiogenesis. (Top row: H&E and Bottom row: Masson’s Trichrome, x100).
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Table 1: The Mean + SD of the histopathological changes in all groups.

Control 1.67 £0.57 % 3+1.22°2 3.5x0.57°
PVA 2.67+0.57° 3+0.81° 3.4+054°
PVA-PH 3.33+057" 5 6.4+0.89°

There was no significant difference between the same letters in each column, but a significant
difference was observed between the non-identical letters. The difference was significant (p < 0.05).

Figure 4: Photomicrograph of all groups on day 28 post-operation; (A) PVA-PH group: thick collagen fibers and a low number of fibroblasts,
as well as low levels of angiogenesis were observed; (B) PVA Group: Moderate fibroblast presence with very thin and curly collagen fibers,
along with relatively low levels of angiogenesis, were observed; (C) Control Group: A significant number of fibroblasts with thin collagen
fibers and abundant angiogenesis were observed. (Top row: H&E and Bottom row: Masson’s Trichrome, x100).

Figure 5: Photomicrograph of all groups on day 42 post-operation; (A) PVA-PH group: full coverage of the bone defect, the creation of
immature bone tissue (Woven), thick and parallel collagen fibers, a significant number of fibroblasts, and very little angiogenesis were
observed; (B) PVA Group: Medium-sized fibroblasts with thin and curly collagen fibers were present, and angiogenesis was low were observed;
(C) Control Group: Thin collagen fibers and fibroblasts were observed, along with high levels of angiogenesis were observed. (Top row: H&E
and Bottom row: Masson’s Trichrome, x100).
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Discussion

The increasing economic burden of fracture healing is
becoming particularly concerning for healthcare
systems in developing nations. This study focused on
the successful development of a PVA/PH nanofibrous
scaffold with desirable properties for fracture healing in
rat calvaria. The scaffold was enriched with phenolic
compounds sourced from pistachio hulls, which have
known for their strong antioxidant and antibacterial
properties. To achieve these properties, electrospinning
was conducted to produce uniform nanofibrous
PVA/PH in various ratios. The optimal combination was
determined to be 0.9:10 mg/ml of PVA/PH. This
fabricated nanofibrous mat exhibited a uniform
structure, devoid of beads, indicated the scaffold's
mechanical integrity and potential suitability for
fracture management. Notably, the optimized PVA/PH
ratio played a pivotal role in achieving this uniformity
and enhancing the scaffold's overall effectiveness.
Previous  studies  supported these  findings,
demonstrating that the concentration of extracts in PVA
scaffolds  strongly influenced the  nanofiber
characteristics, with higher extract concentrations
leading to increased fiber diameters and the presence of
beads.'®'” However, despite the addition of PH, the
main intensive peak characteristic of the semi-
crystalline structure and intermolecular hydrogen
bonding in PVA scaffolds remained unchanged.

The results of our study on day 14 revealed that a
significant difference between the PVA/PH group and
the control group, while no significant difference was
found between the PVA/PH and PVA groups. As time
progressed to days 28 and 42, the PVA/PH group
exhibited a significantly higher healing rate compared to
both the PVA and control groups. Notably, the PVA/PH
group showed a consistently superior healing response
throughout the study, suggesting the beneficial impact
of nanofibers loaded with pistachio hull extract on the
osteogenesis process.

Oxidative stress significantly impacts the process of
bone regeneration, leading to delayed bone healing. The
imbalance between osteoblasts and osteoclasts can
expose the bone to prolonged oxidative stress, resulting
in cellular senescence, skeletal disorders, and bone
diseases. Therefore, managing oxidative stress levels
during bone healing becomes crucial. To mitigate the
harmful effects of reactive oxygen species (ROS),

administering antioxidant agents holds promise in
reducing oxidative stress. Research has shown that
natural antioxidants have the potential to restore bone
parameters and facilitate the formation, regeneration,
and mineralization of bone tissue.® As a result, the use
of natural antioxidants to enhance bone healing has
become a central focus in current research. This finding
aligns with a previous study that highlighted the osteo-
protective effects of green tea. In this study, green tea
demonstrated its ability to decrease oxidative stress,
increase the activity of antioxidant enzymes, and reduce
the expression of proinflammatory mediators in various
rodent bone loss models.’®® Furthermore, our current
study suggests that the extract derived from pistachio
hull has the potential to effectively prevent the
development of oxidative stress-induced damage in
bone tissue. Numerous studies have attested to the
remarkable antioxidant capacity of pistachio hull
extract.**2° The compounds present in pistachio hull
seem to prevent the formation of free radicals and can
accelerate the healing process of bone defects due to
their antioxidant and anti-inflammatory activities.
Previous research has highlighted the antioxidant
properties of phenolic and flavonoid compounds present
in herbs, indicating their potential in combating
oxidative stress.?* Particularly, among antioxidants,
phenolic compounds have demonstrated robust
reducing properties. The positive effects of phenolic
compounds primarily arise from their antioxidant
characteristics, as they act as scavengers of reactive
oxygen species (ROS). These properties stem from their
potential to reduce and their unique chemical structure,
enabling them to counteract free radicals, form
complexes with metal ions, and quench molecules of
triplet oxygen.?

In our investigation, we discovered that pistachio hulls
are rich in phenolic compounds. Given these properties,
phenols could influence bone metabolism by
suppressing  inflammatory  mediators?, including
cytokines that play a significant role in supporting
osteoclast differentiation and resorption. Consequently,
this leads to a reduction in bone resorption.?*
Furthermore, phenols have demonstrated the ability to
activate the Mitogen-Activated Protein Kinases
(MAPKS) signaling pathway in various cellular systems,
employing both direct and indirect mechanisms.
Targeting the MAPKSs pathway allows these compounds
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to exert positive effects on bone metabolism. As a result,
they regulate osteoclast differentiation, bone resorption,
and facilitate osteoblast proliferation, differentiation,
and functional activities. Additionally, phenols have
been observed to negatively modulate genes associated
with receptor activator kB ligand (RANKL)-induced
osteoclast differentiation, such as NFATc1 %, c-fos %,
NF-jB, and AP-1.2?® This regulatory process involves
the modulation of extracellular signal-regulated kinases
(ERK1/2), p38, and c-Jun- N terminal kinase (JNK)
MAPKSs expression and phosphorylation.?®-3t

Phenolic compounds play a significant role in
preserving bone health, operating through five potential
mechanisms: (i) Reducing bone loss by leveraging
antioxidant activity, (ii) Diminishing bone loss via anti-
inflammatory action, (iii) Enhancing
osteoblastogenesis, (iv) Reducing osteoclastogenesis,
and (v) Engaging in osteoimmunological activity.*?

On the other hand, when bacterial or fungal infections
are present at the site of injury, particularly in open
fractures, they can cause a delay in bone healing. In such
cases, the incorporation of pistachio hull, which
possesses favorable antimicrobial properties 2%, has
been confirmed in various studies, making it a suitable
candidate for fabricating this nanofibrous mat.

The phenolic compounds present in pistachio hull
possess potent antibacterial properties attributed to their
unique molecular structure. These compounds exert
their effects at the cellular level through various
mechanisms. Such activities are believed to involve
alterations in cell membrane permeability, intracellular
functions influenced by hydrogen bonding of phenolic
compounds to enzymes, and changes in cell wall
stiffness leading to the loss of integrity through
interactions with cell membrane. *

Conclusion

The findings from this study indicate that nanofibers
loaded with pistachio hull extract can significantly
enhance osteogenesis and promote the healing process
of calvarial defect in rat calvarium over a 42-day period.
Therefore, the use of these nanofibers in orthopedic
surgical procedures appears promising candidate for
promoting fracture healing and advancing regenerative
medicine approaches, given their potential role in
facilitating bone healing.
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