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ABSTRACT

Objective(s): This study uses the blend-electrospinning method to explore the development of apigenin)
APG(-loaded PCL nanofibers as a promising wound dressing material.

Materials and Methods: The approach combines APG’s anti-inflammatory and antioxidant properties with
the advantages of nanofibers for wound healing. The research investigates the electrospinning process for
optimal parameters and characterizes the resulting nanofibers using FE-SEM, FTIR, and contact angle
measurements.

Results: The findings demonstrate successful APG incorporation into PCL nanofibers at concentrations
up to 0.5 wt%. The APG release profile indicates a sustained release over 48 hours. Biocompatibility and
cytotoxicity assessments using the Alamar Blue assay reveal excellent biocompatibility of APG-loaded PCL
nanofibers (over 90% viability). Additionally, the nanofibers exhibit a porous, bead-free structure with
improved hydrophilicity due to APG incorporation.

Conclusion: Overall, this study highlights the development of APG/PCL nanofibers with promising
characteristics for wound dressing applications. The combination of APG’s therapeutic properties, sustained
release profile, and biocompatible nanofiber structure suggests their potential for effective wound healing.
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INTRODUCTION

Nanofibers are a type of nanomaterial that
has been widely used in biomedical and other
applications due to their inherent properties [1].
They can be synthesized using various polymers
or compounds, including natural and synthetic
polymers. Electrospinning is the most widely used
method for producing nanofibers and has proven
to be both cost-effective and highly effective
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at establishing these materials with molecules
ranging from nm to micrometers in size [2].

Nanofibers can serve as a drug delivery system
for both hydrophobic and hydrophilic drugs and
can be used for topical or systemic treatments.
They can efficiently deliver drugs with polymer-
encapsulated drug molecules [3-6].

Wounds can be healed using various biomedical
textile materials created using different production
methods. An ideal wound dressing should have
biocompatibility, non-toxicity, protection against
infection, absorbency, permeability, and quick
drug delivery [7-10]. Electrospun nanofibrous
mats are a cutting-edge alternative to traditional

Nanomed J. 11(4): 392-400, Autumn 2024



N. Niazi et al. / Electrospun apigenin-loaded polycaprolactone nanofibers

wound dressings because they have numerous
special advantages over others. These advantages
include morphological similarities to the ECM,
a high surface area to volume ratio, greater
porosity, oxygen permeability, continuous and
flexible nanostructured fibers, and drug delivery
capabilities. These structural characteristics
permit tissue regeneration, transfer wound fluid,
and ensure breathability for cellular expansion
and proliferation [11, 12]. Antibacterial, anti-
inflammatory, and healing agents can be easily
incorporated into electrospinning to create
multifunctional nanofibrous membranes. All
types of wounds can be treated with bioactive
electrospun dressings that also have sufficient
physicochemical and mechanical properties to
protect the wound, promote healing progression,
and eliminate bacteria from the wound [9, 12-17].

Apigenin (APG), also known as
4' 5,7-trihydroxyflavone, is a flavonoid that occurs
naturally in various vegetables, fruits, beans, and tea
leaves. Celery has the highest concentration of APG.
APG has C2C3 double bonds and 4’ hydroxyl groups
at positions 5 and 7, which together contribute
significantly to its special physicochemical properties
[18-20]. In comparison to other flavonoids like
quercetin and kaempferia brass, APG demonstrates
a superior safety profile [21].

By preventing the production of tumor necrosis
factor (TNF), interleukin-6 (IL-6), and interleukin-1
(IL-1), APG has anti-inflammatory effects. APG
increases the expression of vascular endothelial
growth factor (VEGF) to encourage vascular
regeneration after ischemia [18, 19, 22]. Because
of its anti-inflammatory, antioxidant, and pro-
angiogenic properties, APG treatment has been
investigated as a method to improve the survival
rate of random skin flaps [21, 23-25]. For example,
following surgery, the topical application of PLX
gel improved the degree of reepithelialization and
inflammation and promoted neo-vascularization
of the wounds at two and seven days [26].
Moreover, Shuklaa et al. demonstrated that APG-
loaded gellan gum-—chitosan hydrogel (GGCH-
HGs) promotes wound contraction and enhances
collagen content in both diabetic and normal
wound tissues. This was supported by increased
hydroxyproline content and protein levels. These
findings suggest that APG could be beneficial for
managing diabetic wound healing through its
free radical scavenging effects [27]. Rajab et al.
also investigated the healing effects of a topical
cream containing 2% APG on rabbit skin. They
concluded that APG promotes wound healing in
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rabbits due to its promising properties, including
antibacterial, antiviral, anti-inflammatory,
antioxidant, and free radical scavenging activities
[28]. However, a significant drawback of APG is its
poor water solubility and limited bioavailability
[20]. Therefore, it is necessary to develop new
drug delivery systems or formulations to enhance
the bioavailability of APG.

Poly (e-caprolactone) (PCL) is one of the
polymers that has been widely investigated in the
field of tissue regeneration and wound healing
applications due to its biocompatibility and
biodegradability. The similarity of electrospun
nanofiber matrices to the diameter of collagen
fibers in the natural extracellular matrix has
recently attracted considerable attention
for a variety of biomedical applications [29].
Additionally, PCL is an ideal material for tissue
engineering and wound dressing due to its non-
toxic nature and flexible mechanical properties
[30, 31].

Hydrogel- and  polymeric  electrospun
nanofiber-based wound dressings have been
extensively studied for wound healing. However,
these structures can promote bacterial growth in
wounds by trapping exudates, which is a major
drawback of drug-free, nonabsorbent wound
dressings [32, 33].

In this regard, the production of polymeric
electrospun nanofibers for the manufacture of drug-
loaded wound dressings with anti-inflammatory and
anti-infective properties is a crucial requirement.
An ideal wound dressing should possess unique
qualities like the capacity to exchange gases, the
ability to deliver cells into wounds, and a particular
surface area for angiogenesis. Thus, the best
structure for regulating the wound environment is
provided by drug-loaded electrospun nanofibers,
which have a porous structure and a high surface-
to-volume ratio.

APG-loaded PCL in the form of electrospun
nanofibers is proposed as a novel template for
wound dressing scaffolds due to APG’s antibacterial
activity, which has not been previously reported.
Therefore, the goal of the current study is to
produce electrospun PCL nanofibers that contain
APG for use in wound dressing applications.

MATERIALS AND METHODS
Materials

PCL (Mn = 70,000-90,000) was purchased
from Sigma-Aldrich (U.S.A).APG powder was
kindly supplied by Prof. Farnaz Nikbakht from
the Department of Physiology at the University
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of IUMS in Tehran, Iran. Dichloromethane (DCM),
dimethylformamide (DMF), and methanol were
obtained from Merck Chemical Co. All chemicals
and solvents were used as received.

Fabrication of electrospun PCL and APG-loaded
PCL nanofibers

A weighed amount of PCL (15, 16, 14.5, 14.75,
15.5, and 15.75 wt%) was separately dissolved in
a mixture of DCM: DMF: methanol (at a 60:30:10
weight ratio) by agitating the mixture for 2 hours
at room temperature (25 °C) with a magnetic
stirrer. To fabricate PCL nanofibers loaded with
APG, the PCL solution that contained 14.75,
15.75, 14.5, and 15.5 wt% was first mixed with
the appropriate amounts of APG (0.25 and 0.5
wt%), then stirred for one hour to produce PCL 15
and 16 wt%. Each prepared solution was placed
into a standard 5 mL plastic syringe with a blunt
22-gauge stainless steel hypodermic needle
and connected to a high-voltage power source
(Chungpa EMI, Korea). To control the flow rate of
the solution, a syringe pump (Model KDS200, KD
Scientific, USA) was used. A rotating collector with
an aluminum sheet covering it was used to collect
electrospun nanofiber mats. All electrospinning
procedures were carried out at 20 kV with a 21
cm distance between the needle tip and the
collector and a solution flow rate of 0.5 mL/h. The
mats were dried in a vacuum dryer for 12 hours at
room temperature to make sure that DMF did not
remain in the nanofiber mats.

Characterization of nanofibers

To characterize the morphology and diameter
of the electrospun nanofibers, field emission
scanning electron microscopy (FE-SEM) was used
(HITACHI S-4700, Japan). Image J software was
used to measure the average fiber diameters of 100
fibers randomly selected from each electrospun
mat (National Institute of Health, USA).

Fourier Transform Infrared Spectroscopy was
applied to characterize the chemical structures of
nanofibers and APG powder (Thermo Nicolet FTIR,
Nexus 670).

The surface  hydrophobicity of the
manufactured nanofibers was assessed using
measurements of contact angle. Contact angles
were assessed with a video contact angle device
quickly after deionized water was permitted to fall
freely onto the surfaces of flat non-woven mats
(Samsung FA-CED camera, South Korea). The final
contact angle value was determined by calculating
the average of five measurements made at various
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points on the surface of a non-woven mat.

APG release profile from nanofibers

APG-loaded PCL nanofiber matrices (1cm?)
were incubated for 48 hours at 37°C in 5 mL of
PBS/ethanol 50%. At set intervals, 200 pl of the
extraction media were taken out and replaced
with the same volume of fresh media. Using a UV-
visible spectroscopy fluorometer (excitation 430,
emission 535 nm), the amount of APG released
was measured, and the outcomes were compared
to an APG standard curve in 50% ethanol.

Cell seeding on APG-loaded PCL nanofibers
Cell viability assay

To reduce bacterial contamination, PCL, and
APG-loaded PCL nanofibers (1 cm?) were treated
with 10% ethanol solution. HUVEC cells were
seeded and grown in DMEM containing 10% fetal
bovine serum, 1% penicillin, and 1% streptomycin
until becoming confluent in tissue culture flasks
(75 cm?). In a tissue culture incubator with 5% CO2
and 37°C, the media was replaced every other
day. Cells were trypsinized and seeded onto the
nanofiber matrices when they had reached 80%
confluency. The Alamar Blue assay was used to
assess the viability of cells adhered to the surface
of nanofibers. At the same time, relevant blank
samples (PCL and APG-loaded PCL nanofibers
without cells) were collected.

The Alamar Blue method measures the
biocompatibility and cytotoxicity of nanofibers
using a calorimetric approach. A decrease
in cellular metabolism is detected using the
oxidation-reduction of the Resazurin molecule
(REDOX), which changes color in response to
reduction or oxidation. A reduced form of the
compound is pink and highly fluorescent, and
the intensity of the fluorescence varies with the
number of living cells. As a direct indicator of
viability and cytotoxicity during respiration, Alamar
Blue detects levels of oxidation during respiration.
The Alamar Blue solution (10% v) was applied to
each well. For several months, the Alamar blue
solution can be kept at 4 °C and in the dark. To
perform the Alamar blue test, a predetermined
volume of medium containing roughly 20,000 cells
was poured into each well of a 48-well plate. This
process was repeated four times for each sample.
Following that, the plates were incubated for 48
hours. After 4 hours of treatment with Alamar blue
solution, the contents of each well were transferred
to another plate, and an ELISA reader was used to
measure each well’s absorption at 570 and 630 nm.
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Statistical analysis

The data was statistically analyzed using one-
way analysis of variance (ANOVA), and p < 0.05
was considered statistically significant. Results
are presented as mean % standard deviation, so
the error bars show the standard deviation. The
software program Origin Pro 7.5 was used to
analyze the data. One-way ANOVA with a Tukey
test (p 0.05) was employed to statistically compare
PCL nanofibers with and without APG loading.

RESULTS AND DISCUSSION

The morphology and properties of polymer
nanofibers are affected by the experimental
conditions for electrospinning. Therefore, the results
will be discussed while considering the optimization of
electrospinning parameters and the characterization
of samples obtained under optimized conditions.

Characterization of nanofibers
Morphology of electrospun nanofibers

The fiber morphology was analyzed using
FESEM imaging. Fig. 1A, B displays the images of PCL
electrospun fibers from 15% and 16% PCL solutions.
The study found that beads started to form along
the fibers when the PCL solution concentration
was below 14% (w/w). Electrospinning of 15%
(w/v) PCL in DCM/DMF/methanol gave rise to
bead-free nanofibrous matrices with a median
diameter in the range of 300-400 nm. Under the
optimal electrospinning conditions mentioned
above, Fig. 1C, D displays the morphology of APG-
loaded (0.25% and 0.5% w/w) PCL nanofibers.
PCL nanofibers with APG loaded (0.25% and 0.5%
w/w) displayed bead-free morphology, which was
like that of the PCL nanofibers. The distribution of
fiber diameter, however, was significantly altered
by the loading of APG. After APG was added, fibers
with a wide range of diameters (200-600 nm) were
produced (Table 1). The highest concentration of
APG that could be loaded into PCL nanofibers under
optimal conditions was found to be 0.5% (w/w).

Fig. 1. SEM images of the electrospun nanofibers (A) PCL15, (B)
PCL16, (C) PCL15.5APG 0.5, (D) PCL15.75 APG 0.25

With a further increase in APG concentration, APG
precipitated from the polymer solution and formed
aggregates on the surface of the fibers.

Chemical structure studies

FTIR was used to investigate the interactions
between functional groups of PCL and APG. The
FTIR spectra of PCL, APG, and APG-loaded PCL
nanofibersareillustratedin Fig. 2. The characteristic
peaks of PCL include 2,949 cm? (asymmetric
tensile band CH,), 2,865 cm-1 (asymmetric tensile
band CH,), 1,727 cm™ (carbonyl tensile band),
1,293 cm (C-O and C-C tensile bands) and 1,240
cm® (COC asymmetric tensile bands) [34, 35].

In the APG spectrum, some tensile bands in
2710-2580(2612) are related to the O-H band. The
broad peak at 3261 is most likely related to the
O-H tensile vibration of the OH phenol groups, and
bands in 1600-1400 and 800-250 can be related
to C = O tension and C-H curvatures related to the
aromatic group [36-38]. The peak observed in the
spectrum of the APG sample in 1649 is related to
the C = O tensile band of the C = O group of the
central heterocyclic ring [36, 39] while the C-O
vibration occurs in the range of 1110.

The results of FTIR analysis of the APG-loaded

Table 1. the mean diameters of nanofibers produced with 20 kV and 21 cm; Values are expressed as mean + S.D

Concentration

No. Sample Average diameter of nanofibers (nm)
Weight/Volume

1 PCl %16 16% 368 +69.92
2 PCL %15 15% 374+74.8
3 PCL %15.5 + APG %0.5 16% 353+77.6
4 PCL %15.75 + APG %0.25 16% 398 +£79.6
5 PCL %14.5 + APG %0.5 15% 358 +75.18
6 PCL %14.75 + APG %0.25 15% 400 + 80

Nanomed J. 11(4): 392-400, Autumn 2024
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Fig. 2. FTIR spectrum of PCL nanofibers, APG powder, and PCL/ APG nanofibers.

PCL nanofiber (APG-PCL) have also been shown in
Fig. 2. The APG / PCL spectrum shows characteristic
peaks for both PCL and APG. In summary, all
characteristic peaks of both APG and PCL have been
transferred to the polycaprolactone composite
nanofiber containing APG, indicating that APG and
PCL are bonded together to form a more stable
structure and homogeneous nanofibers.

Contact angle measurements of the nanofibers
PCLis a hydrophobic polymer. As expected, PCL
has a high contact angle, which indicates that it is
highly hydrophobic. The addition of APG changes
the contact angle and decreases it. The results of

A B

investigating two different concentrations of APG
(0.25 and 0.5 w% in PCL solution) were shown in
Fig. 3. APG generally does not dissolve in water,
but the oxygen in APG can bond with water as a
proton donor. Therefore, with the addition of APG,
the contact angle was decreased. In other words,
nanofibers became more hydrophilic.

In vitro APG release from nanofibers

Fig. 4 shows the in vitro release of APG into
the media over 2 days. As can be seen, loaded
nanofibers exhibited a burst release of 15% in the
first 2 hr, followed by a slow and sustained release
of 52% over 2 days. Overall, the cumulative release

C

D E

D e B

Sample

Contact angle

PCl %16

PCL %15

PCL %15.75 + APG %0.25
PCL %14.75 + APG %0.25
PCL %15.5 + APG %0.5
PCL %14.5 + APG %0.5

mmo o>

134.21 £3.68°
131.61+1.08°
131.08 +4.03
131.62 +1.07
115.55+5.01
102.12 +9.12

Fig. 3. Contact angle images and measurement of nanofibrous samples. Values are expressed as mean + S.D (n=3).
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Fig.4. The release diagram of APG 0.5% from PCL nanofibers in 2 days

of APG was 67%.

In vitro cytotoxic assay

Fig. 5. shows the viability of HUVEC cells
cultured directly on APG-loaded PCL nanofibers
and PCL nanofibers. After 48 hr of culture on 0.5
and 0.25% APG-loaded PCL fibers, about 90% of
cells were alive while there was no significant
difference with control PCL nanofibers, indicating
biocompatibility and non-cytotoxicity of PCL
nanofibers containing APG.

DISCUSSION

According to previous studies, ES has
successfully fabricated PCL nanofibers using a
variety of solvents [40]. We chose DCM/DMF/
methanol as the solvent in our research because
DCM is known to be a superior solvent for PCL
and APG. Additionally, the inclusion of DMF and
methanol can enhance the electrospinability of the
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solution [41]. A fixed electric field of 20 kV/21 cm
was used for the ES of these solutions. The results
showed that the PCL nanofibers had uniform,
bead-free structures, and smooth surfaces. PCL
nanofibers demonstrated good characteristics in
terms of diameter, uniformity, and non-beaded
area, as shown in Fig. 1. Moreover, Fig. 1 and Table
1 show the morphology and average diameter of
PCL nanofiber mats that were electrospun and
loaded with APG.

Different concentrations of PCL and APG-PCL
solutions (15 wt%, and 16 wt% containing 0.25
wt% and 0.5 wt% APG) were used in the study. The
concentration of the polymer solution plays an
important role in the formation of fibers during the
electrospinning process. When the concentration
is very low, polymer nanoparticles are obtained.
In this case, due to the low viscosity and high
surface tension of the solution, electrospraying
takes place instead of electrospinning. When

Control PCL 16%

Apigenin 0.25% Apigenin 0.5%

Fig. 5. Cell viability assay of HUVEC cells on PCL, and APG-loaded PCL nanofibers after 48 hr. Values are expressed as mean +S.D (n=3)
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the concentration is slightly higher, a mixture
of beads and fibers is formed. Nanofibers are
obtained when the concentration is suitable. If the
concentration is increased a lot, spiral bands are
obtained at the micro level. Actually, in a suitable
concentration of the solution, the fiber diameter
increases with increasing concentration [42, 43].

The study found that when the PCL
concentration was below 15% and the APG
concentration was above 0.5%, the polymer
jet was unstable and resulted in beaded fibers.
In APG-PCL nanofibers, the beaded structure
indicates that a stable Taylor cone could not be
formed. The presence of 0.25 and 0.5 wt% of APG
eliminated bead formation.

The APG-loaded PCL nanofibers had a three-
dimensional interconnected porous structure that
was randomly oriented and like that of the pure
PCL fiber. According to the results, adding APG to
PCL fibers reduced the average diameter of the
electrospun nanofibers. The average diameter
of PCL nanofibers was 372 nm, while that of PCL
nanofibers loaded with APG was 353 nm. This is
most likely due to a change in the viscosity of the
PCL solution, which is consistent with Fallah et al.’s
findings [44]. Furthermore, the results obtained in
this study are in agreement with those reported by
Zeng et al., who observed that the incorporation
of lipophilic drugs such as rifampin and paclitaxel
could decrease the diameter and distribution of
hydrophobic electrospun fibers made from PLLA
[45, 46].

Additionally, considering that APG is a
hydrophobic substance, it has been observed that
the incorporation of hydrophobic medications
into the polymer solution leads to the disruption
of its components, reduces surface tension, and
ultimately increases the bending instability while
electrospinning [46, 47].

The interaction between lipophilic drugs and
hydrophobic polymers occurs through hydrophobic
binding, as observed with the lipophilic APG, which
is highly soluble in a PCL/DCM/DMF solution. As
the solution jet is rapidly stretched out and the
solvent evaporates quickly, APG continues to
attach to PCL and functions as a trap between
the polymer chains [45]. An electrospun fiber mat
with a porous interconnected structure can mimic
the natural extracellular matrix, which promotes
cell growth and attachment.

Assessing cell viability is crucial in determining
the cytotoxicity of nanofiber mats for potential
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use as wound dressings. In this study, the HUVEC
cells were cultured on PCL, and APG-loaded PCL
nanofiber mats for 48 hours. Alamar blue assay
was performed to evaluate cell viability, as shown
in Fig.5.

The cells cultured on polystyrene well plates
as a control gradually proliferated during 48 hours
of cell incubation. However, when seeded on the
PCL nanofiber mat, their viability was lower than
that of cells cultured on the control well (P > 0.05).
This might be attributed to the hydrophobicity of
the PCL nanofibers. For all the nanofiber mats,
there was a negligible difference in cell viability
after 2 days of culture. After 2 days of culture,
more than 80% of the cells were viable on both
the APG-loaded PCL and PCL nanofibers, indicating
low cytotoxicity of APG-loaded PCL nanofibers and
therefore their biocompatibility.

The drug release process can be divided into
three stages: a) burst drug release, b) linear
increase in drug release, and c) stationary or
unchanged stage [48, 49]. In this study, the APG
release profile demonstrated a burst release equal
to 14% in the first 2 hours of incubation. Then,
the APG release increased linearly up to 16 hours,
which is equivalent to 45% of the APG. Finally, the
amount of APG released was decreased over time.
Only 6% of APG was released from 16 to 48 hours.

It is accepted that APG concentration in
cell culture media is extremely low. The results
suggest that the contact between cells and APG
on the surface of nanofibers affects cell viability
more than the concentration of released APG.
Consistent with these results, Merrell et al. showed
that on 3% (w/w) Cur-PCL, HFF-1 cell viability was
more than 70% after 48 hours of culture. Nguyen
et al. reported that including 0.125 wt% Cur in
PLA, nanofibers could increase cell proliferation
by contact between cells and Cur on the surface
of nanofibers rather than by their morphology.
Findings by Fallah et al. also confirmed these
results.

Ultimately, our findings indicate that the newly
developed APG/PCL nanofibers show potential
for wound healing applications. However, further
studies, including antibacterial tests and in vivo
studies, are necessary to fully evaluate their potential.

CONCLUSION

In this study, the electrospinning process
successfully fabricated continuous nanofibers
of PCL and blends of the polymer with APG. For
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the first time, the combination of therapeutic
APG with antioxidant and anti-inflammatory
properties with PCL nanofibers exhibited a useful
and convenient method for wound dressing
application. The addition of the APG reduced
the diameter size of the electrospun fibers and
maintained their interconnected porous structure.
Contact angle measurements showed that adding
APG decreased contact angle significantly and
created a hydrophilic surface. The fabricated APG/
PCL nanofibers possess a porous, nanoscale, and
beadless structure with optimum biocompatibility.
FTIR results confirm the APG loading. Moreover,
APG-PCL nanofibers had a long-release profile and
showed good cell biocompatibility compared to
drug-free nanofibers. Overall, the study’s findings
demonstrate that the newly developed APG/PCL
nanofibers have high biocompatibility, and low
cytotoxicity, which can be a promising wound
dressing platform for wound-healing applications.

ACKNOWLEDGMENTS

This research was supported by the lIran
University of Medical Sciences (IUMS), Tehran,
Iran (grant No. 13068); Cellular and Molecular
Research Center, IUMS (grant No. 14352). We
thank our colleague Prof. Farnaz Nikbakht from
the Department of Physiology at the University of
IUMS for supplying APG powder.

REFERENCES

1. Ramakrishna S. An introduction to electrospinning and
nanofibers: World scientific; 2005.

2. Heunis TDJ, Dicks LMT. Nanofibers offer alternative ways
to the treatment of skin infections. J Biomed Biotechnol.
2010:2010:510682.

3. Song B, Wu C, Chang J. Controllable delivery of hydrophilic and
hydrophobic drugs from electrospun poly (lactic-co-glycolic
acid)/mesoporous silica nanoparticles composite mats. J
Biomed Mater Res B Appl Biomater. 2012;100(8):2178-2186.

4, Xu J, Jiao Y, Shao X, Zhou C. Controlled dual release of
hydrophobic and hydrophilic drugs from electrospun
poly(l-lactic acid) fiber mats loaded with chitosan
microspheres. Materials Letters. 2011;65(17):2800-2803.

5. Farhaj S, Conway BR, Ghori MU. Nanofibres in Drug Delivery
Applications. Fibers. 2023;11(2):21.

6. Kumar L, Verma S, Joshi K, Utreja P, Sharma S. Nanofiber as
a novel vehicle for transdermal delivery of therapeutic
agents: challenges and opportunities. Future Journal of
Pharmaceutical Sciences. 2021;7(1):1-17.

7. Adamu BF, Gao J, Jhatial AK, Kumelachew DM. A review of
medicinal plant-based bioactive electrospun nano fibrous
wound dressings. Materials & Design. 2021;209:109942.

8. Md Abu T, Zahan KA, Rajaie MA, Leong CR, Ab Rashid S, Mohd
Nor Hamin NS, et al. Nanocellulose as drug delivery system
for honey as antimicrobial wound dressing. Materials
Today: Proceedings. 2020;31:14-17.

9. Ramazan E. Advances in fabric structures for wound care.
Advanced Textiles for Wound Care: Elsevier; 2019. p. 509-540.

Nanomed J. 11(4): 392-400, Autumn 2024

10. Thomas S, Uzun M. Testing dressings and wound
management materials. Advanced textiles for wound care:
Elsevier; 2019. p. 23-54.

11. Ardekani NT, Khorram M, Zomorodian K, Yazdanpanah
S, Veisi H, Veisi H. Evaluation of electrospun poly (vinyl
alcohol)-based nanofiber mats incorporated with Zataria
multiflora essential oil as potential wound dressing.
International journal of biological macromolecules.
2019;125:743-750.

12. Ranjbar-Mohammadi M, Rabbani S, Bahrami SH,
Joghataei MT, Moayer F. Antibacterial performance and
in vivo diabetic wound healing of curcumin loaded gum
tragacanth/poly(e-caprolactone) electrospun nanofibers.
Materials Science and Engineering: C. 2016;69:1183-1191.

13. Jatoi AW, Ogasawara H, Kim IS, Ni Q-Q. Polyvinyl alcohol nanofiber
based three phase wound dressings for sustained wound healing
applications. Materials letters. 2019;241:168-171.

14. Jung H-S, Kim MH, Shin JY, Park SR, Jung J-Y, Park WH.
Electrospinning and wound healing activity of B-chitin
extracted from cuttlefish bone. Carbohydr Polym. 2018
Aug 1:193:205-211

15. Pourpirali R, Mahmoudnezhad A, Oroojalian F, Zarghami
N, Pilehvar Y. Prolonged proliferation and delayed
senescence of the adipose-derived stem cells grown on the
electrospun composite nanofiber co-encapsulated with
TiO2 nanoparticles and metformin-loaded mesoporous
silica nanoparticles. Int J Pharm. 2021;604:120733.

16. Amiri Z, Molavi AM, Amani A, Mogadam KH, Vatanchian
M, Hashemi SA, Oroojalian F. Fabrication, characterization
and wound-healing properties of core-shell SF@
chitosan/ZnO/Astragalus arbusculinus gum nanofibers.
Nanomedicine. 2024.

17. Adel M, Keyhanvar P, Zare |, Tavangari Z, Akbarzadeh A,
Zahmatkeshan M. Nanodiamonds for tissue engineering
and regeneration. Journal of Drug Delivery Science and
Technology. 2023;90:105130.

18. Miean KH, Mohamed S. Flavonoid (myricetin, quercetin,
kaempferol, luteolin, and apigenin) content of edible tropical
plants. J Agric Food Chem. 2001 Jun;49(6):3106-3112.

19. Skerget M, Kotnik P, Hadolin M, Hra3 AR, Simoni¢ M, Knez
Z. Phenols, proanthocyanidins, flavones and flavonols in
some plant materials and their antioxidant activities. Food
Chemistry. 2005;89(2):191-198.

20. Adel M, Zahmatkeshan M, Akbarzadeh A, Rabiee N, Ahmadi
S, Keyhanvar P, et al. Chemotherapeutic effects of Apigenin
in breast cancer: Preclinical evidence and molecular
mechanisms; enhanced bioavailability by nanoparticles.
Biotechnol Rep (Amst). 2022:34:e00730.

21. Ma X, Lin Y, Liu Y, Li W, He J, Fang M, Lin D. Effects of
Apigenin treatment on random skin flap survival in rats.
Front Pharmacol. 2021;12:625733.

22. Pang Q, Zhao Y, Chen X, Zhao K, Zhai Q, Tu F. Apigenin
Protects the Brain against Ischemia/Reperfusion Injury via
Caveolin-1/VEGF In vitro and In vivo. Oxid Med Cell Longev.
2018 Dec 3:2018:7017204

23.Béachle AC, Mérsdorf P, Rezaeian F, Ong MF, Harder Y, Menger
MD. N-acetylcysteine attenuates leukocytic inflammation
and microvascular perfusion failure in critically ischemic
random pattern flaps. Microvasc Res. 2011;82(1):28-34.

24. Ren K, Jiang T, Zhou H-F, Liang Y, Zhao G-J. Apigenin retards
atherogenesis by promoting ABCA1l-mediated cholesterol
efflux and suppressing inflammation. Cell Physiol Biochem.
2018;47(5):2170-2184.

25.Zhu D, Chen B, Xiang Z, Lin J, Miao Z, Wang Y, et al. Apigenin
enhances viability of random skin flaps by activating
autophagy. Phytother Res. 2021;35(7):3848-3860.

399



26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

400

N. Niazi et al. / Electrospun apigenin-loaded polycaprolactone nanofibers

Lopez-Jornet P, Camacho-Alonso F, Gdmez-Garcia F, Molina
Minano F, Canas X, Serafin A, et al. Effects of potassium
apigenin and verbena extract on the wound healing process
of SKH-1 mouse skin.Int Wound J. 2014;11(5):489-495.
Shukla R, Kashaw SK, Jain AP, Lodhi S. Fabrication of
Apigenin loaded gellan gum—chitosan hydrogels (GGCH-
HGs) for effective diabetic wound healing. Int J Biol
Macromol. 2016:91:1110-1119.

Rajab AA, Al-Wattar WT, A Taga G. The roles of apigenin
cream on wound healing in rabbits model. Journal of
Applied Veterinary Sciences. 2022;7(1):1-5.

Laurencin CT, Nair L.S. (Eds.). Nanotechnology and Tissue
Engineering: The Scaffold. 1%, Editor: CRC Press; 2008.
Dash TK, Konkimalla VB. Poly-e-caprolactone based
formulations for drug delivery and tissue engineering: A
review. J Control Release. 2012 Feb 28;158(1):15-33.
Merrell JG, MclLaughlin SW, Tie L, Laurencin CT, Chen
AF, Nair LS. Curcumin loaded poly (e-caprolactone)
nanofibers: diabetic wound dressing with antioxidant and
anti-inflammatory properties. Clin Exp Pharmacol Physiol.
2009;36(12):1149-1156.

Mir M, Ali MN, Barakullah A, Gulzar A, Arshad M, Fatima
S, Asad M. Synthetic polymeric biomaterials for wound
healing: A review. Prog Biomater. 2018;7(1):1-21.

Jirofti N, Golandi M, Movaffagh J, Ahmadi FS, Kalalinia F.
Improvement of the wound-healing process by curcumin-
loaded chitosan/collagen blend electrospun nanofibers:
in vitro and in vivo studies. ACS Biomater Sci Eng.
2021;7(8):3886-3897.

Mouro C, Simdes M, Gouveia IC. Emulsion electrospun
fiber mats of PCL/PVA/Chitosan and eugenol for wound
dressing applications. Advances in Polymer Technology.
2019;2019:9859506.

Zahmatkeshan M, llkhani H, Paknejad M, Adel M, Sarkar
S, Saber R. Analytical characterization of label-free
immunosensor subsystems based on multi-walled carbon
nanotube array-modified gold interface. Comb Chem High
Throughput Screen. 2015;18(1):83-88.

Samadian N, Hashemi M. Effects of apigenin and apigenin-
loaded nanogel on induction of apoptosis in human chronic
myeloid leukemia cells. Galen Med J. 2018;7:e1008.

Kuppan P, Sethuraman S, Krishnan UM. PCL and PCL-gelatin
nanofibers as esophageal tissue scaffolds: Optimization,
characterization and cell-matrix interactions. J Biomed
Nanotechnol. 2013;9(9):1540-1555.

Sabzandam Sh, Zahmatkeshan M, Adel M, Mehrdadian M,

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

Saliminia F, Esmaeili F. Investigating the therapeutic effect
of folic acid conjugated ZnO nanoparticles on human
triple negative breast cancer cell line. Zastita Materijala
2023;64(2):213-222.

Poureini F, Mohammadi M, Najafpour GD, Nikzad M.
Comparative study on the extraction of apigenin from parsley
leaves (Petroselinum crispum L.) by ultrasonic and microwave
methods. Chemical Papers. 2020;74(11):3857-3871.

Fujihara K, Kotaki M, Ramakrishna S. Guided bone
regeneration membrane made of polycaprolactone/
calcium carbonate composite nano-fibers. Biomaterials.
2005;26(19):4139-4147.

Mochane MJ, Motsoeneng TS, Sadiku ER, Mokhena TC,
Sefadi JS. Morphology and properties of electrospun PCL
and its composites for medical applications: A mini review.
Applied Sciences. 2019;9(11):2205.

Zahmatkeshan M, Adel M, Bahrami S, Esmaeili F, Rezayat
SM, SaeediYY, et al. Polymer-based nanofibers: Preparation,
fabrication, and applications. Handbook of nanofibers:
Springer; 2019. p. 215-261.

Bahrami S, Adel M, Esmaeili F, Rezayat SM, Mehravi B,
Zahmatkeshan M. Carbohydrate-based nanofibers:
Applications and potentials. Handbook of Nanofibers:
Springer; 2019. p. 263-85.

Fallah M, Bahrami SH, Ranjbar-Mohammadi M. Fabrication
and characterization of PCL/gelatin/curcumin nanofibers
and their antibacterial properties. Journal of industrial
textiles. 2016;46(2):562-77.

Zeng J, Yang L, Liang Q, Zhang X, Guan H, Xu X, et al.
Influence of the drug compatibility with polymer solution
on the release kinetics of electrospun fiber formulation.
Journal of Controlled Release. 2005;105(1):43-51.

Zeng J, Xu X, Chen X, Liang Q, Bian X, Yang L, Jing X.
Biodegradable electrospun fibers for drug delivery. J
Control Release. 2003;92(3):227-231.

Bui HT, Chung OH, Dela Cruz J, Park JS. Fabrication
and characterization of electrospun curcumin-loaded
polycaprolactone-polyethylene glycol nanofibers for
enhanced wound healing. Macromolecular Research.
2014;22(12):1288-1296.

Lee JH, Yeo Y. Controlled Drug Release from Pharmaceutical
Nanocarriers. Chem Eng Sci. 2015;125:75-84.

FuY, Kao WJ. Drug release kinetics and transport mechanisms
of non-degradable and degradable polymeric delivery
systems. Expert Opin Drug Deliv. 2010;7(4):429-444.

Nanomed J. 11(4): 392-400, Autumn 2024



