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Introduction: Chronic wounds continue to pose a significant global challenge, incurring substantial costs
and necessitating extensive research in wound healing. Our previous work involved synthesizing zein
nanofibers embedded with 5 %, 10 %, and 15 % nano-curcumin (Zein/nCUR 5, 10, and 15 % NFs), and
examining their physicochemical and biological properties. This study aims to explore the potential of
these nanofibers in macrophage (MØ) polarization and wound healing.
Methods: We assessed the survival of RAW264.7 cells cultured on Zein/nCUR 5, 10, and 15 % NFs using
the MTT assay. To evaluate MØ polarization, we measured the expression of iNOS and Arg-1 genes in MØs
cultured on Zein/nCUR 10 % NFs through real-time PCR. Furthermore, we examined the nanofibers'
impact on pro-inflammatory cytokine expression (IL-1b, IL-6, TNF-a) in MØs via real-time PCR. The
wound healing efficacy of Zein/nCUR 10 % NFs was tested on 54 male rats with full-thickness wounds,
with assessments conducted on days 3, 7, and 14. Wound closure, re-epithelialization, and collagen
secretion were evaluated through photographic analysis and tissue staining. Statistical analyses were
performed using GraphPad Prism 6, with significance set at p < 0.05.
Results: Zein/nCUR 10 % NFs significantly enhanced the survival of RAW264.7 cells compared to other
groups. They also markedly reduced iNOS expression and increased Arg-1 expression, indicating suc-
cessful polarization of M1 to M2 MØs. Additionally, these nanofibers decreased the expression of IL-1b,
IL-6, and TNF-a, and significantly improved wound closure, re-epithelialization, and collagen deposition
compared to control and Zein groups.
Conclusions: This study demonstrates that Zein/nCUR 10 % NFs effectively polarize MØs from M1 to M2,
significantly enhancing wound healing, thus offering a promising therapeutic approach for improved
wound care.

© 2024 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Wound healing is a meticulously regulated process that involves
a sequence of distinct cellular and molecular phases, including
hemostasis, inflammation, proliferation, and remodeling [1]. A
crucial determinant of successful wound healing is the transition
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from the inflammatory phase to the proliferative phase. This tran-
sition is heavily influenced by MØs, which play a pivotal role in
modulating the wound environment [2]. MØs, upon activation by
specific environmental cues, can differentiate into two main sub-
types: the proinflammatory M1 MØs and the anti-inflammatory,
wound-healing M2 MØs. Effective wound repair relies on the
timely phenotypic switch from M1 to M2 MØs [2]. This switch is
essential as M1MØs are important for initial pathogen defense and
inflammation, but their prolonged presence can hinder healing. In
contrast, M2 MØs facilitate tissue repair and regeneration [3].
Current therapeutic strategies often focus on enhancing M2 MØ
activity, recruiting additional M2 MØs, or introducing exogenous
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M2 MØs into the wound site. However, these approaches
frequently overlook the need to reduce or resolve the presence of
persistent M1 MØs [3]. Failure to address the continuous presence
of M1 MØs can lead to chronic inflammation and suboptimal
healing. Thus, achieving a balancedMØ response that includes both
the promotion of M2 MØs and the resolution of M1 MØs is critical
for effective wound healing. This balance ensures a proper transi-
tion from inflammation to proliferation, ultimately leading to bet-
ter wound healing outcomes [2e4].

Curcumin, the principal bioactive compound derived from
turmeric, is renowned for its wide array of therapeutic properties,
including anti-inflammatory, antioxidant, anti-cancer, and
immune-modulatory effects [5]. These beneficial attributes have
been substantiated through extensive laboratory research and
numerous clinical trials. Curcumin’s multifaceted roles in promot-
ing health and combating disease have positioned it as a significant
natural compound in both traditional and modern medicine [5,6].
Despite these beneficial properties, curcumin’s therapeutic poten-
tial is significantly hindered by its hydrophobic nature, poor water
solubility, low stability, and rapid metabolism [7]. To address these
limitations, advanced drug delivery systems have been developed
to enhance curcumin’s solubility and metabolic stability [8,9]. One
promising approach involves the incorporation of curcumin into
nanofibrous (NFs) scaffolds [10]. Researchers have engineered
various wound dressing nanocomposites containing curcumin-
loaded NFs to study their physicochemical properties, curcumin
release profiles, and effects on wound healing. These studies sug-
gest that curcumin-loaded NFs may promote wound healing by
maintaining curcumin’s antioxidant, anti-inflammatory, and anti-
bacterial properties, alongside the beneficial characteristics of the
polymer scaffolds [11e16].

Our previous research was pioneered an oil-in-water (O/W)
nanoemulsion form of curcumin embedded in a zein nanofibrous
scaffold, evaluating its physicochemical and biological properties
[17]. Building on this work, the current study aims to explore the
potential of this unique nanofiber system to facilitate the transition
of RAW264.7 macrophages from the proinflammatory M1 pheno-
type to the anti-inflammatoryM2 phenotype, ultimately enhancing
wound healing processes. This study presents a novel approach by
focusing on the modulation of macrophage phenotypes using
nanocurcumin within a scaffold designed to improve its bioavail-
ability and efficacy in wound healing applications. By linking the
physicochemical properties of the zein/nCUR nanofibers to their
biological effects, we hypothesize that these nanofibers not only
support the controlled release of curcumin but also facilitate the
modulation of the wound environment through macrophage po-
larization, ultimately promoting faster and more effective wound
healing.

2. Material and methods

2.1. Preparation of Zein and Zein/nCUR NFs

The synthesis of nano-curcumin (nCUR), preparation of Zein
solutions, and subsequent fabrication of nanofibers were con-
ducted following protocols established in a previous study. Briefly,
nCUR was synthesized using an oil-in-water emulsion method [18].
The nCUR was mixed at concentrations of 5 %, 10 %, and 15 % (v/v)
into a 25 % (w/w) Zein solution and stirred for 12 h to achieve a
homogeneous mixture, with a blank Zein solution prepared for
comparison. Electrospinning was employed to fabricate both Zein
nanofibers (Zein NFs) and Zein nanofibers incorporating nCUR
(Zein/nCUR NFs) using an electrospinning machine (model ES1000,
Fanavaran Nanomeghyas Co., Iran) equipped with a high voltage
power supply (0e30 kV). The 5 ml plastic syringes were filled with
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the respective solutions and connected to a 16-gauge stainless steel
needle. The solutions were dispensed at a rate of 2.5 ml/h under a
voltage of 25 kV, with the distance between the needle and the
collector set at 150 mm. The nanofibers were then collected on a
rotating collector covered with aluminum foil [17].

2.2. Cell culture

The murine MØ cell line RAW264.7, obtained from the Pasteur
Institute of Iran (NCBI Code: C639), was cultured in DMEM sup-
plemented with 10 % fetal bovine serum (FBS) and 1 % penicillin-
streptomycin. These cells were incubated at 37 �C in a humidified
atmosphere containing 5 % CO2. To promote the M1 phenotype in
RAW264.7 MØs, cells were exposed to lipopolysaccharide (LPS) at a
concentration of 100 ng/ml along with interferon-gamma (IFN-g)
at a concentration of 10 ng/ml over a duration of 48 h. For MØ
seeding on the nanofibers, the nanofibers were first cut into circular
disks and sterilized under UV radiation overnight on both sides in a
laminar flow hood. The disks were then washed three times with
PBS and immersed in DMEM overnight before cell seeding. This
immersion step was crucial to enhance cell attachment to the
nanofiber surfaces.

2.3. Viability assay

For the MTT assay, RAW264.7 cells were seeded onto the surface
of Zein and Zein/nCUR 5 %, 10 %, and 15 % NF disks at a density of
10̂ 5 cells per well. The plates were incubated in a humidified
environment with 5 % CO2 at 37 �C. The viability of the cells
adhered to the nanofibrous mats was evaluated using the MTT
assay on days 1 and 3 of culture. The experiment was repeated
three times, and the results were expressed as the mean ± standard
deviation (SD) for evaluation.

2.4. Quantitative real-time PCR assay

To evaluate the in vitro efficacy of Zein and Zein/nCUR 5 %, 10 %,
and 15 % NFs in modulating MØ polarization from the M1 to the M2
phenotype, changes in the expression levels of M1 marker iNOS2
and M2 marker Arg1 were assessed in M1 MØs after three days of
incubation using real-time PCR. Additionally, the expression levels
of pro-inflammatory cytokines TNF-a, IL-1b, and IL-6 were
measured. For this purpose, Zein and Zein/nCUR NFs were seeded
with M1 MØs at a density of 5 � 10̂ 4 cells per well in 6-well plates
and incubated for 72 h at 37 �C. Total RNAwas then extracted using
the Trizol RNA extraction kit (Yectatajhiz), and RNA concentration
was determined by measuring absorbance at 260 and 280 nmwith
a nanodrop apparatus (Synergy HTX Multi-Mode Reader, USA).
Approximately 2 mg of RNA was reverse-transcribed into cDNA
using a cDNA synthesis kit (Yectatajhiz, Iran). Amplification was
performed with RealQ Plus 2x Master Mix Green high ROX™
(Amplicon, Denmark) on a qPCR machine (StepOnePlus, Applied
Biosystems, USA). The reaction mixture, consisting of the master
mix, forward and reverse primers for each gene (Pishgam Biotech
Co., Tehran, Iran), and cDNA template, was adjusted to a final vol-
ume of 20 mL using DEPCwater. The amplification protocol included
an initial denaturation step at 95 �C for 10 min, followed by 40
cycles of 95 �C for 15 s, 55 �C for 30 s, and 72 �C for 30 s. Relative fold
changes in target gene expression, normalized to the b-actin gene
as an internal control, were calculated using the 2�DDCT method,
where DCT is the difference between the threshold cycles of the
target and reference genes, andDDCT is the difference betweenDCT
values of the test and control samples. The experiment was
repeated three times, and the results were expressed as the mean ±
SD for evaluation.
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2.5. Animal studies

Fifty-four male Wistar rats, weighing between 200 and 250 g
and aged between 8 and 10 weeks, were acquired from the animal
facility at Fasa University of Medical Sciences. Male rats were
chosen to reduce variability in wound healing due to hormonal
fluctuations typically associated with the female reproductive cy-
cle, ensuring more consistent and stable data. All rats were housed
in standard polystyrene cages under controlled conditions,
including a 12-h light/dark cycle, a stable temperature of 25 ± 2 �C,
controlled humidity, and unrestricted access to food and water. All
experimental procedures were approved by the Bioethics Com-
mittee of Fasa University of Medical Sciences (Ethics code:
IR.FUMS.REC.1399.121). The study adhered to ARRIVE (Animal
Research: Reporting of In Vivo Experiments) 2.0 guidelines to
ensure transparency, ethical practices, and reproducibility of the
research, and a completed ARRIVE checklist has been included as
supplementary material. Furthermore, all procedures were con-
ducted following the standards of the Animals (Scientific Proced-
ures) Act 1986 and the EU Directive 2010/63.

Rats were randomly divided into three groups: Control, Zein
NFs, and Zein/nCUR 10 % NFs, with six rats in each group evaluated
at 3, 7, and 14 days post-surgery. To minimize inter-animal vari-
ability, randomization was implemented at the beginning of the
study. The rats were anesthetized using intraperitoneal injections
of ketamine (100 mg/kg) and xylazine (10 mg/kg). After achieving
adequate anesthesia, the hair on the rats' backs was shaved and the
area disinfected using 70 % alcohol.

A 2 � 2 cm full-thickness excisional wound was created on the
mid-back of each rat using a sterile razor and surgical scissors
[19,20]. The wound size was consistently marked across all rats
using a template to ensure uniformity, thoughminor variations due
to human error were addressed by photographing thewounds from
a fixed distance at designated time points for accurate wound
closure analysis. Digital images of the wounds were captured on
days 0, 3, 7, and 14 to calculate the percentage of wound closure
based on the initial wound area at day 0.

Immediately following surgery, the designated treatment (Zein
NFs or Zein/nCUR 10 % NFs) was applied to the wound once on day
0. The nanofiber scaffolds were carefully placed on the wound
surface and then secured with a sterile bandage to ensure that the
treatment remained in place. The bandages were kept in place
throughout the study to prevent contamination and to allow the
nanofibers to interact with the wound for optimal healing. The
control group received no treatment but had the wound similarly
covered with sterile bandages. No additional applications of
nanofibers were made after the initial placement.

To prevent bias during data collection and analysis, blinding was
implemented. The researcher conducting the analysis of wound
healing outcomes, including measurements of wound closure
percentages and histological assessments, was not informed of the
treatment groups during the analysis phase.

Wounds were photographed on days 0, 3, 7, and 14 for macro-
scopic evaluation of wound healing. The percentage of wound
closure was calculated by comparing the wound area at each time
point to the initial wound area measured on day 0. After 7 and 14
days post-wounding, rats were sacrificed, and the wound tissues
were harvested. The excised tissues included a 2 mm margin of
healthy skin surrounding the wound and were fixed in 10 %
formalin for subsequent histological analysis.

2.6. Macroscopic wound closure

To assess wound closure on days 3, 7, and 14, photographs of the
wounds were taken from a consistent distance. The wound area
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was measured using ImageJ software, and the wound closure rate
was calculated using the following equation [21].

Wound closure ð%Þ¼ ðAₒ� AₓÞ
Aₒ

� 100

where A0 is the wound area on day zero, and Ax is the wound area
on days 3, 7, and 14. The percentage of wound closure for each
group was determined with 5 replicates, and the results were re-
ported asmean± standard error (SE). The experimentwas repeated
five times, and the results were expressed as the mean ± SD for
evaluation.

2.7. Histological staining

Immediately following euthanasia, the wound along with a
2 mm margin of surrounding tissue was excised at full thickness
and fixed in 10 % formalin for 3 day at room temperature. The skin
samples were then embedded in paraffin blocks, sectioned into 5-
mm thick slices, and mounted on glass slides. These sections
underwent standard histological staining procedures, including
hematoxylin and eosin (H&E) and Masson’s trichrome (MT) stain-
ing. The stained slides were subsequently photographed using a
light microscope equipped with a Canon EOS camera. The intensity
of the blue color in the trichrome-stained sections, which indicates
the amount of collagen deposited at thewound site, was scored by a
pathologist experienced in wound healing, using ImageJ software
for quantitative analysis. The scoring system ranged from 0 to 3,
with 0 indicating very low collagen secretion, 1 indicating low
collagen secretion, 2 indicating moderate collagen secretion, and 3
indicating high collagen secretion. The experiment was repeated
three times, and the results were expressed as the mean ± SD for
evaluation.

2.8. Histological analysis

Re-epithelialization was analyzed using ImageJ software on
microscopic images taken at 40X magnification from both sides of
the wound on samples collected on the 7th and 14th days. The
percentage of re-epithelialization was calculated using the
following equation [21].

Percentage of re� epithelialization ð%Þ

¼ Length of newly formed epithelium
Total wound length

� 100

This method allowed for precise measurement and analysis of
the extent of re-epithelialization in the wound healing process over
time. Additionally, to measure the thickness of the new epithelium,
images taken from the tissue slides at 40X magnification from
both sides of the wound on samples collected on the 14th day were
used. The thickness of the neoepithelium was determined and
measured at three different pointsdleft, right, and middle of the
wounddusing ImageJ software, offering a detailed evaluation of
the wound healing process. The experiment was repeated three
times, and the results were expressed as the mean ± SD for
evaluation.

2.9. Statistical analysis

Statistical analyses were performed using GraphPad Prism
6.0 software. Data normality was assessed using the
KolmogoroveSmirnov test. For comparisons involving more than
two groups, mean ± SE values were analyzed using a one-way
ANOVA, followed by post-hoc Tukey tests to determine significant
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differences between groups. For non-parametric data, the
KruskaleWallis test was employed to evaluate group differences. A
significance level of p < 0.05 was considered statistically significant.

3. Results

3.1. In vitro properties of nanofibers

In our previous study, we investigated the physicochemical
properties of Zein and Zein/nCUR NFs with 5 %, 10 %, and 15 % nCUR
concentrations. Parameters such as viscosity, field emission scan-
ning electron microscopy (FESEM), Fourier-transform infrared
spectroscopy (FTIR), tensile strength, pore size, encapsulation effi-
ciency, release profile, water vapor transmission rate (WVTR), and
water uptake capacity were thoroughly examined. Additionally, we
assessed the biological properties, including cytotoxicity and anti-
oxidant activity. Our findings revealed that optimal electrospinning
parameters were achieved, resulting in the production of uniform,
bead-free nanofibers. We observed a significant decrease in the
mean diameter of Zein NFs and an improvement in mechanical
properties with increased nCUR content. The nanofibers with
higher nCUR percentages demonstrated greater in vitro release
and lower encapsulation efficiency compared to other groups.
Notably, the Zein/nCUR 10 % NFs provided the most favorable
conditions for cell proliferation based on viability and antioxidant
assessments.

3.2. Viability assay

The viability of RAW264.7 cells cultured on Zein and Zein/nCUR
5 %, 10 %, and 15 % NFs concentrations was assessed using the MTT
assay at 24 and 72 h. As illustrated in Fig. 1, cell viability peaked in
the Zein/nCUR 10 % NFs group, showing a significant increase
compared to the control and Zein groups on the first day. By the
third day, the Zein/nCUR 10 % NFs group exhibited significantly
higher cell viability than the control, Zein, and Zein/nCUR 5 % NFs
groups. Although the Zein/nCUR 10 % NFs showed greater cell
proliferation than the 5 % and 15 % NFs on the first day, this dif-
ference was not statistically significant. On the third day, however,
the Zein/nCUR 10 % NFs displayed significantly higher viability than
Fig. 1. Viability diagram of Zein and Zein/nCUR 5 %, 10 %, and 15 % NFs on RAW264.7 MØs on
expressed as the mean ± SD for evaluation; (*p < 0.05, **p < 0.01, and ***p < 0.001).
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the Zein/nCUR 15 % NFs. These results guided the selection of the
Zein/nCUR 10 % NFs group for subsequent studies due to its supe-
rior performance in promoting cell proliferation.

3.3. In vitro repolarization study

To assess the effectiveness of Zein/nCUR nanofibers (NFs) in
repolarizing RAW264.7 MØs from the M1 to M2 phenotype, we
employed real-time PCR to measure the expression levels of the
iNOS and Arg-1 genes in M1 MØs cultured on Zein and Zein/nCUR
10 % NFs for 72 h (Fig. 2). The iNOS gene was used as an M1 marker,
while Arg-1 served as an M2 marker to evaluate the repolarization
potential of the MØs on the nanofibers containing nCUR. As
depicted in Fig. 2, LPS/IFN-g stimulation resulted in a 450-fold in-
crease in iNOS levels in MØs cultured in the control group, con-
firming successful polarization to the M1 phenotype. The presence
of nCUR in Zein NFs significantly reduced the iNOS level to 103-fold
in MØs compared with a 437-fold increase observed in the Zein NFs
group (p < 0.0001), indicating that Zein NFs alone did not signifi-
cantly affect iNOS expression. In contrast, the expression level of
Arg-1 in MØs cultured on Zein/nCUR 10 % NFs significantly
increased to 197-fold, whereas Zein NFs alone did not significantly
affect Arg-1 levels (44-fold), showing no significant difference from
the control group. These findings demonstrate that RAW264.7 MØs
were effectively repolarized from the M1 to M2 phenotype when
cultured on Zein/nCUR 10 % NFs.

3.4. Anti-inflammatory effect of Zein/nCUR 10 % NFs

After inducing the switch of MØ phenotype to the M2 type on
Zein/nCUR 10 % nanofibers (NFs), we investigated the gene
expression levels of three key proinflammatory cytokines involved
in the inflammatory wound process: IL-6, IL-1b, and TNF-a. These
cytokines were examined in M1 MØs cultured on Zein and Zein/
nCUR 10 % NFs for three days (Fig. 3). As depicted in Fig. 3, LPS/IFN-g
stimulation significantly upregulated TNF-a, IL-1b, and IL-6 in MØs
seeded on both the control and Zein NFs compared to untreated
cells (Normal group). However, when MØs were cultured on Zein/
nCUR 10 % NFs, there was a dramatic reduction in the expression
levels of TNF-a, IL-1b, and IL-6 after three days. This indicates that
(A) 24 h, and (B) 72 h. The experiment was repeated three times, and the results were



Fig. 2. Expression levels of iNOS (M1 marker) and Arg-1 (M2 marker) in M1 RAW264.7 MØs seeded on Zein and Zein/nCUR 10 % NFs for 72 h. The experiment was repeated three
times, and the results were expressed as the mean ± SD for evaluation; (*p < 0.05, **p < 0.01, and ***p < 0.001).
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the presence of nCUR effectively suppresses the inflammation
induced by LPS/IFN-g in the MØs, highlighting its potential for
modulating inflammatory responses in wound healing.

3.5. Wound closure percentage

Figs. 4e6 displays macroscopic images of wounds treated with
Zein NFs, Zein/nCUR 10 % NFs, and the control group, revealing no
visible signs of inflammation or infection across all groups. The
statistical analysis of wound closure percentages, illustrated in
Fig. 7, indicates significant differences among the groups at various
time points. On day 3, the wound closure percentages for the
control, Zein NFs, and Zein/nCUR 10 % NFs were 3.7 ± 1.2 %,
12.6 ± 8.4 %, and 40.9 ± 11.4 %, respectively. By day 7, these values
increased to 42.1 ± 9.9 % for the control group, 47 ± 12.3 % for the
Zein NFs group, and 77.2 ± 15.4 % for the Zein/nCUR 10 % NFs group.
By the 14th day, the wound closure percentages reached
89.3 ± 5.2 % for the control, 93.1 ± 2.4 % for the Zein NFs group, and
99.1 ± 0.5 % for the Zein/nCUR 10 % NFs group, demonstrating the
Fig. 3. Anti-inflammatory effect of Zein and 10 % Zein/nCUR NFs evaluated on RAW264.7 c
repeated three times, and the results were expressed as the mean ± SD for evaluation; (*p
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superior wound healing efficacy of the Zein/nCUR 10 % NFs
treatment.

3.6. Re-epithelialization

Figs. 8e10 presents the re-epithelialization observed in the
control, Zein, and Zein/nCUR 10 % NFs groups on days 7 and 14,
using H&E-stained slides at 40X magnification. The tissue sections
reveal that new epithelial layers begin to form from the wound
margins, progressively covering the wound area. On the seventh
day, both the control and Zein NFs groups show initial epithelial
advancement from the wound edges, which continues to progress
by the fourteenth day but remains incomplete. In contrast, the Zein/
nCUR 10 % NFs group displays significantly closer and more
extensive epithelial coverage by the seventh day, with complete
wound coverage by the fourteenth day. Fig. 11A illustrates that the
percentage of re-epithelialization in the Zein/nCUR 10 % NFs group
was significantly higher on both days 7 and 14 compared to the Zein
NFs (p < 0.001) and control groups (p < 0.001), while no significant
ells stimulated with LPS/IFN-g. (A) IL-1b, (B) IL-6, and (C) TNF-a. The experiment was
< 0.05, **p < 0.01, and ***p < 0.001).



Fig. 4. Photograph images of wound closure of control group on days A) 3, B) 7, and C) 14. The distance between the lines in the ruler above is 1 mm.

Fig. 5. Photograph images of wound closure of Zein NF group on days A) 3, B) 7, and C) 14. The distance between the lines in the ruler above is 1 mm.

Fig. 6. Photograph images of wound closure of Zein/nCUR 10 % NF group on days A) 3, B) 7, and C) 14. The distance between the lines in the ruler above is 1 mm.
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difference was observed between the Zein NFs and control groups.
These results underscore the potent efficacy of nCUR in enhancing
epithelial regeneration during wound healing. Additionally, Fig. 11B
presents the thickness of the new epithelium measured on day 14
in the control, Zein, and Zein/nCUR 10 % NFs groups, as assessed
using H&E-stained slides at 40X magnification. The data reveal that
the epithelial thickness in the Zein/nCUR 10 % NFs group was
significantly greater than in both the control (p < 0.001) and Zein
groups (p < 0.05). Since increased epithelial thickness is a key
marker of improved tissue regeneration, these findings suggest that
Zein/nCUR 10 % NFs not only accelerate re-epithelialization but also
promote the formation of a more robust epithelial layer, thus
demonstrating its potential for enhancing wound healing
outcomes.
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3.7. Collagen content

Figs. 12e14 illustrates the collagen content in the control, Zein,
and Zein/nCUR 10 % NFs groups on days 7 and 14, captured at 100X
magnification. The intensity of the blue staining, indicative of
collagen deposition at the wound site, was scored on a scale from
0 to 3. Subsequent statistical analysis of these scores, as depicted in
Fig. 15, reveals that collagen secretion in the Zein/nCUR 10 % NFs
group significantly increased on day 7 (p < 0.01) and day 14
(p < 0.001) compared to the control group. However, no significant
difference in collagen secretion was observed between the Zein/
nCUR 10 % NFs and Zein NFs groups. Similarly, the Zein NFs and
control groups did not exhibit a significant difference in collagen
deposition.



Fig. 7. Wound closure of the studied groups on days 3, 7, and 14. The experiment was
repeated five times, and the results were expressed as the mean ± SD for evaluation.
The star sign indicates the significant difference between the groups (*p < 0.05,
**p < 0.01, ***p < 0.001).
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4. Discussion

Building on our previous research where we synthesized Zein
nanofibers using the electrospinning method with three different
concentrations (5 %, 10 %, and 15 % v/v) of nano-curcumin solution
[17], this study delves into the wound healing capabilities of these
nanofibers. The hypothesis of this study is that Zein/nCUR 10 % NFs
will enhance wound healing through modulating macrophage
polarization from theM1 toM2 phenotype, reducing inflammation,
and promoting tissue regeneration. In the earlier study, we
assessed the physicochemical and biological properties of the
nanofibers and identified the Zein/nCUR 10 % NFs as the most
promising candidate for further wound healing investigations. In
this current study, we evaluated the wound healing efficacy of
these nanofibers and observed that the Zein/nCUR 10 % NFs
significantly enhanced the survival of RAW264.7 MØ cells
compared to the control and Zein NFs groups on day 7. Additionally,
on the 14th day, these nanofibers improved cell viability compared
to the control, Zein, and Zein/nCUR 15 % NFs groups, corroborating
our earlier findings.We further explored the potential of Zein/nCUR
10 % NFs to modulate LPS/IFN-g-stimulated RAW264.7 MØs from
M1 to M2 phenotype by examining the expression levels of iNOS
(M1 marker) and Arg-1 (M2 marker) genes. Results indicated a
significant reduction in iNOS expression and a notable increase in
Arg-1 expression compared to the control and Zein groups. To
confirm these polarization effects, we also analyzed the expression
of inflammatory genes IL-1b, IL-6, and TNF-a in MØs cultured on
Zein/nCUR 10 % NFs, finding a significant decrease in these
Fig. 8. Re-epithelialization in contro
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inflammatory markers. Finally, in a rat model, Zein/nCUR 10 % NFs
demonstrated a significant reduction in wound size, enhanced re-
epithelialization, increased epithelium thickness, and improved
collagen secretion, underscoring their potential as an effective
wound healing treatment.

Numerous studies over the years have explored the effects of
turmeric extracts, and more recently, the active compound curcu-
min, in various modern formulations or combinations with other
substances. These investigations have highlighted curcumin’s
diverse properties, including antibacterial, anti-inflammatory, and
angiogenic effects, all of which are beneficial for wound healing
[11,22,23]. Specifically, curcumin’s role as an immunomodulatory
agent capable of altering MØ polarization from the pro-
inflammatory M1 phenotype to the anti-inflammatory M2 pheno-
type has been documented in various diseases [24]. However, there
is a lack of studies directly investigating curcumin’s effects on MØ
polarization in wound healing models. For instance, Berbudi et al.
(2021) demonstrated that curcumin can enhancewound healing by
promoting M2 MØ polarization. Their study showed a significant
increase in Arg-1 gene expression and the Arg-1/iNOS ratio in rats
treated with a gel containing turmeric extract, compared to the
control group, indicating improved excision wound healing [25].
These findings are consistent with our results. Conversely, a study
by Dehghani et al. reported different outcomes. In their study,
diabetic rats with full-thickness wounds treated with 1 % curcumin
exhibited improved wound healing through new angiogenesis but
did not show significant effects on MØ polarization and re-
epithelialization compared to the control group [26]. The discrep-
ancies between our findings and those of Dehghani et al. could be
attributed to differences in curcumin formulation types, concen-
trations used, or the source of RNA extraction. In our study, iNOS
and Arg-1 genes were extracted from RAW264.7 MØs, whereas
Dehghani et al. extracted genes from the skin samples of diabetic
rats.

Extensive evidence underscores the pivotal role of MØs as
critical regulators throughout the various stages of wound healing.
By adapting their phenotype in response to spatio-temporal cues,
MØs are essential in each phase of the healing process [27,28]. Upon
wound formation, blood clotting at the injury site triggers the
recruitment of immune cells, particularly polymorphonuclear
neutrophils (PMNs), marking the onset of the inflammatory phase.
Following the rapid influx of PMNs, monocytes are recruited to the
wound sitewhere, influenced bymicro-environmental signals such
as hypoxia, bacterial products, and necrotic cells, they differentiate
into M1 MØs. These M1 MØs perform crucial scavenging, phago-
cytosis, and antigen-presenting functions while releasing nitric
oxide (NO), reactive oxygen species (ROS), and pro-inflammatory
l group on days A) 7 and B) 14.



Fig. 10. Re-epithelialization in Zein/nCUR 10 % NF group on days A) 7 and B) 14.

Fig. 11. A) Percentage of re-epithelialization on days 7 and 14, and B) New epithelium thickness on day 14 in the studied groups. The experiment was repeated three times, and the
results were expressed as the mean ± SD for evaluation. The star sign indicates the significant difference between the groups (*p < 0.05, **p < 0.01, ***p < 0.001).

Fig. 9. Re-epithelialization in Zein NF group on days A) 7 and B) 14.
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cytokines like TNF-a, IL-1a, IL-1b, IL-6, IL-12, and CXCL9/10, pre-
paring the wound bed for subsequent healing stages [29,30]. As the
wound stabilizes, provided there are no metabolic complications,
MØs transition from the M1 to M2 phenotype, shifting their gene
expression to secrete cytokines and growth factors that stimulate
the proliferation, differentiation, and migration of endothelial
cells, keratinocytes, and fibroblasts. This proliferative phase is
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characterized by MØs adopting a repair-oriented state, secreting
reparative cytokines such as TGF-b, IL-10, PDGF, EGF, and VEGF [31].
In the final remodeling phase of wound healing, MØs continue to be
instrumental by secreting matrix metalloproteinases, facilitating
extracellular matrix deposition, particularly collagen, which re-
duces scar formation and restores the wound site’s structural
integrity [27].



Fig. 13. Collagen content in Zein NF group on days A) 7 and B) 14 with masson’s trichrome stain.

Fig. 14. Collagen content in Zein/nCUR 10 % NF group on days A) 7 and B) 14 with masson’s trichrome stain.

Fig. 12. Collagen content in control group on days A) 7 and B) 14 with masson’s trichrome stain.
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Curcumin facilitates the polarization of MØs from the M1 to the
M2 phenotype through multiple pathways. The primary mecha-
nism involves the inhibition of the nuclear factor-kappa B (NF-kB)
pathway, a crucial player in the activation of M1 MØs and the
subsequent production of pro-inflammatory cytokines such as IL-
1b, IL-6, and TNF-a. By suppressing NF-kB activity, curcumin
significantly reduces the expression of these cytokines, thereby
attenuating the M1 phenotype. This study corroborates these
findings, demonstrating that Zein/nCUR 10 % nanofibers markedly
decrease the levels of inflammatory cytokines IL-1b, IL-6, and TNF-a
in RAW264.7 cells. Supporting this, Ran et al. found that curcumin
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mitigates microglial cell apoptosis induced by pro-inflammatory
signals via the suppression of the NF-kB/NLRP3 pathway, conse-
quently reducing white matter damage post-stroke [32]. Similarly,
Lee et al. showed that curcumin pretreatment in MØs diminishes
pro-inflammatory cytokine production induced by particulate
matter through inactivation of the MAPK/NF-kB pathway [33].
Another vital mechanism is curcumin’s activation of the peroxi-
some proliferator-activated receptor gamma (PPAR-g), a nuclear
receptor that fosters the M2 MØ phenotype. By activating PPAR-g,
curcumin promotes the transcription of anti-inflammatory genes
while inhibiting pro-inflammatory cytokines, thus steering MØ



Fig. 15. Collagen content in the studied groups on days 7 and 14 with Masson’s tri-
chrome stain. The experiment was repeated three times, and the results were
expressed as the mean ± SD for evaluation. The star sign indicates the significant
difference between the groups (*p < 0.05, **p < 0.01, ***p < 0.001).
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polarization towards the M2 phenotype. Chen et al. demonstrated
that curcumin reduces inflammation induced by polylactic acid in
foam cells via the PPAR-g pathway [34]. Additionally, curcumin
impacts the signal transducer and activator of transcription (STAT)
pathways, particularly STAT1 and STAT3, which are central to
mediating inflammatory responses [35,36]. By inactivating the JAK/
STAT pathway, curcumin reduces pro-inflammatory cytokines and
encouragesM2MØ polarization. Porro et al. reported that curcumin
enhances the expression of SOCS-1 in microglia cells, thereby
reducing neuroinflammation through suppression of the JAK2/
STAT3 signaling pathway [37]. Wang et al. further showed that
curcumin decreases neuroinflammation in a model of intracerebral
hemorrhage by inactivating the JAK1/STAT1 pathway in M1
microglia [38]. Additional mechanisms include curcumin’s antiox-
idant properties, which lower reactive oxygen species (ROS) levels
and foster an environment conducive to M2 polarization [39,40].
Moreover, curcumin influences the expression of various micro-
RNAs and small non-coding RNAs, further guiding MØ polarization
towards the M2 phenotype through the modulation of these gene
expressions [41,42].

To address the molecular mechanisms of nanocurcumin in zein
nanofibers, it is important to emphasize the role of curcumin in
modulating macrophage polarization and cytokine expression
through multiple pathways. Nanocurcumin, by being encapsulated
within zein nanofibers, may provide controlled and sustained
release, enhancing bioavailability and stability of curcumin. This
enhances its capacity to modulate the NF-kB pathway, leading to
the reduction of pro-inflammatory cytokines such as IL-1b, IL-6,
and TNF-a, while simultaneously activating the PPAR-g pathway
and suppressing the JAK/STAT signaling. These combined effects
promote M2 macrophage polarization and anti-inflammatory
cytokine production, which contribute to improved wound heal-
ing outcomes. Understanding these molecular interactions may
inform the optimization of nanofiber design by refining the release
profiles or enhancing the bioactivity of nanocurcumin.

Despite the promising findings of this study, several limitations
should be acknowledged. First, the use of only male rats limits the
generalizability of the results to both sexes. There are notable dif-
ferences in the dermal and epidermal anatomy between male and
female animals, which may influence treatment outcomes. Fluc-
tuating hormone levels in females, especially due to estrous cycles,
could potentially affect wound healing processes, including
macrophage polarization and collagen deposition. Future studies
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should aim to include equal proportions of male and female ani-
mals to provide a more comprehensive understanding of treatment
efficacy across sexes and enhance the generalizability of the results.
Second, while this study effectively demonstrated the modulation
of macrophage polarization through gene expression analysis of
iNOS and Arg-1, no protein-level validation was performed to
confirm these findings. The absence of techniques such as immu-
nohistochemistry or western blotting limits the ability to verify the
actual protein expression changes corresponding to the gene
expression data. Further research should include these validation
techniques to strengthen the evidence of the effects of Zein/nCUR
nanofibers on macrophage polarization. Finally, this study focused
on a single wound model in rats, which may not fully capture the
complexity and diversity of wound healing in different conditions,
such as chronic wounds or diabetic wounds. Additional studies
using various wound models, including those with comorbidities,
are necessary to better understand the broader potential applica-
tions of Zein/nCUR nanofibers in wound care. These limitations
highlight the need for further research to refine our understanding
and improve the clinical translation of these findings.
5. Conclusion

In conclusion, this study demonstrates that Zein/nCUR 10 %
NFs possess the capability to shift MØs from the pro-inflammatory
M1 phenotype to the reparative M2 phenotype, thereby reducing
inflammation. Additionally, these nanofibers significantly
enhance wound healing processes, including wound closure,
collagen secretion, and re-epithelialization. These promising re-
sults lay the groundwork for the development of innovative
therapeutic strategies designed to improve wound care and pa-
tient outcomes. The potential of Zein/nCUR 10 % NFs to modulate
immune responses and promote tissue regeneration underscores
their value in advancing wound healing technologies. While this
study highlights the therapeutic potential of Zein/nCUR 10 % NFs,
future work could focus on optimizing nanofiber design based on
the molecular insights gained from the modulation of macro-
phage polarization. Adjusting nanocurcumin loading or fiber
composition may further enhance these therapeutic effects.
Strengths of this study include the detailed mechanistic analysis
of immune modulation and wound healing, but limitations such
as the lack of protein validation and use of only male rats should
be addressed in future research to improve generalizability and
clinical translation.
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