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Abstract: Wound healing is a multifaceted biological process influenced by both intrinsic and extrinsic
factors. The ability of Wnt signaling to activate cell proliferation appears to serve a central role in
wound healing. Therefore, the direct activation of Wnt or inhibition of the Wnt antagonist could
be an ideal approach for the stimulation of wound healing. This study aimed to investigate the
underlying mechanism of small molecule-loaded nanofibrous matrix in inducing wound healing.
Herein, a naturally derived small molecule, curcumin, was used to inhibit the GSK3-β, which
is considered a negative regulator of the Wnt/β-catenin signaling pathway. The docking results
demonstrated that curcumin makes a complex with GSK3-β at seven specific sites, thereby inhibiting
its activity. Moreover, the stabilization of β-catenin appeared to be increased with the treatment
of curcumin. Next, curcumin was incorporated in poly ε-caprolactone nanofibrous matrices for
controlled–sustained drug release to induce cell function. Curcumin-loaded nanofibrous matrix not
only enhanced fibroblast cell proliferation, but also induced the expression of the fibroblast growth
factor (FGF) in vitro. Moreover, the in vivo results showed that these nanofibrous mats significantly
induced wound closure in 12 mm critical-sized defect. Collectively, these results suggest that the
developed nanofibrous matrix promotes impaired wound healing by modulating cell proliferation
and enhancing FGF expression that promotes wound closure.

Keywords: curcumin; GSK3-β; poly ε-caprolactone; nanofibers; wound healing

1. Introduction

Wound healing involves complex cellular and molecular interactions that alter cell
functions and the dynamic regulation of extracellular matrices to modulate tissue repair
and regeneration [1]. Disruption of any of these factors can delay the healing process,
leading to the development of chronic wounds. Extensive research has been carried out
over the past three decades on wound repair and regeneration. The current conventional
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treatment includes bleeding control, use of systemic or topical antibiotics and wound
disinfectants, and dressings [2]. It has been suggested that the antimicrobial efficacy of
advanced dressing alone is inadequate, and other niches with enhanced wound healing
potential are desirable [3,4]. However, current treatments involving growth factors and
other biologicals are still inadequate, time-consuming, and costly/expensive.

Wound dressings have evolved from simple physical covering to sophisticated drug
delivery systems. Both natural and synthetic polymers are being utilized depending
on the type of damaged tissue. Synthetic polymer scaffolds in this regard have some
distinct advantages over natural polymer scaffolds, such as controlled fiber diameter, non-
immunogenicity, and ease of fabrication [5]. These scaffolds have been fabricated in various
forms, such as nanofibers, nanoparticles, gels, and microspheres. Among these, nanofibrous
matrices are receiving significant attention for various biomedical applications, as they
mimic natural collagen fibrils present in the extracellular matrix microenvironment [6,7].
The nanotopology and surface-to-volume ratio of the nanofiber matrix reveal essential
properties for increased interaction with the cells and tissue, thereby providing an ideal
substrate for the controlled and sustained delivery of bioactive molecules that target specific
wound signaling pathways [8,9].

Cell signaling pathways are the central pillars in wound repair and regeneration,
including the FGF/TGF-β and Wnt/β-catenin pathways. A disrupted release of these
molecules can affect fibroblast cell function and wound repair. Among them, the Wnt/β-
catenin pathway plays key roles in cell proliferation in wound healing [10,11]. The most
important signaling intermediate in this pathway is the GSK3-β enzyme, which causes
the phosphorylation and degradation of the β-catenin protein. The inhibition of GSK3-
β results in β-catenin activation and translocation into the nucleus to regulate the gene
expression. Previous studies using several animal models suggest that small molecules
such as glycogen synthase kinase 3-β (GSK3-β) inhibitors are effective agents for promoting
the wound healing process [12].

One of the major natural small molecules is curcumin (Cur), which is known to inacti-
vate GSK3-β, thus promoting Wnt/β-catenin signaling to enhance wound healing [12]. The
pharmacological and biological efficacy of Cur is well known as it exhibits anti-infective,
anti-inflammatory, and antioxidant properties [13]. Both in vitro and in vivo studies have
noted the efficacy of Cur to modulate inflammatory cytokines and increase growth fac-
tors [14]. Moreover, the antioxidant ability of Cur to protect keratinocytes and fibroblasts
and accelerate wound healing ability in a rat model has been demonstrated [15]. Despite
having these distinct biological functions, the in vivo bioavailability and stability of Cur is
very low, and its systemic administration is unlikely to provide a significant concentration
for cutaneous wound healing. Herein, we investigated curcumin-incorporated nanofibrous
matrix fabricated via electrospinning, and its ability to modulate fibroblast function and
wound healing was investigated using in vitro and in vivo models. Using in silico mod-
eling, we first examined the ability of Cur to bind GSK3-β to modulate Wnt/β-catenin
signaling. Then, we investigated the effects of Cur in vitro on fibroblast proliferation
and FGF secretion. Finally, we assessed the in vivo efficacy of the Cur-loaded matrix on
cutaneous wound healing of a critical-size defect in a rat model.

2. Materials and Methods
2.1. Molecular Docking

The docking study was performed on curcumin with the target enzyme GSK3-β, for
which the 3D structure (PDB id = 1PYX) was retrieved from the Protein Data Bank [16].
The amino acids involved in the ATP-binding active pocket of the target were identified
from previous literature [17]. Before performing the docking analysis, structure refinement
was carried out using ModeRefiner [16]. Patch Dock was used for the molecular docking of
the target enzyme and curcumin [18]. The ligand and targeted protein were uploaded in a
PDB format. Molecular visualization and analysis of the docked compounds were achieved
using the BIOVIA Discovery Studio visualizer 2017R2.
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2.2. Cell Culture and Viability

A mouse fibroblast cell line, NIH3T3, was procured from IRCBM, COMSATS Uni-
versity Islamabad, and seeded in culture flasks and grown in Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% FBS and 1% penicillin–streptomycin antibiotics. The cells
were seeded in a 24-well plate at a density of 2 × 104 cells per well. Following attachment,
treatments with Cur at 0, 0.1, 1, and 10 µg per mL were performed. Cell proliferation was
assessed after 24 h of incubation using Alamar Blue.

2.3. Western Blot Analysis

NIH3T3 cells were seeded at a density of 5 × 104 cells per well using a 6-well plate.
The cells were harvested and lysed using a lysis buffer containing Triton X-100 and protease
inhibitors. Equal amounts of samples were loaded on SDS-PAGE (10–12%) and transferred
onto a polyvinylidene difluoride membrane. The membranes were blocked using 1%
fetal bovine serum in a TBST buffer (10 mM Tris–HCl, 100 mM NaCl, 0.1% Tween-20)
for 1 h at room temperature. Primary antibody (β-catenin, Cell Signaling, 1:1000) was
incubated overnight followed by HRP-conjugated secondary antibody (1:10,000 dilutions)
the following day for 1 h. Detection was performed using enhanced chemiluminescence
(Bio-Image Analyzer). β-actin was used as an internal control. For quantification, blots of
the experiments were digitally analyzed via densitometry (NIH ImageJ 1.8.0 software).

2.4. Electrospinning

Electrospinning was carried out as described previously using a uniaxial setup (Foshan
Nanofiberlabs, Guangdong, China) [6,9,19]. A homogeneous solution of 10% w/v was
made using PCL beads dissolved in chloroform and dimethylformamide (Sigma Aldrich,
St. Louis, MO, USA) in an equal ratio. To generate it, Cur was added to a PCL solution at
0.1, 1, and 5% w/v. Syringes (10 cc) with blunt-end needles were used to load the solutions.
An aluminum foil-covered rotating collection drum was placed at a distance of 15 cm from
the needle, and the rate of solution flow was set to 0.5 mL per hour, and the voltage was
adjusted to 17 kV. The electrospinning was continued for 4.5 h to fabricate a 10 × 18 cm
sheet of nanofibers.

2.5. Morphological Analysis via Scanning Electron Microscopy

Morphological and topographical analyses of the electrospun nanofiber matrices
were performed via scanning electron microscopy (SEM) (VEGA 3, TESCAN, Brno, Czech
Republic). The samples were subjected to sputter-coating with gold at 15 mA for 90 s.
Images were captured with an accelerating voltage of 10 kV, and a 5 µA current was used
to observe the samples. The diameter of the electrospun fibers was quantified using the
NIH ImageJ software.

2.6. FTIR Instrumentation

Fourier transform infrared (FTIR) analysis was performed on Cur, PCLF, and PCLF–
Cur nanofibers with Thermo-Nicolet 6700P (Thermo Nicolet Corp., Madison, WI, USA)
using an attenuated total reflection FTIR (ATR–FTIR) mode. Continuous scans (128) in
the 650–4000 cm−1 frequency range with a resolution of 8 cm−1 were evaluated using
Origin-Lab software (Origin Lab Corporation, Northampton, MA, USA).

2.7. Drug Release Study

Nanofiber matrices were cut into 2 × 2 cm pieces with an equal weight of 15 mg,
and immersed in 2 mL of phosphate buffer saline (PBS) in 15 mL falcon tubes. Sample
incubation was carried out at 37 ◦C. Of the supernatant, 300 µL was collected from each
respective tube at 1, 3, 6, 12, 24, and 48 h time intervals, and the absorbance spectrum in
triplicate was determined employing UV spectrophotometer to assess the mean cumulative
percentage of drug release.
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2.8. Effect of PCLF–Cur on Cell Viability

PCLF containing varying amounts of Cur nanofiber matrices were placed in a 24-well
tissue culture plate. Sample sterilization was performed by UV light for 1 h and incubated
overnight with 2 × 104 fibroblast cells per well for 24 h. Cell proliferation was assessed
with an Alamar Blue assay and spectrophotometry at 550/620 nm. All the samples were
used in triplicate and the assay was repeated at least thrice.

2.9. FGF ELISA

FGF secretion from fibroblast cells in response to a Cur-containing scaffolds was
assessed with an ELISA (PeproTech, London, UK), as per the manufacturer’s instructions.
Briefly, 96-well plates were coated with FGF-specific antibody overnight and unbounded
antibodies were removed by washing. Following blocking, recombinant FGF for the
standard curve or samples was incubated, followed by detection antibody, amplification,
and substrate solution that was detected via absorbance.

2.10. Wound Healing Studies in Rodents

All in vivo studies were approved (Dir/KMU-EB/CI/000215) by the animal use and
care committee, Khyber Medical University. Male 6-week Sprague-Dawley (SD) rats were
procured from NIH (Islamabad, Pakistan). The rats were maintained in a temperature-
controlled room (25 ± 1 ◦C) with a set 12 h light–dark cycle, chow, and water ad libitum.
Wound healing assays were performed on animals, as described previously [20]. Each
animal (8 weeks old) was weighed before the study and they ranged between 300 to
350 g. Fifteen male rats were randomly divided into three groups (controls, PCLF, and
PCLF–Cur 1% w/v, n = 5 each). The dorsum of each rat was shaved, and 12 mm diameter
full-thickness wounds were created using a punch at either side of the dorsal midline.
Post-surgery images were taken using a digital camera on days 0 and 9, and quantification
of the wound surface was performed using NIH ImageJ, where the wound closure rate was
defined as Wound AreaDay0 − Wound AreaDay9)/Wound AreaDay0.

2.11. Statistical Analysis

Data were analyzed from the representative experiments using Excel (Microsoft 2016,
USA). A one-way ANOVA or Student’s t-tests was used to assess statistical significance,
where p < 0.05 was considered statistically significant. The assays were performed in
triplicate, and all the studies were repeated at least twice.

3. Results
3.1. Molecular Interactions between Curcumin and GSK3-β

Docking analysis was performed to determine putative molecular interactions between
curcumin and GSK3-β that indicated it could form complexes with GSK3-β at specific sites,
thereby inhibiting its activity [21]. Curcumin has been noted to bind to the ATP-binding
pocket of GSK3-β and is considered an ATP-competitive inhibitor. The molecular docking
results in this study confirmed that curcumin binds to GSK3-β at positions ASP181 and
ASP200 via hydrogen bonds, and at CYS199, LEU188, ILE62, ALA83, and VAL70 via van
der Waals interactions (Figure 1a,b). These findings revealed that curcumin can inactivate
GSK3-βwhich has a key role in the Wnt pathway that is crucial for wound healing.

3.2. Stabilization of β-Catenin by Curcumin

Next, we examined the effect of curcumin on Wnt/β-catenin signaling. β-catenin is a
direct target of GSK-3β and an important mediator of Wnt signaling. It is also involved
in the regulation of the transcription of genes associated with cell proliferation and dif-
ferentiation that are key processes in wound healing [6]. We examined the amounts of
β-catenin via Western blots in fibroblasts treated with curcumin. Our study demonstrated
that the amount of β-catenin protein was higher in cells treated with curcumin compared
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with untreated controls (Figure 2a). Overall, these results establish that curcumin inhibits
GSK-3β, leading to the activation and stabilization of β-catenin.
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3.3. Effect of Curcumin on Cell Proliferation

Curcumin is an ideal natural candidate for inducing rapid wound healing by stim-
ulating fibroblast cell proliferation and migration [15,22]. The cells were cultured and
treated with different concentrations of curcumin, namely, 0.1, 1, and 10 µg/mL compared
to the control (blank). The results showed that curcumin treatment significantly (p < 0.05)
enhanced cell proliferation compared to control (Figure 2b). However, there were no signif-
icant differences in the proliferative response to different concentrations. These findings
are consistent with the previous findings that curcumin at a concentration of up to 10 µM
(36.8 µg/mL) is effective in normal dermal fibroblasts [23]. Higher doses are known to be
toxic and thus, we limited our further analysis to these dose ranges.

3.4. Morphological Characteristics of Nanofiber Scaffolds

Next, we generated the polymeric scaffold using electrospinning. It is well estab-
lished that the fiber diameter can be affected by factors such as polymer concentration,
conductivity, molecular weight, tip-to-collector distance, humidity, and temperature [24].
We performed SEM analysis to evaluate the difference in surface topography altered by the
addition of curcumin. At constant electrospinning conditions, the synthesized nanofiber
matrices, i.e., PCLF, PCLF–Cur 0.1, PCLF–Cur 1, and PCLF–Cur 5, were found in the
nanometer range with prominent 400–600 nm diameter fibers (Figure 3). The ratios of
the nanofibers within the range of 400–600 nm were 37%, 40%, 47%, and 42% for PCLF,
PCLF–Cur 0.1, PCLF–Cur 1, and PCLF–Cur 5, respectively. Moreover, our results revealed
that the percentage frequency was shifted from a lower (200–400 nm) to higher range
(600–800 nm) with increased curcumin concentrations. This increase in nanofiber diameter
might be attributed to an increase in solution viscosity caused by the incorporation of
curcumin [25]. Overall, our results demonstrated that the fibers were smooth, without any
clumps or beads, and uniformly distributed in a 3D fashion that fulfills essential attributes
for cell responses.

3.5. Confirmation of Curcumin Incorporation in Nanofiber Scaffolds

To determine the successful incorporation of curcumin within the PCLF nanofibers and
potential chemical interactions, we performed FTIR analysis. The FTIR spectra of the un-
loaded curcumin and blank PCLF were also recorded for comparison. We observed specific
peaks for curcumin, e.g., C=C stretching vibrations due to the presence of aromatic moieties
and a benzene ring, which exhibited a broader peak around 1630 cm−1 (Figure 4). These
peaks were evident in the PCLF–Cur scaffolds. Another peak pointing at 1510 cm−1 repre-
sents C=O vibrations due to the overlap of the ethylene group. A sharp peak representing
the C–O elongation of the hydroxyl group and olefinic C–H bending vibrations appeared
at 1430 cm−1, which has been shortened and broadened in the PCLF–Cur spectra. Two
other peaks, i.e., a sharp projection at 1240 cm−1 and a hump-shaped peak at 1280 cm−1,
can also be seen in Cur due to the asymmetric C–O–C stretching vibrations of the ether
group. Overall, these results confirmed that Cur has been successfully incorporated into
the PCLF, and these were either physical or weak chemical interactions.

3.6. Controlled and Sustained Release of Curcumin from PCLF Scaffolds

Previous studies have suggested that bioactive molecules can be added to synthetic
bioengineered scaffold systems to support tissue regeneration through the controlled
and/or sustained release of drugs at the local defect site [26]. Therefore, in the current
study, we sought to engineer curcumin-incorporated PCLF scaffold systems for local drug
delivery to enhance wound healing. The cumulative release profile of PCLF–Cur 5 showed
the highest release of 32 µg (3.2% w/v) after 48 h (Figure 5). Moreover, the release pattern
showed a constantly increasing trend of 6.4%, 9.9%, 12.4%, 14.9%, and 17.6% over the
periods of 3, 6, 12, 24, and 48 h, respectively. Similarly, the highest release of curcumin from
PCLF–Cur 1 was 2.0% at 1 h and constantly increased up to 7.4% at the 48 h time point. The
minimum release profile was found in PCLF–Cur 0.1, where 1.2% release was seen after
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1 h, and by the end of 48 h, it increased to 4.8%. Overall, these results demonstrated that
we both sustained and controlled local curcumin release from the nanofibrous scaffolds
were achieved.
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3.7. Effect of Curcumin-Incorporated Nanofibers on Cell Proliferation

Next, we investigated the in vitro cellular responses of curcumin-loaded PCLF scaf-
folds to fibroblast cells using the Alamar Blue assay. As shown in Figure 6a, PCLF signifi-
cantly (p < 0.05) induced cell proliferation compared to solid PCL. This indicates that the
environment provided by the nanoarchitecture of PCLF is an ideal substrate to promote
cell proliferation in wound healing. We observed that the cell-proliferative response was
further significantly (p < 0.05) increased with the addition of curcumin to these PCLF scaf-
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folds (Figure 6b). Among the curcumin-loaded scaffolds, PCLF–Cur 1 showed the highest
proliferation. This may be due to morphological changes in the nanofibers observed with
increasing the concentration of curcumin, as noted with fiber diameter distribution. These
results suggest that PCLF–Cur 1 would be most suitable for wound healing applications
and was therefore chosen for in vivo studies.
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3.8. Biomimetic Nanofibrous Scaffolds on Fibroblast Growth Factor Expression

Next, we determined FGF concentrations in cells cultured on PCLF and PCLF–Cur,
as it is a key mitogen for fibroblast cell proliferation [27,28]. We observed that a signif-
icant amount of FGF in cells cultured in a nanofibrous environment were significantly
(p < 0.05) increased as compared to both solid PCL and PCLF controls (Figure 7). Overall,
these results suggest that curcumin-incorporated, electrospun nanofibrous scaffolds are
an attractive option as wound healing dressing, as they can promote FGF expression and
fibroblast proliferation.
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3.9. PCLF–Curcumin Scaffold for Wound Closure in Rats

Finally, we examined the in vivo effect of PCLF–Cur on mechanically induced full-
thickness excisional (12 mm) skin wounds in male rats [20]. The PCLF–Cur accelerated and
promoted wound closure with significant differences (p < 0.05) compared to the PCLF or
untreated controls (Figure 8a). On day 09, the PCLF groups achieved 68% wound closure
compared to 64% achieved in control rats, that was not statistically significant. However,
the PCLF–Cur group achieved greater-than-80% wound closure (Figure 8b). Overall,
these results demonstrated that Cur-incorporated nanofibrous scaffolds can accelerate
wound healing.
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4. Discussion

Naturally derived bioactive molecules play a major role in enhancing tissue regen-
eration and wound healing through multifaceted approaches. Cur is a well-known nat-
ural active compound found in turmeric, with diverse biological properties. It has been
demonstrated to have anti-inflammatory, anti-bacterial, anti-fungal, anti-oxidant, anti-
proliferative, anti-viral, and pro-apoptotic properties, making it useful in a wide variety of
disorders [29,30]. Cur is considered an attractive therapeutic molecule due to its minimal
toxicity and, at high dosage, exhibits anti-cancer properties [30,31]. Herein, this study
explored curcumin-induced fibroblast cell function and wound healing via GSK3-β inacti-
vation and potently inducing Wnt signaling. Our results demonstrated that Cur binds with
GSK-3β at seven different binding sites and is capable of inactivating its function. Thus,
the results showed stabilization of β-catenin and activation of Wnt signaling.

It is well known that cutaneous wound healing requires the coordination of several
types of cells. Among these, fibroblasts are the major contributors that are attracted to
the wound site after injury to start proliferation, induce epithelial closure via paracrine
signaling, and ECM formation [1,22]. Thus, approaches to accelerate fibroblast functions via
bioactive molecules could potently promote wound healing [32]. Moreover, the fibroblast
growth factor (FGF) is also an important mediator for wound healing because it activates
the vascular epithelial and fibroblast cells that surround the defect site [33]. Previous
studies have reported on the positive feedback mechanism of Wnt and FGF signaling
in skin fibroblast cells, as both these pathways contribute to cell function and increased
collagen deposition. Knockdown of β-catenin in fibroblasts led to the repression of FGF [34].
In another study, it was reported that bFGF induced wound healing in diabetic animal
models by regulating the inflammatory response and re-epithelialization [35]. In the current
study, we found that the FGF was highly increased in cells cultured on PCL–Cur scaffolds,
correlated with increased fibroblast proliferation.

The extracellular matrix (ECM), a major component of cutaneous tissue, is constantly
remodeled to support cell and tissue morphogenesis [34]. The physical properties and
molecular composition of ECMs determine the fate and performance of cells while facil-
itating intercellular communication through the conduction of molecular signals [36,37].
The engineered nanofibrous matrix, which mimics the natural ECM, is an ideal candi-
date for tissue repair and regeneration. Therefore, in the current study, we developed
scaffolds that not only provide structural support, but also released Cur in a precise and
regulated manner. The well-known characteristics associated with Cur include improved
neovascularization; re-epithelialization; increased migration of various cells, including
dermal fibroblasts, myofibroblasts, and macrophages into the wound bed; higher collagen
content; and granulation tissue formation [38–40]. We successfully incorporated Cur into
PCLF scaffolds through the electrospinning process. No clumping that could lead to bead
formation was seen on the nanofiber surface, which shows that the drug was uniformly
distributed within the polymer bed. We finally examined that the utility of these PCLF–Cur
scaffolds in wound healing was validated using in vivo soft tissue wounds in rats. These
scaffolds demonstrated significant promotion of a 12 mm excisional skin wound, with over
84% healing.

5. Conclusions

In this study, a biodegradable and biocompatible PCLF electrospun nanofiber with
curcumin was fabricated, and its potential utility as therapeutic wound dressing was
evaluated. These scaffolds demonstrated a smooth and uniform distribution, along with
a controlled and sustained release of curcumin. These curcumin-incorporated nanofibers
successfully increased fibroblast proliferation and FGF release in vitro, as well as the rate
of wound closure in the in vivo wound model. Given the non-toxic, affordable, and readily
available materials, PCLF-Cur scaffolds should be evaluated in controlled human studies
as alternatives to conventional wound dressings.
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