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ABSTRACT

Wound healing is a complex biological process influenced by oxidative stress, inflammation, and cytokine activity.
Current treatments are costly, inefficient, and often result in scarring. This study evaluates the wound healing potential
of curcumin-loaded Pluronic® (PF) nanoformulation, NanoCUR, by assessing its antioxidant capacity, cytotoxicity, and
effects on inflammatory cytokines in vitro. NanoCUR was synthesized by thin-film hydration method and was further
characterized. The antioxidant capacity of NanoCUR was assessed using FRAP assay, while its cytotoxicity was evaluated
in 3T3-NIH fibroblast cells. The wound healing property was determined through migration assay, and the IL-6 and TNF-
a levels were monitored in LPS-induced RAW 264.7 macrophage cells by cytokine cytometry bead array (CBA). TNF-a
expression was analyzed via Polymerase Chain Reaction (PCR). NanoCUR was successfully synthesized, producing
nanoparticles with uniform morphology, high encapsulation efficiency (96.39%), and improved aqueous solubility. At
100 uM and 150 uM, NanoCUR exhibited enhanced antioxidant activity (6.78- and 3.89-% fold increment) compared to
CUR respectively. Reduced toxicity of NanoCUR (20.63 M) was observed in 3T3-NIH fibroblasts with higher LCso values
than CUR (14.16 uM) at 72h post treatment. NanoCUR enhanced fibroblast migration and wound closure by 1.45%,
achieving complete wound closure at 5 pM within 72h, surpassing CUR. NanoCUR also demonstrated effective
modulation of pro-inflammatory cytokines, reducing IL-6 and TNF-a levels, with suppression of TNF-a expression,
supporting NanoCUR’s anti-inflammatory mechanism at 5 uM and 10 uM. Collectively, the findings in the present study
indicate that NanoCUR has improved antioxidant activity, biocompatibility, and cellular responses in vitro, which could
serve as a fundamental basis to develop NanoCUR as a wound healing treatment.
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INTRODUCTION

Wound healing is a highly complex process, and an ideal wound dressing should fulfil several critical characteristics.
These include maintaining moisture around the wound, being biocompatible, biodegradable, and non-toxic, stimulating
growth factors, and providing protection against infections and microbial growth (Ghomi et al., 2019). Designing and
developing suitable wound dressings for acute and chronic wounds remains a global challenge. Current therapeutic
modalities, including hydrogels, hydrocolloids, alginate and skin substitutes are commonly utilized in the management
of chronic wounds. However, a study involving 264 patients demonstrated that 77.6% of individuals receiving advanced
treatment did not achieve wound healing within a three-month period (Morat & Ajemi., 2024). Moreover, the
associated treatment costs range from RM5,000 to RM9,000 (Erni et al., 2023). These factors not only contribute to the
high economic burden and extended healing times but also pose a risk of scarring, further complicating the management
of chronic wounds.
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Different drugs and delivery systems have been extensively investigated, targeting the aforesaid phases of wound
healing. Yet, the presently available wound medication requires frequent applications, and wounds have increased risk
of infections until the skin heals completely. Therefore, topical applications of compounds with antioxidative properties
using proper materials and antioxidants will be useful against oxidative damage and to the healing of the wound. The
current treatment options are expensive, limited, and inefficient, which lead to the development of new therapeutics
to satisfy the unmet clinical needs.

The present study explores a plant-based compound as an alternative for wound healing. Herbal medicines and
natural products have gained interest for their ability to accelerate and improve the healing process. They contain
bioactive compounds with antibacterial and antifungal properties, while also exhibiting strong antioxidant effects that
help reduce oxidative damage (Bowler et al., 2001; Khalifa et al., 2021). Additionally, these natural substances provide
anti-inflammatory benefits, stimulate blood vessel formation, promote fibroblast growth, and aid in extracellular matrix
synthesis, all of which are crucial for wound healing. Recent research continues to focus on enhancing the biological
properties of wound healing agents, particularly curcumin (CUR) (Kumari et al., 2022).

CUR is a bioactive polyphenolic compound derived from the rhizomes of turmeric (Curcuma longa) and is recognized
for its anti-inflammatory properties (Ghandadi & Sahebkar, 2016; Kocaadam & Sanlier, 2017; Mollazadeh et al., 2017).
CUR inhibited the production of tumor necrosis factor alpha (TNF-a) (Jain et al., 2008), a key cytokine released from
monocytes and macrophages that plays important roles in the regulation of inflammatory responses. It also functions
as a scavenger of reactive oxygen species (ROS) during the inflammation phase, while enhancing granulation tissue
formation and collagen deposition in the proliferation phase (Akbik et al., 2014). Recent studies have explored various
CUR-based formulations to enhance wound healing efficacy, including hydrogels, nanofibrous scaffolds, and films (Deng
et al., 2025). For instance, chitosan and sodium alginate—based hydrogel membranes loaded with CUR accelerated
wound closure by ~75% within 14 days compared to gauze-covered wounds (Albargi et al., 2022). Additionally, CUR-
loaded carboxymethyl guar gum, reduced graphene oxide nanofibrous scaffolds demonstrated complete wound closure
within 48h in 3T3 L1 fibroblast models (Orsu et al., 2021).

Despite these advantages, some limiting factors such as poor bioavailability (Shabnam et al., 2020; Stohs et al.,
2020), low water solubility (Priyadarsini et al., 2014), and rapid metabolism (Yallapu et al., 2010; 2012) hinder the
therapeutic efficacy of CUR. Moreover, CUR has been reported to exert cytotoxic effects. Specifically, exposure to 20
UM CUR reduced HaCAT cells viability by ~45% after 24h of treatment. In addition, when CUR-loaded wounds are
exposed to light, CUR can act as a photosensitizer, triggering a pro-oxidant response that interferes with the transition
from the inflammatory to proliferative phase of wound healing (Sharma et al., 2018). Scharstuhl et al. (2009) further
demonstrated that high concentrations of CUR at 25 uM for 48h induced fibroblast apoptosis and impaired wound
contraction via ROS-mediated pathways.

To overcome these limitations, the integration of nanoparticles (NPs) into wound care has emerged as a promising
avenue. Among these approaches, polymeric micelles attracted interest for CUR delivery. Polymeric micelles are self-
assembled nanoscale structures formed by amphiphilic block copolymers, consisting of a hydrophobic core and a
hydrophilic shell (Negut & Bita, 2023). This architecture enhances solubilization of hydrophobic drugs, improves cellular
uptake, and provides a protective environment that reduces drug degradation. Polymeric micelles exhibit favourable
biocompatibility, stability under physiological conditions, and a lower risk of cytotoxicity, making them suitable carriers
for wound healing applications (Negut & Bita, 2023; Wan et al., 2020). Among polymeric micellar systems, Pluronic®s’
(PF) have been widely used as carrier and surfactants in pharmaceutical and biomedical applications. Pluronic®-F127
(PF127) is a triblock copolymer (poly(ethylene oxide)—poly(propylene oxide)—poly(ethylene oxide) (PEO—PPO—-PEQ)
blocks, characterized by excellent biocompatibility and thermo-reversible gelation behaviour. PF127-based
nanoformulations have been extensively explored for wound healing due to their ability to enhance drug residence
time at the wound site, improve controlled drug release, and reduce local toxicity (Akbar et al., 2018; Almasian et al.,
2021; Francisco et al., 2023; Li et al., 2023a; Zhang & Zhang, 2021).

The nanoformulation of CUR loaded into PF127 micelles (NanoCUR) exhibited promising stability (Shamsi, 2015),
displayed an improved toxicity profile, and generated significantly lower reactive oxygen species (ROS) compared to
CUR (Abdullah et al., 2022). However, the precise mechanisms through which NanoCUR can improve wound healing,
mitigate oxidative stress, improving safety and efficacy, as well as modulating the level and expression of inflammatory
cytokine compared to native CUR have not been fully explored. The present study sets to endeavour the feasibility of
NanoCUR, a nanoformulation using Pluronic®-F127 (PF), an established pharmaceutical excipient in wound healing
processes, specifically on the antioxidant properties and its effectiveness in promoting cell proliferation and mitigate
inflammation.

MATERIALS AND METHODS
Materials

All reagents and solvents used were of the highest analytical grade. Distilled water was used throughout, unless
otherwise stated. CUR, (> 98% purity), PF, phosphate-buffered saline (PBS), silver sulfadiazine (SSD), and sodium
dodecyl sulphate (SDS) were obtained from Sigma Aldrich (Saint Louis, USA). Methanol (AR grade), chloroform (AR
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grade), sodium acetate, iron (lll) chloride hexahydrate (FeCls-6H,0), 2,4,6-tripyridyl-s-triazine (TPTZ), iron (ll) sulphate
heptahydrate, ascorbic acid, dimethyl sulfoxide (DMSO), and hydrochloric acid were procured from Fisher Scientific
(Leicester, UK). Dulbecco’s Modified Eagle’s Medium (DMEM), penicillin-streptomycin, trypsin-EDTA, and thiazolyl blue
tetrazolium bromide were purchased from Nacalai Tesque (Japan), while fetal bovine serum (FBS) was obtained from
Tico Europe (Netherlands). The agarose gel used for electrophoresis was laboratory prepared. Molecular biology
reagents included the innuPREP RNA Mini Kit 2.0 (IST Innuscreen GmbH, Berlin, Germany), Tetro cDNA Synthesis Kit
(Meridian Bioscience, Bioline Reagent Ltd, UK), and the MyTaq Red Mix PCR Kit (Bioline Reagent Ltd, UK). All chemicals
were handled and stored according to the manufacturer’s instructions.

Preparation of CUR nanoformulation (NanoCUR)

Thin film hydration method adapted from Shamsi et al., (2015) was employed in the present study to prepare the
NanoCUR. The particle hydrodynamic diameter, polydispersity index and zeta potential of NanoCUR were assessed by
using Malvern Zetasizer Nano ZS instrument (Malvern Instruments, Malvern, UK). The surface functional groups of
NanoCUR, CUR and PF were investigated with Fourier-Transform Infrared Spectroscopy (FTIR) technique using the
Thermo Nicolet Model, Nicolet 6700 (Thermo Scientific, Waltham, MA, USA). The morphology of NanoCUR was
observed using atomic force microscopy (AFM- Bruker Crest, Dimension Edge with Scanasyst). CUR content was
quantified based on the absorbance value at 425 nm using spectrophotometer (Abdullah et al, 2022).

Antioxidant potential of NanoCUR by FRAP assay

0.5 mL of CUR and NanoCUR, prepared in methanol, and water, respectively at 100 uM and 150 uM, were mixed
with 4.5 mL of FRAP reagent in a test tube. Solvent control was also included (100% methanol, and distilled water). The
test tubes were then incubated at room temperature in a dark condition for 30 min. Absorbance of the samples was
measured at 595 nm using spectrophotometer. In this assay, ascorbic acid at similar concentrations was used as the
positive control. The concentrations chosen for both CUR and NanoCUR allow possible reliable comparison with positive
control, the ascorbic acid. A standard solution of ferrous sulphate (FeS04.7H20) in increasing concentrations (0-800
MM) was prepared as calibration curve. The antioxidant potential was calculated based on the ability of a sample to
reduce ferric ions and results were expressed as pmole Fe (l1)/g fresh weight (FW) (Clarke et al., 2013).

Cell viability assay

3T3 murine fibroblast cell cultures (Passage 19) were obtained from American Type Culture Collection (ATCC) in a
cryogenic form. 100 pL of cells suspension containing approximately 8 x 10* cells/mL was seeded onto 96-well plate and
incubated in CO: incubator overnight until cells reached 80% confluency. Spent media was discarded and cells were
washed once with 100 pL of pre-warmed PBS, pH 7.4. 200 pL of test samples was added into each well according to the
plate design. The test samples include different concentrations of CUR (in 0.5% DMSO) and NanoCUR (dissolved in
distilled water) at 0-100 uM. Cells were also exposed to the carrier, PF at 0-2% w/v, which were the concentrations of
PF used to prepare NanoCUR, and 0.1% w/v of sodium dodecyl sulfate (SDS) as the positive control. Following samples
exposure (24, 48 and 72h), cells were washed with pre-warmed PBS, pH 7.4 before they were incubated with 200 pL of
fresh supplemented medium containing 20 uL of MTT reagent (0.5 mg/mL). After 4 h, the formazan crystals formed
were solubilized with 100 pL of DMSO and quantified by absorbance measurement at 570 nm (Jenway, UK). The cell
viability was calculated and reported as ICso values (Seisenbaeva et al., 2021).

Migration assay

373 fibroblast cells (2 mL) were seeded onto 6-well plate (2.5 x10* cells/well) and incubated in CO2 incubator until
cells were grown into a confluent monolayer. The cells were then scratched with a sterile 200 uL pipette tip. Spent
media was removed and cells were washed once with 1 mL of pre-warmed PBS, pH 7.4, followed by the addition of 2
mL of test samples: CUR (5 and 10 uM), NanoCUR (5, 10, 5 and 30 uM), and SSD (0.1% w/v) as the negative control. The
concentrations for CUR and NanoCUR were selected based on cell viability experiment mentioned in the previous
section. The scratch assay was performed in supplemented media containing only 1% FBS to minimize the possibility of
cells proliferation and migration caused by the serum (Grada et al., 2017). Migration of the cells were evaluated under
microscopic observation (Alexander et al., 2019). The images were captured using DinoLite microscope camera (Dino-
Lite, USA) attached to the inverted microscope at 0, 12, 24, 48 and 72h of time interval post-treatment. The area of
wound was quantified by using ImagelJ imaging software (Version 2.14.0, MD, USA). The percentage of wound closure
was calculated as follow:

Ao t
—— X 100 (Equation 1)

Wound closure (%) = 1o

Biome Scientia Journals https://www.biomescientia.com Vol 10 No 1 (2026) 231



Life Sciences, Medicine and Biomedicine 4

Determination of pro-inflammatory cytokines level using Cytometric Beads Array (CBA) assay

RAW 264.7 macrophage cells were seeded with 1 mL of DMEM supplemented with 10% (v/v) FBS in a 24-well plate
with a density of 5 x 10* cells per well. After 24h, the spent media in each well was removed. Then, phenol red-free
DMEM supplemented with 2% (v/v) FBS and 1 pg/mL of LPS was added to each well and the cells were incubated for 2
h (Zailan et al., 2020). Following incubation, the cells were treated with CUR (5 and 10 uM) and NanoCUR (5, 10, 15 and
30 uM) for 24h. The concentrations chosen were based on the cell viability assay conducted on RAW 264.7 macrophage
cells, prior to this experiment. The ICso values for CUR and NanoCUR against RAW 264.7 macrophage cells were reported
to be 12.73 £ 4.09 and 41.27 + 4.44 uM, respectively.

All captured beads provided in the CBA mouse inflammation kit (BD Biosciences, USA) were vortexed and a master
mix was prepared by adding 10 uL of each capture bead into the fluorescence-activated cell sorting (FACS) tube and
vortexed. After 24h of incubation in the incubator, the samples were diluted with 1:50 dilution of assay diluent. Then,
50 uL of the master mix and 50 uL of the phycoerytherin (PE) detection reagent were added into each tube. The tubes
were then incubated for 2 h in the dark at room temperature. After incubation, 1 mL of wash buffer was added into
each tube, and the tubes were centrifuged at 200 x g for 5 min at 4°C. The supernatant was discarded slowly and 300
uL of wash buffer was added into the tube and centrifuged. Flow cytometry was performed by setting up the instrument
using the Cytometer Setup Beads and samples were analysed for levels of IL-6 and TNF-a using the cytometer starting
from the lowest concentration to the highest concentration of samples prepared. FCAP Array™ Software was used to
generate and analyse the results accordingly.

Polymerase Chain Reaction (PCR)

The gene expressions of GAPDH, a housekeeping gene and TNF-a were assessed using a MyTaq Red Mix Kit (Bioline,
London, UK). Each sample was analyzed in triplicates. Each reaction mixture had a total volume of 50 L, comprising of
25 pL of MyTaq Red Mix, 4 ng/uL of cDNA, 1 pL of 20 uM forward primer, 1 uL of 20 uM reverse primer, and DEPC-
treated water to adjust the final volume to 50 L. The specific primer sequences for GAPDH and TNF-a are provided in
Table 1 (Lee et al., 2012). The amplification protocol for PCR consisted of 30 cycles, starting with denaturation at 94°C
for 45sec, followed by annealing at 63°C for TNF-a, and 64°C for GAPDH for 1min. This was followed by an extension
step at 72°C for 45s. Gel electrophoresis of the PCR product (5 pL) was conducted on a 3.0% agarose gel at 100 V for 45
min in 1x TAE buffer (Vivantis Technologies, Kuala Lumpur Malaysia). The gel bands, visualized under UV light, were
captured using the G:3Box gel doc (Syngene, Cambridge, UK). The intensity of the bands was measured using Image)
(Version 2.14.0, MD, USA).

Table 1

Primer sequences of target genes for PCR analysis.

Target Gene Gen Bank No. Base Pair Primer

GAPDH M32599 269 Forward 5'-TGTTCCTACCCCCAATGTGT-3’
Reverse 5'-CCCTGTTGCTGTAGCCGTAT-3'

TNF-a NM_013693 324 Forward 5'-ACGGCATGGATCTCAAAGAC-3'
Reverse 5'-CGGACTCCGCAAAGTCTAAG-3’

Note: The primer sequences used for gene expression analysis were adapted from Lee et al. (2012).
Statistical analysis

Statistical analyses were performed using One-Way Analysis of Variance (ANOVA), followed by Tukey’s post-hoc test
for multiple comparisons, unless stated otherwise (GraphPad Prism 10, CA, USA). Statistical significance was denoted
as follows: p £0.05 (*), p £0.01 (**), p<0.001 (***), and p <0.0001 (****). All experiments were conducted in triplicate,
independently. Data are presented as mean + standard deviation (SD).

RESULTS
Preparation and characterization of NanoCUR

The yellowish-orange colour of the lyophilized NanoCUR powder (Figure 1A) confirmed the successful encapsulation
of CUR. NanoCUR exhibited improved solubility compared to native CUR, as demonstrated in aqueous dispersion
studies (Figure 1B and 1C). Dynamic Light Scattering (DLS) analysis revealed that NanoCUR had an average size of 25.79
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+ 1.16 nm, and a polydispersity index (PDI) of 0.24 + 0.01 indicating a monodispersed nanoparticle population with
minimal aggregation. Zeta potential analysis showed a value of -2.11 + 1.17 mV, attributed to the non-ionic nature of
PF. Atomic Force Microscopy (AFM) demonstrated distinct differences between native CUR and NanoCUR. NanoCUR
displayed a uniform spherical morphology with an average size range of 21.55 to 25.67 nm (Figure 2A), consistent with
DLS measurements. As shown in Figure 2B, CUR exhibits strong peaks at 3460 cm™ corresponding to hydroxyl groups,
and at 1525 cm™ due to C=C stretching. However, these peaks were absent in the NanoCUR spectra, suggesting that
the aromatic structure of CUR may be partially shielded or altered upon encapsulation within the PF matrix.
Additionally, peaks at 2905 cm™ and 2885 cm™ corresponding to aliphatic C-H stretching vibrations, were observed in
both PF and CUR spectra, confirming the presence of both compounds in NanoCUR. Moreover, NanoCUR exhibited a
peak at 1120 cm™, like PF, indicating the presence of both the hydrophilic PEO and the hydrophobic PPO core
responsible for micellar formation. NanoCUR exhibited an average drug loading of 18.89 + 0.59 mg CUR per g of
NanoCUR and an encapsulation efficiency of 96.39 + 3.04%.

Figure 1

The lyophilized NanoCUR powder and the aqueous solubility environment

A)

CUR NanoCUR CUR NanoCUR

(B) ©

Note: (A) Figure shows the yellowish-orange flaky appearance of NanoCUR, indicating successful encapsulation and
stabilization of CUR. (B) CUR exhibits poor solubility in water, leading to visible precipitation at the bottom of the beaker,
whereas NanoCUR remains more evenly dispersed. (C) Further observation of the solubility behaviour shows that while
CUR remains undissolved, NanoCUR achieves a more stable and uniform distribution in water.

Antioxidant potential of NanoCUR

Figure 3 shows the antioxidant potential of CUR and NanoCUR at varying concentrations (100 uM and 150 uM). As
observed, NanoCUR demonstrated a significant improvement in antioxidant potential compared to CUR at both
concentrations. At 100 uM, NanoCUR exhibited a statistically significant increase in antioxidant activity, and at 150 uM,
the difference was even more pronounced.

Cytotoxicity of NanoCUR

Figure 4(A) illustrates CUR-induced cytotoxicity in 3T3-NIH fibroblast cells. Cell viability remained above 80% at
concentrations <5 uM but declined significantly beyond 10 uM, with a time-dependent increase in toxicity. At
concentrations of >30 uM, viability drastically decreased. In contrast, Figure 4(B) shows NanoCUR maintained viability
>80% up to 10 uM, with a moderate decline at 15 uM. Even at >30 uM, NanoCUR-treated cells retained >30% viability,
highlighting its protective effect. PF’s biocompatibility is demonstrated in Figure 4(C), where cell viability remained
>80% at concentrations of 0.1-0.5%. At 0.5% and 1%, viability initially decreased at 24 h but recovered by 72 h,
indicating minimal long-term cytotoxicity. However, at >1%, a significant decline occurred, particularly at 48—72h. LCso
values (Table 2) further confirm NanoCUR’s lower toxicity. At 24 h, LCso for NanoCUR (91.87 £ 0.02 uM) was significantly
higher than CUR (16.61 + 0.01 uM), a consistent trend observed at 48 and 72h. PF exhibited low toxicity, with LCso of
2.37 £ 0.01% w/v at 24h (Table 2). At 0.1-0.5%, cell viability remained high, while at >1%, cytotoxic effects became
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more pronounced over time. Despite temporary reductions at 48 h, viability recovered at 72h, reinforcing PF’s
biocompatibility.

Figure 2

Morphology, particle size distribution and FTIR spectra
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Note: (A) The image, captured using atomic force microscopy (AFM) at 1000x magnification, provides detailed insights
into the morphology and size characteristics of the synthesized NanoCUR particles, illustrating their uniformity and size
range. (B) The spectra show characteristic peaks representing functional groups such as the hydroxyl (O-H) stretching
vibration at 3460 cm™, the aliphatic (C-H) stretching vibration at 2905 cm™"and 2885 cm™, the alkene (C=C) stretching
vibration at 1525 cm™, and the carbonyl! (C=0) stretching vibration at 1120 cm™. Arrows in the figure highlight these
specific characteristics peaks.

Figure 3

Antioxidant potential of CUR and NanoCUR at 100 and 150 uM
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Figure 4

Cytotoxicity of CUR, NanoCUR, and Pluronic® (PF)
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Note: (A) CUR (2—100 uM), (B) NanoCUR (2-100 uM), and (C) Pluronic® (PF) (0.1%—-2% w/v) against 3T3-NIH murine
fibroblast cells over 24 to 72 hours. Significant differences analyzed using Two-Way ANOVA are indicated by the
following thresholds: *p < 0.05, **p < 0.01, ****p < 0.0001. The red dashed line represents 80% cell viability (ISO
guideline, 2009).
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Table 2

ICso values of CUR, NanoCUR, and PF following exposure against 3T3 cells over 24—-72 h

Post-treatment (h) 1Cs0 (LM) ICs0 (% w/Vv)
CUR NanoCUR PF

24 16.61 +0.01 91.87 +0.02° 2.37+0.01

48 14.72 £ 0.02° 36.57 £ 0.05%¢ 1.38 +0.01¢

72 14.16 £ 0.03° 20.63 £ 0.06* 1.41+0.01¢

Note: Significance (p < 0.05): ° indicates significant differences to CUR at respective time point, ” to CUR, ¢ to NanoCUR
and ?to PF between exposure time.

Migration assay

The untreated control group served as a baseline to observe the intrinsic migration capacity of cells in the absence
of external treatments. Control shows no significant changes (Figure 5 and Figure 6) in wound closure across all time
points, indicating that natural wound closure progresses at a steady, slow rate. The consistent performance of the
control group establishes the reliability of the experimental design and provides a comparative framework for
evaluating the effects of CUR and NanoCUR. The absence of active stimulation in the control group highlights the
necessity of treatment to accelerate the wound-healing process. According to Figure 5 and 6, NanoCUR significantly
enhanced migration compared to CUR, achieving complete wound closure at 5 uM by 72h, while CUR-treated cells
showed residual gaps. The reduced migration at 10 uM CUR correlated with its cytotoxicity, whereas NanoCUR
maintained viability and migration due to its lower cytotoxicity. The superior migration effect of NanoCUR aligns with
its higher antioxidant potential. Conversely, 1% w/v PF did not promote wound closure and exhibited a slower migration
rate than the control.

TNF-a and IL-6 levels

The reduction of TNF-a (Figure 7A) was measured in LPS-stimulated samples treated with different concentrations
of CUR and NanoCUR. For TNF-a, both CUR and NanoCUR elicited concentration-dependent reductions across the
tested range (2—30 uM). Notably, CUR at 15 uM produced a significantly greater TNF-a reduction (78.6 %) compared to
NanoCUR (40.3%) (p < 0.01). At 30 uM, NanoCUR showed a decrease in TNF-a reduction (~45%), indicating a partial
rebound in activity. No statistically significant differences were observed between CUR and NanoCUR at other
concentrations.

For IL-6, both treatments significantly reduced cytokine production in a concentration-dependent manner, with
maximum effects observed at 10 uM and 15 uM (Figure 7B). At 2 uM and 5 uM, both showed moderate reductions
(~55-70%), with NanoCUR slightly more effective at 5 uM. At 10 uM and 15 uM, CUR reached its maximum IL-6
reduction (~100%), while NanoCUR was slightly less (~90%). Notably, NanoCUR continued to improve at 30 uM, showing
IL-6 reduction of ~95%, suggesting a sustained dose-dependent anti-inflammatory effect. Collectively, these results
indicate that CUR was superior to NanoCUT in TNF-a suppression at 15 uM, whereas both formulations exhibited
comparable and robust IL-6 inhibitory effects at mid to high concentrations.

TNF-a Expression

Figure 8 shows that TNF-a expression was significantly reduced upon treatment with CUR and NanoCUR. At 5 uM,
CUR significantly suppressed TNF-a expression compared to the negative control, demonstrating its anti-inflammatory
potential. At 10 uM, CUR further reduced TNF-a expression, indicating a dose-dependent effect. This suppression is
likely due to CUR’s ability to inhibit the NF-kB pathway and its antioxidant activity. NanoCUR exhibited an even stronger
effect at both concentrations, with a pronounced suppression of TNF-a.

DISCUSSION

Skins are exposed and not protected, making it susceptible to many injuries, including stabbed and burns. Physical
injuries that cause tissue damage and disruption in the epithelial integrity of the skin and homeostasis are defined as
wounds. Thus, skin loses its protective mechanism and provides pathway for the pathogens to invade human body that
leads to significant morbidity and even death (Rosique et al., 2015). To counter injuries, wound healing processes will
take place. Many cells, such as macrophages, neutrophils, platelets, and fibroblast cells are involved during the process
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Figure 5
Migration assay of 3T3-NIH Murine fibroblast cells.
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Note: Migration was assessed following exposure to control (media without treatment), CUR, and NanoCUR at (A) 5 uM
and (B) 10 uM, observed at 0, 12, 24, 48, and 72 hours. Cells were grown in DMEM culture media supplemented with
1% FBS and observed under 10x magnification. The yellow double-headed arrows represent the distance of the wound
area (cell-free area).

Figure 6

Wound progression of CUR and NanoCUR.
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Note: Wound closure bar graph for samples at (A) 5 uM and (B) 10 uM. Media without treatment served as the control.
Differences were analyzed using Two-Way ANOVA, followed by post-hoc Tukey’s test. (****) indicates statistically
significant differences (p < 0.0001) between the experimental groups.
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Figure 7

Comparative effects of CUR and NanoCUR on LPS-induced TNF-a and IL-6 production
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Note: (A) Percentage reduction of TNF-a levels relative to LPS-stimulated control following treatment with CUR or
NanoCUR (2-30 uM). CUR at 15 uM significantly reduced TNF-a compared to NanoCUR (**p < 0.01). (B) Percentage
reduction of IL-6 levels relative to LPS-stimulated control. Both CUR and NanoCUR exhibited concentration-dependent
suppression, with significantly greater reductions at 10 uM and 15 uM compared to lower concentrations (*p < 0.05,
**p < 0.01 and ***p < 0.001). Data are presented as mean * SD (n 23). Statistical significance was determined by One-
way ANOVA followed by Tukey’s post hoc test.

Figure 8
Gene expression of TNF-a in response to CUR and NanoCUR treatments.
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Note: The graph shows the relative expression levels of TNF-a compared to the control in cells treated with CUR (5 uM
and 10 uM) and NanoCUR (5 uM and 10 uM). NanoCUR demonstrated a more pronounced suppression of TNF-a at both
concentrations (p<0.0001). Significant differences analyzed using One-Way ANOVA are indicated by the following
thresholds: ***p < 0.001, ****p < 0.0001.

of wound healing (Sinno & Prakash, 2013).During injury, fibroblast cells respond to migratory stimulus that are released
then migrate to specific places, while at the same time releasing glycoprotein attractant so that other fibroblasts will
be stimulated to follow the trails (Roussos et al., 2011).While wounded, cells that are involved and responsible for
preventing pathogen from getting inside the body are neutrophils and macrophages that will engulf pathogen by
phagocytosis in inflammation phase (auf Dem Keller et al., 2006; Nguyen et al., 2017).

In the migration assay, NanoCUR-treated cells closed nearly the entire wound, whereas CUR-treated cells showed a
significantly slower migration rate with visible gaps persisting. This observation underscores NanoCUR’s efficacy even
at lower doses, which may reduce the risk of adverse effects. The slower migration observed with CUR at 10 uM likely
reflects its dose-dependent toxicity. As shown in Figure 4(A), CUR exhibited dose-dependent toxicity, with significant
reductions in cell viability at 10 uM, particularly at 48 and 72h. This cytotoxic effect limits the number of viable cells
available for migration, thereby impairing wound closure. In contrast, NanoCUR demonstrated a more favourable
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toxicity profile, with higher LCso values compared to CUR (Table 2), allowing cells to maintain viability and sustain
migration even at higher concentrations. The observed differences in migration rates between CUR and NanoCUR
correlate strongly with their respective antioxidant potentials. As shown in Figure 3, NanoCUR exhibited significantly
higher antioxidant activity than CUR. Antioxidants are critical in wound healing, as they mitigate oxidative stress, which
can impair cellular function, inhibit migration, and delay tissue repair (Zhou et al., 2021). At wound sites, elevated ROS
levels can cause oxidative damage, negatively impacting cell proliferation and motility. By neutralizing ROS, NanoCUR
likely creates a more favourable cellular microenvironment for migration and repair. These findings are consistent with
the work of Ma et al. (2024), which reported that antioxidants enhance cellular repair mechanisms and support wound
healing by reducing oxidative stress.

Chronic inflammation is a key obstacle in wound healing, with prolonged inflammatory responses causing delays in
tissue repair (Aswathanarayan et al., 2022) Elevated levels of pro-inflammatory cytokines, particularly tumor necrosis
factor-alpha (TNF-a), contribute significantly to the disruption of the transition from the inflammatory phase to the
proliferative phase (Nirenjen et al., 2023). TNF-a plays a critical role in immune regulation and inflammatory signalling,
essential for defending against infection (Li et al., 2023b). However, its excessive production and persistence in wound
healing conditions lead to chronic inflammation, which delays tissue repair and exacerbates wound conditions.
Therefore, modulating TNF-a expression is crucial for promoting effective wound healing and facilitating the transition
to the proliferative phase.

CUR and its nanoformulation, NanoCUR, have demonstrated strong anti-inflammatory effects (Yallapu et al., 2015),
making them viable options for therapeutic wound-healing therapies. CUR targets a key regulator of inflammation, the
NF-kB (Nuclear Factor kappa-light-chain-enhancer of activated B cells) pathway. IkB (Inhibitor of kappa B) proteins
normally keep NF-kB dimers (p65/p50) dormant in the cytoplasm by blocking their translocation into the nucleus
(Giridharan & Srinivasan, 2018). The IKK (IkB kinase) complex phosphorylates IkB in response to inflammatory stimuli,
including infection, tissue damage, or the presence of pro-inflammatory cytokines including TNF-a and IL-1B. NF-kB
dimers are released as a result of IkB breakdown (Karin & Ben-Neriah, 2000). The production of pro-inflammatory gene,
such as TNF-a, is subsequently encouraged by these dimers' translocation to the nucleus, which prolongs inflammation
and prevents wound healing (Karin & Ben-Neriah, 2000; Viatour et al., 2004).

CUR exerts its anti-inflammatory effects by interacting with multiple cellular pathways. A key mechanism involves
its B-diketone structure, which contains two highly reactive carbonyl groups (C=0). These groups enable CUR to bind
metal ions, such as zinc and copper, which are crucial for the activation of the NF-kB pathway. By binding to these metal
ions, CUR inhibits the IKK complex, preventing the phosphorylation and degradation of IkB. As a result, NF-kB dimers
remain sequestered in the cytoplasm, blocking the transcription of pro-inflammatory cytokines like TNF-a and IL-1B
(Prasad et al., 2021; Smirnova et al., 2023; Yen et al., 2018). Moreover, CUR has antioxidant properties that contribute
to its anti-inflammatory action. During inflammation, reactive oxygen species (ROS) are generated as a byproduct of
immune cell activation. Excessive ROS can promote the activation of NF-kB, further exacerbating inflammation (Ranneh
et al., 2017). CUR’s ability to neutralize ROS directly reduces oxidative stress, preventing the activation of NF-kB and
minimizing the associated inflammatory response (Huang et al., 2021). Furthermore, CUR interferes with upstream
signalling pathways such as MAPK (mitogen-activated protein kinase) and TLR4-MD2 (Toll-like receptor 4-myeloid
differentiation protein 2), which further suppress NF-kB activation, reinforcing its anti-inflammatory effects (Gradisar
et al., 2007, Karthikeyan et al., 2020; Panaro et al., 2020).

The cytokine assays revealed a nuanced anti-inflammatory profile. While CUR outperformed NanoCUR in TNF-a
suppression at certain higher concentrations (15 uM), NanoCUR maintained robust inhibition across a broader range
and showed comparable IL-6 suppression. Notably, NanoCUR elicited a stronger downregulation of TNF-a gene
expression at both tested concentrations, suggesting that improved cellular uptake and sustained intracellular delivery
may potentiate transcriptional regulation. This aligns with the hypothesis that nanoformulation not only enhances
pharmacokinetics but also modifies pharmacodynamics at the cellular level.

The findings of this study align with previous research emphasizing the advantages of nanoparticle formulations
over their parent compounds. Zhuo et al. (2024) and Punfa et al. (2012) reported that nanoscale formulations improve
solubility, stability, and cellular uptake, leading to enhanced therapeutic efficacy and reduced cytotoxicity. NanoCUR’s
superior migration-promoting effects, coupled with its antioxidant activity, support its potential as a multifunctional
therapeutic agent for wound healing. The enhanced anti-inflammatory effect of NanoCUR aligns with its superior
antioxidant capacity and better solubility. These properties contribute to NanoCUR’s increased efficacy in reducing TNF-
a expression, making it a more reliable therapeutic agent for modulating inflammation and promoting wound healing
compared to traditional CUR.

CONCLUSION

The present study highlights the potential of NanoCUR, a curcumin-loaded Pluronic® (PF) nanoformulation, as a
therapeutic agent for enhancing wound healing. This encapsulation also contributed to NanoCUR’s superior antioxidant
potential, as demonstrated in the FRAP assay, which showed significantly higher activity compared to CUR. These
antioxidant properties are crucial for reducing oxidative stress during the wound healing process. Toxicity profiling
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indicated that NanoCUR exhibited a significantly improved biocompatibility profile compared to CUR, with reduced
cytotoxic effects observed at the tested concentrations. Furthermore, migration assays demonstrated that NanoCUR
significantly enhanced wound closure rates, particularly at 5 uM concentration, outperforming CUR treatment over a
72-hour period. NanoCUR also effectively modulated inflammatory cytokine (TNF-a), reducing inflammation and
supporting tissue regeneration. Collectively, the combination of improved solubility, antioxidant capacity,
biocompatibility, and enhanced cellular interaction makes NanoCUR a promising candidate for wound healing
applications.
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