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AbstractWound healing is a complex process that can be impaired by various factors. Hydrogel is a recommended choice for keeping the skinmoist and enhancing wound healing. Hydrogel can contain bioactive compounds to improve wound healing effectiveness further.Phagocytosis activating protein (PAP) and thrombospondin (TSP) can stimulate macrophages and promote cell proliferation. Theyhad the potential to enhance wound healing when incorporated into a hydrogel. This study aims to evaluate the effects of PAP andTSP hydrogels on skin irritation and wound healing efficacy in a rat model. This experiment is conducted using a full-thickness woundmodel in rats. The hydrogel formulations with PAP and/or TSP were applied to the wounds for 21 days. The wound contraction,histology, and TGF-𝛽 1 expression were measured. The results showed that low-dose PAP hydrogel had the best wound healingperformance among all groups (95% contraction), with high TGF-𝛽 1 positive cells in the early phase (14.95 ± 0.64%) and low levelsin the late phase (7.12 ± 0.75%). Low-dose TSP hydrogel had similar but weaker effects than low-dose PAP hydrogel. There was nosign of skin irritation for all formulations. Hydrogel containing a low dose of PAP or TSP is a promising formula for further developingnew wound dressing materials. It also opens an opportunity to cure some challenging-to-treat wounds, such as diabetic and burnwounds.
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1. INTRODUCTION

Biomaterial-based therapies have received considerable atten-
tion in tissue regeneration and wound care due to their ability
to replicate the extracellular matrix, creating an optimal en-
vironment for cell growth and proliferation (Acciaretti et al.,
2022; Zhao et al., 2022). Hydrogels have become a major fo-
cus because of their high water retention capacity, customizable
structures, good biocompatibility, and adjustable mechanical
strength. These characteristics make hydrogels effective car-
riers for bioactive molecules while also maintaining a moist
environment that supports tissue repair and regeneration (Sari
et al., 2023; Zhao et al., 2022).

A key challenge in wound healing is moving from the in-
flammatory phase to the proliferative phase. Extended in-
flammation periods and slow epithelialization often result in
chronic wounds or excessive scarring (Ozgok Kangal and Ko-
pitnik, 2026) . Thus, effective treatment must suppress early
inflammation while also encouraging cell growth and blood

vessel formation (Smith and Rai, 2024) .
The wound healing process begins with hemostasis, where

vasoconstriction and blood clot formation help stop bleeding.
Then it is followed by the inflammation phase that is fundamen-
tally driven by macrophage phagocytosis (Ozgok Kangal and
Kopitnik, 2026) . Macrophages clear cellular debris, pathogens,
and apoptotic neutrophils. This process is known as effero-
cytosis (Sun et al., 2026) . Phagocytosis is essential across all
stages of wound healing. Macrophages facilitate this process
by clearing debris, pathogens, and apoptotic cells. Multiple
studies have demonstrated that enhancing macrophage phago-
cytic activity through glucan-based formulations significantly
improves fibroplasia, re-epithelialization, and wound tensile
strength (Koh and DiPietro, 2011; Larouche et al., 2018; Zhao
et al., 2024) . This phagocytic activity also triggers a pheno-
typic shift in macrophages, prompting them to secrete trans-
forming growth factor-beta 1 (TGF-𝛽1) (Guo and DiPietro,
2010) . TGF-𝛽1 is a master regulatory cytokine that signals
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the end of inflammation and initiates the proliferative phase
by modulating angiogenesis, fibroblast activation, and collagen
synthesis (Guo and DiPietro, 2010; Miyazono, 2000) . Conse-
quently, enhancing macrophage phagocytic activity has been
shown to indirectly accelerate fibroplasia and increase wound
tensile strength by amplifying this TGF-𝛽1 signaling cascade
(Zhao et al., 2024) . TGF-𝛽1 has been identified as a potential
biomarker for assessing wound healing progress (Grellner et al.,
2005; Miyazono, 2000) .

Phagocytosis Activating Protein (PAP) is a critical protein
involved in immune modulation and wound healing. It is
derived from the phagocytosis activating protein gene and
plays a crucial role in stimulating the phagocytic activity of
macrophages (Deachamag et al., 2006) . Mechanistically, PAP
enhances phagocytosis by interacting with the untranslated re-
gions (UTRs) of p53 mRNA, promoting its circularization
and thereby optimizing p53 translation (Terzian and Lozano,
2010) . This process leads to the activation of the p53/NF-𝜅B
pathway, which in turn enhances macrophage activity and pro-
motes immune responses necessary for efficient wound healing
(Lowe et al., 2014) .

Following the inflammation phase while PAP drives a pro-
repair environment, re-epithelialization requires direct mito-
genic stimulation. This phase is driven by growth factors, which
are essential for the activation and proliferation of fibroblasts,
epithelial cells, and endothelial cells. Thrombospondins (TSPs)
are a family of glycoproteins that regulate various cellular activ-
ities. This study focuses on thrombospondin-3 (TSP-3), which
forms a pentameric structure via disulfide linkages. TSP-3
contains an epidermal growth factor (EGF)-like domain that
has been shown to induce EGF receptor activation in a dose-
and time-dependent manner (Liu et al., 2009) .

The activation of EGF receptors promotes cell proliferation,
migration, survival, angiogenesis, and resistance to apoptosis,
which are key processes in tissue repair (Huang and Fu, 2015) .
Studies have demonstrated that TSP-3 derived from banana
shrimp (F. merguiensis) enhances fibroblast proliferation and
collagen synthesis, further highlighting its therapeutic potential
(Wonglapsuwan et al., 2020) .

Previously, mainstream wound healing therapies often re-
lied on single bioactive agents such as recombinant human
epidermal growth factor (rhEGF) alone in ointment (Zhang
and Liu, 2020) or generalized phagocytosis promoters like
glucans (Zhang et al., 2022) . However, these single-target
therapies have limited effectiveness. Growth factors play little
role in inflammatory phases, while phagocytosis promoters
alone lack a direct proliferation effect on the epidermis. Thus,
there is a growing trend toward multiple bioactive combina-
tion approaches to address the complexity of wound healing
processes, particularly for chronic wounds (Bogadi et al., 2025;
He et al., 2024) . Some research has successfully developed
effective multiple bioactive combinations such as combinations
of basic fibroblast growth factor (bFGF) and heparin, that ac-
celerate skin graft donor site healing (Kohyama et al., 2024)
and a hydrogel containing various cytokines and growth fac-

tors from umbilical cord mesenchymal stem cell secretome
for promoting chronic wound healing (Widowati et al., 2025) .
Therefore, we propose that co-delivery of PAP and TSP-3 can
offer a unique synergistic advantage.

This study preliminarily investigates the in vivo effects of
a hydrogel formulation containing two bioactive molecules,
PAP and TSP-3. Complete physicochemical characterizations
and release-profile studies of hydrogels are not part of the
current work at this stage. This research focuses on evaluating
the potential application of the formulation in wound healing.
Specifically, wound healing efficacy is assessed by macroscopic
wound contraction rates, basic histological evaluation of wound
tissue, and measurement of TGF-𝛽1 levels as the primary
molecular indicator of a successful pro-regenerative transition.

2. EXPERIMENTAL SECTION

2.1 Materials
The materials used in this study included Poloxamer 407,
polyvinyl alcohol, glycerol, propanediol, sodium ascorbate,
and hyaluronic acid. Pentobarbital sodium was sourced from
Ceva Santé Animal (Libourne, France). For immunohisto-
chemical analysis, anti-TGF-𝛽1 MAB240 and the anti-mouse
HRP-DAB cell and tissue staining kit were obtained from R&D
Systems (MN, USA). Thrombospondin-3 (TSP-3-2) was pro-
duced by cloning the TSP3-2 gene from banana shrimp (Fen-
neropenaeus merguiensis) into E. coli strain BL21(DE3), following
the methodology described by Wonglapsuwan et al. (2020) .
Similarly, phagocytosis activating protein (PAP) was obtained
based on the protocol outlined by Wonglapsuwan et al. (2016) .

Table 1. Hydrogel Formulation Containing PAP and TSP

Formulation PAP (𝜇g/ml) TSP (𝜇g/ml)
#1 (PL) 0.5 -
#2 (PH) 5.0 -
#3 (TL) - 1.0
#4 (TH) - 10.0
#5 (PTL) 0.5 1.0
#6 (PTH) 5.0 10.0

2.2 Preparation of Hydrogel Containing PAP and TSP
A hydrogel base was formulated using Poloxamer 407 (P407),
polyvinyl alcohol, sodium borate, and water, following the
method described by Kamlungmak et al. (2019) . Briefly, P407
(28% w/w) was dispersed in purified water, stirred at 400 rpm
on an ice bath for 2 h and stored at 4 ◦C for 24 h to ensure
complete hydration. Separately, PVA (7.14% w/w) was dis-
solved at 90 ◦C under constant stirring at 400 rpm for 2 h and
stored at 25 ◦C for 24 h. The cPVA component was formed by
cross-linking the PVA solution with sodium borate (0.15% w/w).
For the final blend, the P407 and cPVA were blended at an
optimal 60:40 ratio. The resulting base formulation exhibited
a gelation temperature of 29.7 ◦C and a viscosity of 23,000 -
24,000 cP , and its final pH was adjusted to 6.5 using sodium
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Figure 1. Wound Contraction for All Treatment Groups from the 1st to 14st Day of Treatment. Data are Presented as Mean ± SD
(n=6). *p < 0.05 vs Control. Brackets Indicate Adjusted p-Values for Significant Differences Between Treatment Groups and the
Control on Specific Days

ascorbate. Either PAP or TSP was then incorporated into the
hydrogel base at varying concentrations, as detailed in Table 1
and stored at 5 ◦C until use.

Dose selection was based on previous studies of the shrimp-
derived phagocytosis-activating protein (PAP) (Deachamag
et al., 2006) and the thrombospondin EGF-like peptide (TSP3-
2) (Wonglapsuwan et al., 2020) . In hemocyte assays, a con-
centration of 0.5 𝜇g/mL of recombinant PAP significantly
promoted phagocytic activity (Deachamag et al., 2006) . Addi-
tionally, systemic administrators of PAP up to 15 𝜇g/g body
weight of Penaeus monodon were considered safe and effective
(Shekhar et al., 2012) . Therefore, concentrations of 0.5 to 1.0
𝜇g/mL of PAP were selected to overcome matrix entrapment,
exudate dilution, and proteolytic degradation.

The effective concentration of TSP3-2 for the proliferation
of the skin fibroblasts ranged from 0.5-15 𝜇g/mL with an
optimal concentration at 0.5 𝜇g/mL (Wonglapsuwan et al.,
2020) . Accounting for wound exudate and protein degradation
at the wound site, concentrations of 1–10 𝜇g/mL of TSP-
3 were selected for the hydrogel matrix for the purpose of
maintaining continuous optimal therapeutic concentration in
the wound environment.

2.3 Experimental Animals and Wound Model
Sprague-Dawley rats (Nomura Siam International Co., Ltd.),
aged 8–10 weeks and weighing 200-300 g, were used in this
study. The animals were housed under controlled environmen-
tal conditions, including 23 ± 2 ◦C, 55–60%RH, and a 12-hour
light/dark cycle. They had free access to a standard pellet diet
and water. All experimental protocols were approved by and

conducted in accordance with the Institutional Animal Care
and Use Committee (IACUC) of Prince of Songkla University.
To ensure humane care of laboratory animals, carprofen (5
mg/kg) was administered for pain relief during the first 24
hours. The rats were daily monitored for general behavior,
mobility, food and water consumption, and the condition of
the surgical site. Any animal exhibiting signs of severe distress,
systemic infection, or a rapid weight loss exceeding 20% of its
initial body weight was designated for immediate euthanasia.

n =
2
(
Z1−𝛼/2 + Z1− 𝛽

)2 · 𝜎2

Δ2
(1)

n = Sample size

Z1−𝛼/2 = 1.96 (for 𝛼 = 0.05)

Z1− 𝛽 = 0.84 (for 80% power)

Δ = Effect size (difference in means)

𝜎 = Variance

The difference in means of 8.3 and a standard deviation
of 10.14 were utilized for the calculation based on data from
Aramwit and Sangcakul (2007) . The statistical power and sig-
nificance level were at 80% and 𝜎= 0.05, respectively. The
minimum required sample size was determined to be 24 an-
imals. A 25% attrition rate was proactively incorporated into
the experimental design. Thus, the sample size was increased
to 30 animals.
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Figure 2. Hematoxylin & Eosin Staining of Histological Sections from Rat Wound Tissue on Days 10 (A), 14 (B), and 21 (C).
Arrows Indicate the Epithelial Cell Layer (100× Magnification). Scale Bar = 100 𝜇m

For the surgical procedures, the dorsal hair of the rats was
shaved with an electric shaver, and anesthesia was induced
with intraperitoneal injection of pentobarbital sodium at a dose
of 40 mg/kg. Four distinct, full-thickness excision wounds
8 × 8 mm on the dorsal surface were created using surgical
scissors and forceps. This method is a well-established prac-
tice in biomaterial research for evaluating topical formulation
(Kamlungmak et al., 2021; Mârza et al., 2024) . To prevent
localized interaction between treatment sites, the wounds were
strategically spaced 1.5 cm apart along the dorsal region.

The animals were randomly allocated to two groups using
computer-generated randomization. Wounds on each animal
received localized applications of different hydrogel formula-
tions:

Group 1: Received PAP low dose (PL) to the upper left
wound, PAP high dose to the upper right, PAP/TSP low dose
(PTL) to the lower left, and the control hydrogel to the lower
right.

Group 2: Received control hydrogel on the upper left
wound, TSP low dose (TL) on the upper right, TSP high dose
(TH) on the lower left, and PAP/TSP high dose (PTH) on the
lower right.

Following hydrogel application, all wounds were covered
with transparent film dressing (Opsite® Flexigrid, Smith &
Nephew, USA), padded with sterile gauze, and secured with
Transpore® surgical tape (3M, USA).

2.4 Wound Contraction Study
Wounds were photographed alongside a ruler on alternating
dressing days. The wound area was subsequently measured
using ImageJ software. The wound size measurement was an

open-label study and performed by three independent evalua-
tors. The wound area reduction was calculated relative to day
1 using Equation (2).

Wound area compared with day 1 (%) =
Wound area on day n × 100

Wound area on day 1

(2)

2.5 Histological Examination
Histological specimens were harvested on days 1, 10, 14, and
21. The rats were anesthetized with pentobarbital sodium (40
mg/kg) prior to excision of the wound tissues. The collected
tissues were fixed in 10% neutral buffered formalin solution,
processed in a tissue processor (TP1020, Leica®, Wetzlar,
Germany), embedded in paraffin blocks, and sectioned to a
thickness of 5 𝜇m. Sections were stained with Hematoxylin and
Eosin (H&E) for morphological analysis and examined under
an inverted light microscope (Olympus IX73®, Olympus, San
Diego, USA).

Histological scoring and image analysis were conducted
according to a second-opinion protocol. All slides and digitized
images were independently reviewed by a second investigator.
Any discrepancies in the evaluation or scoring were discussed
between the evaluators until a final consensus was reached.

Wound healing and inflammation were assessed at a histo-
logical level using a modified scoring system based on DaCosta
et al. (1998) . The number of epithelial cells (Ep), fibroblasts
(Fb), fibrocytes (Fc), collagen fibers (Cf), and vascular structures
(Vc) per field was quantified and compared. A grading scale
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Figure 3. The TGF-𝛽1 Levels in Wounds Treated with Each Formulation were Recorded on Days 10, 14, and 21. Data are
Presented as Mean ± SD (n=3). *p < 0.05 vs Control. Brackets Indicate Adjusted p-Values for Significant Differences Between
Treatment Groups and the Control on Specific Days

was used, with 1 indicating a few cells, 2 indicating a moderate
presence, and 3 indicating an abundant presence.

Skin irritation was evaluated according to ISO 10993-6
guidelines (Siritientong et al., 2014) , Infiltrations of polymor-
phonuclear cells (PMN), lymphocytes, plasma cells, macropha-
ges, giant cells, necrosis, neovascularization, fibrosis, and fatty
infiltrates were scored on a scale from 0 to 4 (0 = absent, 1 =
rare, 2 = moderate, 3 = heavy infiltrate, and 4 = densely packed).
The final irritation score was calculated using Equation (3):

Final score = [2It + Nt] − [2Ic + Nc] (3)

I = Total number of inflammatory cells (t = test sample, c =
control), and N = Total number of neovascularization, fibrosis,
and fatty infiltrates (t = test sample, c = control) The irritation
classification was as follows: 0.0 – 2.9 = No irritation, 3.0 – 8.9
= Slight irritation, 9.0 – 15 = Moderate irritation, and >15 =
Severe irritation.

2.6 Immunohistochemistry Examination
The spatial expression of TGF-𝛽1 was evaluated using an
anti-mouse HRP-DAB Cell & Tissue Staining Kit. Tissue
specimens were deparaffinized, rehydrated, and treated with a
blocking reagent to inhibit endogenous enzyme activity for 15
minutes. The sections were then incubated with a mouse anti-
TGF-𝛽1 primary antibody at 1:25 dilution at 4 ◦C overnight.
Following incubation, the slides were washed with phosphate-
buffered saline (PBS) and subsequently incubated with a bi-
otinylated secondary antibody for 60 minutes. High-sensitivity

streptavidin-HRP (HSS-HRP) conjugate was then applied for
30 minutes. DAB (3,3-diaminobenzidine tetrahydrochloride)
was used as the chromogen, producing a brown precipitate at
immunopositive sites. The slides were counterstained with
Harris’s hematoxylin for contrast. The percentage of positive
cells was quantified under an inverted microscope (Olympus
DP73®, Olympus, San Diego, USA). The percentage of posi-
tive cells was calculated using Equation (4).

Positive Cell (%) =
positive cell

(normal cell + positive cell)
×100 (4)

2.7 Statistical Analysis
The Shapiro-Wilk and Levene’s tests were performed to assess
normal distribution and homogeneity of variance, respectively.
For variables that met parametric assumptions, ANOVA with
Tukey’s HSD post hoc test was used. For variables that did
not follow a normal distribution, the non-parametric Kruskal-
Wallis test followed by Dunn’s test was applied. A p-value of
less than 0.05 was considered statistically significant.

3. RESULTS AND DISCUSSIONS

3.1 Wound Contraction and Wound Histomorphology
The wound contraction data deviated from normal distribu-
tions and lacked equal variances. Thus, non-parametric Kruskal-
Wallis with Dunn’s test was performed. Figure 1 presents the
progression of wound contraction for all groups over time.
It indicated that the PTH, PTL, and TH groups showed a
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trend toward faster wound contraction compared to the con-
trol group; however, these differences were not statistically
significant. Early stages of wound contraction exhibited high
variance, especially at day 3 to day 6. It may be explained by a
well-documented physiological process. The wound bed may
exhibit a heterogeneous biological transition from the inflam-
matory phase to the proliferative phase (Ozgok Kangal and
Kopitnik, 2026) . Additionally, naturally asymmetric contrac-
tion of the wounds also contributed to the increasing relative
variability.

The PL group demonstrated a sharp increase in wound
contraction across all groups from the 3rd to the 14th day, de-
spite no statistical difference on day 3. This suggested that PL
had a sustained, positive effect on the wound healing process.
The effectiveness of PL hydrogel on wound healing was com-
parable to a recent study of Thymosin 𝛽4-Exosome loaded
hydrogel, which achieved approximately 90% wound closure
within 10 days (Yu et al., 2025) . Additionally, the PH group
exhibited significantly accelerated wound contraction on the
10th day. While the statistically significant improvements in
this group were observed only at specific time points, these
findings may suggest a transient therapeutic effect or a delayed
onset of action. Conversely, a high dose of PAP appeared
to exert its effects at a much later stage of the healing process.
This behavior may be associated with concentration-dependent
changes in macrophage responses. The role of macrophages in
wound healing had been extensively documented, particularly
during the inflammatory phase. Literature suggested a balance
in macrophage activity as prolonged, excessive macrophage-
mediated inflammation in the early phase can retard wound
healing (Tao et al., 2025) . In the later stages, macrophages
contributed to angiogenesis, recruited fibroblasts, and activated
fibroblasts to produce collagen (Khimmakthong et al., 2011;
Yu et al., 2025) . This aligned with a study that valproic acid
accelerated skin wound healing by inhibiting the macrophage
inflammatory response while enhancing macrophage phago-
cytic activity (Chen et al., 2023) .

In the TL group, the wound area was significantly reduced
compared to the control group on day 3 and from day 8 to day
14. Notably, the TL group achieved around 80% wound closure
between days 6 and 8. These findings aligned with previous
research by Altuntas et al. (2022) where epidermal growth
factor (EGF)-doped nano chitosan–gelatin film significantly
accelerated wound to 95 ± 12% between days 5 and 7. The
close match between these outcomes implied that the EGF-like
domain in TSP-3 exhibited biological activity comparable to
that of native human growth factors (Chen et al., 2026) .

Importantly, the PTH and TH hydrogel formulations con-
taining a high dose of TSP exhibited inferior wound closure
compared to the low-dose TSP formulations. This finding
aligned with previous in vitro studies, which demonstrated
that the optimal concentration of TSP for cell proliferation
and collagen production is approximately 0.5 𝜇g/mL, with
higher concentrations leading to reduced activity (Wonglap-
suwan et al., 2020) . We hypothesize that continuous activa-

tion of the phagocytosis pathway could potentially alter the
macrophages’ behavior. It might indirectly affect extracellular
matrix turnover regulation and retarded wound remodeling
(Zheng et al., 2025) . Additionally, although not confirmed by
direct molecular data, overstimulation of epidermal growth fac-
tor receptors might be associated with altered receptor feedback
loops.

Table 2. Wound Healing Score on Days 10, 14, and 21. Data
are Presented as Median (n = 3)

Day Treatment
Score Total

Ep Fb & Fc Cf Vc Score
Normal tissue 3 4 3 1 11

10 CTL 1 4 1 2 8
PL 2 4 1 2 9
PH 1 4 1 2 8
PTL 1 4 1 2 8
TL 2 4 1 2 9
TH 1 4 1 2 8

PTH 1 4 1 1 7
14 CTL 2 4 1 2 9

PL 3 4 2 2 11
PH 2 4 2 2 10
PTL 2 4 1 1 8
TL 3 4 2 2 11
TH 3 4 2 2 11

PTH 2 4 2 2 10
21 CTL 3 4 2 2 11

PL 3 4 2 2 11
PH 3 4 2 2 11
PTL 3 4 2 2 11
TL 3 4 2 2 11
TH 3 4 2 2 11

PTH 3 4 2 2 11

* Ep = epithelial layer, Fb & Fc = fibroblast & fibrocyte, Cf = collagen
fiber, Vc = vascular

3.2 Histological Studies
Histological analysis of wound healing and inflammation in
each treatment group on days 10, 14, and 21 revealed minimal
differences in overall wound healing scores (Table 2). This
observation was consistent with the general timeline of the
later stages of the wound healing process. By day 10, visible
wound size across all groups had reduced to less than 25% of
its original size, indicating substantial healing. Additionally,
the epidermal thickness of most groups (CTL, TH, TL, and
PTH) was significantly higher than the uninjured skin (Table 3)
due to the wound may be transitioning from the proliferation
phase, which had granulation tissue as a dominant characteristic
toward the remodeling phase (Muñoz-Torres et al., 2025) .

In contrast, the PL, PTL and PH groups showed no signifi-
cant difference in epidermal thickness compared to normal skin.

© 2026 The Authors. Page 1132 of 1137



Changklang et. al. Science and Technology Indonesia, 11 (2026) 1127-1137

Table 3. Epidermal and Dermal Thickness on Days 10, 14 and 24. Data are Presented as Mean ± SD (n = 12)

Epidermal Thickness Dermal Thickness
Day Treatment Value (𝜇m) p-value Value (𝜇m) p-value

to Normal Skin to CTL to Normal Skin to CTL
Normal Skin 50.98±12.05 N/A N/A 819.87±62.35 N/A N/A

CTL 129.09±56.20 0.0023* N/A 608.59±54.43 0.0111* N/A
PTL 51.95±12.44 0.9435 0.0029* 870.83±98.91 0.8327 0.0059*
PH 78.14±31.70 0.1120 0.1447 846.48±82.88 0.9064 0.0079*

10 TH 108.11±27.75 0.0038* 0.8789 626.46±56.67 0.0237* 0.7810
PL 65.34±9.11 0.2008 0.0770* 596.47±42.66 0.0061* 0.8390
TL 122.70±35.73 0.0015* 0.8937 687.71±58.05 0.1985 0.2099

PTH 101.80±36.60 0.0143* 0.5502 673.19±57.24 0.1242 0.3161
CTL 64.03±11.15 0.2576 N/A 466.38±34.47 <0.0001* N/A
PTL 74.43±20.39 0.1018 0.6143 493.91±26.60 <0.0001* 0.6022
PH 66.11±30.44 0.4904 0.6582 727.58±106.05 0.3084 0.0000

14 TH 30.65±6.90 0.0081* 0.0002* 468.58±38.88 <0.0001* 0.9638
PL 44.53±12.46 0.4878 0.0679 638.33±69.60 0.0435* 0.0014
TL 35.35±8.53 0.0516* 0.0021* 447.41±21.45 <0.0001* 0.6806

PTH 41.89±10.78 0.2959 0.0294* 547.03±42.02 0.0002* 0.1262
CTL 34.71±10.23 0.0369* N/A 541.18±101.38 0.0001* N/A
PTL 27.37±4.27 0.0016* 0.2831 351.57±42.83 <0.0001* 0.0015*
PH 32.57±9.98 0.0178 0.7769 591.44±85.00 0.0038* 0.3550

21 TH 25.47±13.85 0.0006* 0.1766 357.29±72.12 <0.0001* 0.0031*
PL 43.40±11.90 0.3494 0.2498 406.02±58.82 <0.0001* 0.0162*
TL 29.94±8.10 0.0075* 0.5564 502.84±67.43 <0.0001* 0.4837

PTH 30.72±7.22 0.0074* 0.5546 369.03±38.11 <0.0001* 0.0024*

* p<0.05

The epidermal layers, including the stratum basale, stratum
spinosum, and stratum corneum, were quite well-defined and
fully developed. Within these tissues, populations of fibroblasts,
fibrocytes, and neocapillaries were abundant. Inflammatory
cells were absent in the wound area at this stage, which was
consistent with the anticipated timetable of the inflammatory
process, which generally occurs within the initial days following
damage (Figure 2A). Additionally, epithelial cell connectivity
in the PL groups was significantly more intact than in the other
groups. This implied that PL, PTL and PH shifted to the
remodeling phase earlier than other treatments. The dermal
thickness of all groups was close to normal baseline values.
This result confirmed that the effectiveness of hydrogel could
promote rapid proliferation of the dermal layer (Pan et al.,
2025) .

By the second week, the similarity in histological scores
across treatments may indicate that collagen maturation and
initial tissue remodeling followed a consistent pattern. The
overall wound healing score gradually increased. This slight
improvement appeared to be contributed by epithelialization
and collagen fiber deposition score. The PL, TL, and TH
groups achieved the highest scores of 11 (Table 2), with ep-
ithelial cell connections that were nearly complete, whereas
the PH, PTL, and PTH groups showed no marked difference
compared to the control (Figure 2B). Collagen fiber deposition
scores showed a slight upward trend in the treatment groups

compared to the control, except in the PTL group, where the
score remained unchanged from day 10.

On day 21, the wound healing score of all groups had
reached levels comparable to those of normal tissue, indicating
that the healing process was nearly complete. The morpho-
logical characteristics resembled those of normal tissue, with
minimal new vascularization. The thickness of the epidermal
layer was nearly identical to that of healthy skin (Figure 2C).
The epidermal thickness from day 14 onward significantly de-
creased to normal (±50 𝜇m), especially in the PL group that
returned to normal earlier (Table 3) and aligned with wound
healing score and wound contraction data. On the other hand,
the dermal thickness continued to be thinner than the normal
skin from day 14. This phenomenon may be attributed to the
active contraction of the wound edge by myofibroblasts, which
reduced the defect size (Liu et al., 2025) .

Skin irritation score yielded non-normally distributed data,
which was analyzed using Kruskal-Wallis and Dunn’s tests.
The analysis showed no significant differences in inflammatory
cell presence, neovascularization, fibrosis, or fat infiltration
compared to normal skin tissue. The total irritation score for
wounds treated with hydrogel, across all seven formulations,
remained below 2 on days 10, 14, and 21 (Table 4). Addi-
tionally, no signs of skin irritation were observed in the wound
area, particularly on days 14 and 21, when inflammation had
completely resolved. These findings indicate that neither the
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Table 4. Skin Irritation Score on Days 10, 14, and 21. Data are Presented as Mean ± SD (n=5)

Day Treatment Neutrophil Lymphocyte Plasma Cell Macrophage Giant Cell Debris Neovascularize Fibrosis Fat Infiltration Irritation Score p-ValueCells/Field Occurrences /Field

10 CTL 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 2.80 ± 0.79 0.00 ± 0.00 0.00 ± 0.00 1.24 ± 0.95
PL 0.00 ± 0.00 0.40 ± 0.55 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 3.20 ± 0.55 0.00 ± 0.00 0.00 ± 0.00 2.14 ± 0.84
PH 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 3.40 ± 0.55 0.00 ± 0.00 0.00 ± 0.00 1.54 ± 0.55
PTL 0.00 ± 0.00 0.00 ± 0.00 0.20 ± 0.45 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 2.80 ± 0.55 0.00 ± 0.00 0.00 ± 0.00 1.74 ± 1.30 0.3640
TL 0.20 ± 0.45 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 2.80 ± 0.45 0.00 ± 0.00 0.00 ± 0.00 1.74 ± 0.84
TH 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 3.40 ± 0.55 0.00 ± 0.00 0.00 ± 0.00 1.14 ± 0.45
PTH 0.00 ± 0.00 0.00 ± 0.00 0.20 ± 0.45 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 2.80 ± 0.55 0.00 ± 0.00 0.00 ± 0.00 1.14 ± 0.45

14 CTL 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.11 ± 0.33 0.11 ± 0.33 2.78 ± 0.50 0.00 ± 0.00 0.00 ± 0.00 1.50 ± 1.01
PL 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 3.20 ± 0.45 0.00 ± 0.00 0.00 ± 0.00 1.14 ± 0.45
PH 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 2.60 ± 0.45 0.00 ± 0.00 0.00 ± 0.00 1.14 ± 0.45
PTL 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 2.80 ± 0.45 0.00 ± 0.00 0.00 ± 0.00 1.14 ± 0.45 0.6890
TL 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 3.25 ± 0.58 0.00 ± 0.00 0.00 ± 0.00 1.44 ± 0.58
TH 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 2.75 ± 0.58 0.00 ± 0.00 0.00 ± 0.00 1.44 ± 0.58
PTH 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 2.25 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.94 ± 0.00

21 CTL 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 2.22 ± 0.33 0.00 ± 0.00 0.00 ± 0.00 1.05 ± 0.33
PL 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 3.00 ± 0.45 0.00 ± 0.00 0.00 ± 0.00 1.14 ± 0.45
PH 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 2.80 ± 0.45 0.00 ± 0.00 0.00 ± 0.00 1.14 ± 0.45
PTL 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 2.60 ± 0.45 0.00 ± 0.00 0.00 ± 0.00 1.14 ± 0.45 0.6060
TL 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 3.25 ± 0.58 0.00 ± 0.00 0.00 ± 0.00 1.44 ± 0.58
TH 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 3.50 ± 0.58 0.00 ± 0.00 0.00 ± 0.00 1.44 ± 0.58
PTH 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 3.25 ± 0.58 0.00 ± 0.00 0.00 ± 0.00 1.44 ± 0.58

hydrogel base nor the formulations containing PAP and TSP
caused skin irritation.

3.3 Expression of TGF-𝛽1
Since the quantitative immunohistochemical datasets followed
normal distributions with homogeneous variances, paramet-
ric ANOVA and Tukey’s HSD post-hoc tests were performed.
Figure 3 shows the TGF-𝛽1 levels for each group over time.
In this study, the TGF-𝛽1 had biphasic dose-response char-
acteristics. Low dose of PAP and TSP in TL and PL group
followed the normal pattern of TGF-𝛽1 by rising during the
early- to mid-stages of wound healing and subsiding in the
later phases (Pakyari et al., 2013) . TGF-𝛽1 expression in the
PL group peaked considerably on day 14 (17.73 ± 0.94%) and
was closely followed by the TL group (15.07 ± 0.94%). This
result was aligned with the wound contraction where the PL
group had the best wound reduction. Notably, both the PL
and TL groups demonstrated a sharp and highly consistent
downregulation by day 21, dropping to 7.12 ± 0.92% and 7.76
± 0.53%, respectively, falling below the control baseline (9.68 ±
0.84%). These incidents perfectly mimicked the natural phys-
iological process for ideal, scarless tissue repair. The peak of
TGF-𝛽1 observed at day 14 could be interpreted as the end of
the early inflammatory phase, which the literature frequently
associates with shifts in macrophage-driven inflammation (He
et al., 2026; Sun et al., 2026) .

In contrast, high doses of either PAP or TSP, including PH,
TH, and the combined PTH group failed to elevate TGF-𝛽1 at
the beginning of the proliferation stage of wound healing. The
PTH group exhibited the lowest expression at this time point
(8.44 ± 0.61%). However, the high-dose groups exhibited a
delayed surge in TGF-𝛽1 expression by day 21. The TH and
PTH groups reached peaks of 19.69 ± 1.54% and 15.12 ±
1.05%, respectively. Moreover, a slight increase in TGF-𝛽1

levels was also observed in the TL group, likely due to the EGF-
like domain of TSP, which promotes cell proliferation without
much interferance with the natural feedback loop (Sweetwyne
and Murphy-Ullrich, 2012) . The significant decrease in TGF-
𝛽1 levels during the late phase of wound healing suggested
proper wound progression, consistent with prior studies (Franz,
2015; Huang and Fu, 2015; Pakyari et al., 2013) .

The interesting trend in this study was that the high-dose
groups (PH, TH, and PTH) statistically significantly (p-value
= 0.041, 0.001 and 0.017, respectively) exhibited paradoxi-
cal under-effectiveness during the day 14 proliferative window.
While PAP and TSP were reported as potent activators of TGF-
𝛽1-releasing cells, the data tend to follow a non-linear, biphasic
dose-response curve. However, the precise mechanism behind
this biphasic dose-response phenomenon was still largely hy-
pothetical and unsupported by direct molecular evidence in
this study. We hypothesized that high concentrations of these
compounds might stimulate receptors and potentially lead to
rapid receptor internalization and downregulation (Xie et al.,
2025) . Alternatively, the macrophages might remain in an
inflammatory state, delaying the biological clock of the wound.
Consequently, the TGF-𝛽1 levels were suppressed as observed
at days 10 and 14. In addition, previous studies have demon-
strated that the overactivation of fibroblasts and keratinocytes
upregulates Smad3 and Smad4, subsequently leading to the
activation of Smad7. Smad7 essentially acts as a brake to sta-
bilize TGF-𝛽1 levels (Miyazono, 2000) . Because parameters
like Smad signaling, macrophage polarization markers, and re-
ceptor internalization were not directly evaluated in this study,
these mechanistic explanations remain entirely speculative.

The delayed surge of TGF-𝛽1 in the PTL, PTH and TH
groups compared to the control group at day 21 may reflect
gradual recovery of receptor or altered temporal signaling dy-
namics (von Zastrow and Sorkin, 2021) . However, this late-
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stage elevation warranted attention as prolonged or delayed
TGF-𝛽1 surges may increase the risk of subsequent scar for-
mation (Bonnici et al., 2024) .

This study has some limitations. By incising four wounds
on each animal, we can ethically reduce the total number of
animals used while also minimizing natural variations between
individuals. We acknowledge that the four wounds on a single
subject share the same systemic biological and immunological
environment, meaning strict statistical independence between
these specific wound sites cannot be absolute. However, given
the localized, topical nature of the hydrogel application and
the sufficient physical spacing of the treatment sites, systemic
absorption and subsequent pharmacological cross-site interfer-
ence are anticipated to be negligible. The small sample size
of histology and TGF-𝛽1 immunohistology evaluation may
contribute to the high variation and limit the interpretation of
results.

4. CONCLUSIONS

Although the physicochemical properties and drug release pro-
file were not fully characterized. The safety and efficacy of
seven different hydrogel formulations were evaluated in rats,
with no skin irritation observed. Among these, the hydrogel
containing a low dose of PAP demonstrated the highest wound
contraction rate, favorable histological characteristics of wound
healing, and elevated TGF-𝛽1 levels. The hydrogel with a
low TSP dose also exhibited strong wound-healing properties,
closely matching PAP in effectiveness. These findings suggest
that hydrogels containing PAP and TSP hold significant po-
tential as wound-healing therapies. Therefore, formulations
with low doses of PAP or TSP could serve as promising candi-
dates for the development of advanced wound dressings with
controlled-release properties. However, further molecular-
level investigations are required to better understand the un-
derlying mechanisms driving their efficacy.
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