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A B S T R A C T

Wound healing progresses through many key cellular activities, including fibroblast and keratinocyte prolifer
ation and angiogenesis. This study explored the wound-healing potential of reactive oxygen species (ROS)- 
generating hyaluronic acid (HA) hydrogels. We fabricated a chlorin e6–conjugated HA (Ce6-HA) hydrogel that 
generates ROS when subjected to irradiation from an LED light source. In vitro studies revealed that the ROS 
generated by the Ce6-HA hydrogels enhanced the proliferation of fibroblasts and keratinocytes. Further, the 
fibroblasts were found to have high levels of intracellular ROS, elevated expression of p-ERK1/2, p-p38 MAPK, p- 
Akt, and cyclin D1 proteins, and enhanced collagen deposition. Moreover, the Ce6-HA hydrogel also promoted 
endothelial angiogenesis in vitro. In vivo studies demonstrated the ROS-generating HA hydrogels significantly 
improved wound closure and tissue regeneration compared to control groups. The Ce6-HA hydrogel-treated 
group exhibited accelerated wound healing, with enhanced fibroblast proliferation, increased keratinocyte 
proliferation, and better angiogenesis. Histopathological and immunohistochemical analyses showed elevated 
levels of key growth factors and signaling molecules, which are critical to wound healing. The controlled ROS 
generation from the Ce6-HA hydrogels activated broader molecular pathways necessary for effective skin tissue 
repair. Therefore, ROS-triggering HA hydrogels could be a viable approach to accelerate recovery and reduce 
scarring in clinical settings.

1. Introduction

Wound healing is a complex and highly regulated biological process 
essential for restoring tissue integrity and function after injury. It pro
gresses through a well-coordinated sequence of phases, including hemo
stasis, inflammation, cell proliferation, and tissue remodeling. Any 
disruption or delay in these stages can impair wound closure, leading to 
complications such as chronic wounds, excessive fibrosis, or infection, 
which remain major challenges in clinical practice [1–6]. Among the key 
regulators of wound healing, reactive oxygen species (ROS) have received 
increasing attention due to their dual role in both promoting and poten
tially hindering tissue repair. While ROS are often associated with 
oxidative stress and cellular damage, emerging evidence suggests that 
they also play essential roles in modulating cell proliferation, migration, 
and angiogenesis when maintained within a controlled range [7–9].

ROS are oxygen-containing reactive molecules that are naturally 
produced during metabolic processes, particularly by immune cells such 
as neutrophils and macrophages at the site of injury [10,11]. Although 
excessive ROS levels can lead to oxidative damage by triggering lipid 
peroxidation, protein modification, and DNA damage, regulated ROS 
signaling is crucial for effective wound healing [12]. ROS regulate key 
cellular processes—including fibroblast proliferation, keratinocyte 
migration, and angiogenesis—which are critical for effective wound 
healing. Additionally, ROS influence keratinocyte proliferation and 
migration, which are essential for re-epithelialization and restoring the 
protective function of the epidermis [13–16]. ROS-driven fibroblast and 
keratinocyte activation, along with VEGF-mediated angiogenesis, 
collectively facilitate wound closure [17–20]. ROS signaling enhances 
endothelial cell proliferation and migration and upregulates vascular 
endothelial growth factor (VEGF), which promotes new blood vessel 
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formation [21–25]. This angiogenic response is critical for sustaining the 
metabolic demands of newly formed tissue. The ability of ROS to 
regulate multiple aspects of wound healing has led to the development 
of ROS-modulating biomaterials, particularly hydrogel-based dressings, 
which provide a means of delivering controlled ROS levels to wound 
sites [25,26].

ROS modulation strategies for tissue repair have been explored using 
various approaches, including peroxide-loaded biomaterials, catalytic 
nanoparticle-integrated scaffolds, and enzyme-mimicking systems. For 
instance, previous studies have demonstrated that peroxide-releasing 
hydrogels can accelerate fibroblast proliferation, whereas nanozyme- 
functionalized hydrogels enable localized ROS generation to facilitate 
wound healing [27–29]. Despite these advancements, many of these 
systems rely on passive ROS release, which can result in inconsistent 
ROS levels and potential oxidative stress [30–32]. In contrast, the 
approach presented in this study introduces a novel LED-responsive, 
externally tunable ROS-releasing hyaluronic acid (HA) hydrogel, 
which allows for precise modulation of ROS generation in real-time 
[33–35]. Unlike traditional ROS-modulating materials, this system en
sures that ROS levels remain within a therapeutic range, thereby 
avoiding excessive oxidative stress while optimizing the regenerative 
benefits of ROS signaling. To our knowledge, this is the first study to 
utilize an externally tunable Ce6-conjugated HA hydrogel for controlled 
ROS delivery in wound healing applications [36–38].

Although controlled ROS levels promote wound healing, unregulated 
ROS overproduction poses potential risks, including prolonged inflam
mation, oxidative stress-induced cellular apoptosis, and tissue fibrosis. 
High ROS concentrations have been shown to sustain macrophages in a 
pro-inflammatory M1 phenotype, which can delay wound closure and 
increase fibrosis risk. Additionally, excessive ROS can impair mito
chondrial function, reducing ATP production and leading to cellular 
dysfunction [13,17,25]. To mitigate these risks, this study employs an 
LED-mediated ROS control system that enables precise tuning of ROS 
release according to the needs of the tissue microenvironment. By 
adjusting LED intensity and exposure time, the system prevents ROS 
accumulation beyond a beneficial threshold, ensuring a balance be
tween pro-healing effects and oxidative safety.

Building on these insights, this study focused on the development of a 
novel HA hydrogel capable of generating controlled levels of ROS. The 
primary objective was to fabricate this ROS-generating HA hydrogel and 
evaluate its effectiveness in enhancing wound healing both in vitro and in 

vivo. By confirming the beneficial effects of controlled ROS release on 
fibroblast proliferation, keratinocyte proliferation, and endothelial cell 
angiogenesis, this study seeks to establish the hydrogel as a potent tool for 
improving wound-healing outcomes. The findings could lead to the devel
opment of more effective wound-care products that harness the therapeutic 
potential of ROS while minimizing their associated risks (Scheme 1).

2. Materials and methods

2.1. Preparation of chlorin e6 (Ce6)-conjugated HA hydrogels (Ce6-HA)

Ce6-conjugated HA hydrogels were fabricated following a previously 
established protocol [39]. In brief, sodium hyaluronic acid (200 kDa, 
200 mg, HA, Lifecore Biomedical) was dissolved in 10 ml PBS. Subse
quently, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (63.6 mg, 
EDC), N-hydroxysuccinimide (35.2 mg, NHS), selenocystamine (8.8 
mg), and Ce6 (30 mg, Santa Cruz Biotechnology, USA) were sequentially 
introduced into the mixture. The resulting solution was transferred to an 
ultrafiltration centrifuge tube (Pall Corporation, USA) and centrifuged 
at 4500 rpm for 20 min at 20 ◦C. Following centrifugation, the cross
linker, polyethylene glycol diglycidyl ether (PEGDE), was added and the 
solution was transferred to a Petri dish. The Ce6-HA hydrogel was 
allowed to form into a circular shape with a diameter of 1 cm2. The 
hydrogel was then sterilized using 70 % ethanol and subsequently rinsed 
with sterile distilled water to remove any residual ethanol.

2.2. Light-emitting diode (LED) power controller

A custom-designed red LED system was employed as the light source 
for photodynamic therapy (PDT) control. The LED system was config
ured to emit light with a peak wavelength of 660 nm. Additionally, the 
system was equipped with filters to eliminate the majority of ultraviolet 
(UV) radiation. The distance between the LED source, and the sample 
was maintained at over 5 cm. The irradiance of the light source was 
precisely measured using a power meter (S130C, Thorlab, Inc., USA) 
immediately prior to the experiment.

2.3. Estimation ROS released by irradiation of Ce6-HA hydrogels

The photocatalytic activity of the Ce6-HA hydrogel was evaluated 
using 1,3-diphenylisobenzofuran (DPBF; Sigma Aldrich) as an ROS 

Scheme 1. This study investigates a hyaluronic acid hydrogel conjugated with chlorin e6 (Ce6-HA), which generates ROS upon exposure to LED light. In vitro experiments 
were conducted using fibroblasts, keratinocytes, and endothelial cells to evaluate the cellular responses. In vivo studies demonstrated that the Ce6-HA hydrogel significantly 
enhanced wound closure and tissue regeneration. Histological analysis further confirmed elevated expression of growth factors and wound healing-related markers.
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indicator. Ce6-HA samples were immersed in a DPBF solution and 
subsequently exposed to red LED at irradiance levels of 50, 100, 250, 
500, 750 μW/cm2, and 1 mW/cm2. The total exposure duration was 40 
min, with readings taken at 10 min intervals. Following irradiation, the 
DPBF solution was transferred to a quartz cuvette, and its UV–Vis 
absorbance spectrum was measured using a spectrophotometer at 411 
nm (Shimadzu, Kyoto, Japan).

2.4. Effect of ROS on cell proliferation

Neonatal human dermal fibroblasts (NHDFs, Lonza, Switzerland), a 
type of fibroblast cell, were cultured in fibroblast growth medium 
(Lonza) and culture media was replaced with fresh medium every 3–4 
days. NHDFs were seeded into a 48 well plate at a density of 1 × 104 

cells/cm2 and incubated overnight at 37 ◦C in a CO2 incubator for cell 
attachment. HaCaT (ATCC®) cells were used as a representative kera
tinocyte model cultured in Dulbecco’s Modified Eagle’s Medium con
taining 10 % fetal bovine serum and 1 % antibiotics (Welgene, Seoul, 
Korea). The HaCaT cells were seeded at a density of 10,000 cells/cm2 in 
a 48 well plate and incubated overnight at 37 ◦C in a CO2 incubator to 
ensure proper cell attachment. Following incubation, each well was 
treated with either HA or Ce6-HA, and the plates were subsequently 
exposed to varying intensities of red LED for different durations. Cell 
viability was assessed using the Cell Counting Kit-8 (CCK-8) assay at 4, 
24, and 72 h post-irradiation. After the specified exposure times, CCK-8 
solution was added to each well, and the plates were incubated for 2 h in 
the dark to prevent light interference. The absorbance was then 
measured at 450 nm using a spectrophotometer. The growth rate was 
presented as a comparison to the control group, which measured cell 
viability 4 h after HA treatment.

2.5. Intracellular ROS detection

Intracellular ROS levels were quantified using the Oxiselect™ 
Intracellular ROS Assay kit. NHDFs and HaCaT cells were seeded at a 
density of 1 × 104 cells/cm2 in a well plate and incubated overnight to 
allow cell attachment. Following incubation, the cells were washed with 
PBS and treated with a 1x DCFH-HA solution in the culture medium, 
followed by a 1 h incubation at 37 ◦C. After washing the cells again with 
PBS, the Ce6-HA hydrogel treatment was applied, followed by LED 
irradiation at an irradiance of 100 μW/cm2 for varying durations, fol
lowed by a 1 h incubation period. The cells were then rinsed with PBS, 
and a cell lysis buffer was added to each well. The fluorescence of the 
oxidized product, 2′,7′-dichlorodihydrofluorescein, was measured using 
a microplate reader set to an excitation wavelength of 480 nm and an 
emission wavelength of 530 nm.

2.6. Effect of ROS on fibroblast

2.6.1. Cell cycle analysis
NHDFs were seeded at a density of 1 × 104 cells/cm2. The following 

day, the cells were treated with either HA or Ce6-HA, followed by LED 
irradiation at 100 μW/cm2 for 30 min. After 24 and 48 h, the cells were 
harvested by detachment from the well plate using trypsin-EDTA. The 
collected cells were then washed twice with ice-cold PBS and centri
fuged at 1200 rpm for 5 min at 4 ◦C. The resulting cell pellet was treated 
with 70 % ethanol and incubated at 4 ◦C for 30 min. After a subsequent 
centrifugation at 1200 rpm for 5 min at 4 ◦C, the ethanol supernatant 
was carefully removed. RNase was then added to the cell pellet, and the 
mixture was incubated for 30 min at room temperature. Propidium io
dide (PI) solution was subsequently added to the cells and incubated for 
30 min in the dark at ambient temperature. Following staining, the 
samples were analyzed using a flow cytometer (BD FACSymphony A5).

2.6.2. Western blot
NHDFs were seeded in a well plate, incubated overnight, and sub

sequently treated with either HA or Ce6-HA. Following LED irradiation 
at 100 μW/cm2 for 30 min, the cells were harvested at 24, 48, and 72 h 
using a protein lysis buffer. Protein concentrations were determined 
using the Bradford assay. Equal amounts of protein samples were then 
loaded onto a 12.5 % SDS-PAGE gel and subjected to electrophoresis at a 
constant voltage until sufficient protein separation was achieved. The 
separated proteins were transferred onto a polyvinylidene difluoride 
membrane. To prevent non-specific antibody binding, the membrane 
was blocked with 5 % skim milk. Subsequently, the membrane was 
incubated overnight at 4 ◦C with gentle agitation in a 5 % BSA solution 
containing primary antibodies specific to p-ERK1/2, EKR1/2, p-p38 
MAPK, p38 MAPK, p-AKT, AKT, cyclin D1, and β-actin (Cell Signaling 
Technology, Danvers, MA, USA). After washing away unbound primary 
antibodies with TBST buffer, the membrane was incubated with horse
radish peroxidase-linked anti-rabbit or anti-mouse IgG secondary anti
body (Cell Signaling Technology) for 1 h at RT. Following a final TBST 
wash to remove any unbound secondary antibodies, the protein bands 
were visualized using a chemiluminescent substrate (SignalFire ECL 
reagent, Cell Signaling Technology).

2.6.3. Collagen assay
Collagen levels were assessed using the Sircol Soluble Collagen Assay 

kit (Biocolor Assays, United Kingdom) according to the manufacturer’s 
instructions. Briefly, collagen deposition was quantified using a dye 
reagent specific to collagen. NHDFs treated with HA or Ce6-HA exposed 
to LED 100 μW/cm2 for 30 min or 60 min were fixed in 4 % para
formaldehyde and subsequently stained with Sirius Red solution for 30 
min at RT. After the staining procedure, the samples underwent washing 
with acid-salt wash reagent, followed by the addition of 0.1M NaOH to 
elute the bound dye, which was allowed to react for 5 min. Absorbance 
was measured at 556 nm using a microplate reader to quantify the 
collagen. To determine the total protein content, a bicinchoninic acid 
(BCA) assay was performed. Samples were treated with BCA working 
solution and incubated at 37 ◦C for 30 min. Absorbance was then 
measured at 562 nm using a plate reader. A standard curve was gener
ated using bovine serum albumin (BSA) as the standard.

2.7. Angiogenesis assay

HUVECs were seeded onto Matrigel-coated well plates at a density of 
3 × 104 cells/cm2. Following seeding, 0.2-μm microporous membrane 
transwells were introduced, and the cells were treated with either HA or 
Ce6-HA. HUVECs were categorized into several groups: a control group 
with no intervention, a group receiving HA treatment alone, a group 
treated with a combination of HA and VEGF as a positive control, a group 
treated with HA followed by LED exposure, and a group treated with Ce6- 
HA followed by LED exposure. LED irradiation was set at 100 μW/cm2 for 
30 min. Following cell seeding and treatment application, live/dead as
says were performed using Endothelial Tube Formation Assay kit (Cell 
Biolabs, San Diego, USA), following manufacturer’s instructions, after 6 h 
to evaluate the length of cell connections and the number of junctions 
formed. VEGF treatment served as the positive control. Tube formation 
was subsequently observed using a microscope, and quantitative analysis 
was performed using ImageJ software. The parameters evaluated 
included the number of junctions and the total tube length.

2.8. In vivo studies

2.8.1. Animal experiment approval
An animal study was conducted in accordance with the guidelines set 

forth in the “Guide for the Care and Use of Laboratory Animals.” The 
study protocols were approved by the Institutional Animal Care and Use 
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Committee (IACUC) of the Yonsei Laboratory Animal Research Center 
(YLARC; Permit Number: 2023-0136). The animals were housed in a 
pathogen-free environment at YLARC. Five-week-old male Balb/c nude 
mice, procured from Orient Bio, were used to establish a full-thickness 
wound model. Prior to the experiment, the Balb/c nude mice under
went a 1-week acclimation period, and the mice were then randomly 
assigned to the experimental groups.

2.8.2. Surgery for the creation of full-thickness wounds
Four distinct groups were created for the in vivo investigation: control 

(CON), wound treated with HA (HA), wound treated with HA combined 
with LED irradiation (HAL), and wound treated with Ce6-HA combined 
with LED irradiation (CHL). Mice were anesthetized via intraperitoneal 
injection of zoletil (35 mg/kg) and rompun (2 mg/kg). The surgical site 
was sterilized with a 70 % ethanol solution. While under anesthesia, two 
full-thickness skin wounds, each 8 mm in diameter, were created on the 
dorsal surface of the mice using a biopsy punch. A round silicone splint 
was positioned around the wound and secured to the skin with 4-0 nylon 
sutures to maintain its placement. The hydrogel was positioned after the 
silicone splint was sutured. The group designated for LED treatment was 
exposed to LED at an intensity of 200 μW/cm2 for 30 min. A preliminary 

experiment on LED irradiance showed that 200 μW/cm2 for 30 min was 
the most effective condition for wound contraction and angiogenesis 
promotion, and these parameters were subsequently used in the current 
study (Supplementary 1). Following each procedure, the wound site was 
protected with an occlusive polyurethane dressing (Tegaderm™, 3M). 
Macroscopic assessment of wound healing was performed by photo
graphing the wound using a digital camera and recording the weight of 
the mice for 3–4 days interval. Photographs were taken to monitor the 
healing process and assess changes in wound area over time. Upon 
completion of the study, the animals were euthanized using CO2 cham
ber, and skin tissue samples were collected from the center of each wound 
for further analysis (Fig. 1A–C).

2.8.3. Hispathological examination
The injured skin tissue was collected and promptly fixed in 10 % 

paraformaldehyde for 24 h. Following fixation, the tissue samples were 
embedded in paraffin and sectioned into 5 μm thick slices. The sections 
were stained using hematoxylin and eosin (H&E) and Masson’s Tri
chrome (MT) staining techniques. The stained slides were then exam
ined under a brightfield microscope (Olympus BX51; Olympus, Tokyo, 
Japan) to assess the histological features.

Fig. 1. Animal experiment group classification and schedule (A) The animals were divided into four groups; only wound (CON), HA treatment on the wound (HA), 
LED irradiation on HA-treated wound (HAL), and LED irradiation on Ce6-HA treated wound (CHL). (B) ROS-induced wound healing model of balb/c nude mouse. (C) 
Every 3–4 d, macroscopic examination was carried out to assess the size of the wound and its body weights. Every week, tissue was excision for histology analysis.
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2.8.4. Immunohistological analysis
To assess angiogenesis, fibroblast formation and macrophages, the 

tissue sections were immunohistochemically stained for PCNA, CD31, 
vimentin and CD68. PCNA was studied in day 7 tissue samples, while 
both CD31 and PCNA were studied in day 14 tissue samples. CD68 was 
studied in day 3, 7, 14, 21 tissue sample. The skin tissue samples were 
embedded in paraffin and sectioned into 5-μm-thick slices. The sections 
were incubated in Tris/EDTA buffer (pH 9.0) at room temperature, 
followed by overnight incubation with primary antibodies. Then, the 
slides were rinsed with PBS and subsequently incubated with secondary 
antibodies for 2 h at RT. The stained samples were examined under a 
light microscope, and signal intensities were quantified using ImageJ 
software. All experiments were performed in triplicate.

2.8.5. Analysis of cytokine extracted from mouse skin tissue
Skin samples of uniform size were collected from the animals on day 3 

after wound creation and homogenized in PBS. A skin sample of 1 cm2 was 
obtained from the central area of the wound. The resulting tissue ho
mogenates were utilized for subsequent analyses. The concentrations of 
epidermal growth factor (EGF) and VEGF were quantified using enzyme- 
linked immunosorbent assay (ELISA) kits from R&D Systems (London, 
UK). The assays were performed according to the manufacturer’s 

instructions. Cytokine levels were calculated using standard curves, and 
the results are expressed as the amount of cytokines detected.

2.9. Statistical analysis

Statistical analysis was conducted using SPSS 26.0. One-way ANOVA 
followed by Tukey’s post hoc test was used for multiple group com
parisons. Student’s t-test was used for pairwise comparisons. A p-value 
of <0.05 was considered statistically significant. Data are presented as 
mean ± standard deviation (SD).

3. Results and discussion

3.1. ROS generation

The preparation scheme of the Ce6-HA hydrogel is shown in Fig. 2A. 
LED irradiation–induced ROS production by the Ce6-HA hydrogel was 
quantified by monitoring the decomposition of DPBF, an ROS indicator. In 
the presence of ROS, the yellow DPBF is converted into a colorless com
pound [36–38]. The ROS generated by LED-irradiated Ce6-HA was assessed 
by varying both the LED power and irradiation time. Irradiation was con
ducted using red LED at different intensities, with measurements taken 

Fig. 2. Preparation of Ce6-HA hydrogels, LED irradiation device setup, and ROS detection (A) Schematic illustration of the preparation of crosslinked Ce6-bonded 
HA hydrogel. (B) Blue print of LED equipment. (C) Photograph of the LED equipment emitting light. (D) Degradation of DPBF measured upon LED irradiation at 50, 
100, 250, 500, 750 μW/cm2 and 1 mW/cm2 at 10 min intervals. Data are presented as mean ± SD (n = 5).
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Fig. 3. Assessment of fibroblast response to ROS-induced effects (A) Cellular proliferation assay using NHDF cells subjected to LED irradiation (100 μW/cm2) for 
different durations. (i) Non-irradiation, (ii) 20 min, (iii) 30 min, (iv) 40 min, (v) 50 min, (vi) 60 min LED irradiation. *p < 0.05 vs. HA (n = 5). (B) Estimated 
intracellular ROS levels at different irradiation time points under 100 μW/cm2 intensity. #p < 0.01 vs. con (n = 3). (C) Cells were harvested after 24, 48, and 72 h 
after LED irradiation. p-ERK1/2, ERK1/2, p-p38 MAPK, p38 MAPK, p-AKT, AKT, cyclin D1 and β-actin proteins levels were measured using Western blot. The graphs 
show quantified proteins levels; (i) relative p-ERK1/2 level, (ii) p-ERK1/2/ERK1/2, (iii) relative p-p38 MAPK level, (iv) p-p38 MAPK/p38 MAPK, (v) relative p-AKT 
level, (vi) p-AKT/AKT (vii) relative cyclin D1 level. Data are expressed as means ± SD (n = 3). *p < 0.05 vs. 24 h HA (D) (i) Total collagen estimated using the Sircol 
soluble collagen assay kit. (ii) Collagen amount normalized to total protein content showing increased collagen level due to the higher fibroblast number. *p < 0.05 
vs. HA (n = 3). Throughout all figures and graphs in the in vitro experiments, HA represents the group using HA hydrogel, while CH denotes the group using Ce6-HA 
hydrogel. This labeling is consistently applied across all in the in vitro data representations in the manuscript.
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every 10 min. The blue print of the LED equipment and a photograph of the 
LED emitting light are shown in Fig. 2B and C. Power was always measured 
before performing the experiment, and ice was placed on top to prevent heat 
generation. C0 represents the DPBF solution without any irradiation. To 
ensure comparability across conditions, ROS generation was normalized to 
baseline DPBF absorbance (C0) and expressed as a ratio (C/C0) relative to 
non-irradiated controls. Ce6 was successfully conjugated to HA, and as a 
result, it was observed that the generation of ROS was proportional to the 
intensity and duration of light exposure (Fig. 2D). Peptide bonds were 
successfully formed in hyaluronic acid through EDC/NHS coupling, 
enabling the conjugation of Ce6 to the hyaluronic acid. Chemical modifi
cations can facilitate the formation of amide bonds with HA, allowing for 
the attachment of various functional groups, peptides, or pharmaceuticals. 
This process broadens the applicability of HA in drug delivery, tissue en
gineering, and other biomedical areas. The modification involves activating 
the carboxyl groups of HA using agents like carbodiimides or N-hydrox
ysuccinimide, which then react with primary amines to create stable amide 
bonds [34]. This amidation process not only alters the physical, chemical, 
and biological properties of HA, but also transforms it into a versatile 
biomaterial with customizable characteristics for specific uses [40]. Thus, 
HA molecules are modified to incorporate functional groups that can form 
amide bonds with reactive sites on a photodynamic agent.

3.2. Fibroblast proliferation enhancement via ROS generation from Ce6- 
HA hydrogels

Following overnight seeding of NHDF cells, the cells were treated with 
either HA or Ce6-HA hydrogels. Subsequently, the cells were exposed to 
100 μW/cm2 LED for varying durations to induce ROS generation. Cell 
viability was evaluated at 4, 24 and 72 h post-irradiation, as well as on 
the day of light exposure. In the control group that was not irradiated, no 
significant difference in cell growth was observed between the HA- 
treated and Ce6-HA-treated groups. However, in the group treated with 
Ce6-HA and irradiated for 30 min, a 15 % increase in cell growth was 
observed on the third day compared to the group treated with HA fol
lowed by irradiation. HA treated group exhibited similar growth 
regardless of LED irradiation, while Ce6-HA treated group showed a 
slight increase in growth at 40 min, though the difference was not sta
tistically significant. Notably, variations in the duration of irradiation, 
whether shorter or longer than 30 min, did not influence cell growth 
(Fig. 3A). It can be confirmed that an appropriate amount of ROS posi
tively influences cell growth promotion. A 15 % increase in fibroblast 
proliferation could significantly enhance wound healing, particularly in 
the context of accelerated tissue repair and reduced healing time. The 
increased fibroblast proliferation observed in response to ROS contributes 
to ECM remodeling and collagen synthesis [41]. This enhancement might 
also contribute to faster wound contraction and a quicker transition from 
the inflammatory to the proliferative phase of healing, potentially 
reducing the risk of complications like chronic wounds or excessive 
scarring [42]. Moreover, the increased fibroblast activity would likely 
lead to a higher production of growth factors and cytokines, which are 
crucial for coordinating the overall healing process, including the activ
ities of other key cells, such as keratinocytes and endothelial cells [43]. 
Thus, even a modest improvement in fibroblast proliferation could have a 
meaningful impact on the efficiency and quality of wound healing, 

particularly in clinical settings, where faster recovery is desired.

3.3. Effect of LED irradiation of Ce6-HA hydrogels on intracellular ROS 
levels

ROS function as signaling molecules that activate various pathways 
involved in cell proliferation. These pathways regulate cell cycle pro
gression and enhance cell proliferation. Consequently, it can be inferred 
that appropriate light exposure for an optimal duration may lead to the 
generation of ROS, which could positively impact cellular viability in 
NHDF cells [44,45]. The oxidized DCF fluorescent marker was employed 
to monitor the generation of intracellular ROS. A significant increase in 
relative fluorescence units was observed following irradiation at 100 
μW/cm2. These findings indicate that the generation of extracellular ROS 
can stimulate the production of intracellular ROS. The ROS concentration 
generated by the interaction of light with Ce6-HA for 30 min effectively 
stimulated fibroblast proliferation (Fig. 3B). It was confirmed that irra
diation at 100 μW/cm2 for 30 min significantly promoted cell growth. 
Intracellular ROS levels were similar between the 30 min and 40 min LED 
irradiation, but no significant cellular proliferation results were observed 
for the 40 min irradiation. While there was no significant difference in 
intracellular ROS between the 30 min and 40 min irradiation, significant 
differences were observed at 10, 20, 50, and 60 min. LED-induced ROS 
generation leads to intracellular ROS accumulation, which activates 
downstream proliferation pathways [46–48]. These connections are 
crucial for understanding the broader impact of ROS in cellular physi
ology and pathology, particularly in contexts like wound healing, where 
both extracellular and intracellular ROS play significant roles.

3.4. Effect of ROS generation on the cell cycle and cellular pathway

Cell cycle analysis is a widely utilized technique that enables re
searchers to investigate and categorize the various stages of a cell’s life 
cycle, encompassing growth, DNA replication, and division. This tech
nique typically delineates the cell cycle into four distinct phases: G1, S, 
G2, and M. In the G1 phase, cells prepare for DNA replication, which 
occurs during the subsequent S phase. The G2 phase involves further 
cellular growth and preparation for mitosis, while the M phase is char
acterized by the division of the cell nucleus [49–53]. An increase in the 
number of cells in the S phase is indicative of heightened cellular pro
liferation, as a greater number of cells undergo division and enter the S 
phase for DNA replication [46]. After hydrogel treatment and LED 
irradiation followed by a 48-h incubation, cell cycle analysis revealed an 
elevation in the S phase, signifying enhanced cellular proliferation. Both 
the control group and the LED-only group exhibited similar cell cycle 
patterns. However, when LED irradiation was combined with HA and 
Ce6-HA treatment, followed by a 48 h incubation, a marked increase in 
the S phase was observed, particularly in the Ce6-HA-treated group. This 
suggests that ROS generated by Ce6-HA influence the NHDF cell cycle, 
thereby promoting cell proliferation (Table 1). HA plays a crucial role in 
various physiological processes such as tissue regeneration, wound 
healing, cell migration, and cell proliferation. HA mainly functions 
extracellularly by interacting with cell receptors, indirectly supporting 
cell proliferation. While CD44, a cell receptor, can activate signals for 
cell migration and proliferation when bound to HA, whether this leads 
directly to S phase entry depends on cell type and experimental condi
tions [33–35]. At controlled levels, ROS act as signaling molecules that 
promote cell cycle progression. They do this by activating various 
signaling pathways, such as the mitogen-activated protein kinase 
(MAPK) pathway, which is crucial for the transition from the G1 to the S 
phase of the cell cycle. ROS can also modulate the activity of 
cyclin-dependent kinases (CDKs) and cyclins, proteins that directly 
control the progression through different phases of the cell cycle [53].

Cellular proliferation is regulated by numerous signaling pathways, 
many of which are influenced by ROS production. Notably, the ERK1/2, 
p38-MAPK, and AKT pathways are among those affected by ROS. ROS 

Table 1 
Analysis of fibroblast cell cycle in response to ROS.

Cell cycle  
phase

Non  
irradiation

LED  
irradiation

HA CH + LED  
irradiation

24 h G0/G1 62.8 % 62.1 % 54.1 % 49.7 %
S 21 % 21.8 % 29.9 % 30 %

G2 16 % 15.8 % 15.5 % 20.1 %
48 h G0/G1 75.1 % 74.6 % 58.7 % 54.1 %

S 12.6 % 12.3 % 22.5 % 28.3 %
G2 11.9 % 12.7 % 18.7 % 17.1 %
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have a significant influence on the ERK1/2, p38-MAPK, and AKT 
signaling pathways, each contributing to the regulation of cell fate. 
ERK1/2 and AKT pathways generally promote cell survival and prolif
eration under moderate ROS levels. The p38-MAPK pathway is associ
ated with stress responses, leading to cell cycle arrest or apoptosis under 
high ROS conditions. The balance of the activation of these pathways is 
crucial for maintaining cellular homeostasis and preventing diseases, 
such as cancer [54–62]. We investigated these pathways in NHDF cells 
treated with HA or Ce6-HA, collecting samples at 24, 48, and 72 h after 
LED irradiation. We observed that the expression levels of p-ERK1/2, 
p-p38-MAPK, and p-AKT proteins were elevated in cells treated with 
Ce6-HA compared with those treated with HA at both 24 and 48 h 
post-exposure with β-actin used as the housekeeping protein, correlating 
with enhanced proliferative signaling. However, by the 72 h mark, the 
expression of proteins associated with cell proliferation declined in both 
groups, likely owing to the cells reaching confluence in the well plate. 
Additionally, proteins involved in the S phase of the cell cycle, such as 
cyclin D1, exhibited increased expression levels in Ce6-HA treated cells 
relative to HA-treated cells. To quantify these changes, all protein 
expression levels were normalized to β-actin as a housekeeping control, 
and relative phosphorylation levels (p-ERK1/2/ERK1/2, p-p38/p38, 
p-AKT/AKT) were standardized by setting the 24 h HA condition to 1.0. 
Notably, the p-ERK1/2/ERK1/2 and p-AKT/AKT ratios peaked at 24 h 
and remained elevated at 48 h, supporting their role in driving cell cycle 
progression. However, by 72 h, phosphorylation levels of all three 
proteins declined, likely due to confluence-related contact inhibition, 
resulting in reduced proliferative signaling. This trend suggests that 
ROS-mediated activation of ERK1/2 and AKT promotes NHDF prolifer
ation in a time-dependent manner, with sustained signaling up to 48 h 
post-treatment (Fig. 3C). ROS contribute to the regulation of the cell 
cycle by increasing cyclin D levels, which is essential for cell prolifera
tion. This effect is mediated through the activation of key signaling 
pathways, such as ERK1/2 and AKT, which are integral to the proper 
functioning of the cell cycle and are particularly important in processes 
like wound healing where rapid cell proliferation is required [42,53].

3.5. Effect of ROS on collagen deposition

It is well established that fibroblasts are capable of producing 
collagen. Therefore, collagen production of fibroblasts was analyzed 
[15–18]. As the concentration of fibroblasts increased in response to 
ROS, the amount of collagen produced also increased (Fig. 3D). The 
condition under which NHDF growth is increased is when LED irradia
tion is applied at 100 μW/cm2 for 30 min with Ce6-HA. LED irradiation 
for 60 min at 100 μW/cm2 does not affect growth. Therefore, increased 
collagen production due to cell growth can only be observed under the 
condition of 30 min of LED irradiation, where cell growth is enhanced. 
By normalizing the total collagen production to the total protein con
tent, it was inferred that the observed increase in collagen production 
was primarily owing to an increase in cell number, indicating that 
collagen secretion per cell remained constant (Fig. 3D). At controlled 
levels, ROS function as signaling molecules that activate key pathways, 
such as ERK1/2, AKT, and p38-MAPK, which regulate gene expression 
crucial for cell cycle progression and proliferation. This results in the 
upregulation of cyclin D, facilitating the advancement of fibroblasts 
through the cell cycle, thereby increasing their proliferation. 
ROS-mediated fibroblast proliferation enhances collagen synthesis, 
which strengthens tissue structure. Furthermore, ROS not only stimulate 
fibroblast proliferation but also directly enhance the expression of genes 
involved in collagen synthesis, further promoting collagen deposition 
during the wound healing process [15]. However, it is essential to 
maintain ROS levels within a controlled range, as excessive ROS can 
induce oxidative stress, potentially disrupting the healing process and 
leading to tissue damage [42]. Thus, the dual role of ROS in fibroblast 
proliferation and collagen synthesis underscores their importance in 
effective wound repair and tissue regeneration [44,53].

3.6. Influence of ROS on keratinocyte proliferation

The epidermis, the outermost layer of the skin, is primarily composed 
of keratinocytes. The proliferation of these cells is essential for 

Fig. 4. Evaluation of the effects of ROS on keratinocytes (A) HaCaT cells were treated with HA or Ce6-HA (CH) under 100 μW/cm2 LED irradiation for 20–60 min; (i) 
non-irradiation, (ii) 20 min, (iii) 30 min, (iv) 40 min, (v) 50 min, (vi) 60 min * p < 0.05 vs. HA (n = 5). (B) Intracellular ROS levels induced in keratinocytes upon 
Ce6-HA treatment and LED irradiation. #p < 0.01 vs. con (n = 3).
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maintaining skin integrity and function. During wound healing, kerati
nocytes play a critical role in re-epithelialization, wherein they migrate 
and proliferate to cover the wound site, thereby restoring skin integrity 
and preventing infection [63–68]. At physiological levels, ROS act as 
signaling molecules that enhance keratinocyte proliferation. ROS 
signaling promotes keratinocyte proliferation through mechanisms 
similar to fibroblast activation. These pathways facilitate the progres
sion of keratinocytes through the cell cycle, promoting their prolifera
tion and contributing to the re-epithelialization of wounds [69]. During 
wound healing, ROS levels increase transiently, which is essential for 
keratinocyte activation. These activated keratinocytes proliferate and 
migrate to cover the wound bed, restoring the epidermal barrier [70]. 
HaCaT cells did not exhibit any differences in growth in the absence of 
LED irradiation. However, when exposed to 100 μW/cm2 of LED for 20 
or 30 min, Ce6-HA treatment resulted in a significant 20 % increase in 
cell growth after 3 d compared to HA treatment with LED irradiation. 
Notably, LED irradiation for more than 40 min did not result in any 
proliferation differences in cell growth (Fig. 4A).

We investigated intracellular ROS levels by exposing cells to LED 
irradiation at an intensity of 100 μW/cm2 and measuring ROS at 10 min 
intervals. Our observations demonstrated a proportional increase in ROS 
levels over the study period, suggesting that an optimal amount of ROS 
stimulates intracellular processes. This elevation in ROS activity may 
have contributed to enhanced cell proliferation (Fig. 4B). These findings 
provide valuable insights into the physiological responses of cells and 
offer new perspectives on cell growth and metabolic functions. This 
study could serve as a foundation for future advancements in thera
peutic treatments and the development of regulatory mechanisms.

The differential proliferation behaviors of fibroblasts and keratino
cytes under similar ROS levels can be attributed to their distinct redox 
sensitivities and intracellular antioxidant capacities. Previous studies 
have demonstrated that fibroblasts exhibit higher oxidative stress 
resistance due to upregulated antioxidant defenses, whereas keratino
cytes are more susceptible to ROS-induced stress responses [71–74]. 
Additionally, fibroblasts predominantly activate ERK/Akt signaling to 
promote ECM remodeling under moderate ROS conditions, while kera
tinocytes rely on p38/JNK stress pathways, which can induce growth 
arrest at elevated ROS levels [75–77].

This highlights the necessity of fine-tuning ROS modulation to 

achieve optimal cellular responses for wound healing applications. 
While ROS generation is generally proportional to light intensity and 
irradiation duration, several biological and physicochemical mecha
nisms regulate ROS levels, preventing excessive accumulation. Oxygen 
depletion naturally limits ROS production, while Ce6 photobleaching 
under prolonged irradiation reduces its ROS-generating efficiency. 
Additionally, cellular antioxidant defenses such as NRF2-mediated 
activation of SOD, catalase, and glutathione peroxidase and neutralize 
excess ROS, and negative feedback mechanisms through MAPK/p38 and 
NF-κB signaling mitigate oxidative stress. ROS diffusion and clearance 
dynamics further restrict excessive accumulation. In this study, despite 
prolonged irradiation, ROS levels remained within a physiologically 
tolerable range, suggesting a well-regulated oxidative environment 
conducive to wound healing.

3.7. Enhancement of endothelial cell angiogenesis through ROS

Under LED exposure conditions optimized for promoting fibroblast 
and keratinocyte growth, we evaluated the effects of LED exposure on 
HUVECs to assess their potential for proliferation. However, no signifi
cant effect on HUVEC proliferation was observed under these conditions. 
In contrast to NHDF and HaCaT cells, which exhibited increased prolif
eration, HUVECs did not show any signs of proliferation or apoptosis. 
When the same conditions were applied to assess tube formation, an in
crease was observed. The control, HA-treated, and HA-treated groups 
with subsequent LED exposure showed similar results. In contrast, the 
groups treated with HA and VEGF or Ce6-HA followed by LED exposure 
exhibited significantly higher values. This suggests that LED exposure 
induced ROS generation in HUVECs treated with Ce6-HA, which signif
icantly enhanced angiogenesis, although not to the same extent as VEGF 
(Fig. 5A,B). ROS play a significant role in promoting angiogenesis, 
particularly in HUVECs, which are widely used as a model to study 
vascular biology [78]. ROS enhance endothelial cell angiogenesis via 
VEGF signaling [79]. VEGF, a key angiogenic factor, induces ROS pro
duction in endothelial cells, which further amplifies angiogenesis by 
promoting cell proliferation, migration, and the expression of 
pro-angiogenic genes [80]. Additionally, ROS enhance HUVEC migration 
and the formation of capillary-like structures, critical steps in angiogen
esis. This is often mediated by the activation of NADPH oxidase, a 

Fig. 5. Effect of ROS on tube formation analyzed using fluorescence staining (A) Confirmation of angiogenesis using the tube formation assay. Fluorescence image of 
tube formation. (B) (i) The junction number and (ii) total tube length was analyzed using image J. *p < 0.05 vs. ECM + HA (n = 5).
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primary source of ROS in endothelial cells, which modulates pathways 
involved in cytoskeletal rearrangement and cell adhesion [81].

3.8. Wound healing potential of ROS-generating hydrogels

Wound healing is a complex physiological process that involves a 
range of cellular and molecular mechanisms aimed at restoring tissue 
structure and function. In vivo experimental studies on skin wounds are 
crucial for evaluating the efficacy of various therapeutic interventions in 
promoting wound closure and tissue regeneration. In this study, four 
different treatment models were employed to assess wound healing po
tential. The results demonstrated that the CHL treatment produced the 
most significant reduction in wound size by the seventh day post wound 
creation, suggesting a synergistic effect between Ce6-HA and LED irra
diation (Fig. 6A,B). While this study successfully demonstrates effective 
ROS generation and biocompatibility within the tested conditions, we 
acknowledge certain limitations related to long-term ROS stability and 
hydrogel biocompatibility. Prolonged ROS generation may be influenced 
by Ce6 photobleaching and oxygen depletion, potentially reducing ROS 
efficiency over extended periods. To maintain therapeutic efficacy over 
longer durations, future investigations could explore modulating irradi
ation patterns or incorporating oxygen-releasing biomaterials to enhance 
ROS stability. Additionally, while short-term biocompatibility has been 
confirmed, the long-term effects of hydrogel degradation and chronic 
ROS exposure require further study. Future work will focus on evaluating 
hydrogel degradation kinetics, oxidative stress responses, and potential 
systemic effects through extended in vivo studies to optimize long-term 
safety and therapeutic performance [82,83]. Animal body weight 
showed a temporary decrease following surgery; however, no significant 
differences were observed among experimental groups. These findings 
suggest that CHL does not induce adverse systemic effects, providing 
evidence to support its biocompatibility and safety (Fig. 6C). This study 
aimed to investigate the underlying mechanisms contributing to the 
accelerated wound healing observed with the combination of Ce6-HA and 
LED irradiation therapy. The combined use of Ce6-HA and LED 

irradiation in wound healing underscores the potential of ROS induction 
as a therapeutic strategy to enhance tissue regeneration and wound 
closure. This combination appears to amplify the physiological processes 
critical for wound repair, including collagen synthesis, angiogenesis, and 
epithelialization. ROS play a critical role in various cellular processes 
integral to wound healing, including the resolution of inflammation, 
collagen synthesis, angiogenesis, and epithelialization [54]. By 
leveraging the ability of Ce6-HA to induce ROS production, we can 
amplify the physiological mechanisms that facilitate wound repair and 
expedite the healing process. Our findings suggest that the light condi
tions used generate minimal heat, thereby eliminating any detrimental 
effects of thermal exposure. Further research is warranted to optimize the 
parameters of Ce6-HA and LED irradiation therapy and to explore their 
potential applications in wound care and regenerative medicine.

Histological changes in the skin wounds were assessed using H&E 
and MT staining. On day 3, the wounds exhibited an absence of collagen 
and irregular epithelial structures in the epidermal layer, with all groups 
displaying an incomplete epidermis. By day 7, there was an increase in 
dermal cell infiltration, including mononuclear cells and mast cells, and 
enhanced angiogenesis, as evidenced by increased epidermal thickness 
and a more pronounced keratin layer than normal skin. In the control 
group, an incomplete epidermal structure was observed at the wound 
center, accompanied by significant cell infiltration into the dermis. In 
both the HA and HAL groups, partial development of the epidermis was 
noted, characterized by a thickened appearance with abundant cellular 
and vascular presence in the dermal layer. Similarly, in the CHL group, 
the epidermis remained incomplete, but dermal thickening and 
increased blood vessel formation were observed. By day 14, a normal 
epidermal structure had been restored. In the CHL group, normal 
epidermal thickness was observed, along with the presence of hair fol
licles and sebaceous glands, and collagen accumulation in the dermal 
layer was evident on MT staining. By day 21, the HA, HAL, and CHL 
groups showed significant progress in skin structure formation at the 
wound center compared with the control group. The CHL group 
demonstrated the closest resemblance to normal skin, indicating the 

Fig. 6. Wound healing assessment in vivo (A) Representative images of wound healing progression in Balb/c mice. Full-thickness wounds were created using a biopsy punch, 
and wound size was measured from photographs taken on days 0, 1, 3, 5, 7, 14, 17, and 21. Scale bar = 5 mm. (B) Wound area reduction analysis. Wound sizes were quantified 
from day 0 to day 21, and statistical comparisons were made. *p < 0.05 vs. HA (n = 3). (C) Body weight monitoring of Balb/c nude mice during the observation period (n = 3).
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most significant progress in wound healing. These findings suggest that 
CHL treatment significantly enhances wound healing by promoting the 
restoration of epidermal structure, stimulating blood vessel growth, and 
facilitating collagen accumulation in the dermal layer, thereby sup
porting a more comprehensive process of skin regeneration (Fig. 7A and 
B). The distinction between the epidermis and dermis was evaluated 
using H&E and MT staining, which are widely utilized for structural 
analysis of skin tissue. Based on the analysis of results at day 21, 
epidermal thickness was measured and compared among experimental 
groups (Fig. 7C). While the HAL and CHL groups exhibited a slight in
crease in epidermal thickness, high variability among samples resulted 
in no statistically significant differences. ROS play a crucial role in 
mediating the observed effects of the Ce6-HA and LED irradiation 

treatment on wound healing. ROS influence several key processes in 
wound repair, including stimulation of fibroblast activity and collagen 
synthesis, epithelialization, and keratinocyte proliferation [9,12,21,26,
55]. ROS can enhance fibroblast proliferation and collagen synthesis, 
both of which are vital for ECM formation and wound strength [18]. The 
histological findings showing increased collagen accumulation in the 
dermal layer of the CHL-treated wounds suggest that ROS played a 
significant role in upregulating the processes involved in matrix depo
sition and remodeling. ROS contribute to the re-epithelialization process 
by promoting keratinocyte proliferation and migration. This is crucial 
for restoring the skin barrier function [23,24]. The enhanced epidermal 
thickness and more organized epithelial structures observed in the CHL 
group indicate that ROS facilitated the rapid coverage of the wound 

Fig. 7. Histological analysis of tissue at various wound healing stages (A) Histological evaluation of wound healing using H&E staining. (B) Collagen deposition 
analysis using MT staining. (C) Epidermal thickness measurement at post-surgery day 21 (n = 5).
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surface by new epithelial cells. Therefore, ROS can positively affect 
wound healing when present at controlled levels.

3.9. Immunostaining analysis for estimating PCNA, CD31, vimentin and 
CD68

PCNA, a protein associated with cell proliferation, was also observed 
to be more highly expressed in the HAL and CHL groups than in the CON 
group (Fig. 8B–i). The proliferation of cells observed in vitro can be 
directly correlated with PCNA expression in vivo. In vitro cell prolifera
tion is mirrored in vivo by the upregulation of PCNA in the tissues where 
cell proliferation is occurring [81].

CD31, a marker of angiogenesis and new blood vessel formation 
during skin regeneration, was found to be significantly higher in the CHL 
group than that in the other groups. The increase in the in vivo levels of 
CD31 reflects the physiological relevance of the angiogenic processes 
observed in vitro under the influence of ROS. In vivo, the ROS-induced 
angiogenesis observed in vitro translates into increased CD31 expres
sion, as new blood vessels form in response to ROS signaling [82]. This 
connection underscores the role of ROS as a pivotal regulator of 
angiogenesis both in cell culture and within living tissues. The 
controlled induction of ROS in experimental settings, as seen with 
treatments like Ce6-HA combined with LED irradiation, can enhance 
angiogenic responses, leading to improved vascularization and tissue 
repair as indicated by increased CD31 levels in vivo (Fig. 8B–ii).

Additionally, vimentin, a protein predominantly expressed in fibro
blasts, showed higher expression in the tissue obtained from the CHL group 
(Fig. 8B–iii). The enhancement of fibroblast proliferation observed in vitro 
directly correlates with the increased expression of vimentin in vivo [83]. 
As fibroblasts proliferate and become more active, they upregulate 
vimentin, which supports their migration and ECM production [84]. This 
relationship demonstrates how cellular behaviors studied in controlled in 
vitro environments can translate to meaningful biological markers like 
vimentin in vivo, providing insights into the efficacy of therapeutic 

strategies aimed at enhancing wound healing and tissue regeneration.
CD68, a macrophage marker, was used to evaluate the inflammatory 

response of the skin. Following the creation of full-thickness wounds, the 
innate immune response was immediately activated, leading to macro
phage recruitment at the injury site to facilitate the removal of damaged 
cells and ECM debris [85]. Our results demonstrated that CD68 expres
sion increased across all experimental conditions from Day 3 to Day 7, 
followed by a gradual decline by Days 14 and 21. Notably, while LED 
irradiation and ROS generation resulted in slightly lower CD68 expres
sion at Day 14, the overall expression pattern remained consistent among 
groups. Although BALB/c nude mice are immunodeficient and lack T 
cells, other immune cells such as macrophages are present and can 
function. Therefore, when a wound is created, macrophages migrate to 
the site to suppress inflammation and promote tissue regeneration. The 
expression of CD68 observed was a result of wound formation, as its 
levels did not increase due to HA treatment, LED irradiation, or ROS 
generation. This suggests that the generated ROS remained within a 
physiologically tolerable range (Fig. 9A and B). ROS play a critical role in 
immune cell regulation during wound healing, influencing macrophage 
polarization, neutrophil activation, and T cell responses. Moderate ROS 
levels promote the transition of macrophages from the pro-inflammatory 
M1 phenotype to the pro-regenerative M2 phenotype, facilitating tissue 
repair and extracellular matrix remodeling. However, excessive ROS can 
sustain inflammation, impair tissue regeneration, and contribute to 
chronic wound pathology. Similarly, neutrophils rely on ROS for path
ogen clearance and inflammatory signaling, but uncontrolled ROS pro
duction may lead to excessive tissue damage. Adaptive immune responses 
are also modulated by ROS, where regulatory T cells (Tregs) benefit from 
controlled ROS exposure, supporting immune resolution. In contrast, 
high ROS levels can activate pro-inflammatory pathways, potentially 
exacerbating chronic inflammation [86].

Fig. 8. Immunostaining analysis for PCNA, CD31 and vimentin (A) Representative IHC staining for PCNA, CD31, and vimentin. PCNA staining was performed on day 
7 samples, while CD31 and vimentin staining were performed on day 14 samples. Scale bar = 100 μm. (B) Quantification of (i) PCNA, (ii) CD31, and (iii) vimentin 
expression in tissue. Data are presented as mean ± SD. *p < 0.05 vs. control, #p < 0.05 vs. HA (n = 3).
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3.10. Analysis of growth factors during wound healing

EGF is pivotal in wound healing, as it promotes cellular proliferation, 
migration, and differentiation. EGF specifically stimulates the formation 
of granulation tissue, accelerates epithelialization, and facilitates wound 
closure. Additionally, EGF modulates inflammatory responses and sup
ports angiogenesis, thereby contributing to the overall tissue repair pro
cess [87,88]. ROS are known to stimulate the production of EGF, an 
essential growth factor in wound healing and tissue regeneration. ROS 
function as signaling molecules that activate key cellular pathways, such 
as the MAPK pathway, leading to the upregulation of EGF expression [8]. 
This upregulation occurs as part of the body’s response to injury, where 
ROS generated at the wound site enhance EGF production, promoting 
keratinocyte proliferation and migration necessary for re-epithelialization 
[8,9,22]. Furthermore, ROS can amplify the biological effects of EGF by 
modulating its receptors and downstream signaling components, thereby 
reinforcing the regenerative processes [46]. However, while controlled 

levels of ROS are beneficial, excessive ROS can cause oxidative stress, 
potentially disrupting these positive effects. Thus, the appropriate levels of 
ROS are crucial for optimizing EGF-mediated tissue repair.

VEGF is a critical factor in wound healing, primarily by promoting 
angiogenesis, which ensures sufficient oxygen and nutrient supply to the 
affected area. VEGF also stimulates the proliferation and migration of 
endothelial cells, aiding in vascular remodeling and tissue repair. More
over, VEGF exerts anti-apoptotic effects on endothelial cells, helping 
them to survive and maintain vascular integrity during the healing pro
cess. In summary, VEGF is indispensable for orchestrating angiogenesis 
and vascular remodeling, both of which are essential for effective wound 
healing [12,89,90]. ROS are key regulators of VEGF production, which is 
crucial for angiogenesis [78,79]. ROS stimulate VEGF expression through 
the activation of signaling pathways, particularly the hypoxia-inducible 
factor-1 (HIF-1) pathway [91]. Under hypoxic conditions or in the pres
ence of ROS, HIF-1 is stabilized, allowing it to bind to the VEGF gene 
promoter and enhance VEGF transcription. Additionally, ROS create a 

Fig. 9. Immunohistochemical analysis of CD68 (A) Representative IHC staining images for CD68 in different groups (CON, HA, HAL, CHL). Scale bar = 50 μm. (B) 
Quantification of CD68-positive staining in tissue. Data are presented as mean ± SD. *p < 0.05 vs. CON (n = 3).

Fig. 10. Analysis of cytokines levels in skin tissue (A) EGF and (B) VEGF quantified using ELISA. *p < 0.05 vs. con, #p < 0.05 vs. HA (n = 3).
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pro-angiogenic environment by upregulating VEGF and other growth 
factors, thereby promoting endothelial cell proliferation, migration, and 
new blood vessel formation. ROS also interact with other signaling mol
ecules, such as MAPK and PI3K/AKT pathways, further enhancing VEGF 
activity and its angiogenic effects [92]. Thus, ROS play a critical role in 
modulating VEGF-driven angiogenesis, particularly in response to hyp
oxia and tissue repair requirements.

The findings of our study demonstrate a significant elevation in the 
levels of EGF and VEGF during the wound healing process in the CHL- 
treated group (Fig. 10A and B). These elevated levels are consistent 
with the enhanced wound repair observed in this group, as both EGF and 
VEGF are critical for promoting cell proliferation, angiogenesis, and 
tissue regeneration [8,78]. The elevated EGF levels contribute to the 
proliferation and migration of keratinocytes, which are essential for 
re-epithelialization and the restoration of the skin barrier [87]. This is 
particularly important in the early stages of wound healing, where rapid 
cell proliferation is required to cover the wound bed and initiate tissue 
repair. In contrast, VEGF plays a crucial role in angiogenesis, stimulating 
the formation of new blood vessels that supply oxygen and nutrients to 
the healing tissue [78]. The increased VEGF levels observed in the 
CHL-treated group likely facilitated improved vascularization of the 
wound site, which is vital for supporting the metabolic demands of 
proliferating and regenerating cells. The pivotal role of ROS in stimu
lating the production of both EGF and VEGF further underscores the 
importance of ROS in wound healing. By modulating ROS levels through 
treatments like Ce6-HA combined with LED irradiation, it is possible to 
enhance the natural healing processes, leading to faster and more effi
cient wound closure. This aligns with previous reports, which have 
established a strong correlation between elevated EGF and VEGF levels 
and improved wound-healing outcomes. These findings suggest that the 
therapeutic strategy employed in this study could be further optimized 
and potentially applied in clinical settings to enhance wound repair, 
particularly in cases where accelerated healing is desired. Further 
studies could explore the precise mechanisms by which ROS influence 
the production of these growth factors and investigate the optimal 
conditions for maximizing their beneficial effects during wound healing.

4. Conclusion

Wound healing is a complex, multi-phase process essential for 
restoring tissue integrity and function after injury. The proliferation of 
fibroblasts and keratinocytes and the development of new blood vessels 
(angiogenesis) are critical to this process. In a series of animal studies, 
ROS-generating HA hydrogels significantly improved wound healing 
compared with non-ROS-generating HA hydrogels and control groups. 
The ROS-treated group showed faster and more efficient wound closure, 
enhanced fibroblast proliferation, increased keratinocyte migration, and 
more robust angiogenesis. Histopathological and immunohistochemical 
analyses confirmed these findings, revealing increased expression of key 
growth factors and signaling molecules involved in wound healing. The 
release of ROS at optimal levels not only facilitated cellular proliferation 
and angiogenesis but also activated broader molecular pathways 
necessary for tissue repair. These results suggest that ROS-triggering HA 
hydrogels represent a promising therapeutic approach to enhance 
wound healing, offering faster recovery, reduced scarring, and improved 
overall outcomes and underscore the potential of this strategy as a focus 
for future research and development in wound care technologies.
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