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Abstract
Background Radiation-induced skin injury is a significant adverse reaction to radiotherapy. However, there is a 
lack of effective prevention and treatment methods for this complication. Ferulic acid (FA) has been identified as an 
effective anti-radiation agent. Conventional administrations of FA limit the reaching of it on skin. We aimed to develop 
a novel FA hydrogel to facilitate the use of FA in radiation-induced skin injury.

Methods We cross-linked carbomer 940, a commonly used adjuvant, with FA at concentrations of 5%, 10%, and 
15%. Sweep source optical coherence tomography system, a novel skin structure evaluation method, was applied to 
investigate the influence of FA on radiation-induced skin injury. Calcein-AM/PI staining, CCK8 assay, hemolysis test and 
scratch test were performed to investigate the biocompatibility of FA hydrogel. The reducibility of DPPH and ABTS 
radicals by FA hydrogel was also performed. HE staining, Masson staining, laser Doppler blood flow monitor, and OCT 
imaging system are used to evaluate the degree of skin tissue damage. Potential differentially expressed genes were 
screened via transcriptome analysis.

Results Good biocompatibility and in vitro antioxidant ability of the FA hydrogels were observed. 10% FA hydrogel 
presented a better mechanical stability than 5% and 15% FA hydrogel. All three concentrations of FA remarkably 
promoted the recovery of radiation-induced skin injury by reducing inflammation, oxidative conidiation, skin blood 
flow, and accelerating skin tissue reconstruction, collagen deposition. FA hydrogel greatly inhibiting the levels 
of NLRP3, caspase-1, IL-18, pro-IL-1β and IL-1β in vivo and vitro levels through restraining the activation of NLRP3 
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Introduction
Radiotherapy is widely used as a routine treatment 
method in tumor treatment. However, radiotherapy often 
leads to radiation-induced skin injury, which is charac-
terized by long-lasting, recurring, and difficult-to-heal 
wounds [1, 2]. Radiotherapy alone or as an adjunctive 
treatment of surgery is one of the most effective treat-
ments for head, neck, skin, anal, and breast cancers [3, 
4]. Approximately 95% of patients taking radiotherapy 
in clinical experience radiation-induced skin injury [5]. 
Radiation-induced skin injury limits the further applica-
tion of radiotherapy in tumor treatment and has a signifi-
cant negative impact on the quality of life and treatment 
of patients [6, 7]. Currently, apart from conservative 
treatment, there are no effective preventive measures or 
treatment methods available [8]. Therefore, seeking effec-
tive prevention and treatment measures for radiation-
induced skin injury is necessary.

Ferulic acid (FA) is a naturally occurring antioxidant 
in plant cell walls, not only present in the bran of gra-
mineous plants such as wheat, rice, and oats, but also 
an effective component of traditional Chinese medicine 
such as Angelicae Sinensis Radix and Chuanxiong Rhi-
zoma [9–11]. FA, as an anti-oxidant, not only has strong 

high antioxidant and anti-inflammatory activity, but also 
presents anti-radiation effects [12]. FA can improve the 
activity of superoxide dismutase and achieve antioxidant 
effect by inhibiting the production of reactive oxygen 
species (ROS) in the body [13]. The protective effect of 
FA depends on dietary intake, but the obvious first pass 
elimination causes the oxidation and destruction of most 
FA, thus reducing its plasma concentration and skin 
residual amount, which limits the application of FA in 
radiation-induced skin injury [14].

Hydrogels has the advantages of non-greasy, fast 
release, comfortable lubrication, easy spread, and non-
irritating to skin and mucosa [15]. It is suitable for skin 
diseases and has unique advantages in combination 
with traditional Chinese medicine [16, 17]. Carbomer 
is an excellent new type of medicinal excipient, and it is 
widely used in the research and production of cosmetics 
and drugs. Carbomer is mainly used as a matrix of thick-
ener, suspension aid, and adhesive in pharmaceuticals 
[18]. A combined cyanine/carbomer gel has been used in 
wound healing by promoting anti-microbial activity [18]. 
Ångstrom-scale silver particle-embedded carbomer gel 
accelerates wound healing via suppressing bacterial colo-
nization and inflammation [19]. The studies suggest that 

inflammasome. Transcriptome analysis indicated that FA might regulate wound healing via targeting immune 
response, inflammatory response, cell migration, angiogenesis, hypoxia response, and cell matrix adhesion.

Conclusions These findings suggest that the novel FA hydrogel is a promising therapeutic method for the 
prevention and treatment of radiation-induced skin injury patients.

Keywords Ferulic acid, Radiation-induced skin injury, NLRP3 inflammasome

Graphical Abstract



Page 3 of 18Huang et al. Journal of Nanobiotechnology          (2024) 22:576 

carbomer is an ideal matrix for hydrogel preparation. FA 
embedder carbomer hydrogel has not been reported, and 
this kind of gel might directly deliver FA to radiation-
induced skin injury sites.

Radiation can cause a large number of free radicals 
in the skin, increase the apoptosis rate of skin cells, and 
lead to oxidative damage reactions [20]. Skin injury could 
further lead to the activation of the body’s immune sys-
tem and the release of inflammatory factors [21]. Dur-
ing this process, NLRP3 inflammasomes are activated 
and further activate the self-catalytic caspase-1, causing 
the increase of NLRP3, and the downstream inflamma-
tory factors, IL-18 and IL-1β [22]. Currently, reports on 
the role of NLRP3 inflammasomes in wound healing are 
inconsistent. It was reported that Lactobacillus Planta-
rum promoted diabetic foot wound healing by inhibiting 
the NLRP3 Inflammasomes [23]. Sustained activation of 
NLRP3 inflammasomes impair wound healing of diabetic 
foot ulcers [24]. However, knocking out NLRP3 slows 
down wound healing, and NLRP3 is protective in burn 
wound healing [25]. This indicates that the role of NLRP3 
inflammasomes in wound healing is complex, which may 
be related to the type of wound and different stages of 
wound healing. The role of NLRP3 inflammasomes in 
radiation-induced skin injury has not been reported. If 
FA hydrogel could improve radiation-induced skin injury 
by regulating NLRP3 inflammasome remains unclear.

In this study, carbomer hydrogel combined with differ-
ent concentration of FA was prepared to mitigate radia-
tion-induced skin injury. We concluded that the novel FA 
hydrogel might improve radiation-induced skin injury 
through inactivating NLRP3 inflammasome. FA embed-
ded carbomer hydrogel might be a novel promising ther-
apeutic strategy for the treatment of radiation-induced 
skin injury patients.

Materials and methods
Preparation of FA embedded carbomer hydrogel
The three concentrations (5%, 10%, and 15%) of FA 
embedded carbomer hydrogels were prepared as fol-
lows. Firstly, 0.75 g of carbomer 940 (#C832684, Shang-
hai Macklin Biochemical Technology Co., Ltd, Shanghai, 
China) was dispersed in 85 mL, 80 mL, and 75 mL of dis-
tilled water, respectively, and allowed to swell for 24  h. 
Glycerol (5  g) and ethyl p-hydroxybenzoate (0.001  g) 
were added to the carbomer 940 gels at different concen-
trations. After thorough stirring and mixing, 5  g, 10  g, 
and 15  g of FA (#F809521, C10H10O4, purity > 99.99%, 
Shanghai Macklin Biochemical Technology Co., Ltd, 
Shanghai, China) were added to the carbomer 940 gels of 
different concentrations, respectively. The pH value was 
adjusted to 5.5 using triethanolamine (#90279, Sigma-
Aldrich, US). This process resulted in the preparation of 
5%, 10%, and 15% FA-embedded carbomer hydrogels.

Characterization of FA embedded carbomer hydrogel
The particle size analysis was conducted as follows: the 
FA gel sample (1 mL) was placed in a 5 mL centrifuge 
tube and mixed with 2 mL of ethanol. The samples were 
dispersed by ultrasonication for 5 min, and then 1 mL of 
the upper layer solution was transferred to a sample cell 
for particle size measurement using the Marvin laser par-
ticle size analyzer (ZS90). Transmission electron micros-
copy (TEM) analysis was performed as follows: The FA 
gel sample was dispersed in ethanol, following the same 
procedure as mentioned above. The resulting sample 
solution was placed onto an ultra-thin carbon film and 
air-dried. TEM imaging was carried out using the FEI 
Tecnai G2F30 microscope operating at an acceleration 
voltage of 200 kV. Rheological properties were measured 
using a rotational rheometer (#MCR92, Anton Paar, Aus-
tria) following a previously described protocol [26]. An 
oscillatory strain amplitude sweep was performed with 
a strain range from 0.1 to 1000% at a frequency of 1 Hz 
and a temperature of 25 °C. Subsequently, a shear strain 
of 0.2% was applied, and an oscillatory frequency sweep 
ranging from 0.1 to 100  rad/s was conducted at 25  °C. 
The model of the test rotor was a parallel plate of 50 mm, 
with a gap setting of 1 mm.

The swelling detection of FA hydrogels was per-
formed as described below. The dry FA hydrogels (W1) 
were immersed in phosphate buffered saline (PBS), and 
removed at 2, 4, 6, 8 h. After removing water with filter 
paper, the weights of FA hydrogels were recorded (W2). 
The swelling ratio= [(W2-W1)/W1]×100%.

In vitro antioxidant ability of of FA hydrogels
The scavenging abilities of 2,2’-azinobis 
(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS) radi-
cals, 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals, 
and ROS production by FA hydrogels were investigated 
as described previously [27]. To evaluate the hydrogel’s 
ability to scavenge DPPH radicals, FA hydrogels (200 µL) 
were prepared in a 24-well plate and immersed in 1 mL 
of anhydrous ethanol. DPPH solution dissolved with 0.5 
mM ethanol was added. After incubation for 1  h in the 
darkness, OD value at 517 nm was measured (ODFA). PBS 
was added instead of FA hydrogels for control (ODCon). 
The scavenging efficiency of DPPH radicals = [(ODCon 
- ODFA)/ODPositive]×100%.

The scavenging ability of ABTS radicals was measured 
as described below. The FA hydrogels were incubated 
with ABTS working solutiong for 1 h in the dark. The OD 
value at 734 nm was measured. The scavenging efficiency 
of ABTS radicals = [(ODCon - ODFA)/ODPositive]×100%.

The HaCaT cells were treated with 100 µM hydro-
gen peroxide (H2O2) for 4  h to establish cell damage 
model. FA hydrogel extraction solutions were obtained 
by immersing hydrogel in DMEM/F12 for 24 h at 37 °C. 
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Then, medium containing H2O2 was replaced with FA 
hydrogel extraction solutions, or DMEM/F12 medium. 
After incubation for 24  h, DCFH-DA probe was added. 
After incubation for 30  min in the dark, cells were 
washed with PBS twice, and fluorescence intensity was 
observed by fluorescence microscopy.

Animal model establishment of radiation-induced skin 
injury
A 60Co γ radiation source (Beijing Institute of Radia-
tion Medicine, Beijing, China) was utilized to induce 
skin injuries. The animal experiments were performed 
in accordance with national and institutional guidelines. 
The experimental protocol was approved by the Ethics 
Committee of Animal Experiments of the Beijing Insti-
tute of Radiation Medicine (Approval number: IACUC-
DWZX-2020-773). Seventy-two female Wistar rats 
(190–210 g, Beijing Weitong Lihua Experimental Animal 
Technology Co., Ltd, China) were randomly divided into 
six groups, including control, 40  Gy irradiation, 40  Gy 
irradiation + Aloe gel, 40 Gy irradiation + 5% FA gel, 40 Gy 
irradiation + 10% FA gel, and 40 Gy irradiation + 15% FA 
gel, with 12 rats in each group. The rats were housed 
under controlled conditions at a temperature of 22 ± 2 °C, 
a humidity of 50% ± 5%, and provided with sterilized feed 
and purified water ad libitum. After 1 week of acclima-
tization, the rats were used for the experiments. Anes-
thesia was induced using 1% pentobarbital sodium at a 
dosage of 40 mg/kg. The fur on the buttocks and back of 
the rats was shaved, and the rats were immobilized on 
an irradiation board. The buttocks and back of the rats 
in the experimental groups were exposed to a single dose 
of 40 Gy irradiation (266.24 cGy/min), while the rest of 
their bodies were shielded with lead bricks (Supple-
mentary Fig.  1). After irradiation, the rats in the group 
40  Gy irradiation, 40  Gy irradiation + Aloe gel, 40  Gy 
irradiation + 5% FA gel, 40  Gy irradiation + 10% FA gel, 
and 40 Gy irradiation + 15% FA gel were topically treated 
with carbomer hydrogel without FA, Aloe gel, 5% FA gel, 
10% FA gel, and 15% FA gel, respectively, twice a day for 
10 consecutive days. The weights of the animals were 
recorded on days 0, 7, 14, 21, and 28 after irradiation. The 
skin changes in the irradiated areas were observed daily 
after irradiation, and parameters such as peeling, red-
ness, damage, and exudation were recorded. The degree 
of radiation-induced skin damage was analyzed using the 
Douglas and Fowler scores (Supplementary Table 1). On 
the 14th, 21st, and 28th days after radiation, skin tissues 
from the buttocks and back were collected for further 
analysis based on previous reports [27, 28]. Pentobarbital 
sodium (150 mg/kg) intraperitoneal injection was used to 
euthanize rats.

Hematoxylin and eosin (HE) staining
Skin tissue samples measuring 1  cm × 1  cm were col-
lected from the buttocks and back areas and fixed in 4% 
paraformaldehyde. The tissues were then embedded in 
paraffin. The sections were dewaxed using the following 
steps: incubation in xylene for 15  min, anhydrous etha-
nol for 5  min, 85% alcohol for 5  min, and 75% alcohol 
for 5 min, in that order. Subsequently, the sections were 
stained with hematoxylin for 5  min and eosin for 30  s. 
After staining, the slices were immersed in anhydrous 
ethanol for 5  min, followed by incubation in xylene for 
5 min, and finally sealed with transparent neutral gum.

Masson staining
The sections were stained with hematoxylin for 5  min. 
After washing with tap water, the tissues were differenti-
ated with 1% hydrochloric acid alcohol for 3 s and rinsed 
with running water for 3 min. Acid fuchsin solution was 
used to stain the sections for 5 min, and phosphomolyb-
dic-phosphotungstic acid was used to incubate the slides 
for 5 min. After incubating with aniline blue solution for 
5  min, the sections were differentiated with 1% glacial 
acetic acid for 1 min. After dehydration, the slides were 
sealed with neutral gum and observed using an inverted 
microscope (Olympus, Japan). Pathological sections of 
three animals in each group were selected for Masson 
staining. Three random fields of each section were used 
to calculate the collage deposition ratio with Image J soft-
ware. Collagen deposition = (collagen tissue area/whole 
tissue area)×100%.

Immunofluorescence staining
The sections were placed in EDTA solution (Servicebio, 
Wuhan, China) and heated for 8  min in a microwave 
for antigen repair. Afterward, the sections were washed 
with PBS and incubated with bovine serum albumin 
for 30  min to block nonspecific binding. Following the 
removal of bovine serum albumin, the sections were 
incubated with primary antibodies overnight at 4 °C and 
washed with PBS three times (5 min each time). The sec-
tions were then incubated with secondary antibodies 
for 1 h. After washing with PBS, the sections were incu-
bated with DAPI solution (Servicebio, Wuhan, China) for 
1 min. Finally, the sections were observed using a fluores-
cence microscope (Nikon, Japan). The antibodies used in 
this research are listed in supplementary Table 2.

Detection of skin blood flow using laser doppler blood flow 
monitor
Laser Doppler technology can be employed to moni-
tor the blood perfusion of capillaries, venules, arterioles, 
and anastomotic branches in the skin, thereby reflect-
ing changes in blood flow and the degree of skin dam-
age. Rats were first anesthetized, and the skin blood flow 
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was recorded using a laser Doppler blood flow monitor 
(Moor Instruments, UK) on the 14th, 21st, and 28th days 
after radiation.

Evaluation of radiation-induced skin injury based on sweep 
source-OCT
Sweep-source optical coherence tomography (OCT) 
systems can be used to observe radiation-induced skin 
injury in real-time. This method enables non-invasive 
and radiation-free imaging [29]. By calculating and visu-
alizing the optical attenuation coefficient, both qualita-
tive and quantitative analysis of radiation-induced skin 
injury can be achieved. Wistar rats were anesthetized 
with 1% pentobarbital sodium on the 14th, 21st, and 28th 
days after irradiation, and the lesion site was scanned 
and analyzed. A sweep-source OCT system (Thorlabs, 
US) was used for three-dimensional reconstruction and 
quantitative analysis of skin damage.

Detection of inflammatory factors in the serum
The whole blood from the abdominal aorta were col-
lected with a sterile injection syringe. After natural coag-
ulation of blood at room temperature for 15–20 min, the 
blood samples were centrifuged at 4000 rpm/min at 4 °C 
for 20 min. The serum was extracted for the detection of 
inflammatory factors using the ELISA method according 
to the instructions. The Caspase-1, NLRP3, IL-1β, and 
IL-18 ELISA kits were purchased from Jiangsu Meimian 
Industrial Co., Ltd (Nanjing, Jiangsu province, China).

Cell culture and radiation-induced cell injury
The HaCaT cell line, a type of human keratinocyte, was 
used in this study. The cells were cultured using DMEM/
F12 medium (Gibco) containing 10% fetal bovine serum 
(Gibco) and 1% penicillin-streptomycin (Gibco) at 37 °C 
with 5% CO2. The cells were treated with radiation at 
a total dose of 18  Gy (100.68  cGy/min). FA solutions 
(200  µg/mL) were prepared using DMSO and diluted 
with DMEM/F12 to concentrations of 200, 100, 50, and 
25 µg/mL. After radiation, the cell medium was replaced 
with different concentrations of FA solution or vitamin C 
solution (25  µg/mL, #A4403, Sigma-Aldrich, US). After 
24 h of incubation, cells were used for detection.

ROS detection
The DCFH-DA probe (#D399, Thermo Fisher, US) was 
diluted with DMEM/F12 medium to a final concentra-
tion of 10 µmol/L. The irradiated cells were washed three 
times with PBS (#10010023, Thermo Fisher, US). Then, 
the DCFH-DA probe was added, and cells were incu-
bated for 20 min in a 37 °C cell incubator. The superna-
tant was discarded, and cells were washed three times 
with DMEM/F12 medium. Flow cytometry was used to 
measure ROS intensity.

SOD detection
After removing the cell medium, the cells were scraped 
off with a cell scraper. The cells were then centrifuged 
at 2000  g for 10  min at 5  °C, and the supernatant was 
removed. The cells were washed twice with PBS. Ultra-
sound treatment of cells was performed on an ice bath. 
The cells were then centrifuged at 10,000 g for 15 min at 
4  °C, and the supernatant was transferred to a new test 
tube. The prepared sample solution was used for SOD 
detection according to the instructions of the kit (Beiren 
Chemical Technology Co., Ltd, Japan).

CCK8 assay
To each well, 10 µL of CCK8 reagent (Beiren Chemical 
Technology Co., Ltd, Japan) was added. After incubation 
for 4  h at 37  °C in a 5% CO2 incubator, the absorbance 
value at 450 nm was measured. The formula for cell via-
bility is [(ODFA - ODBlank) / (ODCon - ODBlank)]×100%.

Western blotting
Proteins from the skin tissues and cells were isolated 
using lysate containing RIPA lysate, protease inhibi-
tor, and phosphatase inhibitor. The protein concentra-
tion was determined using the bicinchoninic acid (BCA) 
assay. Approximately 30 µg of proteins were loaded and 
separated through SDS-PAGE. The proteins were then 
transferred to a Polyvinylidene fluoride (PVDF) mem-
brane (Millipore) at 100  mA current for 150  min. The 
membrane was blocked with tris buffered saline with 
tween (TBST) containing 5% skim milk. After washing 
with TBST, the membrane was incubated with primary 
antibodies overnight at 4  °C. Secondary antibodies were 
used to incubate the membranes at room temperature for 
2 h, followed by washing with TBST. The proteins were 
detected using the Image Quant Las 500. The antibodies 
used in this research are listed in supplementary Table 2.

Transcriptome sequencing
The assessment of RNA purity and integrity was con-
ducted utilizing a NanoPhotometer spectrophotom-
eter and an Agilent 2100 bioanalyzer, respectively. For 
the construction of libraries, the NEBNext® Ultra™ RNA 
Library Prep Kit for Illumina was utilized. Quantifica-
tion was initially undertaken with a Qubit 2.0 Fluorom-
eter, and the insert size was subsequently evaluated using 
the Agilent 2100 bioanalyzer. The determination of the 
library’s effective concentration was achieved through 
qRT-PCR. The library amplification process involved the 
integration of fluorescently-labeled dNTPs, DNA poly-
merase, and adapter primers. During the extension phase 
of each sequencing cluster, fluorescently-labeled dNTPs 
were incorporated, triggering the emission of corre-
sponding fluorescence signals. The calculation of FPKM 
(Fragments per kilo base per million mapped reads) 
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values for individual genes was based on gene length and 
the number of mapped reads. The analysis of differential 
expression across comparison groups was performed 
employing DESeq2 software, with the adjustment of 
P-values according to the Benjamini & Hochberg method 
[30]. Criteria for significant differential expression were 
established by adjusted P-values and the magnitude of 
|log2foldchange|. Differentially expressed genes were 
analyzed functionally using Kyoto Encyclopedia of Genes 
and Genomes (KEGG) and Gene Ontology (GO) with the 
Database for Annotation, Visualization and Integrated 
Discovery (DAVID) tool. The thresholds for Padj < 0.05 
and FDR < 0.05 were applied.

Statistical analysis
All experimental data were obtained by independently 
repeating the experiments at least three times. The 
experimental data were presented as mean ± SD and ana-
lyzed using GraphPad 8 software. A t-test was conducted 
to compare data between two groups, and ANOVA 
was used to compare data among multiple groups, with 
P < 0.05 indicating significant statistical differences.

Results
Characterization of FA hydrogel
The prepared hydrogels exhibited a uniform and delicate 
appearance, maintained a gelatinous state at room tem-
perature, did not dry out, had no bubbles, and demon-
strated good ductility, meeting the quality standards of 

gel as described in the Chinese Pharmacopoeia (Part III) 
[31]. The morphology of 5%, 10%, and 15% FA hydrogels 
was observed using TEM. The FA hydrogels exhibited 
a round morphology, and they were well cross-linked 
together (Fig. 1A). The diameter of a single gel bead was 
approximately 50 nm (Fig.  1A). The size of the cross-
linked gels increased with the concentration of FA 
(Fig.  1B): 5% FA cross-linked gels: 583.6 ± 12.7 nm, 10% 
FA cross-linked gels: 718.9 ± 22.8 nm, 15% FA cross-
linked gels: 876.4 ± 15.4 nm. The storage modulus (G’) 
of the hydrogel was higher than the loss modulus (G’’) at 
all oscillation frequencies, indicating that the FA hydro-
gel with different concentrations had good mechanical 
properties. Specifically, the G’ of the 10% FA hydrogel 
was higher than that of the 5% FA hydrogel and the 15% 
FA hydrogel, suggesting that the mechanical strength 
of the hydrogel increased with the FA concentration, 
although a concentration of 15% FA affected the cross-
linked network (Fig. 1C). The G’ of the 5%, 10%, and 15% 
FA gels remained relatively constant from 0.1–4.6% shear 
strain and decreased significantly from 10–1000% strain 
(Fig. 1D). The 10% FA gel exhibited the highest G’ com-
pared to the 5% and 15% FA gels, which was consistent 
with the results obtained from the oscillation frequency 
measurement (Fig. 1C). As time goes on, the swelling rate 
gradually decreased, but there was no significant differ-
ence among the three groups (Fig. 1E).

Fig. 1 Characterization of FA hydrogel. (A) Representative morphology of FA gel observed by TEM. (B) Particle size analysis of FA gel. (C) Rheological 
analysis of the hydrogels in oscillatory frequency sweep mode. (D) Rheological analysis of the hydrogels in oscillatory stress response mode. (E) The swell-
ing ratio of three groups was presented
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Biocompatibility of the FA hydrogels
The biocompatibility of the FA hydrogels was evalu-
ated by measuring cell viability through CCK8 assay 
and calcein-AM/PI staining. After incubating for 24, 48, 
and 72 h with three FA concentration hydrogel extracts, 
HaCaT living cells accounted for the largest number, 
and red fluorescent dead cells were very rare, which 
showed that FA hydrogel was non-toxic to HaCaT cells 
(Fig. 2A). The results of CCK8 assay also confirmed the 
above results. After 24, 48 and 72  h of incubation with 
FA hydrogel extract, the cell viability was still about 
100% (Fig.  2B). The migration of fibroblasts is crucial 
for wound healing. We further investigated the effect of 
FA hydrogel on fibroblast migration. The results showed 
that after 24 h incubation with FA hydrogel extract, the 
migration ability of fibroblasts had no significant differ-
ence compared with the control group (Fig. 2C). In addi-
tion, the blood compatibility of FA hydrogels was also 
investigated. The hemolysis ratios of 5%, 10%, and 15% FA 
hydrogels were 3.73 ± 0.46, 4.1 ± 0.36, 4.68 ± 0.86, respec-
tively (Fig. 2D), which meet the the standard of < 5% (ISO 
10993-4). These findings suggest that FA hydrogels have 
good biocompatibility.

In vitro antioxidant ability of of FA hydrogels
After radiation, the skin produces a large amount of ROS, 
which can aggravate tissue damage and hinder wound 
healing. We investigated the scavenging capacity of FA 
hydrogel for ROS at the cellular level. Large amount of 
ROS in the HaCat cells were induced by H2O2. How-
ever, after incubation with FA hydrogels, the fluores-
cence intensity was greatly decreased, suggesting that FA 

hydrogels could effectively scavenge ROS (Fig.  3A). The 
scavenging ability of ABTS and DPPH is also the rep-
resentative index for evaluation of the antioxidant effi-
ciency. We found that 3 concentrations of FA hydrogels 
significantly decreased the levels of both ABTS (Fig. 3B) 
and DPPH (Fig.  3C). These findings suggest that FA 
hydrogels have good antioxidant ability.

FA gel significantly accelerated the recovery of radiation-
induced skin injury
Continuous treatment on the skin of rats for 72  h con-
firmed that FA hydrogel had no skin irritation (Supple-
mentary Fig. 2). The animal experiment plan is illustrated 
in Fig.  4A. Rats exposed to radiation exhibited a small 
amount of erythema on the skin on the 7th day after irra-
diation, which progressed to peeling and redness of vary-
ing degrees on the 14th day. On the 21st day, the damage 
worsened, resulting in ulcers, bleeding, and necrosis 
(Fig. 4B). According to the Douglas and Fowler radiation 
dermatitis scoring criteria, the skin injury of the rats was 
evaluated on days 1, 3, 5, 7, 14, 21, and 28 after irradia-
tion. The highest score was observed on the 21st day in 
the group exposed to 40  Gy, indicating the most severe 
skin damage on that day (Fig. 4B). On the 21st and 28th 
days after irradiation, the radiation dermatitis scores 
in the FA gel treatment groups were significantly lower 
than those in the 40 Gy group (Fig. 4C), suggesting that 
FA gel had a therapeutic effect on radiation-induced 
skin damage. During the first 7 days after radiation, rats 
exhibited a decrease in appetite and a gradual decrease 
in weight, indicating that 60Co γ had a significant impact 
on the weight of rats in the early stages after irradiation 

Fig. 2 The evaluation of FA hydrogels biocompatibility. (A) Calcein-AM/PI staining of HaCaT cells after incubation with FA hydrogels extracts for 24, 48, 
and 72 h. (B) The cell viability was measured via CCK8 assay after incubation with FA hydrogels extracts for 24, 48, and 72 h. (C) The migration of fibroblast 
was evaluated with wound healing assay. (D) The hemolysis ratios of FA hydrogels were evaluated. *** p < 0.001 compared with group Triton-100
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(Fig. 4D). On the seventh day after irradiation, the weight 
of rats stabilized and showed a slow increasing trend. 
However, no significant difference was observed among 
the different irradiation groups (Fig. 4D).

Additionally, the skin injury was evaluated through 
HE staining (Fig.  4E). On the 14th, 21st, and 28th days 
after irradiation, the skin layer structure of the normal 
group rats remained normal, with normal morphology 

and structure of hair follicles, sebaceous glands, and 
sweat glands in the dermis. No congestion or inflamma-
tory cell infiltration was observed in the subcutaneous 
blood vessels (Fig. 4E). On the 21st day after irradiation, 
a large number of inflammatory cells infiltrated the der-
mis tissue of rats in the 40 Gy group, and collagen fibers 
in the dermis were damaged. On the 28th day after irra-
diation, the epidermal layer of rats in the 40  Gy group 

Fig. 3 In vitro antioxidant ability of of FA hydrogels. (A) The level of ROS in HaCaT cells was evaluated with DCFH-DA staining method. (B-C) The scaveng-
ing activities of ABTS radicals and DPPH radicals were evaluated. *** p < 0.001
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significantly thickened, keratinization worsened, and 
the structures of accessory organs such as sweat glands, 
hair follicles, and sebaceous glands were damaged, with a 
decrease in the number of skin appendages (Fig. 4E). On 
the 14th day after irradiation, different concentrations of 
FA gel delayed the onset of skin damage by decreasing 

inflammatory cells infiltration and epidermal layer thick-
ness. On the 21st day after irradiation, FA gel significantly 
reduced the degree of radiation-induced skin damage 
by alleviating damage of sweat glands, hair follicles, and 
suppressing inflammatory response. On the 28th day 
after irradiation, FA gel significantly reduced skin edema, 

Fig. 4 FA hydrogels accelerates the recovery of radiation-induced injury. (A) Progression of radiation-induced animal model establishment and FA gel 
administration. (B) Gross images of rat skin on the buttocks and back. (C) Evaluation of skin injury using the Douglas and Fowler score. (D) Recording of rat 
weight. (E) Histological analysis of skin tissues using HE staining (Black arrows indicate keratinization layer, and white arrows indicate inflammatory cells). 
(F) Detection of thickness of epidermal layer. (G-H) The fluorescence intensity of MPO, CD68, and CD3 in dermis and epidermis were evaluated. * p < 0.05, 
** p < 0.01, *** p < 0.01 compared with the 40 Gy + Aloe gel, 40 Gy + 5% gel, 40 Gy + 10% gel, 40 Gy + 15% gel groups
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increased granulation tissue proliferation, and inhib-
ited inflammatory cell infiltration (Fig. 4E). We also find 
that significant the increase of epidermal layer thickness 
induced by radiation was greatly decreased by FA hydro-
gel (Fig. 4F). We performed immunofluorescence staining 
for markers of neutrophils (MPO), macrophages (CD68), 
and T cells (CD3), and found that the expression of neu-
trophils was significantly higher after radiation, and the 
treatment of FA hydrogel significantly inhibited the infil-
tration of neutrophils (Fig. 4G-H). However, there was no 
difference in the expression intensity of macrophages and 
T cells among different groups. (Fig.  4G-H). No signifi-
cant difference was observed between FA-treated groups 
and Aloe-treated group in weight, thickness of epidermal 
layer, and the fluorescence intensity of MPO, CD68, CD3 
(Fig. 4).

FA gel greatly reduced rat skin blood flow and promoted 
skin tissue reconstruction after radiation
Skin blood flow can increase after skin damage. There 
was no significant difference in skin blood flow changes 
in the normal group on the 14th, 21st, and 28th days 
(Fig. 5A-B). Rats in the 40 Gy group exhibited increased 
skin blood flow, with the highest perfusion observed on 
the 21st day, which may be related to skin swelling and 
inflammatory reactions. Compared to the 40  Gy group, 
treatment with aloe gel slowed down the time and degree 
of increased skin blood flow (Fig.  5A-B). Furthermore, 
treatment with 5%, 10%, and 15% FA gel significantly 
decreased the areas of redness, swelling, and blood flow 
in the skin (Fig. 5A-B).

The OCT imaging system enabled the observation 
of skin structural information up to a depth of 1.5 mm. 
In the 40  Gy group, the area and depth of skin dam-
age increased markedly, and disordered tissues were 
observed after radiation. However, different concentra-
tions of FA gel exhibited a protective effect on the skin 
structure of rats, resulting in lower structural dam-
age to the rat skin after irradiation and faster recovery 
(Fig.  5C-D). Additionally, higher collagen deposition 
and a visible ordered collagen fiber array were observed 
after treatment with 10% or 15% FA gel compared to the 
40  Gy group (Fig.  5E-F). The treatment of Aloe gel and 
5% FA also improved the collagen fiber structure, but the 
increase of collagen deposition in groups 40 Gy + Aloe gel 
and 40 Gy + 5% FA gel was not significant compared with 
group 40 Gy (Fig. 5E-F). Meanwhile, no significant differ-
ence was observed between FA-treated groups and Aloe-
treated group (Fig. 5E-F).

FA gel remarkably suppressed the activation of NLRP3 
inflammasome caused by 40 gy in vivo
The activation of the NLRP3 inflammasome and the 
subsequent increase in inflammatory response were 

observed on the 21st and 28th days after 40  Gy radia-
tion. After 40  Gy irradiation, the expression of NLRP3 
(Fig.  6A) and downstream inflammation factors, cas-
pase-1, IL-1β, and IL-18, and pro-IL-1β (Fig. 6B-E) in the 
serum significantly increased. However, the increased 
levels of NLRP3, caspase-1, IL-18, pro-IL-1β, and IL-1β 
were greatly inhibited by FA gels on day 21 and 28, indi-
cating the anti-inflammatory effect of FA gel. Further-
more, the effect of FA gel on the activation of the NLRP3 
inflammasome and the expression of downstream inflam-
matory factors in skin tissues after 40 Gy radiation were 
investigated using western blotting (Fig.  6F-I) and IHC 
staining methods (Fig.  6J-K). Treatment with 5%, 10%, 
and 15% FA gels significantly inhibited the remarkable 
activation of the NLRP3 inflammasome and the expres-
sion of inflammation factors after radiation in the protein 
level (Fig. 6F-I). The expression of NLRP3 in skin tissue, 
evaluated through IHC staining (Fig. 6J-K), showed simi-
lar findings to the results of western blotting. The expres-
sion of NLRP3 and downstream inflammation factors in 
group Aloe were not statistically different from group 5%, 
10%, and 15% FA. No significant difference was observed 
between FA-treated groups and Aloe-treated group in 
suppression of inflammation factors (Fig. 6).

3.7 Significant increase of ROS, decrease of SOD 
and cell proliferation caused by 18  Gy radiation were 
reversed by FA treatmentin vitro.

Radiation-induced ROS production can disrupt the 
redox balance and cause oxidative damage to the skin. 
In this study, we observed a remarkable increase in ROS 
production (Fig.  7A-B) and inhibition of SOD activity 
(Fig. 7C) in HaCaT cells after 18 Gy radiation. However, 
treatment with vitamin C or FA solutions significantly 
suppressed ROS production and the inhibition of SOD 
activity in HaCaT cells (Fig.  7A-C). Additionally, treat-
ment with vitamin C and FA solutions (50–100  µg/mL) 
significantly increased cell proliferation after 18 Gy radia-
tion (Fig. 7D).

FA remarkably suppressed the activation of NLRP3 
inflammasome caused by 18 gy radiation in vitro
Twenty-four hours after irradiation, the supernatant 
of HaCaT cells was collected, and the secreted NLRP3 
inflammasome, IL-18, pro-IL-1β and IL-1β were mea-
sured using the ELISA method. The secretion of NLRP3 
inflammasome, IL-18, pro-IL-1β and IL-1β by HaCaT 
cells was significantly enhanced after 18  Gy radiation 
compared to the control group (Fig.  7E-H). However, 
administration of vitamin C and FA solutions markedly 
suppressed the secretion of these inflammatory factors 
(Fig.  7E-H). We also investigated the role of FA in the 
activation of the NLRP3 inflammasome in HaCaT cells 
after radiation. The protein expression levels of NLRP3, 
caspase-1, IL-18, pro-IL-1β, and IL-1β were detected 
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Fig. 5 FA hydrogels reduces rat skin blood flow and promotes skin tissue reconstruction after radiation. (A) Recording of skin blood flow in rats using a 
laser doppler blood flow monitor. (B) Quantitative analysis of skin blood flow in rats. (C) Evaluation of skin injury using a sweep source OCT system (The 
white arrow indicates skin injury). (D) Three-dimensional OCT imaging analysis. (E) Evaluation of collagen deposition using Masson staining on day 28. 
(F) Analysis of collagen deposition. * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the 40 Gy + Aloe gel, 40 Gy + 5% gel, 40 Gy + 10% gel, 40 Gy + 15% 
gel groups. # p < 0.05, ## p < 0.01 compared with the 40 Gy + 5% gel, 40 Gy + 10% gel, 40 Gy + 15% gel groups. + p < 0.05 compared with group 40 Gy
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Fig. 6 FA hydrogels suppresses the activation of NLRP3 inflammasome caused by 40 Gy in vivo. (A-E) Measurement of NLRP3, caspase-1, IL-1β, IL-18, and 
pro-IL-1β expression in serum of rats 21 and 28 days after radiation. (F-I) Western blotting analysis of NLRP3, caspase-1, IL-1β, pro-IL-1β, and IL-18 protein 
expression in skin of rats 21 and 28 days after radiation. (J-K) Immunohistochemistry staining of NLRP3 expression in dermis and epidermis (White arrows 
indicate keratinization layer). * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the 40 Gy group. # p < 0.05, ## p < 0.01, ### p < 0.001 compared with the 
control group
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Fig. 7 FA suppresses the activation of NLRP3 inflammasome, increase of ROS, and SOD clearance caused by 18 Gy in vitro. (A-B) Measurement of ROS 
production after radiation using flow cytometry. (C) Detection of SOD clearance. (D) Measurement of cell proliferation after radiation using CCK8 assay. 
(E-H) Measurement of NLRP3, IL-1β, pro-IL-1β, IL-18 secretion by cells. (I-N) Western blotting analysis of NLRP3, caspase-1, IL-1β, pro-IL-1β, IL-18 protein 
expression in HaCaT cells. * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the 18 Gy group. # p < 0.05, ### p < 0.001 compared with the control group
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using western blotting (Fig. 7I-N). The significant upreg-
ulation of NLRP3, caspase-1, IL-18, pro-IL-1β, and 
IL-1β in HaCaT cells after 18  Gy radiation were greatly 
decreased by vitamin C or FA solutions (Fig. 7I-N). Thus, 
FA treatment effectively inhibited the activation of the 
NLRP3 inflammasome after radiation in vitro.

Transcriptome analysis of HaCaT cells treated with FA post 
radiation
To investigate the underlying mechanism modulat-
ing the alleviation of radiation-induced skin injury by 
FA, total RNA extracted from HaCaT cells treated or 
untreated with FA upon radiation was subjected to 
RNA sequencing. Among the genes with significant 
expression differences, we screened for genes that were 

upregulated or downregulated after radiation treat-
ment, but whose expression levels were restored after 
FA treatment (Fig.  8A). Persistent inflammation and 
high expression of MMP can delay wound healing [32]. 
We found that IL-1 A, IL-1B, and MMP14 were signifi-
cantly overexpressed after radiation, but FA treatment 
reduced their expression levels (Fig. 8A). In addition, the 
JAK/STAT pathway is believed to be closely related to 
chronic wound healing. Through differential gene analy-
sis, we found that the expression of STAT1, STAT3, and 
STAT6 was inhibited after radiation, while FA activated 
the STAT pathway to varying degrees (Fig.  8A). The 
activation of the JAK/STAT pathway may be one of the 
mechanisms by which FA promotes radiation-induced 
skin injury healing. In addition, fibroblast growth factor 

Fig. 8 Transcriptome analysis of HaCaT cells treated with FA post radiation. (A) Heatmap for differential expression genes on control, IR, and FA groups 
with three biological replicate samples for each group. (B) KEGG pathway analysis for differential gene expression. (C) GO biological process and GO 
molecular function analysis. (D) Gene Set Enrichment Analysis (GSEA) analysis
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receptor 3 (FGFR3) is involved in various cellular pro-
cesses, such as cell growth, angiogenesis, and wound 
healing [33]. FA significantly promoted its expression 
(Fig. 8A). Genes upregulated by FA treatment (18 Gy + FA 
group vs. 18 Gy group) are used for KEGG enrichment. 
KEGG indicated wound healing process to be implicated 
within differing pathways, such as STAT, PI3K/AKT, cell 
adhesion molecules, and TGF-β (Fig. 8B). GO and GSEA 
analysis suggested radiation exposures affected mul-
tiple genes linked with immune response, inflammatory 
response, cell migration, angiogenesis, hypoxia response, 
and cell matrix adhesion (Fig. 8C-D).

Discussion
It has been reported that the oral bioavailability of FA 
is limited (9–20%) due to first-pass metabolism [14, 34]. 
Hence, we aimed to develop a novel FA gel specifically 
designed for the treatment of radiation-induced skin 
injuries. The FA gel we prepared exhibited a uniform and 
delicate light pink colloid that remained stable at room 
temperature without drying up or liquefying (Supple-
mentary Fig. 3). The physical and chemical properties of 
the gel met the quality requirements outlined in the 2020 
edition of the Chinese Pharmacopoeia (Part III) [31]. To 
assess its skin compatibility, we conducted a skin irrita-
tion test, and after 72 h of observation, no symptoms of 
erythema, eschar, or edema formation were observed in 
the group treated with FA gel, indicating that the pre-
pared gel did not irritate rat skin.

Various forms of FA gel incorporating different mate-
rials have been reported in different fields. For instance, 

a FA-loaded nanoemulsion-based gel was shown to 
alleviate UVA-induced oxidative stress [14]. Another 
study prepared FA-loaded nanocapsules using a high-
pressure homogenization method [35], although its fur-
ther application as a gel has not been reported. A triple 
natural antioxidant hydrogel containing puerarin, feru-
lic acid, and polydopamine was developed for physical 
skin wound healing [16]. However, the application of FA 
hydrogel for radiation injuries has not yet been explored. 
In our study, we report for the first time the application 
of a novel FA-embedded carbomer hydrogel for improv-
ing radiation-induced skin injuries. Carbomer, commonly 
used as an adjuvant, serves as a thickener, adhesive, and 
stabilizer in clinical settings [18].

Hydrogels loaded with active ingredient have been 
reported to be used in radiation induced skin damage. 
Injectable multifunctional Schiff base cross-linked with 
gallic acid modified chitosan/oxidized dextran hydro-
gels were rationally reported to accelerate wound healing 
through elimination of ROS in combined radiation and 
burn injury [27]. Gallic acid-grafted with soy protein and 
phenol and thiol cohorts combined with graphene oxide 
could reduce ROS and NLRP3 expression while inhibit-
ing radiation-induced skin injury [36]. Wound healing of 
radiation-induced skin injury was achieved by mesopo-
rous silica-cerium oxide nanozymes facilitating miR-129 
delivery [37]. Interferon-alpha inducible protein 6-based 
hydrogel promotes the healing of radiation-induced skin 
injury through regulating heat shock transcription factor 
1 [38]. The radiation doses used in these studies ranged 
from 5 to 30 Gy, while our study use 40 Gy to establish 
animal model. Higher doses cause more severe skin dam-
age, which suggests the effectiveness of the FA hydrogel 
in accelerating radiation-induced skin injury.

The anti-radiation role of FA has been widely reported 
[39–41]. FA presented neuroprotective effect against 
radiation-induced nerve damage, suggesting that FA 
might have some potential in the treatment of radiation-
induced cognitive impairment [13]. FA accelerate bone 
defect repair after radiation via maintaining the stemness 
of skeletal stem cells [42]. The protection effect of testicu-
lar after radiation was achieved by FA through regulat-
ing SIRT1 and PARP1 [43]. However, the influence of FA 
on radiation-induced skin injury has not been reported. 
We demonstrated that our prepared FA gel markedly 
improved the skin injury caused by 40  Gy by alleviat-
ing skin tissue damage, reducing skin blood flow, and 
inhibiting NLRP3 inflammasome activation. The effects 
of FA on radiation-induced injury were also validated 
through in vitro experiments. In addition, reduced ROS 
level, increased SOD content, and inactivation of NLRP3 
inflammasome in HaCaT cells were achieved by FA treat-
ment after 18 Gy radiation induction (Fig. 9).

Fig. 9 Scheme of radiation-induced skin injury inhibition by FA hydrogel
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The NLRP3 inflammasome is a crucial component of 
innate immunity and plays a significant role in the body’s 
immune response [44, 45]. Its activation leads to the 
release of caspase-1, IL-1β, IL-18, and IL-18 outside the 
cell, further inducing inflammatory reactions or pyropto-
sis [46, 47]. We observed significant elevations in NLRP3, 
caspase-1, IL-1β, and IL-18 levels in both serum and skin 
tissues after 40 Gy radiation, suggesting that FA gel may 
inhibit radiation-induced skin damage by inactivating the 
NLRP3 inflammasome. Additionally, IL-1β can directly 
induce IL-2, recruit neutrophils to enhance the inflam-
matory cascade response [48], and promote the release 
of other pro-inflammatory cytokines (TNF-α and IL-6) 
and chemokines, thereby accelerating the inflammatory 
response [49, 50]. Consequently, further exploration is 
needed to investigate the regulation of TNF-α, IL-6, che-
mokines, and related signaling pathways by FA following 
radiation. Moreover, after 60Co γ radiation, substantial 
amounts of ROS and malondialdehyde (MDA) are gener-
ated [51], while SOD levels decrease, leading to an imbal-
ance in skin redox and subsequent oxidative cell toxicity 
[52, 53]. In our research, FA significantly suppressed the 
increased ROS levels and inhibited SOD activity in vitro 
(Fig.  7). This mechanism could be one of the ways FA 
mitigates radiation-induced skin damage (Fig. 9).

Transcriptome analysis indicated that 18  Gy radia-
tion reduced the expression of STAT1, STAT3, and 
STAT6, which are downstream signals of inflamma-
tion. This phenomenon confuses us. Further literature 
research has found that the regulatory role of STAT 
family molecules in inflammation and tumors is com-
plex. Research has confirmed that the STAT family can 
also exert anti-inflammatory effects. It was reported that 
IFN-I via STAT1 exerted suppressive activity on NLRP1 
and NLRP3 inflammasomes, and further inhibited cas-
pase 1 to process the IL1-β precursor [54]. Meanwhile, 
STAT1 target gene products directly repressed NLRP3 
inflammasomes [55]. In addition, STAT1 increased 
IL-10 synthesis, which is an anti-inflammation cytokine, 
and suppressed the synthesis of IL1-β precursor [56] In 
the present study, NLRP3 inflammasome activation was 
observed after radiation, and down-regulation of STAT1 
was found via transcriptome sequencing analysis. The 
activation of NLRP3 inflammasome after radiation might 
be regulated by down-regulation of STAT1, which is 
in line with previous report [55]. In addition, radiation 
can induce tumor development, and in this study, 18 Gy 
radiation reduced the expression of STAT1, STAT3, and 
STAT6. STAT3 and STAT6 are believed to promote the 
occurrence and development of tumors, while STAT1 is 
considered a tumor suppressor molecule. These findings 
indicate that the regulatory role of STAT/JAK pathway 
in radiation-induced skin injury is complex and requires 
further exploration.

In this study, we found that all 5%, 10%, and 15% FA 
hydrogels have good biocompatibility and ROS inhibition 
ability. All three FA hydrogels were effective in ameliorat-
ing radiation-induced skin damage and inhibiting NLRP3 
inflammasome activation, but there was no statistical dif-
ference among the three groups. In terms of inhibition 
of NLRP3 (Fig.  6A), caspase-1 (Fig.  6C), and pro-IL-1β 
(Fig. 6E) in vivo, 10% FA hydrogel was the most effective. 
Meanwhile, 10% FA hydrogels have the best mechani-
cal strength compared with 5% FA and 15 FA. Therefore, 
10% FA hydrogel might be the most ideal concentration. 
However, at both in vivo and in vitro levels, the dispersed 
trend of inhibition of NLRP3, caspase-1, IL-18, IL-1β, 
and pro-IL-1β with increased concentrations of FA was 
observed. We guess that the optimal dose was not cov-
ered by the doses we chose, which is a limitation of this 
study. We will further screen the optimal dosage in future 
research. Theoretically, after FA treatment, the levels of 
NLRP3, caspase-1, IL-18, pro-IL-1β, and IL-1β should be 
lower on day 28 than on day 21. However, we found that 
on the 28th day, only the concentration of caspase-1 was 
lower than on the 21st day. This may be due to different 
reagents and experimental batches. In addition, this also 
indicates that the ongoing inflammatory process 28 days 
after radiation.

Conclusion
In conclusion, we successfully prepared an FA hydrogel 
by crosslinking FA with carbomer 940. The synthetic 
hydrogel, crosslinked with 5%, 10%, or 15% FA, effectively 
alleviated 40  Gy 60Co γ radiation-induced skin injuries. 
The FA hydrogel significantly reduced skin blood flow, 
inflammation, oxidative stress, and promoted skin tis-
sue reconstruction and collagen deposition. Moreover, 
we observed the inactivation of the NLRP3 inflamma-
some by the FA hydrogel at both in vivo and in vitro lev-
els, suggesting it may be a potential mechanism of action. 
However, further exploration is necessary to determine 
the optimal concentration of FA hydrogel and to investi-
gate the specific signaling pathways it targets. The novel 
FA hydrogel we developed could serve as a promising 
adjunctive therapy to mitigate radiotherapy-induced skin 
injuries.
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