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A B S T R A C T

Progressive follicle and vascular atrophy, insufficient nutrient supply, and hormonal imbalance are direct causes 
of androgenic alopecia (AGA), limiting treatment options. Nitric oxide (NO) has demonstrated significant ad-
vantages in cell proliferation, vascular repair, and inflammation regulation. However, precise control of NO 
concentration and efficient utilization limit its clinical application for AGA treatment. To address this, we 
developed a near-infrared (NIR) light-triggered NO-releasing delivery system (Gel@L-Arg). The system uses 
Chlorin e6 (Ce6) grafted onto oxidized hyaluronic acid, reacting with L-Arg-loaded polyethyleneimine via Schiff 
base to form hyaluronic acid hydrogel. Under NIR light, Ce6 generates ROS, oxidizing L-Arg to release NO, after 
5 min of irradiation, the NO concentration in Gel@L-Arg (1 %) is >1.5 times that in Gel@L-Arg (0.5 %), enabling 
on-demand release of NO. Gel@L-Arg (0.5 %) effectively promotes angiogenesis while significantly repairing 
damaged human dermal papilla cells (HDPCs), with cell viability reaching 131.6 ± 4.6 %. In animal models, the 
system reduced inflammation (IL-6, TNF-α), enhanced nutrient supply (VEGF, CD31), regulated androgens, and 
improved the follicular microenvironment, effectively treating AGA. This hyaluronic acid hydrogel, combining 
NIR light-triggered release with gas therapy, offers a new strategy for the treatment of AGA with good 
biocompatibility, providing insight into controlled gas release therapies for disease treatment.

1. Introduction

As the most common type of clinical hair loss worldwide, androge-
netic alopecia (AGA) poses a significant threat to patients' physical and 
mental health [1]. Its complex pathogenesis includes progressive follicle 
and vascular atrophy, nutrient deficiency, hormonal imbalance, and 
genetic factors, all of which make treatment particularly challenging 
[2]. Currently, the only FDA-approved drugs for AGA are Minoxidil and 
Finasteride, however, both are associated with significant side effects, 
including dermatitis, hypertrichosis, and testicular pain, particularly 
with long-term use [3]. Despite advances in medical technology and the 
development of alternative therapies such as phototherapy, hormone 

therapy, injections, and hair transplantation, these options are expen-
sive, complex to administer, and often fail to provide lasting benefits [4]. 
Therefore, it is crucial to develop a safe and effective therapy that targets 
the underlying pathogenesis of AGA.

Our team has long been dedicated to studying the functions of nitric 
oxide (NO), an endogenous diatomic gas molecule that plays a crucial 
role as a signaling mediator in various physiological and pathological 
processes, including vasodilation, cell migration, and immune responses 
[5,6]. Research indicates that the effects of NO are highly dependent on 
its concentration. High concentrations of NO can induce cytotoxic ef-
fects through mechanisms such as mitochondrial damage, DNA damage, 
and inhibition of cellular respiration, whereas low concentrations of NO 
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demonstrate beneficial reparative functions, including immune modu-
lation, enhanced cell viability, promotion of cell migration, and angio-
genesis [7]. Therefore, low-concentration NO has the potential to treat 
AGA by restoring follicular cells, suppressing inflammation, and dilating 
blood vessels to improve follicular nutrient supply. However, the short 
half-life of NO, its non-specific distribution, difficulties in controlled 
release, and challenges in regulating its concentration significantly limit 
its further clinical application [8]. Consequently, the therapeutic use of 
NO in AGA relies on developing controlled and adjustable NO release, 
ideally in a patient-manageable format.

L-arginine (L-Arg), a natural NO donor with high biocompatibility, 
can produce NO through ROS catalysis. However, endogenous ROS 
levels in skin and follicle cells are insufficient to generate adequate NO 
[9]. Recently, Shi et al. designed a nanoparticle (EArgFe@Ce6), wherein 
near-infrared (NIR) irradiation enables Chlorin e6 (Ce6) within the 
nanoparticles to produce ROS that catalyzes L-Arg into NO. Ce6, a 
widely used photosensitizer with a maximum absorption wavelength of 
660 nm, low-level laser therapy (LLLT), an FDA-approved method, has 
demonstrated certain effectiveness in treating AGA. Building on previ-
ous research on light-controlled release technology [10], we were 
inspired to explore the potential of mimicking the effects of LLLT. This 
approach aims to address the controlled release of NO using NIR light 
and regulate the concentration of L-Arg to effectively release NO. The 
transdermal delivery system, praised for its non-invasive nature, 
avoidance of the first-pass effect, and high efficiency, is considered one 
of the most promising non-invasive drug delivery methods. However, 
the stratum corneum, as the skin's primary protective layer, presents a 
significant barrier due to its semi-permeable membrane-like properties, 
making it difficult to permeate. In recent years, hydrogel-based trans-
dermal patches have been extensively applied in drug delivery. The 
porous structure of semi-solid hydrogels enables the loading of drugs or 
cells and their adhesion to human skin, facilitating sustained trans-
dermal delivery with high safety [11]. For instance, Zheng et al. 
developed a tissue-adhesive hydrogel based on the synergistic effect of 
cohesion and adhesion, which demonstrated a 4.9-fold increase in ad-
hesive strength compared to control patches and potential for trans-
dermal drug delivery as proven by in vitro studies [12]. By simulating 
LLLT, the hydrogel as a carrier provides a potential solution for the 
controlled release of NO using NIR light. It also allows for the effective 
transdermal delivery of NO by adjusting the concentration of L-Arg, 
offering a feasible approach for skin applications and facilitating patient 

self-management.
In this study, to address challenges such as uncontrolled NO release 

and concentration regulation, we drew on the clinical experience of 
LLLT and integrated NIR light-triggered release technology, hydrogel- 
based transdermal delivery, and the therapeutic potential of NO for 
AGA treatment. Activated OHA was reacted with Ce6 to form a photo-
responsive trigger (OHA–Ce6) via amide bonds. This was then com-
bined with a PEI solution loaded with the NO donor L-Arg (PEI@L-Arg) 
through Schiff base reactions and electrostatic reaction to create the NIR 
light-triggered NO-releasing hydrogel system (Gel@L-Arg) (as shown in 
Scheme 1). First, we characterized the preparation process of Gel@L-Arg 
and explored the NIR light-triggered NO release effect by adjusting L- 
Arg concentration. Subsequently, we conducted in vitro experiments to 
investigate the effects of NO on enhancing cell viability and modulating 
inflammation in human dermal papilla cells (HDPCs) damaged by 
dihydrotestosterone (DHT), as well as the potential of low-concentration 
NO for vascular repair and improving follicle nutrient supply. Finally, 
we established an AGA mouse model and evaluated the in vivo thera-
peutic effects of the hydrogel system using various indicators, revealing 
the underlying mechanism of NO in AGA treatment. Therefore, we 
innovatively achieved concentration modulation of NO through a NIR 
controlled release system for efficient transdermal treatment of AGA, 
meeting the personalized treatment needs of patients. By combining 
light-controlled release systems with gas therapy, we have provided a 
new approach for treating AGA and offered new insights for the com-
bined treatment of skin-related diseases.

2. Materials and methods

2.1. Materials preparation

Sodium hyaluronate (Mn = 250 k) and Chlorin e6 were purchased 
from Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Sodium 
periodate was obtained from Boyle Chemical Reagents (Shanghai, 
China). L-arginine (L-Arg) and polyethyleneimine (PEI, Mn = 10 k) were 
purchased from Sigma. Minoxidil tincture was purchased from Dafeixin. 
Griess reagent kit, CCK-8 assay, and SOSG singlet oxygen probe were 
purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China). 
Human dermal papilla cells (HDPCs) were obtained from Meisen Cell 
Technology Co., Ltd. (Zhejiang, China). Human umbilical vein endo-
thelial cells (HUVECs) were obtained from Procell Life 

Scheme 1. Schematic illustration of the NIR light-triggered NO-releasing hyaluronic acid hydrogel transdermal delivery system for treating AGA.
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Science&Technology Co., Ltd. (Wuhan, China).

2.2. Synthesis and characterization of Gel@L-Arg

2.2.1. Synthesis of OHA
Oxidized hyaluronic acid (OHA) was synthesized by reacting hyal-

uronic acid (HA) with NaIO₄, following a previously reported method 
with modifications [13,14]. Briefly, 2.5 g of HA was dissolved in 100 mL 
of deionized water and stirred until fully dissolved. Then, 1.0 g of NaIO₄ 
was added, and the reaction was stirred at room temperature in the dark 
for 24 h. Afterward, 100 μL of glycerol was added to terminate the re-
action, with an additional 1 h of stirring. The product was then placed in 
a 10 kDa dialysis bag and dialyzed against deionized water for 72 h. 
Finally, the product was freeze-dried to obtain a white solid of OHA.

2.2.2. Synthesis of OHA-Ce6
The synthesis of OHA-Ce6 was conducted following previously re-

ported procedures with slight modifications [15]. Initially, 0.2 g of OHA, 
16.7 mg of EDC, and 12.1 mg of NHS were dissolved in 18 mL of PBS(pH 
= 7.4). In a separate preparation, 0.2 g of ethylenediamine (EDA) was 
dissolved in 2 mL of PBS and subsequently combined with the initial 
solution. The reaction mixture was stirred at room temperature in the 
dark for 12 h. The resultant product was transferred to a 1 kDa dialysis 
bag and dialyzed against deionized water for 48 h. Following this, 5 mL 
of the dialysate was mixed with 5 mL of DMSO, to which 2 mg of Ce6, 
1.6 mg of EDC, and 1.32 mg of NHS dissolved in 10 mL of DMSO were 
added. This mixture was stirred at room temperature in the dark for 24 h 
and subsequently dialyzed in a 1 kDa dialysis bag against deionized 
water for another 48 h. The final product was freeze-dried, yielding a 
yellow powder form of OHA–Ce6.

2.2.3. Synthesis of Gel@L-Arg
The synthesis of Gel@L-Arg was achieved via a Schiff base reaction 

between the active aldehyde groups of OHA and the amino groups in 
PEI, along with electrostatic interactions [16]. First, 0.1 g of PEI was 
dissolved in 10 mL of PBS to obtain a 1 % PEI solution. Then, 0.2 g or 0.1 
g of L-Arg was added, yielding PEI@L-Arg solutions with L-Arg con-
centrations of 1 % and 0.5 %, respectively. Separately, 3 g of OHA-Ce6 
was dissolved in 10 mL of PBS to create a 30 % OHA-Ce6 solution. Equal 
volumes of the PEI@L-Arg and OHA-Ce6 solutions were mixed at a 1:1 
ratio and gently shaken for 30 s to form Gel@L-Arg with different L-Arg 
concentrations.

2.2.4. Characterization
HA and OHA were dissolved in deuterium oxide, and their 1H NMR 

spectra were recorded using a Bruker 300 NMR spectrometer. Fourier- 
transform infrared spectroscopy (FTIR) (VERTEX70) with potassium 
bromide (KBr) pellet method was used to assess structural changes be-
tween HA and OHA. A UV spectrophotometer (UV-2550) was used to 
measure spectral changes in Ce6, OHA, and OHA–Ce6. The surface 
morphology of the freeze-dried hydrogel was observed using a scanning 
electron microscope (SEM) operated at 20 kV. A rotational rheometer 
was used to analyze the hydrogel's rheological properties, with a time 
sweep range of 0–300 s and a temperature sweep range of 10–40 ◦C, 
both at 1 % strain and 1 Hz frequency.

2.3. NIR light-triggered NO release performance in Gel@L-Arg

2.3.1. ROS release evaluation
The singlet oxygen (1O₂) content after light irradiation of the mate-

rial was measured using SOSG as a fluorescent probe [17]. 2.5 μL of a 
100 μM SOSG solution was added to 97.5 μL of OHA-Ce6@L-Arg. After 
irradiating with a 660 nm laser for 1, 3, and 5 min, the fluorescence 
intensity of the solution was measured using a multifunctional micro-
plate reader. The control group consisted of OHA-Ce6 solution with the 
SOSG probe but without light irradiation.

2.3.2. In vitro NO release test
The NO release from the hydrogel was assessed using the Griess re-

agent. Each sample of Gel@L-Arg (0.5 %) and Gel@L-Arg (1 %) (100 μL) 
was mixed with 100 μL PBS and irradiated with a 660 nm laser for 1, 3, 
and 5 min. After each irradiation period, fresh PBS was added, and the 
solution was centrifuged. A 100 μL aliquot of the supernatant was mixed 
with 100 μL of Griess reagent, and the absorbance at 540 nm was 
measured using a multifunctional microplate reader [18]. The NO 
release amount was determined from a standard curve based on absor-
bance, and a NO release curve was plotted for different arginine 
concentrations.

2.4. Cell experiments

2.4.1. Cell proliferation
Human umbilical vein endothelial cells (HUVECs) were seeded at a 

density of 5 × 103 cells/well in 96-well plates and incubated at 37 ◦C in a 
5 % CO₂ environment for 24 h. The medium was then replaced with 
complete medium containing Minoxidil (0.02 %), Gel@L-Arg (0.5 %), or 
Gel@L-Arg (1 %), with DHT (0.02 %) added to all media except the 
control group. After 24 h, the materials were removed, and CCK-8 re-
agent was added. Absorbance was measured at 450 nm using a multi-
functional microplate reader [6], and cell proliferation rates were 
calculated. The human dermal papilla cells (HDPCs) proliferation 
experiment was performed similarly.

2.4.2. Cell migration
The scratch assay was used to assess the effect of materials on cell 

migration [19]. Briefly, HUVECs were seeded at 2 × 105 cells/well in 6- 
well plates. When cell confluence reached 80 %–90 %, a scratch was 
made using a 200 μL pipette tip. After washing twice, the medium was 
replaced with complete medium containing Minoxidil (0.02 %), Gel@L- 
Arg (0.5 %), or Gel@L-Arg (1 %), with DHT (0.02 %) added to all media 
except the control. After 24 h, cell migration was observed and scratch 
width was measured with ImageJ software. The HDPCs migration 
experiment was performed similarly.

2.4.3. Angiogenesis
HUVECs were cultured in complete medium containing Minoxidil 

(0.02 %), Gel@L-Arg (0.5 %), or Gel@L-Arg (1 %) for 48 h, with DHT 
(0.02 %) added to all media except the control. For the assay, 200 μL of 
Matrigel was spread in a 12-well plate and incubated at 37 ◦C for 15 min 
to solidify. Treated cells were seeded at a density of 5 × 105 cells/well 
onto the polymerized Matrigel and incubated for 8 h. Tube formation 
was observed under a microscope, and the number of tubes was quan-
tified using ImageJ software [20].

2.4.4. qRT-PCR analysis
qRT-PCR was performed to investigate the expression of genes 

related to Gel@L-Arg treatment in damaged HDPCs [21]. HDPCs were 
cultured in 6-well plates at a density of 2 × 105 cells/well. When cell 
confluence reached 80 %–90 %, the cells were washed and replaced with 
complete medium containing Minoxidil (0.02 %), Gel@L-Arg (0.5 %), or 
Gel@L-Arg (1 %), with DHT (0.02 %) added to all media except the 
control. After 24 h, RNA was extracted, and reverse transcription was 
performed following the kit instructions. qRT-PCR was then used to 
detect IL-6 and MMP9 expression. Primer sequences are listed in 
Table S1.

2.5. Animal experiments

2.5.1. AGA model establishment
The model was established as previously described [22]. In choosing 

the gender of the mice, in addition to excluding the impact of male 
hormones on the establishment of the AGA model, we also considered 
that there is relatively less research on female AGA, and the number of 
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female patients with AGA is gradually increasing, which may have se-
vere psychological impacts. Female C57BL/6 mice were acclimatized for 
one week at Jinan University Animal Facility. Animal handling complied 
with the Guidelines for the Care and Use of Laboratory Animals (2011) 
and Jinan University Animal Ethics Committee requirements (Approval 
No. IACUC-20240709-04). After acclimation, 24 mice were randomized 
into six groups (Healthy, AGA, Gel@L-Arg (0.5 %), Gel@L-Arg (0.5 % +
NIR), Gel@L-Arg (1 % + NIR), and Minoxidil) with four mice per group 
and an average body weight of 20 g. Hair was removed using depilatory 
cream (Veet), and, except for the Healthy group, mice received daily 
subcutaneous injections of DHT (10 mg/kg/day) for 21 days to maintain 
androgen levels. Treatment was applied daily, and hair growth was 
tracked on days 7, 12, 17, and 21 with dermoscopy to observe skin 
changes.

2.5.2. Hair growth and histological evaluation
At the end of the experiment, newly grown hair on the mice's backs 

was carefully collected for microscopic observation and weighed. A 1 
cm2 skin section was excised, fixed in 4 % paraformaldehyde, embedded 
in paraffin, and sectioned for H&E staining, immunohistochemistry 
(CD31, Ki67, 3-nitro-tyrosine), and examination of hair follicles under a 
light microscope. The total hair follicle count was measured using 
ImageJ software [23].

2.5.3. Elisa
Skin tissue was homogenized in ice water to prepare a 10 % ho-

mogenate, centrifuged at 3000 rpm for 10 min, and the supernatant was 
collected for analysis. IL-6 and TNF-α were detected using a double- 
antibody sandwich ELISA, with color intensity proportional to concen-
tration [24].

2.5.4. Mouse skin tissue immunofluorescence staining
Frozen skin sections from treated mice were subjected to immuno-

fluorescence staining. After serum blocking, tissues were permeabilized, 
incubated with primary antibodies at 4 ◦C overnight, washed, and 
incubated with fluorescently labeled secondary antibodies.

2.6. Biocompatibility analysis

During treatment, dermoscopy was used to monitor sensitization of 
each group's dorsal skin. After 21 days, mice were euthanized, and major 
organs and serum were collected for safety evaluation. Blood was 
collected, centrifuged to obtain serum, and used for further biochemical 
analysis [25,26].

2.7. Statistical analysis

All data are presented as mean ± standard deviation. Differences 
between different experimental groups were analyzed using the One- 
way ANOVA method in GraphPad software (Inc., LA Jolla, CA, USA). 
The significance of differences was determined based on P values, where 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

3. Results and discussions

3.1. Preparation and characterization of Gel@L-Arg

In this study, we successfully developed a near-infrared (NIR) light- 
triggered NO hydrogel delivery system. To confirm the successful syn-
thesis of OHA within this hydrogel system, 1H NMR spectroscopy was 
utilized to observe structural changes (Fig. 1B). The proton absorption 

Fig. 1. Synthesis and characterization of Gel@L-Arg. (A) Schematic diagram of the synthesis of Gel@L-Arg. (B) 1H NMR spectra of OHA and HA. (C) FTIR spectra of 
OHA and HA. (D) UV–Vis spectra of OHA–Ce6, Ce6, and HA. (E) Gelation effect of Gel@L-Arg. (F) SEM image of Gel@Arg. (G) Temperature stability test of 
Gel@L-Arg.
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peak at position “a” corresponds to the aldehyde group of OHA. Addi-
tionally, FTIR characterization of OHA (Fig. 1C) demonstrated a char-
acteristic absorption peak of the C––O group at 1730 cm− 1, further 

verifying the successful preparation of OHA [27]. To confirm the suc-
cessful grafting of the photosensitizer Ce6 onto OHA, as illustrated in 
Fig. 1D, OHA-Ce6 exhibited a UV absorption peak around 400 nm, 

Fig. 2. Study on ROS and NO release from Gel@L-Arg. (A) Schematic diagram of NO generation. (B) ROS generation curve under 660 nm NIR irradiation (n = 3). (C) 
NO release curve of Gel@L-Arg (n = 3). (D) Standard curve of L-Arg at different concentrations (0, 1, 2, 4, 8, 16 ng/mL). (E) L-Arg (0.5 %) and Gel@Arg (0.5 %) in 
vitro permeation experiment showing the L-Arg content in the skin.

Fig. 3. Study on the promotion of vascular repair. (A) Schematic diagram of vascular generation promoted by Gel@L-Arg. (B) Migration images of HUVECs, scale 
bar = 100 μm. (C) Tube formation images of HUVECs, scale bar = 100 μm. (D) HUVECs proliferation (n = 3). (E) Quantitative analysis of relative migration area (n =
3). (F) Quantitative analysis of total tube length in HUVECs (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

H. Xing et al.                                                                                                                                                                                                                                    International Journal of Biological Macromolecules 304 (2025) 140751 

5 



similar to that of Ce6, which was absent in OHA, indicating the suc-
cessful synthesis of OHA-Ce6 [15]. Subsequently, varying amounts of L- 
Arg were dissolved in PEI to obtain PEI@L-Arg solutions with different 
concentrations, which were then mixed with the OHA-Ce6 solution at a 
1:1 volume ratio to form the Gel@L-Arg. As shown in Fig. 1F, the freeze- 
dried hydrogel displayed a uniform three-dimensional porous structure, 
potentially enabling effective L-Arg loading for NO release. To meet 
practical clinical needs, a rheometer was used to assess both the time 
stability and temperature stability of the hydrogel. As shown in Fig. 1G, 
rheological scanning at different temperatures revealed that within the 
normal skin temperature range, the storage modulus (G') of the hydrogel 
was significantly higher than its loss modulus (G"), indicating stable 
hydrogel formation and temperature stability [28]. Furthermore, time 
stability testing of the hydrogel, as depicted in Fig. S1A, showed that it 
retained its gel state over clinically relevant treatment durations, 
effectively meeting the requirements for light irradiation. To better 
compare the characteristics of different hyaluronic acid hydrogels, we 
conducted a comprehensive literature review to identify similar hyal-
uronic acid hydrogels and their changes in G' and G" after 5 min of 
application to the skin at 37 ◦C. The results were summarized as shown 
in Fig. S1B. We found that in all the studies reviewed, G' was greater than 
G", which further indicates that the hyaluronic acid hydrogel used in this 
study remains stable at body temperature, meeting the requirements for 
skin application.

3.2. NIR light-triggered NO-releasing performance

Chlorin e6 (Ce6) is a commonly used photosensitizer with high ef-
ficiency in reactive oxygen species (ROS) generation under NIR light. 
However, its poor water solubility limits its application [29]. To 
enhance the water solubility of Ce6, we grafted it onto OHA and used a 
singlet oxygen fluorescent probe (SOSG) to detect its ROS generation 
capability under both light and dark conditions. As shown in Fig. 2B, 

OHA-Ce6 exhibited strong fluorescence intensity under 660 nm NIR 
irradiation, increasing with prolonged exposure, while negligible ROS 
generation was observed without irradiation. This result demonstrates 
that OHA-Ce6 exhibits effective NIR light-triggered ROS generation, 
providing a feasible approach for controlled NO release. To further 
verify the controlled release of NO, we explored the NO-release per-
formance of Gel@L-Arg by varying the concentrations of L-Arg and the 
irradiation duration. As shown in Fig. 2C, the NO release curves indi-
cated that with increased laser exposure time, NO levels produced by 1 
% L-Arg rapidly rose, reaching 59.4 ± 0.7 μM. In contrast, NO release 
from 0.5 % L-Arg was slower, reaching 38.9 ± 2.0 μM. This demon-
strates that the hydrogel allows for controlled NO release by adjusting L- 
Arg concentrations, enabling tunable NO delivery. To further validate 
the transdermal delivery capability of the gel, in vitro skin permeation 
experiments were conducted using a Franz diffusion cell with Arg (0.5 
%) and Gel@Arg (0.5 %). As shown in Fig. 2D, E, after 3 h of in vitro 
permeation, the concentration of L-Arg in the skin was calculated based 
on the standard curve. The results showed that the presence of the gel 
effectively promoted the penetration and retention of L-Arg in the skin, 
achieving a concentration of 42.2 ± 2.6 ng/mL. This ensures the sub-
sequent efficacy of L-Arg.

3.3. NO effectively promotes vascular repair

Studies have shown that vascular degeneration around hair follicles 
in AGA patients significantly impairs blood supply, leading to follicle 
miniaturization. Enhancing vascular repair and improving follicle 
nutrition is crucial for hair regeneration [30]. Therefore, this experi-
ment investigated the effects of NO generated by Gel@L-Arg before and 
after irradiation on human umbilical vein endothelial cells (HUVECs) to 
evaluate its potential for vascular repair. Dihydrotestosterone (DHT) 
was used to simulate the androgenic environment in patients. Cell 
viability was reduced in the AGA group compared to the Control, 

Fig. 4. Mechanistic study of Gel@L-Arg in repairing damaged hair follicles. (A) Schematic diagram of action of NO on HDPCs. (B) Migration images of HDPCs, scale 
bar = 100 μm. (C) HDPCs proliferation (n = 3). (D) mRNA levels of IL-6 in HDPCs (n = 3). (E) mRNA levels of MMP9 in HDPCs (n = 3). *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001.
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indicating that DHT exerted a negative effect on HUVECs proliferation 
(Fig. 3D). In the absence of irradiation, Gel@L-Arg (0.5 %) showed ef-
fects similar to the AGA group. However, under 660 nm laser irradiation, 
NO produced by Gel@L-Arg (0.5 % + NIR) and Gel@L-Arg (1 % + NIR) 
significantly promoted HUVECs proliferation. Notably, Gel@L-Arg (0.5 
% + NIR), generating a lower NO concentration, had the most pro-
nounced effect on HUVECs viability, indicating that low-concentration 
NO has a reparative effect on DHT-induced HUVECs damage. As 
shown in Fig. 3B, E, cell migration results indicated that DHT reduced 
HUVECs migration in the AGA group, achieving only 19.55 ± 1.24 % 
migration rate compared to the Control. Consistent with the cell 
viability findings, NO generated under 660 nm irradiation enhanced cell 
migration, with the most significant improvement observed in the 
Gel@L-Arg (0.5 % + NIR) group, reaching 97.55 ± 0.1 %. This result 
reinforces the advantageous role of low-concentration NO in enhancing 
cell activity and demonstrates its potential in vascular repair. Subse-
quently, an angiogenesis assay was conducted. As shown in Fig. 3C, F, 
under 660 nm laser irradiation, the total vascular length in the Gel@L- 
Arg (0.5 % + NIR) group significantly increased compared to other 
groups, confirming that low-concentration NO effectively promotes 
angiogenesis, thereby validating the hypothesis. These experiments 
suggest that low-concentration NO generated by Gel@L-Arg (0.5 % +
NIR) under NIR irradiation promotes angiogenesis in vitro. This 
enhancement in vascular growth may benefit AGA patients by repairing 
degenerated blood vessels, regulating follicular microcirculation.

3.4. NO promotes hair growth by repairing damaged human dermal 
papilla cells (HDPCs)

In hair follicles, androgen receptors are predominantly expressed by 

HDPCs, and sustained local stimulation of HDPCs by DHT leads to 
functional deterioration, resulting in reduced hair growth, accelerated 
transition from the anagen to telogen phase [31]. This study investigates 
the effects of Gel@L-Arg on HDPCs in detail. As shown in Fig. 4C, cell 
viability assays demonstrated that NO generated by 660 nm laser irra-
diation of Gel@L-Arg (0.5 % + NIR) and Gel@L-Arg (1 % + NIR) 
increased HDPCs proliferation rates in DHT-damaged groups, 131.6 ±
4.6 % and 112.2 ± 1.6 %, respectively. Indicating that NO also has a 
reparative effect on DHT-induced HDPCs damage, providing robust 
evidence for the treatment of AGA. The cell migration assay, as shown in 
Fig. 4B and Fig. S2, DHT reduced HDPCs migration rates whereas NO 
generated under 660 nm laser irradiation significantly enhanced HDPCs 
migration (88.3 ± 1.7 %). The scratch area in HDPCs treated with low- 
concentration NO for 24 h reduced more markedly than in the AGA and 
Control groups, demonstrating the potential of low-concentration NO in 
repairing damaged HDPCs and suggesting its potential for in vivo 
treatment of AGA. Previous studies have shown that DHT can induce 
HDPCs in AGA patients' hair follicles to release IL-6, triggering an in-
flammatory response that inhibits hair follicle growth [32]. qRT-PCR 
results in Fig. 4D reveal that NO treatment markedly reduced IL-6 
secretion by HDPCs, with levels in Gel@L-Arg (0.5 % + NIR) and 
Gel@L-Arg (1 % + NIR) groups approaching those of the Control group. 
The lowest IL-6 levels were observed in the Gel@L-Arg (0.5 % + NIR) 
group, suggesting that low-concentration NO can mitigate androgen- 
induced inflammation and subsequently promote hair growth. Exoge-
nous MMP-9 has been shown to promote endothelial cell growth and 
angiogenesis [33]. As illustrated in Fig. 4E, qRT-PCR analysis demon-
strated that low-concentration NO treatment increased MMP-9 secretion 
by HDPCs, which may aid in the formation of blood vessels around hair 
follicles, improve circulation, and promote hair growth. These 

Fig. 5. Evaluation of hair regeneration. (A) Establishment and subsequent treatment of the AGA mice model. (B) Dorsal images of mice over the 21-day treatment 
period. (C) Overall picture of regrowing hair (n = 4). (D) Regenerated hair weight (n = 4). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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experiments indicate that NO, as a crucial signaling molecule mediating 
various pathways, can participate in hair follicle development and 
effectively repair damaged follicles by modulating the expression of 
mRNA factors. Additionally, the concentration of NO influence hair 
follicle growth and development, with low concentrations being more 
favorable for follicle regeneration.

3.5. Evaluation of hair regeneration effects

An AGA model was established in C57BL/6 mice following previous 
reports. Female mice were selected to eliminate endogenous androgen 
influences, and AGA was induced by daily injections of dihy-
drotestosterone (DHT). As shown in Fig. 5B, photographs of each group 
were taken on days 1, 7, 12, 17, and 21 to monitor dorsal hair growth. By 
day 12, the dorsal region of the NO-treated group with NIR irradiation 
had turned visibly gray, contrasting noticeably with the AGA, Gel@L- 
Arg (0.5 %), and Minoxidil groups approaching the coloration of the 
Healthy group (Fig. S3B). This observation directly demonstrates the 
efficacy of NO in treating AGA, with prominent results. Skin dermoscopy 
further revealed that the treatment effect persisted until the end of the 
experiment (Fig. 6A), and regenerated hair in the NO-treated group was 
comparable to the Healthy group in terms of both coverage area 
(Fig. S3D) and weight, with low-concentration NO showing particularly 
notable results (Fig. 5C, D). As shown in Fig. 6B, microscopic images of 
regenerated hair demonstrated that newly grown hair in the AGA group 
was thinner and showed less scale, whereas the low-concentration NO 
group displayed thicker hair shafts with intact scales, comparable to the 

Healthy group, confirming the successful establishment of the AGA 
model and its clinical relevance. During the experiment, all mice 
exhibited an increase in body weight (Fig. S3C), indicating that hormone 
injections did not interfere with normal physiological activities, lending 
further validity to the experimental process.

Further evaluation through HE staining of skin tissue sections 
(Fig. 7A) showed a significant reduction in follicle count in the AGA 
group, with an increase in the number of telogen and catagen follicles, as 
well as follicle shrinkage. In contrast, the Gel@L-Arg (0.5 % + NIR) 
group exhibited a higher follicle count with intact structure, similar to 
the Healthy group after treatment, indicating that low-concentration NO 
promotes follicle regeneration. CD31, a marker for vascular endothelial 
cells, reflects the distribution of blood vessels within the tissue. Based on 
CD31 immunohistochemical staining of skin tissue (Fig. 7B), the Gel@L- 
Arg (0.5 % + NIR) group displayed the highest positive CD31 expres-
sion, closely resembling that of the Healthy group. Quantitative com-
parison (Fig. S4B) confirmed that low-concentration NO significantly 
enhances angiogenesis [34]. Ki67, a marker of cell proliferation, is pri-
marily expressed in the nucleus. Low-concentration NO notably 
increased cell viability, further promoting hair growth (Fig. 7B) [35]. To 
assess the impact of NO on skin tissue, 3-nitrotyrosine staining was 
performed as it is widely regarded as an indicator of NO production 
[36]. As illustrated in Fig. 7B, NO levels were highest in the Gel@L-Arg 
(1 % + NIR) group, with the Gel@L-Arg (0.5 % + NIR) group producing 
more NO than the AGA, Gel@Arg (0.5 %), and Minoxidil groups. This 
demonstrates the capability of Gel@L-Arg to achieve controlled NO 
release by encapsulating different concentrations of L-Arg, thereby 

Fig. 6. Evaluation of hair regeneration. (A) Dermoscopic images over the 21-day period. (B) Microscopic images of newly regenerated hair in each group on day 21.
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Fig. 7. Histological evaluation of mouse skin tissue. (A) HE-stained images of dorsal skin from mice, scale bar = 200 μm. (B) Immunohistochemical staining for 
CD31, Ki67, and 3-nitrotyrosine, scale bar = 200 μm.

Fig. 8. Regulation of skin tissue microenvironment. (A) Fluorescence expression of AR and VEGF in skin tissue across groups, scale bar = 100 μm. (B) IL-6 levels in 
mouse skin across groups (n = 4). (C) TNF-α levels in mouse skin across groups (n = 4). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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meeting varying therapeutic needs.

3.6. Regulation of skin tissue microenvironment

To elucidate the effect of NO on the microenvironment surrounding 
hair follicles, relevant indicators in skin tissue were assessed. Studies 
have shown that IL-6 and TNF-α are released around hair follicles in 
AGA patients, promoting follicular cell apoptosis and inhibiting hair 
growth [37]. Therefore, after 21 days of treatment, the dorsal skin tissue 
of mice was homogenized, and the supernatant was collected to measure 
TNF-α and IL-6 levels. As shown in Fig. 8B, C, IL-6 (16.56 ± 1.85 %) and 
TNF-α (14.94 ± 1.7 %) levels in the AGA group were higher than those 
in the treatment groups, with the lowest levels observed in the Gel@L- 
Arg (0.5 % + NIR) group, closely resembling the Healthy group. This 
indicates that low-concentration NO reduces IL-6 (8.23 ± 1.5 %) and 
TNF-α (9.51 ± 0.7 %) expression, exhibiting anti-inflammatory effects. 
As shown in Fig. 8A and Fig. S5A, immunofluorescence staining was 
used to assess AR protein expression in mice treated with various ma-
terials. Immunofluorescence of skin sections showed deeper AR protein 
staining in the AGA group, indicating increased expression due to 
competitive AR binding induced by subcutaneous injection of DHT 
suspension, which elevated AR expression around hair follicles [38]. 
Only a small area around hair follicles in the Healthy group displayed 
staining, suggesting limited AR protein expression around normal fol-
licles. In contrast, the treatment groups showed reduced AR expression 
around follicles, with the Gel@L-Arg (0.5 % + NIR) group exhibiting the 
lowest AR levels, closely approximating the healthy group, suggesting 
that low-concentration NO suppresses AR expression, thereby promot-
ing follicular regeneration. Vascular endothelial growth factor (VEGF) is 
a key growth factor with pro-angiogenic activity that promotes endo-
thelial cell mitosis and anti-apoptosis, increases vascular permeability, 
and facilitates cell migration, which is essential for vascular regulation 
[39]. As shown in Fig. 8A and Fig. S5B, VEGF expression in the AGA 
group was significantly lower, whereas the treatment groups exhibited 
generally higher VEGF levels, with the low-concentration NO treatment 
group displaying VEGF expression most comparable to the Healthy 
group. The Gel@L-Arg effectively inhibits inflammatory responses in 

hair follicles, promotes vascularization to repair damaged follicles, and 
improves the hair growth microenvironment, demonstrating high effi-
cacy in treating AGA.

3.7. Biocompatibility assessment

HE staining of the major organs from each group of mice showed no 
observable tissue damage or toxicity (Fig. 9). Additionally, as shown in 
Fig. S6, biochemical analysis of serum biomarkers after treatment 
revealed that, compared to the Healthy group, all indicators, including 
liver function and kidney function, met the standard requirements. 
These findings suggest that Gel@L-Arg possesses good biosafety and has 
potential for practical clinical application.

3.8. Prospects for the treatment of AGA

Androgenetic alopecia (AGA) is a common clinical condition that 
causes significant distress to individuals. In recent years, various treat-
ment strategies have emerged, including minoxidil, finasteride, platelet- 
rich plasma, low-level laser therapy (LLLT), and hair transplantation 
[40]. In this study, by integrating light-controlled release technology, 
hydrogel, and the potential of NO in treating AGA, we addressed a series 
of issues such as the difficulty in controlling NO release and adjusting its 
concentration. We developed a NIR light-controlled NO delivery system 
(Gel@L-Arg), which achieved promising results in the treatment of AGA. 
With advancements in treatment technologies, we have observed that 
compared to single-treatment approaches, combination therapies hold 
great promise in the management of AGA. Inspired by laser therapy and 
pharmacological treatments, we made corresponding improvements in 
this study and boldly speculate that future treatment options for AGA 
should consider integrated and personalized approaches. We are hopeful 
about the prospects of AGA treatment and plan to recruit volunteers for 
clinical trials to observe the effects. By combining optimal treatment 
strategies, we aim to provide patients with the best treatment outcomes 
at a low cost to address their hair loss concerns.

Fig. 9. H&E staining pictures of major organs in mice, scale bar = 250 μm.
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4. Conclusions

In this study, the construction of Gel@L-Arg successfully achieved 
controlled NO release with adjustable concentration, demonstrating 
efficacy in treating androgenetic alopecia (AGA). Serving as a trans-
dermal delivery carrier, this system exhibited structural and tempera-
ture stability. Under near-infrared (NIR) light irradiation, ROS 
generated by Ce6 rapidly oxidized L-Arg, leading to the immediate and 
controlled release of NO, overcoming the limitation of its short half-life. 
After 5 min of irradiation, the NO concentration in Gel@L-Arg (1 %) was 
>1.5 times that in Gel@L-Arg (0.5 %), achieving on-demand release of 
NO. In in vitro cell experiments, NO generated by irradiating Gel@L-Arg 
(0.5 %) effectively promoted angiogenesis, with its vascular formation 
ability exceeding that of the model group by more than threefold. It also 
significantly enhanced HDPCs viability (131.6 ± 4.6 %) and migration 
ability (88.3 ± 1.7 %). This approach shows promise for treating AGA by 
improving hair follicle vitality, promoting vascular repair, and inhibit-
ing inflammatory responses. In vitro cell experiments identified the 
optimal NO concentration for treatment, showing promise in enhancing 
follicle vitality, promoting vascular repair, and inhibiting inflammatory 
responses for AGA treatment. In vivo animal studies further revealed that 
this hydrogel could reduce IL-6 and TNF-α expression to counter 
inflammation, upregulate VEGF and CD31 expression to improve 
follicular nutrient supply, and regulate androgen levels and proliferative 
proteins to enhance the follicular microenvironment, demonstrating 
effective clinical treatment outcomes and biosafety. Thus, this study 
provides a novel approach for gas-mediated treatment of AGA through 
controlled NO release, offering valuable insight into controlled gas 
release therapies for other diseases.
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