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ARTICLE INFO ABSTRACT

Keywords: Diabetic wounds (DW) represent a significant clinical challenge due to chronic inflammation, excessive oxidative
Microneedles stress, and impaired angiogenesis, all of which hinder effective tissue regeneration. Existing drug delivery sys-
Selenium-doped carbon quantum dots tems often fail to achieve sustained and targeted therapeutic efficacy. In this study, we developed a novel
g?;g ?Crt‘:féin d dissolvable dual-layer methacrylated gelatin (GelMA) microneedle (MN) co-loading selenium-doped carbon
Angiogenesis quantum dots (Se-CQDs) and Astilbin (AST) for enhanced DW treatment. The outer layer, enriched with Se-

CQDs, rapidly scavenges reactive oxygen species (ROS), effectively alleviating oxidative stress at the wound
site. Sequentially, the inner layer releases AST, exerting potent anti-inflammatory and pro-angiogenic effects.
Preliminary findings suggest these effects may involve the modulation of cytoskeletal dynamics and peroxisome
function, contributing to endothelial cell migration and angiogenesis. This controlled, sequential release MN
establishes a low-oxidative, anti-inflammatory microenvironment, thereby promoting angiogenesis and accel-
erating wound repair. The pioneering integration of selenium-doped quantum dots and AST-loaded hydrogels
offers a synergistic therapeutic strategy, setting a new standard for advanced diabetic wound care with sub-

stantial clinical promise.

1. Introduction

Diabetes mellitus is a serious metabolic disorder that profoundly
impacts patient prognosis and quality of life through its chronic com-
plications. Among these, impaired wound healing, particularly diabetic
foot ulcer (DFU), is widely recognized as one of the most devastating and
disabling consequences of diabetes. By 2030, the global prevalence of
diabetes among adults is estimated to rise to 7.7 %, epidemiological
studies have shown that approximately 15-25 % of diabetic patients will
develop a foot ulcer during their lifetime, with up to 24 % of cases
eventually progressing to lower limb amputation, posing a significant
threat to patient survival and well-being [1,2,3,4]. Diabetic wounds
(DW) exhibit significantly impaired healing capabilities due to complex
pathological features, including chronic inflammation, oxidative stress,
and angiogenesis dysfunction, leading to a substantially prolonged
healing process [5,6,7].

Persistent hyperglycemia not only escalates reactive oxygen species
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(ROS) production but also perpetually activates M1 macrophages,
intensifying chronic inflammation and inhibiting angiogenesis [8,9,10,
11]. These pathophysiological mechanisms not only obstruct normal
tissue repair but also markedly increase infection risk, further compli-
cating wound healing [5]. Existing therapeutic approaches, including
glycemic control, topical antibiotics, and debridement, while alleviating
symptoms, fail to adequately address the deep-seated issues of excessive
ROS and chronic inflammation [12,13].

Recent advances in wound dressing technologies have employed
nanomaterials, engineered scaffolds, and hydrogels for drug delivery
and sustained release [14,15,16]. However, physical barriers such as the
skin and scar tissue formed during the healing process limit the effec-
tiveness of these interventions in delivering therapeutics deep into the
wound site [17,18,19]. Microneedle (MN) technology, penetrating the
skin barrier and delivering drugs directly to the wound bed, significantly
enhances drug bioavailability and therapeutic outcomes, emerging as a
promising strategy for DW management [20,21,22].
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As shown in Scheme 1, we developed a dual-layer methacrylate
gelatin (GelMA) MN system targeting multiple pathological features of
DW, including oxidative stress, chronic inflammation, and angiogenesis
impairment [23]. The MN backing, composed of polyvinyl alcohol
(PVA), provides robust mechanical support, ensuring structural integrity
upon insertion [24]. The needle tips, fabricated using GelMA hydrogel,
offer biocompatibility and controlled degradation properties, suitable
for efficient drug loading and release [25,26]. Astilbin (AST), a naturally
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occurring flavonoid widely present in various plants, has garnered sig-
nificant attention in recent years for its potent anti-inflammatory and
pro-angiogenic properties. Existing studies have demonstrated the
remarkable efficacy of AST in treating conditions such as diabetic ne-
phropathy, diabetes mellitus and burn wounds [27,28,29]. In vitro
research has further confirmed that AST promotes endothelial cell
migration and angiogenesis by activating the PI3K/Akt and ERK1/2
signaling pathways [30]. Therefore, AST holds great potential for
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Scheme 1. Design and Mechanism of Se-CQDs/AST@GelMA Microneedles for Diabetic Wound Healing. The schematic illustrates the dual-layer microneedle design,
with Se-CQDs in the outer layer and AST in the inner layer. Se-CQDs, synthesized from L-Selenocystine, target ROS, reducing oxidative stress upon release. The inner
layer containing AST, extracted from Glabrous Greenbrier Rhizome, is released subsequently to induce M2 macrophage polarization and enhance angiogenesis,

collectively promoting diabetic wound healing.
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application in the treatment of DW healing. We explored the molecular
mechanisms of AST in modulating macrophage polarization and endo-
thelial cell function through both in vitro and in vivo experiments. AST
was incorporated into the inner layer of a MN system to leverage its
significant anti-inflammatory and pro-angiogenic effects. To address the
excessive production of ROS in DW, the outer layer of the MN system
was loaded with Selenium-doped Carbon Quantum Dots (Se-CQDs) [31].
The introduction of selenium significantly enhanced the antioxidant
properties of CQDs, enabling effective ROS scavenging within the
wound microenvironment while maintaining excellent biocompatibility
and reducing oxidative stress-induced cellular damage [32].

This dual-layer MN system offers a synergistic therapeutic approach
by combining AST’s anti-inflammatory and pro-angiogenic effects with
the strong antioxidant properties of Se-CQDs. AST modulates the im-
mune response, promotes tissue repair, and enhances angiogenesis,
while Se-CQDs efficiently clear ROS and mitigate oxidative stress-
induced damage. The combined action of these components signifi-
cantly improves the wound microenvironment, accelerating the healing
process. In vivo experiments revealed that the dual-layer MN system
substantially shortened the healing time of DW, reduced inflammation,
and promoted angiogenesis and tissue regeneration. These results sug-
gest that this system holds great therapeutic potential, offering a novel
strategy for the clinical treatment of DW.

2. Materials and methods
2.1. Materials

All experimental materials and reagents were sourced from com-
mercial vendors. L-Selenocystine was obtained from Shanghai Macklin
Biochemical Co., Ltd. (Macklin, S838591, China), while AST was sup-
plied by MCE Co. (US). GelMA and PVA were procured from Yongqin-
quan Intelligent Equipment Co., Ltd. (EFL, EFL-GM-60, EFL-PVA-001,
China).

2.2. Preparation and characterization of Se-CQDs

L-Selenocystine (200 mg) was melted in 10 mL of ultrapure water,
and the pH was changed to 9. The solution was stirred and heated at
60 °C until fully dissolved, then transferred to a high-temperature, high-
pressure reactor to react for 24 h. Afterward, the reaction mixture was
centrifuged at 12,000 g for approximately 10 min using a high-speed
centrifuge (Thermal, ST16R, China). The brown supernatant was
collected and dialyzed (MWCO 500 Da) before being freeze-dried using
a lyophilizer (CoolSafe, 110-4, China) for 24 h to obtain Se-CQDs
powder for further experiments.

The Se-CQDs were characterized using various methods. Trans-
mission Electron Microscopy (TEM, Talos, F200S G2 S/TEM, US) was
used to examine their morphology and particle size, with ImageJ
employed to calculate the average particle size. Thickness measure-
ments were conducted using Atomic Force Microscopy (AFM, Bruker,
Dimension Edge, DE). Dynamic light scattering (DLS, Malvern,
ZEN3600, UK) was used to determine the hydrodynamic diameter and
zeta potential. Fourier Transform Infrared Spectroscopy (FT-IR, Bruker,
TENSOR27, DE) was utilized for molecular structure analysis, while X-
ray Photoelectron Spectroscopy (XPS, Thermo, K-Alpha, US) was con-
ducted to assess the element composition and chemical chemical
structure. The antioxidant activity of Se-CQDs was determined via
electron spin resonance spectroscopy (Bruker, A300 EMXplus, DE).
Ultraviolet-visible (UV-Vis) spectroscopy (Shimadzu, UV-2501 PC,
Japan) was utilized to document the UV-Vis absorption spectrum.

The antioxidant status of skin tissue was assessed by measuring the
levels of superoxide dismutase (SOD), MDA, and CAT using assay Kkits
(Beyotime, S0051, China). For SOD analysis, tissue homogenates were
centrifuged at 10,000 g for 5 min at 4 °C, and the resulting supernatants
were incubated with WST and enzyme reagents at 37 °C for 20 min.
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Absorbance was measured at 450 nm using a microplate reader (Spec-
traMax, 190, US). Malondialdehyde (MDA) levels were determined by
mixing supernatants with MDA working solution, boiling at 100 °C for
15 min, followed by absorbance measurement at 532 nm. To assess
catalase (CAT) activity, supernatants were mixed with CAT assay buffer
and 250 mM H30», followed by incubation at room temperature for 5
min. Absorbance was then recorded at 240 nm. All results were calcu-
lated according to the manufacturer’s protocols.

2.3. Preparation and characterization of GelMN

A 500 pL solution of GelMA (10 % w/v, EFL, EFL-GM-60, Suzhou,
China) was prepared and filled into the grooves of a pre-fabricated
polydimethylsiloxane (PDMS) MN mold. The solution was then photo-
crosslinked by exposing it to 405 nm ultraviolet light for 5 min with a
vacuum pump (Zhejiang Value Mechanical & Electrical Products, Y605,
China), forming the MN tips. The backing layer was formed by curing
PVA at 37 °C for 24 h. The microneedles’ structure was examined with a
fluorescence stereo microscope (AxioZoom V16, DE) for visualization
purposes. The surface of the Se-CQDs was analyzed with a scanning
electron microscope (SEM, Carl Zeiss, Sigma 300, DE), complementing
the morphological analysis conducted by TEM and AFM.

2.4. Preparation and characterization of Se-CQDs/AST@GelMN

The Se-CQDs/AST@GelMN (S/A@GelMN) dual-layer microneedles
were fabricated using a two-step method. First, solutions of 10 % w/v
GelMA were prepared, dissolving Se-CQDs and AST separately to form
Se-CQDs@GelMA (1000 pg/mL) and AST@GelMA (1000 pM) solutions.
The Se-CQDs@GelMA solution was filled into the PDMS MN mold, and a
vacuum pump was used to remove air bubbles. A 3 pm metal spacer was
applied to control the thickness of the outer MN layer, and an MN
protruding mold was used to remove any excess solution. The mold was
then exposed to 405 nm UV light for 5 min to photo-crosslink the so-
lution, forming the outer MN layer. Next, the remaining space in the
PDMS mold was filled with the AST@GelMA solution, and the same
procedure was repeated to fabricate the inner MN layer. The structure of
the microneedles was analyzed and observed using a SEM. To visualize
the dual-layer structure, GelMA was fluorescently labeled with fluores-
cein isothiocyanate (FITC) and rhodamine B (RB), creating FITC/
RB@GelMN. The dual-layer structure was then imaged using a fluores-
cence stereo microscope (Carl Zeiss, AxioZoom V16, DE).

2.5. Mechanical properties of the MN

The mechanical strength of S/A@GelMN was evaluated using a Se-
ries Universal Testing System (Instron, 3366, US). MN were positioned
with tips facing upward on the testing platform, and a texture analyzer
probe was lowered at 0.02 mm/s until contacting the needle tip. The
applied force was continuously monitored, generating a force-
displacement curve. To evaluate the skin penetration efficiency of S/
A@GelMN, both in vivo and ex vivo studies were conducted. For in vivo
testing, mice were anesthetized using isoflurane, and the dorsal skin was
shaved and depilated. The microneedle patch was applied to the dorsal
skin with gentle pressure for either 10 s or 3 min. Subsequently, the
microneedle patch was removed, and the skin surface was photographed
to assess residual imprint and dissolution behavior. Skin tissue from the
application site was collected for histological evaluation, then fixed in 4
% paraformaldehyde, paraffin-embedded, sectioned, and stained with
hematoxylin and eosin (H&E). Cross-sectional images were obtained to
examine the depth and completeness of microneedle insertion. For ex
vivo testing, freshly excised mouse dorsal skin was mounted on a sup-
porting surface and treated with the microneedle patch under identical
conditions (10 s or 3 min). The skin surface was subsequently photo-
graphed to observe microneedle imprint clarity and residual material.
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2.6. Degradation and drug release of MN

The in vitro biodegradation of GelMN was assessed in PBS solution
(Gibco, C10010500BT, US). GelMN samples were immersed in PBS, and
wet weights were recorded every two days for 14 days to monitor
changes and plot the swelling profile. For drug release analysis, FITC-
labeled Se-CQDs were incorporated into GelMA, forming FITC-Se-
CQDs@GelMN. The samples were immersed in PBS, and fluorescence
images were obtained with a fluorescence stereo microscope to track
fluorescence signals over time. Supernatants were collected at two-day
intervals, and fluorescence was quantified using a microplate reader
(BMG, CLARIO-star, DE). To evaluate AST release, AST was embedded
into GelMA to form AST@GelMN, which was then incubated in PBS at
37 °C. Supernatants were collected every 24 h, and AST concentrations
were measured employing high-performance liquid chromatography
(HPLC) to analyze the release profile.

2.7. Cell culture

HUVECs and RAW264.7 cells were sourced from Procell (Procell,
PUMC-HUVEC-T1, China). HUVECs were cultured in DMEM complete
medium, consisting of DMEM (Gibco, 11965092, US) supplemented
with 10 % FBS (Procell, 164210-50, China) and 1 % penicillin-
streptomycin solution (Gibco, 15070063, US). RAW264.7 cells were
cultured in RPMI 1640 complete medium, prepared with Roswell Park
Memorial Institute 1640 medium (Gibco, 15070063, US) and supple-
mented with 10 % FBS.

2.8. Cell proliferation and viability assay

The MTT assay was chosen for testing cell viability in the experiment.
HUVECs were cultured in 96-well plates and maintained at 37 °C for a
24-h incubation period. Cells were then treated with Se-CQDs at various
concentrations (1 pg/mL to 250 pg/mL) for 12 h, with five replicates per
group. After treatment, 5 mg/mL MTT could added and incubated for
almost 4 h. Following incubation, to solubilize the formazan, 150 pL of
DMSO (SIGMA, D2650-100ml, US) was added to each well, and the plate
was agitated for 10 min. Absorbance was measured at 490 nm. The same
protocol was used to detect the effect of AST (20-80 mM) on HUVECs
and RAW264.7 cells over 12 h. To analyze the effect of Se-CQDs on the
cell cycle, HUVECs were treated with 25, 50, 100, and 200 pg/mL of Se-
CQDs for 12 h. After treatment, 5 x 10° cells were collected with EDTA-
free trypsin, washed with specialized cleaning agent, treated with RNase
A reagent, for 30-45 min. Then, cells cultured with Propidium iodide
(PD in an environment without light. for almost 30 min. Finally, cells
were analyzed by flow cytometry (Beckman, CytoFLEX S, US) to mea-
sure red fluorescence at 488 nm.

2.9. Antioxidant activity of Se-CQDs

Se-CQDs solutions were prepared at diversified concentrations (25,
50, 100, and 200 pg/mL). The ABTS radical scavenging ability was
measured using the Total Antioxidant Capacity (T-AOC) Colorimetric
Assay Kit (Elabscience, E-BC-K219-M, China). Hydroxyl radical removal,
DPPH scavenging, and superoxide anion (02--) scavenging were
checked with detection kits, separately (H931091-50 T/EA, MACKLIN,
China), (Elabscience, E-BC-K807-M, China), and (Elabscience, E-BC-
K001-M, China). To assess the impact of Se-CQDs on intracellular ROS
levels in HUVECs, the DCFH-DA ROS probe (Solarbio, D6470, China)
was used. HUVECs were treated with Se-CQDs for 12 h. Experimental
groups included a blank control, a high glucose (HG) group (HUVECs
treated with HG for 24 h), and a Se-CQDs group (HG and 25-200 pg/mL
Se-CQDs). DCFH-DA fluorescence intensity stands for ROS level within
HUVECs, which was recorded by confocal laser scanning microscopy
(CLSM, Leica, STELLARIS 5, DE).
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2.10. AST-induced macrophage polarization

RAW246.7 cells in a 6-well plate were divided into three groups:
control, LPS, and AST. Both LPS and AST groups were treated with 1 mg/
mL LPS (MERCK, L2880, DE) for 12 h, while the AST group additionally
received 30 mM AST treatment for 12 h. For flow cytometry, cells were
incubated with CD86-FITC (105005, Biolegend, US) or CD206-APC750
(Biolegend, 141708, US) antibodies for 30 min before analysis. Immu-
nofluorescence (IF) staining was conducted using CD86 (Affinity,
DF6332, China) and CD206 (Abcam, ab300621, US) antibodies, and
fluorescence images were captured using CLSM.

2.11. Cell scratch assay

HUVECs were incubated in 60 mM HG DMEM for 48 h, followed by
30 mM AST treatment for 12 h. Cells were divided into control, HG, and
AST groups. Once cell confluency reached 95%, cell monolayers were
scratched using a 200 pL pipette tip to simulate a wound. Following a
12-h culture in serum-free DMEM, cell migration was then imaged using
a microscope (Olympus, IX73, Japan).

2.12. Transwell assay

HUVECs were divided into control, HG, and AST groups following
the treatments described earlier. Cells in serum-free DMEM were placed
in the upper chamber of a Transwell insert (Corning, 3422, US), with 2
% FBS medium in the lower chamber. Cells were fixed with cell fixative
and stained with crystal violet (Beyotime, C0121, China). Migration was
imaged using a fluorescence stereo microscope and measured with
ImageJ software.

2.13. Tube formation assay

HUVECs were divided into control, HG, and AST groups and pre-
treated as described. A total of 100 pL of Matrigel (BD, 356237BD,
US) was added to 96-well plates and incubated for a period of 30 min to
solidify. Pre-treated cells were then resuspended in serum-free DMEM
and seeded onto the Matrigel at a density of 5 x 10* cells per well.
Images were taken at 6 and 12 h using a microscope (Olympus, IX73,
Japan), and tubular structures were analyzed using ImageJ with the
angiogenesis plugin.

2.14. Western blotting

HUVECs were treated with HG for 48 h, followed by co-incubation
with AST at concentrations of 10, 20, 30, and 40 mM. According to
the provided protocol, total protein was obtained from tissue and
cellular samples. Following SDS-PAGE separation, samples were trans-
ferred onto PVDF membranes (Millipore, IPVH 00010, USA) and incu-
bated in Quickblot blocking buffer (Biotime, P0252, China). The
primary antibodies used were GAPDH (Affinity, AF7021, China), CD31
(SantaCruz, sc-20071, US), VEGF (SantaCruz, sc-53463, US), RhoA
(SantaCruz, sc-418, US), Cdc42 (SantaCruz, sc-8401, US), Actin (Affin-
ity, DF3163, China), PEX19 (Affinity, DF4281, China), and PEX3 (Af-
finity, DF4282, China). Secondary antibodies included HRP-conjugated
Goat Anti-Rabbit IgG (H + L) (Affinity, S0001, China) and Goat Anti-
Mouse IgG (H + L) (Affinity, S0002, China). Signal detection was per-
formed using SuperEnhanced ECL (GBCBIO, G3308, China), visualiza-
tion was done with an automatic chemiluminescence imaging system
(Tanon, Tanon 5200, China), and analyzed using ImageJ software.

2.15. RNA sequencing analysis
Following 48 h of high glucose (HG) exposure and 12 h of 30 mM

AST pre-treatment, HUVECs were allocated into HG and AST groups for
transcriptomic profiling. Total RNA was isolated using Trizol reagent
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(Genesand, RE702, China). RNA sequencing was conducted using the
DNBSEQ-T7 platform (MGI Tech, China). Data visualization and anal-
ysis were performed using R and Python tools.

2.16. Cytoskeleton staining

HUVECs were cultured on glass coverslips compatible with 24-well
plates. After allowing cells to adhere, HG were added for 48 h, fol-
lowed by incubation with 30 mM AST for 12 h. Cells were then fixed
with cell fixative, stained with rhodamine-phalloidin (Solarbio, CA1610,
China) to visualize the cytoskeleton, and counterstained with DAPI
(Solarbio, S2110, China). Cytoskeletal organization and cellular
morphology were analyzed using CLSM.

2.17. DW animal model construction

Eight-week-old male C57BL mice (weighing 20-25 g) were acquired
from the Southern Medical University Animal Center (Guangdong,
China). The institutional Animal Care and Use Committee approved all
procedures involving animals in this study (approval number: IACUC-
LAC-20240528-002). Following overnight fasting, mice housed under
controlled conditions were intraperitoneally injected with 50 mg/kg
STZ (Macklin, S6089, China). After anesthesia with isoflurane, hair was
removed from the dorsal area, and an 8 mm full-thickness skin wound
was created. Rubber rings were sutured around the wounds to maintain
consistent contraction. Mice were divided into control (CTRL), Se-
CQDs@GelMN  (SMN), AST@GelMN (AMN), and Se-CQDs/
AST@GelMN (S/AMN) groups.

2.18. In Vivo release study of GelMN

Se-CQDs were labeled with Cy5.5 (S1061, Solarbio, China) and
incorporated into GelMA to create Cy5.5-Se-CQDs@GelMN and
Cy5.5-Se-CQDs@GelMA (GM group). These were applied to DW mouse
wounds, with subcutaneous injections of Cy5.5-labeled Se-CQDs as
controls (ID group). On day 1 and day 4 post-application, tissue samples
were collected, fixed in 4 % paraformaldehyde, and frozen using OCT
compound (LEICA, FSC22, DE). Frozen sections were observed under
CLSM. An in vivo imaging system (SINSAGE, IVIS-SII, China) monitored
fluorescence in ID and GM groups from day 1 to day 14.

2.19. Wound healing assessment

Images of wounds from the CTRL, SMN, AMN, and S/AMN groups
were captured on days 0, 7, and 14. Wound closure was quantified using
ImagelJ.

2.20. Histological analysis

Wound tissues were harvested on days 7 and 14 after euthanasia,
followed by fixation, paraffin embedding, sectioning, and staining with
H&E and Masson’s trichrome. Staining intensity was quantified using
ImageJ. For immunohistochemistry (IHC), CD31 (Affinity, AF6191,
China) antibody was applied to detect neovascularization. Immunoflu-
orescence (IF) analysis on day 14 used CD31 and 2 % Triton X-100 for
permeabilization. Fluorescence images were captured using CLSM.

2.21. Statistical analysis

Data analysis was performed using GraphPad (Dotmatics, Version
10.2.3, US), and results were expressed as mean + standard deviation
(SD). For normally distributed data with homogeneity of variance, one-
way ANOVA was applied to assess differences across multiple groups,
followed by Tukey’s multiple comparisons test to identify specific group
differences. For experiments involving two independent variables, two-
way ANOVA was used to evaluate the interaction effects between
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factors, with Tukey’s multiple comparisons test applied where appro-
priate to compare differences between groups.

3. Results and discussion

One of the innovative aspects of this study is the development of a
dual-layer GelMA MN (GelMN) system loaded with Se-CQDs and AST.
Unlike traditional single-layer MN, the dual-layer design allows for a
multi-target synergistic effect by incorporating different functional
substances. This design maximizes the anti-inflammatory and pro-
angiogenic effects of AST and the antioxidant properties of Se-CQDs
through sequential release from the inner and outer layers. The dual-
layer structure ensures gradual drug release, with the MN quickly
penetrating the skin, dissolving, and releasing the drug. The outer layer
of Se-CQDs is released first, rapidly scavenging excess ROS at the wound
site, thus reducing oxidative stress and cell damage in a high-glucose
environment. Subsequently, the inner layer releases AST, which in-
hibits inflammation and promotes angiogenesis, accelerating wound
healing. Compared to conventional drug delivery systems, the dual-layer
MN structure offers more precise and stable drug release, enhancing
therapeutic efficacy [33,26]. This innovative design overcomes the
limitations of traditional drug delivery methods, such as the inability to
penetrate the skin barrier and inconsistent drug release, providing a
more effective solution for treating DW.

3.1. Synthesis and characterization of Se-CQDs

In this study, GelMN system loaded with Se-CQDs and AST was
designed and prepared. The Se-CQDs were synthesized as zero-
dimensional nanomaterials targeting the excessive ROS microenviron-
ment present in DW (Fig. 1a). During the synthesis, 200 mg of L-Sele-
nocystine was used as a precursor, dissolved in 10 mL of ultrapure water,
and corrected the pH value to 9. The solution was heated and stirred at
60 °C until fully dissolved, resulting in an orange-yellow solution. The
reaction was carried out at 60 °C for 24 h. After completion, the solution
was centrifuged at 12,000 g for 10 min, and the orange-yellow super-
natant was collected, dialyzed for 3 days, and freeze-dried to obtain 15
mg of Se-CQDs, yielding approximately 7.5 %, consistent with previous
reports [31].

The morphology and particle size distribution of Se-CQDs were
characterized using TEM and AFM. TEM images clearly demonstrated
the well-dispersed Se-CQDs, with particle sizes ranging from 1 to 5 nm
(Fig. 1b). AFM results further revealed the uniformity in size and
thickness, showing consistency with the TEM results (Fig. Sla). The
mean hydrodynamic diameter of Se-CQDs was determined to be 31.095
nm using DLS measurements (Fig. 1c). The observed discrepancy be-
tween the hydrodynamic diameter from DLS and the physical size from
TEM is attributed to the solvation layer and potential aggregation of Se-
CQDs in aqueous solution, which increases the apparent size in DLS
measurements. Accordingly, we further determined the average zeta
potential of the Se-CQDs, which was —35.02 mV(Fig. 1d), indicating a
substantial negative surface charge that contributes to the stability of
the nanoparticles in aqueous solution and the formation of a pronounced
solvation layer. In conjunction with the larger hydrodynamic diameter
observed in DLS compared to the physical size in TEM, these findings
corroborate the presence of a solvation layer on the particle surface and
electrostatic repulsion between particles, resulting in an apparent in-
crease in the measured particle size. Furthermore, the elemental
composition, chemical states, and functional groups of Se-CQDs were
thoroughly analyzed using XPS and FT-IR. FT-IR spectra (Fig. le) dis-
played characteristic absorption peaks for C=C, C-H, C-N, and C-Se
bonds, confirming the structural integrity and presence of functional
groups in Se-CQDs, which may play crucial roles in alleviating ROS [34,
35]. Additionally, The XPS full spectrum confirmed the elemental
composition of Se-CQDs, with a selenium content of 5.55 % by mass
(Fig. 1f). The C1s spectrum showed different chemical states of carbon in
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Fig. 1. Synthesis and Characterization of Se-CQDs (a) Schematic of Se-CQDs synthesis. (b) TEM image showing well-dispersed Se-CQDs. Inset: size distribution
histogram and high-magnification image highlighting the spherical shape of individual Se-CQDs (c) DLS analysis showing a mean hydrodynamic diameter of 31.1
nm. (d) Zeta potential measurement indicating —35.02 mV. (e) FTIR spectrum showing functional groups (C=C, C-H, C-N, C-Se). (f) XPS survey spectrum indicating
5.55 % Se content. (g) High-resolution C 1s XPS spectrum showing C-C, C=0, and C-Se peaks. (h) XPS analysis of Se-CQDs before and after H,O, treatment. Se3d and
Ols spectra reveal oxidation of Se from Se® to higher oxidation states (SeO,-OH) and an increase in C-O/C=0 groups, confirming enhanced ROS scavenging
capability. (i) ROS scavenging activity of Se-CQDs against ABTS-", OH., DPPH., and O,-" radicals, demonstrating a dose-dependent increase in clearance ratios. (j)
ESR spectra showing the scavenging activity of Se-CQDs against superoxide anion radicals (O»-) and hydroxyl radicals (-OH) in the presence of DMPO. (k) Flow
cytometry analysis of ROS levels in HUVECs, showing a significant reduction in intracellular ROS following Se-CQDs treatment at various concentrations. (1) Confocal
fluorescence images of HUVECs stained with DCFH-DA, demonstrating dose-dependent ROS reduction in cells treated with Se-CQDs (25, 50, and 100 pg/mL) under
Eigh—glucose (HG) conditions. The data are represented as mean =+ SD (n = 5). ns: not significant, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Se-CQDs (Fig. 1g). The most intense binding energy peak at 284.8 eV
confirmed the presence of sp2 carbon structure, alongside typical bonds
such as C-C, C=0, and C-Se, indicating the successful incorporation of
selenium into the CQD structure. Se3d spectra (Fig. S1b) further vali-
dated the covalent bonding of selenium in the CQDs. The ESR results
demonstrated that Se-CQDs possess potent ROS scavenging capability
(Fig. 1j). The characteristic signals of DMPO--O3 and DMPO--OH ad-
ducts were significantly suppressed following treatment with Se-CQDs.
This indicates a marked reduction in both superoxide and hydroxyl
radical levels, confirming that Se-CQDs can efficiently eliminate ROS in
vitro. These findings support the antioxidative properties of Se-CQDs and
highlight their potential for mitigating oxidative stress in biological
environments. The optical properties of Se-CQDs were characterized
using UV-Vis and fluorescence spectroscopy. The UV-Vis spectrum
showed a distinct absorption peak at 290 nm, indicating strong UV ab-
sorption capability of Se-CQDs. Fluorescence spectra revealed a strong
emission peak at 454 nm, highlighting the potential of Se-CQDs for
applications in bioimaging (Fig. S1c).

3.2. ROS scavenging activity of Se-CQDs loaded in the outer layer

In diabetic patients, prolonged exposure to hyperglycemia and
hypoxic conditions leads to excessive accumulation of ROS in DW. The
outer layer of the S/A@GelMN system, loaded with Se-CQDs, demon-
strates both excellent biocompatibility and effective ROS scavenging
properties. Initially, the cytotoxicity of Se-CQDs was assessed by treating
HUVECs with different concentrations (10 pg/mL to 250 pg/mL), using
the MTT assay. The results indicated that Se-CQDs had low toxicity
across this concentration range, with no significant difference in cell
viability compared to the control group (Fig. S1g). Additionally, flow
cytometry was performed to examine the effect of Se-CQDs on the cell
cycle of HUVECs. In a HG environment, most cells were arrested in the
G1 phase, indicating reduced proliferative capacity. However, treatment
with Se-CQDs at concentrations between 10 pg/mL and 100 pg/mL
showed no significant changes in cell cycle distribution across the G1, S,
and G2/M phases, further demonstrating the biocompatibility of Se-
CODs (Fig. S3a).

To assess the ROS scavenging activity of Se-CQDs, we evaluated their
ability to neutralize two representative ROS species: The Se-CQDs
demonstrated broad-spectrum and potent scavenging activity against
various ROS, including ABTS-T, OH., DPPH., and Oy, with a clear
concentration-dependent trend. These results underscore the strong
ROS-scavenging ability of Se-CQDs (Fig. 1i). To further elucidate the
underlying antioxidant mechanism of Se-CQDs, we compared their XPS
spectra before and after reaction with HyO (Fig. 3h). The Se3d spectra
revealed that H,O, treatment induced oxidation of selenium within Se-
CQDs, partially converting elemental selenium into higher oxidation
states, as indicated by the distinct SeO,-OH peak. Additionally, the O1s
spectra showed an increase in the proportion of C-O-C groups to 27.9 %,
implying the generation of additional oxygen-containing moieties on the
surface of CQDs. These findings confirm the strong ROS-scavenging
capability of Se-CQDs.

Given this high ROS scavenging efficiency, we further investigated
the intracellular ROS scavenging potential of Se-CQDs. ROS levels in
HUVECs were measured using the fluorescent probe DCFH-DA. Confocal

microscopy revealed a significant increase in ROS fluorescence intensity
under HG conditions (Fig. 1k), while the intensity was markedly reduced
in cells treated with Se-CQDs. Flow cytometry analysis further
confirmed a concentration-dependent reduction in intracellular ROS
fluorescence following Se-CQDs treatment (Fig. 11). These results
demonstrate that Se-CQDs exhibit excellent biocompatibility and
effectively scavenge ROS, thereby reducing oxidative stress-induced
damage in cells exposed to high glucose levels.

In vivo, biochemical analyses of skin tissue homogenates revealed
that diabetes significantly impaired endogenous antioxidant defense
(Figs. S1d-f). Specifically, the activity of SOD was markedly reduced in
the diabetes group compared to the control group, while Se-CQDs
treatment significantly restored SOD levels (Fig. S1d). In contrast,
MDA, a key indicator of lipid peroxidation, was substantially elevated in
the diabetic group, whereas Se-CQDs administration significantly
decreased MDA levels (Fig. Sle). Furthermore, CAT activity, which was
also suppressed in diabetic skin, was notably improved following Se-
CQDs treatment (Fig. S1f). These findings confirm the in vivo antioxi-
dant capacity of Se-CQDs and their potential to alleviate oxidative stress
in diabetic wounds.

3.3. Preparation and characterization of Se-CQDs/AST@GleMN

Current DW dressings face challenges in penetrating the skin and
scar tissues, making MN drug delivery systems a promising solution for
overcoming these barriers. In this study, we fabricated the dual-layer
MN system using a stepwise casting and UV curing technique
(Fig. 2b). GelMA hydrogel, due to its excellent biocompatibility and
tunable degradation, was chosen as the ideal drug-loading matrix. A 10
% w/v GelMA solution was prepared, degassed under vacuum to elim-
inate bubbles, and then cast into pre-fabricated polydimethylsiloxane
(PDMS) MN molds (Fig. S2a). UV light (405 nm) was applied for 5 min to
form the needle tips. Subsequently, PVA was selected as the backing
layer to provide adequate mechanical support, ensuring the structural
integrity of the microneedles during skin penetration. The resulting MN
was a transparent, rigid structure arranged in a 15 x 15 array on a 13.5
mm square patch with evenly spaced needles (Fig. 2a). SEM revealed
sharp, conical MN tips, approximately 600 pm in height, 120 pm in base
diameter, and 25 pm at the tip (Fig. 2c).

Building on the GleMN fabrication, we produced dual-layer Ge]MN
using a convex mold (Fig. 2b and S2a). A 10 % GelMA solution was
mixed with 500 pg/mL Se-CQDs via ultrasonication for 5 min, degassed,
and a 3 pm metal spacer was used to control the thickness of the outer
MN layer. Excess liquid was removed using a convex mold, leaving space
for the inner layer. After UV curing, the convex mold was removed, and
a 10 % GelMA solution containing 1000 uM AST was poured into the
remaining mold space to form the inner layer. The process was the same
as for GelMA preparation [24,36,37]. SEM images confirmed the pres-
ence of Se-CQDs on the MN surface (Fig. 2¢). To visualize the dual-layer
structure, Rhodamine and FITC dyes were used to label Se-CQDs. The
resulting double-layer hydrogel MN, with Rhodamine-labeled Se-CQDs
in the outer layer and FITC-labeled Se-CQDs in the inner layer, was
observed using a fluorescence stereo microscope, confirming successful
fabrication of the dual-layer S/A@GelMN (Fig. 2d). Subsequently, FTIR
spectroscopy was employed to characterize the chemical composition of
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Fig. 2. Preparation and Characterization of Se-CQDs/AST@GleMN. (a) Photographs of S/A@GelMN microneedle array, showing a transparent, conical needle
structure with a sharp tip (inset). (b) Schematic illustration of the fabrication process for dual-layer GelMN using stepwise casting and UV curing, forming an outer
layer of Se-CQDs@GelMN and an inner layer of AST@GelMN. (c) SEM images of the microneedle array showing uniform, sharp needles with high aspect ratios. Insets
highlight the smooth surface morphology. (d) Schematic representation of the dual-layer microneedle structure, Fluorescence images of the dual-layer microneedle
labeled with FITC and Rhodamine. (e) Evaluation of microneedle insertion efficiency at different time intervals. (Top) H&E staining of skin sections after application
of microneedles for 10 s and 3 min, respectively. Partial penetration was observed after 10 s, while complete insertion into the dermis was achieved after 3 min
(Bottom) Photographs of the microneedle patches and skin surface before and after insertion. The microneedles began to detach from the patch base and insert into
the skin as early as 10 s, while a 3-min application ensured full insertion and dissolution. (f) FT-IR spectra of Ge]MN and AST@GelMN, showing characteristic peaks
confirming the successful incorporation of AST. (g) SEM images comparing the internal structure of GelMN and AST@GelMN, indicating no significant alteration in
pore morphology after AST loading. (h) Mechanical strength test of S/A@GelMN, demonstrating sufficient force for skin penetration. (i) Time-lapse fluorescence
images of FITC-labeled Se-CQDs release over 72 h in PBS, showing sustained release from the microneedles. (j) Cumulative release profiles of Se-CQDs and AST from

GelMN, showing distinct release kinetics for the dual-layer system over 7 days.

GelMN and AST@GelMN, revealing a characteristic peak at 1018 cm™!
in AST@GelMN, confirming the successful loading of AST(Fig. 2f).
Moreover, SEM analysis indicated that the incorporation of AST did not
significantly alter the pore size, porosity, or wall thickness of the GelMN
structure(Fig. 2g). To ensure the MN could penetrate the skin, me-
chanical testing demonstrated that Se-CQDs@GelMN and AST@GelMN
could withstand a load of 100 N, sufficient to pierce the skin (Fig. 2h).
Additionally, we tested the penetration of S/A@GelMN in mouse dorsal
skin models, which showed 10-s application resulted in partial pene-
tration into the skin layers, with incomplete disruption of the stratum
corneum and limited delivery depth. In contrast, a 3-min application
facilitated full insertion of the MN tips into the dermis, indicating more
efficient delivery [38]. These findings are further supported by skin
surface imaging, which shows clearer dissolution and imprint patterns
after 3 min compared to 10 s (Fig. 2e). This difference may be attributed
to factors such as the mechanical resistance of the skin, the viscoelastic
properties of the GelMA matrix, and the gradual softening of the
microneedle tips at body temperature. From a clinical translation
perspective, these findings underscore the importance of optimizing
application duration to ensure effective skin penetration and therapeutic
efficacy. Unlike conventional injections, microneedles rely on a mini-
mally invasive yet efficient delivery mechanism, which requires
adequate insertion time to achieve reliable performance. In future
clinical applications, personalized adjustment of application duration,
particularly with consideration of individual differences in skin thick-
ness and elasticity, may further enhance the clinical utility and thera-
peutic consistency of microneedle-based delivery systems.

Next, recognizing that DWs suffer from persistent ROS, inflamma-
tion, and impaired angiogenesis, we focused on the MN’s sustained
release properties, crucial for long-term wound healing. FITC-labeled
Se-CQDs loaded in GelMN were tracked using a fluorescence stereo
microscope over 72 h in phosphate-buffered saline (PBS). The MN
gradually dissolved, with diminishing green fluorescence indicating
continuous release of FITC@Se-CQDs (Fig. 2i). The release profiles of Se-
CQDs@GelMN and AST@GelMN showed that the drug release rate
stabilized after 2 days (Fig. 2j). Similarly, the MN swelling curve showed
that 23.53 % of the MN weight remained after 2 days, consistent with
the fluorescence images (Fig. S2b). These results demonstrate that the
dual-layer structure of S/A@GleMN enables efficient skin penetration
and rapid drug release [33,24].

3.4. In vitro polarization of macrophages and promotion of HUVECs
angiogenesis by AST

In the dual-layer S/A@GelMN MN system, the outer layer releases
Se-CQDs to efficiently scavenge excess ROS, followed by the rapid
release of AST from the inner layer, which reduces inflammation, in-
duces M2 macrophage polarization, and promotes angiogenesis in
HUVECs. AST, a natural flavonoid extracted from the Glabrous Green-
brier Rhizome (Fig. 3a), was encapsulated in the inner layer of the dual-
layer GeIMA hydrogel MN system. Its sustained release to the wound site
modulates macrophage polarization and endothelial cell function, ulti-
mately promoting diabetic wound healing. To begin, RAW264.7

macrophages and HUVECs were selected as target cells to assess the
biocompatibility of AST using the MTT assay. Results showed that AST
concentrations below 60 mM had no significant effect on the viability of
RAW264.7 or HUVEGs, confirming AST’s excellent biocompatibility
(Fig. 3b). Macrophages are key regulators of immune responses and
tissue repair during wound healing. During the healing process, M1
macrophages participate in pro-inflammatory responses, while M2
macrophages are involved in tissue repair. In DW, macrophages are
predominantly polarized toward the M1 phenotype, with insufficient
M2 macrophage presence, leading to chronic inflammation and delayed
wound healing. Prior research has shown that AST modulates inflam-
matory cytokine production and reduces inflammatory responses. To
validate AST’s ability to induce M2 macrophage polarization, immu-
nofluorescence staining was performed for CD86 (M1 marker) and
CD206 (M2 marker). Fluorescence results showed (Fig. 3c) that LPS
stimulation caused RAW264.7 macrophages to polarize toward the M1
phenotype, with an increase in CD86-positive cells. Conversely, AST
significantly promoted M2 polarization, as evidenced by an increase in
CD206-positive cells. Flow cytometry analysis further confirmed this,
with CD206-positive cells increasing from 0.25 % to 0.15 % in the
control and LPS groups, respectively, to 0.38 % after AST treatment
(Fig. 3d).

Angiogenesis is also essential for the repair process in DW. Previous
studies have demonstrated that AST facilitates neovascularization by
activating the PI3K/Akt and ERK1/2 signaling pathways [30]. To
investigate AST’s effect on HUVECs under HG conditions, we optimized
the glucose concentration for in vitro experiments. Scratch assays
revealed that 60 mM glucose treatment for 48 h significantly reduced
HUVEC angiogenesis (Fig. S4a) [39]. Western blot analysis further
confirmed that 60 mM glucose treatment for 48 h reduced the expression
of angiogenesis-related proteins CD31 and VEGF (Fig. S4b). Thus, 60
mM glucose for 48 h was selected as the HG condition for further ex-
periments. Next, we explored the optimal concentration and treatment
time for AST. Tube formation assay results indicated that 30 pM AST for
12 h was significantly improved HUVEC tube formation (Fig. S5a).
Based on these findings, 30 pM AST for 12 h was chosen as the experi-
mental condition for further study. HUVECs were divided into three
groups: Control, HG (60 mM glucose for 48 h), and AST (60 mM glucose
for 48 h, followed by 30 pM AST for 12 h). Scratch and Transwell
migration assays demonstrated that HUVEC migration was significantly
impaired in the HG group, while AST treatment restored migration
ability compared to the HG group (Fig. 3e—f). Tube formation assays
further revealed that AST significantly increased the number of tubes
formed by HUVECs under HG conditions (Fig. 3g). Western blot analysis
showed that AST markedly upregulated VEGF and CD31 expression in
HUVECs, thereby enhancing angiogenesis in vitro (Fig. 3h).

In summary, these findings indicate that AST effectively induces M2
macrophage polarization, suppresses inflammation, and enhances
angiogenesis in HUVECs, providing a promising therapeutic approach
for diabetic wound healing.
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Fig. 3. Effects of AST on Macrophage Polarization and Angiogenesis in HUVECs. (a) Chemical structure of AST. (b) Cell viability assays of HUVECs and RAW264.7
macrophages treated with various concentrations of AST, showing no significant cytotoxicity. (¢) Immunofluorescence staining of RAW264.7 macrophages for CD86
(M1 marker) and CD206 (M2 marker) under control, LPS, and LPS + AST conditions, demonstrating AST-induced M2 polarization. 3D intensity plots confirm
increased CD206 expression with AST treatment. (d) Flow cytometry analysis of CD86 and CD206 expression in macrophages, showing a significant increase in M2
(CD206™) and decrease in M1 (CD86™) populations following AST treatment. (e) Scratch assay of HUVECs under high-glucose (HG) conditions with and without AST
treatment, indicating enhanced wound closure with AST. (f) Transwell migration assay demonstrating increased HUVEC migration upon AST treatment. (g) Tube
formation assay showing improved angiogenic capacity of HUVECs after AST treatment. (h) Western blot analysis of angiogenesis markers (CD31 and VEGF) in
HUVECGs, showing upregulated expression following AST treatment. The data are represented as mean + SD (n = 3). ns: not significant, *P < 0.05, **P < 0.01, ***
< 0.001, ****P < 0.0001.
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3.5. Mechanism of angiogenesis promotion by AST-loaded inner layer in
HUVECs In vitro

To further explore the molecular mechanisms by which AST pro-
motes angiogenesis in HUVECs under HG conditions, RNA-seq was
conducted to evaluate changes in mRNA expression between the HG
group and the AST-treated group (Fig. 4a). A total of 20,355 genes were
identified, and the volcano plot indicated that numerous genes were
significantly differentially expressed after 12 h of AST treatment
(Fig. 4b). Cluster analysis revealed distinct gene expression patterns
between the HG and AST groups (Fig. 4c).

Gene Set Enrichment Analysis (GSEA) indicated that the peroxisome
pathway was significantly activated in the AST-treated group (Fig. 4d).
Peroxisomes play a crucial role in ROS detoxification and maintaining
cellular homeostasis. Western blot analysis revealed a significant upre-
gulation of the peroxisomal membrane protein PEX3 in the AST-treated
group, while PEX19 expression remained largely unchanged (Fig. 4f).
Moreover, the results of in vivo immunohistochemical (IHC) analysis
corroborated these findings, further supporting the observed trends
(Fig. 4e). High-glucose conditions were observed to significantly sup-
press the expression of PEX3 and PEX19 (Fig. 4f), two critical proteins
involved in peroxisome biogenesis. PEX3, which serves as a membrane
anchor for peroxisomal membrane proteins (PMPs), exhibited a signif-
icant reduction in expression, potentially disrupting peroxisome
biogenesis. Similarly, PEX19, a key mediator of PMP transport, also
displayed decreased expression, further contributing to peroxisomal
dysfunction. Notably, treatment with AST effectively restored PEX3
expression to near-normal levels, while PEX19 expression remained
relatively unchanged. Based on the observed findings, it is hypothesized
that AST exerts its effects by inhibiting pro-inflammatory pathways,
including NF-kB, thereby reducing cytokine levels such as TNF-a, which
are known to suppress PEX3 expression. Furthermore, AST may enhance
fatty acid metabolism, thereby inducing a compensatory upregulation of
PEX3 to meet the increased demand for peroxisomal p-oxidation. In
contrast, the expression of PEX19 appears to remain intrinsically stable
under oxidative stress, potentially due to its basal levels being sufficient
to sustain PMP transport upon the restoration of PEX3 expression.
Alternatively, PEX19 may be regulated through distinct signaling
pathways that exhibit limited responsiveness to AST treatment [40,41,
42].

Additionally, Gene Ontology (GO) analysis showed that the genes
upregulated by AST were primarily enriched in functions related to cell
adhesion, anchoring junctions, the cytoskeleton, and focal adhesions
(Fig. 4h). Moreover, Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis identified significant changes in the actin cytoskeleton
regulation pathway following AST treatment (Fig. 4k). To further assess
the impact of AST on the cytoskeleton, phalloidin-rhodamine staining
was performed. Fluorescence microscopy revealed that, as opposed to
the control group, HUVECs in the HG group exhibited substantial
cytoskeletal disruption, with noticeable breaks in F-actin fibers. In
contrast, AST treatment protected the cells from these disruptions,
promoting actin network reorganization and enhancing cell migration
(Fig. 4g). Western blot analysis further illustrated that AST significantly
upregulated the expression of RhoA, Cdc42 and Actin, key regulators of
the cytoskeleton (Fig. 4j). Moreover, the results of in vivo IHC analysis
corroborated these findings, further supporting the observed trends
(Fig. 4i). Based on the findings, it is proposed that AST facilitates cell
migration by promoting cytoskeletal remodeling. Specifically, AST may
enhance actin polymerization at the leading edge, driving the formation
of filopodia and lamellipodia, which are critical for initiating directional
protrusions. Additionally, AST may regulate the organization of stress
fibers and enhance actomyosin contractility, thereby increasing intra-
cellular tension and enabling efficient trailing edge retraction. More-
over, AST might influence the coordinated interaction between actin
filaments and microtubules, which is essential for maintaining cell po-
larity and directional persistence during migration. Collectively, these
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cytoskeletal modifications induced by AST likely optimize the biome-
chanical and dynamic properties necessary for enhanced cell motility
[43,44,45]. The association between peroxisomes and the cytoskeleton,
including microtubules and actin filaments, is a critical aspect of their
dynamic functionality. This interaction involves multiple
peroxisome-associated proteins that engage with motor proteins,
adaptor proteins, or other cytoskeletal components [46]. However,
whether AST can regulate cytoskeletal remodeling through peroxisomes
remains unclear and will be further investigated in future experiments
(Fig. 41).

These findings collectively demonstrate that AST significantly im-
proves HUVECs function under high-glucose conditions by restructuring
the cytoskeleton and activating peroxisomes, thereby enhancing
angiogenesis.

3.6. In Vivo ameliorate of diabetic wound healing by S/A@GelMN

The in vitro experiments confirmed that the outer layer of the S/
A@GelMN system, containing Se-CQDs, exhibits potent antioxidant ac-
tivity, while the inner layer, loaded with AST, induces M2 macrophage
polarization and promotes angiogenesis. The efficacy of this system in
promoting diabetic wound healing in vivo was subsequently evaluated.

Initially, we evaluated the in vivo biosafety of the S/AMN. Typical
histopathological sections stained with H&E from the heart, liver,
spleen, lung, and kidney of control group specimens, Se-CQDs@GleMN
(SMN), AST@GleMN (AMN), and S/A @GelMN (S/AMN) groups after
14 days of administration showed no notable histopathological changes,
such as inflammation, necrosis, or fibrosis, in any of the examined or-
gans (Fig. S6a). These findings demonstrate the excellent biocompati-
bility and minimal systemic toxicity of the S/A@GelMN.

To assess the transdermal drug delivery performance of the S/
A@GelMN system, Se-CQDs were labeled with Cy5.5, and two admin-
istration methods were compared: intradermal injection (ID group) and
Se-CQDs@MN (MN group) (Fig. 5a-b). On the first day post-
administration, both groups showed fluorescence in the dermal tissue,
confirming successful drug release. However, in the MN group, there
was a strong fluorescence signal concentrated at the wound site, indi-
cating better local drug retention and controlled release. By day 4, the
fluorescence in the ID group had nearly disappeared, while the MN
group maintained a significant red fluorescence signal. In vivo imaging
further confirmed that the MN group exhibited sustained fluorescence
for up to 14 days, demonstrating the prolonged release of Se-CQDs by
the S/A@GelMN system (Fig. 5a—c). Next, an in vivo study was con-
ducted to explore the effective concentrations of Se-CQDs and AST
loaded in the GleMN.

Diabetes was established in C57BL/6 mice through streptozotocin
(STZ) administration, and the model was confirmed by fasting blood
glucose levels exceeding 16.7 mmol/L. A full-thickness dorsal wound
model was then created on the mice (Fig. 6a). Diabetic mice were
randomly assigned to the following experimental groups: unloaded
GleMN (Ctrl group), 500 pg/mL Se-CQDs (LS group), 1000 pg/mL Se-
CQDs (HS group), 500 pM AST (LA group), and 1000 pM AST (HA
group). Wound healing was monitored over 7 and 14 days, with results
showing significant improvement in wound healing in the LS and HA
groups (Fig. S7a). These findings confirmed that 1000 pug/mL Se-CQDs
and 1000 pM AST were effective concentrations for promoting wound
healing in diabetic mice.

With the optimal drug concentrations identified, diabetic mice were
further divided into three treatment groups: Se-CQDs@GleMN (SMN),
AST@GIleMN (AMN), and S/A @GelMN (S/AMN), and wound healing
was observed. Photographs of the wounds revealed that compared to the
control group, all treatment groups (SMN, AMN, and S/AMN) exhibited
significantly accelerated wound healing, with the S/AMN group
showing the fastest healing, and nearly complete wound closure by day
14 (Fig. 6b). Histological analysis of wound tissues at day 14 using HE
and Masson’s trichrome staining, along with immunohistochemistry and
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Fig. 4. AST promotes cytoskeletal remodeling and peroxisome function under high-glucose conditions. (a) Schematic of the experimental workflow for tran-
scriptomic analysis of HUVECs treated with AST under high-glucose (HG) conditions, including RNA-seq, GSEA, and downstream validation. (b) Volcano plot
showing differentially expressed genes (DEGs) between HG and AST-treated groups. Red and blue dots represent upregulated and downregulated genes, respectively.
(c) Heatmap of hierarchical clustering illustrating distinct gene expression patterns between HG and AST-treated groups. (d) GSEA of the peroxisome pathway in
AST-treated cells, showing significant enrichment. Relative mRNA levels of PEX3 and PEX19 were analyzed by RT-qPCR. (e) Representative immunohistochemistry
(IHC) staining for PEX3 and PEX19 in wound tissue from Control, Diabetes, and AST@GelMN groups, with quantification of staining intensity. (f) Western blot
analysis of PEX3 and PEX19 expression under HG conditions with or without AST treatment. (g) Phalloidin staining for F-actin showing cytoskeletal remodeling in

Control, HG, and AST-treated cells. Quantification of F-actin intensity is provided.

(h) GO analysis of DEGs. (i) Representative IHC staining for Actin in wound tissues from Control, Diabetes, and AST@GelMN groups, with quantification of staining
intensity. (j) Western blot analysis of RhoA, Cdc42, and Actin under HG conditions with or without AST treatment. Quantification of protein levels is shown. (k)
KEGG pathway analysis of DEGs. (1) Schematic representation illustrating mechanism of AST. The data are represented as mean + SD (n = 5). **P < 0.01, ***P <

0.001, ****P < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

immunofluorescence at day 14, provided further insights into tissue
repair. HE staining showed reduced wound area and decreased granu-
lation tissue thickness in the S/AMN group (Fig. 6¢). Masson’s staining
confirmed that collagen fibers in the S/AMN group were more densely
packed and better aligned, indicating enhanced tissue remodeling and
wound healing (Fig. 6d). Furthermore, CD31 IHC and IF staining
demonstrated a significant increase in the number of CD31-positive
vessels in the S/AMN group, indicating the system’s effectiveness in
promoting angiogenesis (Fig. 6e—f and S7b).

Moreover, the results of macrophage polarization staining under-
score the robust immunomodulatory capabilities of the S/AMN in the
diabetic wound model. The S/AMN-treated group exhibited a significant
increase in CD206-positive M2 macrophages, indicative of an anti-
inflammatory and tissue-regenerative phenotype, alongside a marked
reduction in CD86-positive M1 macrophages, which are associated with
pro-inflammatory responses. The transition from M1 to M2 macro-
phages underscores the immunomodulatory capacity of S/AMN within
the wound microenvironment, shifting the immune environment from a
pro-inflammatory toward a regenerative state (Fig. 7a-b). The observed
immunomodulatory effects likely stem from the synergistic actions of
Se-CQDs and AST, the active components of the dual-layer micro-
needles. Se-CQDs, loaded in the microneedle’s outer layer, rapidly
scavenge reactive ROS, thereby alleviating oxidative stress—a major
driver of chronic inflammation and M1 macrophage activation.
Concurrently, AST, encapsulated in the inner layer, is continuously
released, contributing to the shift of macrophages toward an anti-
inflammatory M2 phenotype. Inhibition of NF-kB signaling and
increased IL-10 production may underlie this effect, which will be
explored in future studies to clarify its mechanistic basis and therapeutic
implications (Fig. 7c).

Our findings are in line with previous studies utilizing nanomaterial-
based approaches for diabetic wound healing. For example, Hamed et al.
reviewed diverse nanoparticles designed to address oxidative stress,
infection, and inflammation in chronic wounds. Moreover, the use of
multifunctional nanofiber dressings incorporating plant-derived ash
demonstrated remarkable wound healing outcomes through modulation
of wound pH and tissue microenvironment. Such evidence supports the
promise of multifunctional and responsive systems, including our dual-
loaded MNs, for future translation into diabetic wound management
[47,48]. S/A@GelMN not only exhibits excellent therapeutic perfor-
mance in the laboratory but also shows substantial potential for clinical
applications. Firstly, the MN are non-invasive and user-friendly, over-
coming the challenges of traditional wound dressings in penetrating skin
barriers. MN can directly penetrate the skin, delivering drugs to sub-
cutaneous lesions and significantly enhancing drug bioavailability [22].
Additionally, the convenience of MN allows patients to self-administer,
improving compliance among diabetic patients and reducing hospitali-
zation and medical costs. Furthermore, the controlled-release charac-
teristics of the MN system offer the potential for long-term treatment. By
adjusting the composition and manufacturing parameters of the MN,
sustained drug release can be achieved, reducing the frequency of
treatment for patients. This feature is particularly important for the
treatment of chronic wounds. The successful application of S/A@GelMN
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in DW demonstrates its broad potential for personalized treatment in the
future.

Compared with traditional transdermal delivery systems such as
single-layer microneedles, nanocarriers, and hydrogel patches, the dual-
layer S/A@GelMN offers enhanced precision and therapeutic efficacy.
Single-layer microneedles lack programmable release, nanocarriers
suffer from limited skin penetration, and hydrogel patches often fail to
deliver drugs into deeper tissues. In contrast, S/A@GelMN combines
mechanical penetration, sequential release, and microenvironment
responsiveness, enabling rapid ROS clearance followed by sustained
anti-inflammatory and pro-angiogenic effects. This integrated strategy
effectively addresses multiple barriers to diabetic wound healing and
shows superior performance in both in vitro and in vivo models [49,50,
51,52]. To further enhance the applicability of the S/A@GelMN system,
future designs could integrate stimuli-responsive elements to achieve
intelligent, on-demand drug release. Incorporating pH or
glucose-sensitive components may enable the microneedles to respond
dynamically to pathological cues such as infection or inflammation [53,
54,55]. Recent studies have demonstrated that microneedle patches
equipped with biosensors or responsive hydrogels can detect abnormal
wound microenvironments and trigger timely drug release accordingly
[56,55,57]. This strategy may be adapted to optimize therapeutic pre-
cision and personalized wound care.

Despite the promising outcomes of S/A@GelMN in DW healing
demonstrated in this study, several issues still require further explora-
tion in future research. First, the long-term biocompatibility and po-
tential toxicity of the MN system need thorough investigation, especially
for frequent usage in patients. The safety of Se-CQDs should be assessed
over extended observation periods and in broader models to ensure their
safe and reliable application in humans. Additionally, different MN
formulations may produce varying effects in different diabetic patients,
indicating that personalized treatment remains a crucial direction for
future research. Future studies should focus on optimizing the MN
design and components based on individual patient pathological char-
acteristics to develop more precise treatment regimens. Moreover, the
stability and manufacturing process of S/A@GelMN need further
investigation to ensure the feasibility of large-scale production for
clinical application [24,6,58].

4. Conclusion

In this work, we successfully synthesized Se-CQDs and developed an
innovative dual-layer GeIMN system co-loaded with Se-CQDs and AST to
address the complex therapeutic challenges associated with DW. Unlike
conventional single-layer MNs, the dual-layer design enables the
sequential release of therapeutic agents, leveraging the complementary
effects of Se-CQDs and AST. The outer layer, enriched with Se-CQDs,
provides rapid ROS scavenging, mitigating oxidative stress and mini-
mizing cellular damage in hyperglycemic conditions. Subsequently, the
inner layer facilitates the sustained release of AST, which exerts potent
immunomodulatory and pro-angiogenic effects. Preliminary findings
suggest that these effects may involve the regulation of cytoskeletal
dynamics, peroxisome function, and macrophage polarization,
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Fig. 5. In Vivo Penetration and Drug Retention of S/A@GelMN. (a) Schematic illustration of in vivo transdermal delivery and imaging process for Se-CQDs/
AST@GelMN. (b) Fluorescence microscopy images comparing (MN) and intradermal injection (ID) administration. White light (WL) images and Cy5.5 fluores-
cence signal indicate better drug retention and localized delivery with the microneedle system at both 1 day and 4 days post-administration. (c) In vivo fluorescence
imaging of mice over a 14-day period, comparing drug retention between ID injection and GelMN application.

collectively enhancing endothelial cell migration, immune modulation, immunomodulatory and pro-angiogenic properties of AST. In vivo ex-
and angiogenesis. periments further demonstrated the superior therapeutic efficacy of the

Comprehensive characterization and in vitro evaluations validated S/A@GelMN system, with significant enhancements in wound closure,
the strong ROS-scavenging capacity of Se-CQDs and the robust tissue remodeling, macrophage polarization, and neovascularization in
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Fig. 6. In Vivo ameliorate of Diabetic Wound Healing by S/A@GelMN. (a) Schematic of the diabetic wound healing study design. Diabetic mice were induced using
STZ, followed by full-thickness skin wound creation. The S/A@GelMN treatment was applied, with wound healing monitored at 3, 7, and 14 days using HE, Masson’s
trichrome staining, and CD31 IHC/IF analysis. (b) Representative wound images from Control, SMN, AMN, and S/AMN groups at day 0, 7, and 14, with quantitative
analysis showing significantly enhanced wound closure in the S/AMN group. (c) HE staining at day 14 demonstrating improved granulation tissue thickness in the S/
AMN group. Insets: Higher magnification images highlighting granulation. (d) Masson’s trichrome staining at day 14 showing increased collagen deposition in the S/
AMN-treated wounds. Insets: Enlarged views of collagen-rich regions. (e¢) CD31 IHC staining at day 14 indicating enhanced blood vessel formation in the S/AMN
group. (f) CD31 IF staining at day 14 confirming a higher density of CD31-positive microvessels in the S/AMN-treated wounds. The data are represented as mean +
§D (n = 5). ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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|
Fig. 7. Immunomodulatory effects of S/A@GelMN on macrophage polarization in vivo. (a) IF staining images for CD206 (M2 macrophage marker, green), CD86 (M1
macrophage marker, red), and DAPI (nuclei, blue) in wound tissues from the Control, SMN, AMN, and S/AMN groups. (b) Quantification of fluorescence intensity for
CD206 and CD86 showing a significant increase in M2 macrophages and reduction in M1 macrophages in the S/AMN group. (c¢) Schematic representation illustrating
the immunomodulatory mechanism of AST, promoting macrophage polarization from the pro-inflammatory M1 phenotype to the anti-inflammatory M2 phenotype,
thereby modulating the immune response in the wound microenvironment. The data are represented as mean + SD (n = 5). ***P < 0.001, ****P < 0.0001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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diabetic mouse models, surpassing the performance of conventional multifunctional therapeutics. As evidenced by Cai et al. and Hamed
drug delivery systems. et al., integrating physicochemical regulation (e.g., pH modulation, ROS

In conclusion, the successful synthesis of Se-CQDs and the develop- control) with biological functionalities represents a promising direction
ment of the dual-layer GelMN system represent a novel and minimally for next-generation wound care. Therefore, future investigations should
invasive therapeutic strategy with substantial potential for personalized aim to refine our microneedle system to respond dynamically to the
DW treatment. Future research should focus on evaluating the long-term wound microenvironment, further enhancing its clinical translation
biocompatibility of the system, optimizing formulations for patient- potential [47,48,59].

specific requirements, and scaling up production to facilitate clinical
translation. In line with recent developments in smart wound dressings
and nanomaterials, our approach contributes to the evolving field of
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