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alopecia
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Abstract

Background Mesenchymal stem cell exosomes are the most extensively researched type of Extracellular vesicles
(EVs) that offer novel avenues for hair regeneration. However, their use in the field of hair regeneration was limited

by their poor production of exosomes. It has been discovered that intracellular vesicles (IVs), which are produced at a
higher rate than exosomes, play a comparable biological purpose. As a result, we developed HTMI-MN, a microneedle
that uses tremella, a type of Tremella polysaccharide (TPS), and hyaluronic acid (HA) as matrix materials. It has
magnetic intracellular vesicles (Mag-1Vs), which work in concert to treat androgenic alopecia (AGA) and encourage
hair growth.

Methods After characterization of the Mag-1Vs, we evaluated the effect on angiogenesis by scratch assay,
angiogenesis assay, Western Blot and ELISA assay. In addition, we tested the protective effect of Human hair papillary
cells (HHDPCs) by CCK-8 method, Western Blot and flow cytometry. Finally, the effects of tremella polysaccharide on
M1/M2 polarization of macrophages were detected by fluorescence staining, Western Blot and flow cytometry. AGA
model was established in vivo by DHT, and treatment was given by microneedle injection.

Results Our study found that Mag-IVs have greater power to promote angiogenesis and protect HHDPCs from
apoptosis compared to other vesicles. Besides, tremella polysaccharide can make the transformation of macrophages
to anti-inflammatory phenotype. Taken together, in vivo experiments showed that hair regeneration was faster in
HTMI-MN-treated mice.

Conclusion These results indicate that Mag-1Vs and tremella polysaccharide can synergistically improve the hair
microenvironment, which has a promising future for AGA treatment.
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Introduction

Androgen alopecia is a common skin disorder that, while
not life-threatening, can have an influence on psychologi-
cal and social activities [1, 2]. According to data, AGA
affects 85% of males and 40% of women, and it is more
common in young people [3]. high androgen can pro-
duce a considerable amount of DHT, which targets and
atrophies hair follicles, resulting in the death of micro-
vascular endothelial cells [2—4]. In the early stages of hair
loss, vascular degeneration in dermal papilla cells causes
an imbalance in the hair follicle ecological niche. Mean-
while, atrophied hair follicles stimulate immune cells and
release a vast number of inflammatory factors, exacerbat-
ing the hair follicle microenvironment [5, 6].

Exosomes, as a non-cellular therapy that can regu-
late the biological activity of target cells and overcome
the limitations of stem cell transplantation, have been
used in the treatment of AGA and other diseases [7,
8]. Although Exo have powerful therapeutic effects,
their low production limits their further development.
Iron oxide nanoparticles (IONPs) has been reported to
stimulate mesenchymal stem cells to express therapeu-
tic growth factors, using exosomes obtained with mag-
netic nanoparticles and applying static magnetic fields to
stimulate mesenchymal stem cells can increase exosome
production, and has been shown to have advantages
in promoting osteogenesis and angiogenesis, as well as
wound healing [9-11]. Dental pulp stem cells (DPSC), as
a kind of mesenchymal stem cells originating from neu-
ral crest, have the advantages of easy acquisition, easy
growth and low immunogenicity. Our previous research
found that compared with Exo, IVs extracted from den-
tal pulp stem cell lysates have a higher content, greatly
reduce the extraction cost of exosomes. It seems to be
more suitable for cell-free treatments in vitro for wound
healing which we call Intracellular Vesicles (IVs) [12].

If exosomes are injected directly into the skin, the
exosomes are difficult to distribute evenly around the
hair follicle, and can also cause some pain [13—15].The
microneedle array provides a painless, minimally inva-
sive and controllable transdermal drug delivery system,
which has attracted great attention from researchers [16,
17].Specifically, the bioactive ingredient can be encapsu-
lated in the MN needle structure, and the encapsulated
ingredient can be released in the dermis by punctured
wounds, so that the exosomes can be evenly distributed
into the hair follicle microenvironment. However, obtain-
ing better needle tip substrate materials has always been
the goal pursued by researchers. Tremella polysaccha-
ride, as a natural polysaccharide material, has excellent

biocompatibility and anti-inflammatory properties and
has already been applied to some extent. For example,
hydrogels using Tremella polysaccharide as a substrate
material have shown significant effects in inflammatory
diseases such as Crohn’s disease and ulcerative colitis.
Additionally, it can also improve the mechanical proper-
ties of microneedles to a certain extent, making it one of
the excellent microneedle substrate materials.

We created a multifunctional HTMI-MN to treat AGA
alopecia based on the aforementioned circumstances.
These consist of TPS, HA, and Mag-IVs. In order to
improve the microenvironment of the hair follicles and
break the vicious cycle of AGA hair loss, Mag-IVs were
separated, combined with HA@TPS, and encapsulated
in the tip of the needle. This allowed the substance to
enter the hair loss site, release in the dermis, and control
inflammation and angiogenesis while inhibiting the apop-
tosis of the dermal papilla cells. Furthermore, the patch
base may be readily detached after five minutes without
leaving any apparent trace. We confirmed in vitro mod-
els that the microneedle system can significantly improve
the hair follicle microenvironment and promote hair
regeneration after 3 doses, providing a potential new
approach for the treatment of AGA (Scheme 1).

Materials and methods

Chemicals and materials

Biotay Biotechnology Methanol and tert-butyl hydrogen
peroxide (TBHP) from Macklin (Shanghai, China). Poly-
vinylpyrrolidone (PVP) -K90 and hyperactive hyaluronic
acid (Mw<5 kDa) from Aladdin (Shanghai, China).
Polydimethylsiloxane (PDMS) microneedle mold was
purchased from Bentengshengwu (Xinxiang, China).
Calcein AM, Cell Counting Kit 8 (CCK-8), BCA protein
detection Kit, crystal Violet stain, alizarin Red S, Oil Red
O, toluidine Blue and dihydroethidium (DHE) were pur-
chased from Biotay Biotechnology (Shanghai, China).
Cell staining buffer, mouse TNF-a (tumor necrosis fac-
tor a) ELISA kit, mouse IL-10 (Interleukin-10) ELISA kit
and human VEGF-a (Vascular endothelial growth factor
A) ELISA kit were purchased from Elabscience (Wuhan,
China). Radioimmunoprecipitation assay (RIPA) cleav-
age and mixture purchased from MedChemExpress
(USA). Human hair follicle dermal cells (HHDPCs), RAW
264.7 (mouse monocyt-macrophage leukemia cells), and
human umbilical vein endothelial cells (HUVECs) were
provided by Procell Life Science&Tech (Wuhan, China).
Sodium dodecyl sulphate-polyacrylamide gel (SDS-
PAGE) and protein marker were purchased from Epizyme
Biotech (Shanghai, China). Cell culture plates, matrix
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Scheme 1 Schematic illustration of the HTMI-MN for the treatment of androgenic alopecia. Tremella polysaccharide (TPS) and hyaluronic acid (HA) were
mixed with Mag-IVs and loaded into the tip of microneedles to form HTMI-MN for the treatment of AGA

glue purchased from Corning (USA). Hematoxylin and
eosin (H&E), Rhodamine B (RhB), fluorescein isothiocya-
nate (FITC), PKH67 Green cell Membrane staining kit,
Testosterone and Minoxyl were purchased from Solarbio
Science & Technology (Beijing, China). Endothelial cell
medium (ECM), collagenase type I and neutral protease
were purchased from Sigma-Aldrich. Alpha-modified
Eagle Medium (alpha-MEM), Dulbecco Modified Eagle
Medium (DMEM), fetal bovine serum (FBS), phosphate
buffered saline (PBS) and polyvinylidene fluoride (PVDF)
membrane were purchased from Thermo Fisher Technol-
ogies (USA). hMSC osteogenic differentiation medium,
hMSC lipogenic differentiation medium and hMSC
chondrogenic differentiation medium were purchased
from Cyagen Biosciences (Suzhou, China). FITC anti-
human CD44, FITC anti-human CD45 and FITC anti-
human CD73, PE-Cy?7 rat anti-mouse CD86, Alexa Fluor
647 rat anti-mouse CD206, fixation/penetration kits were
purchased from BD Pharmingen (USA).

Extraction and identification of mesenchymal stem cells

DPSC were used in this study because of their excel-
lent properties and non-ethical constraints. The DPSC
was extracted and identified according to our previously

established protocol. With the approval of the Ethics
Committee of Wuhan University People’s Hospital and
the informed consent of the donor, the complete third
molar of a healthy individual (15-25 years old) was col-
lected from the Department of Stomatology of Wuhan
University People’s Hospital (Approval Number: WDRY-
2022-K025, Wuhan, China). Under sterile conditions, the
tooth was dissected and the pulp tissue was separated.
The pulp tissue was cut into 1 mm?® pieces and digested
with type I collagenase and protease at 37 °C for 30 min.
Cell precipitates were first collected and then suspended
in a-MEM containing 20% FBS.

DPSCs are incubated in a standard incubation environ-
ment (37 °C, 5% CO2) in a-MEM containing 10%FBS.
The medium is changed every 3 days. The DPSC in para-
graphs 3 to 5 is used for experiments.

The phenotype and three-line differentiation capacity
of DPSCs were determined in accordance with our pre-
viously established methods. DPSC was incubated with
cell stain buffers containing FITC anti-human CD44,
FITC anti-human CD45, and FITC anti-human CD73
antibodies at 4 °C for 30 min. After washing, CytoFLEX
flow cytometry (Beckman Coulter, CA, USA) was used to
detect the expression of cell surface markers. According
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to the manufacturer’s instructions, DPSC was induced
using hMSC osteogenic differentiation medium, hMSC
lipogenic differentiation medium, and hMSC chondro-
genic differentiation medium, respectively. Subsequently,
the cells were stained with alizarin red S, oil red O and
toluidine blue to differentiate into bone, lipid and carti-
lage, respectively.

Preparation and quantitative analysis of EVs, IVs and Mag-
IVs

DPSC was cultured at 37 °C for 2 days using a-MEM
containing 10% exotome-free FBS in an environment of
10%02 and 5%CO2. The supernatant was collected and
centrifuged at 12,000 rpm and 4 °C for 30 min to remove
impurities and passed through a 200-mesh cell filter. At
90% confluency, DPSCs were harvested using trypsin-
EDTA (Gibco, USA) and centrifuged three times in DPBS
to remove residual trypsin-EDTA and culture media
components.

All DPSC cell vesicles were obtained by ultracentrifu-
gation. Briefly, serum-free cell culture medium was col-
lected and centrifuged at 2000 x g for 10 min to remove
cellular debris. The supernatants were then collected and
centrifuged at 10,000 x g for 30 min, and ultracentri-
fuged twice at 100,000 x g for 70 min. The resuspension
was sterilized with a 0.22 pm filter disc. EVs was re-sus-
pended with PBS.

To harvest IVs, first cell membrane osmotic rupture
was achieved as follows, 1 mL of deionized H20 was
added to 1x107 cells and incubated for 30 min. Then
this cellular suspension was subjected to three freeze-
thaw cycles at 80 °C to further dissociate the lysed cell
sediments, followed by 30 min of centrifugation at 4000
x g. The supernatants were then purified by two cycles of
ultracentrifugation in PBS and the deposited IV was re-
suspended in PBS.

To obtain Mag-1Vs, we stimulated DPCS with 50 pg/mL
IONPs and 100mT static magnetic field for 2 days, and
then installed the same method as IV to collect it. After
processing the same number of cells, collect EVs, IVs, and
mag-IVs, add PBS to a final volume of 1 ml, and perform
NTA analysis to compare their yields.Nanoparticle track-
ing analysis (NTA) was performed using a nanoparticle
tracking analyzer (ZetaView, Particle Metrix, GER).

Intracellular uptake of IONPs

Mix thoroughly with FITC at 4 ° C overnight before add-
ing IONPs (NANOEAST, nanjin, China). Then centri-
fuge 12000r/s for 15 min and wash twice with pbs. DPSC
was then inoculated in a 12-well plate and cultured for
24 h, the cells were labeled with lysosomes with Lyso-
Tracker (red), nuclei with Hoechst 33,342 (blue), and
FITC-labeled IONPs (20 pg/mL, green) were added to
the medium. Real-time live cell imaging was captured by
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inverted inverted fluorescence microscopy (Leica, DMi8,
Germany) at 1, 2,4, and 6 h.

Transmission electron microscope (TEM) analysis
DPSC-EVs, IVs and Mag-IVs are re-suspended in PBS
and dripped onto the copper grid. Uranyl acetate DPSC
cell vesicles were negatively stained and characterized
using transmission electron microscopy (Philips com-
pany, Holland Tecnai 12).

Uptake of EVs, IVs and Mag-IVs

According to the manufacturer’s instructions, cell vesicles
of DPSC were labeled with PKH67 and re-extracted by a
fully automated exosome extractor. In order to ensure the
complete morphology and function of the in DPSC cell
vesicles MN, we inoculated HHDPC in a 12-well petri
dish, melted the endosomes containing PKH67 (green)
stain with 1mla-MEM medium, and then absorbed the
medium to co-culture with HHDPC. After 6 h, cells were
stained with phalloidine (red) for F-actin, and nuclei were
stained with DAPI. Images were captured using a fluores-
cence microscope (BX53, Olympus, Japan).

Scratch assay

HUVEC was inoculated on a 6-well plate, the monolayer
was observed by microscope, and the monolayer was
marked vertically with 200ul pipette head at uniform
speed, and then incubated with PBS, IONPs (20 pg/mL),
EVs, IVs, and Mag-1Vs (1E+9Particles/mL). At 0 and
24 h, the cells were washed with PBS and then photo-
graphed with an inverted fluorescence microscope (IX71,
OLYMPUS, Japan). The intercellular area was measured
using Image] at 0 h (A1) and 24 (A2) h, and the cell
migration rate was calculated as [(A1-A2) /A1]x100%.

Matrigel assay

Matrix glue solution is prepared by combining matrix
glue with PBS in a ratio of 1:1 on ice. The matrix glue
solution was then added to the 96-well plate (100uL per
well) and placed at 37 °C for at least 1 h. HUVEC (5 x 104
cells per well) was inoculated in a matrix gel-coated plate
and incubated with ECM containing PBS, IONPs(50 pg/
mL), EVs, IVs, and Mag-IVs (1E + 9Particles/mL ) for 6 h.
The tubular structures were observed using an inverted
fluorescence microscope (IX71, OLYMPUS, Japan) and
analyzed by Image] (Angiogenesis).

Western blot

The cells are treated accordingly. The protein was
extracted with RIPA cracking buffer supplemented with
the mixture, and the concentration was determined by
BCA method. After boiling the sample buffer, the pro-
tein samples were isolated by SDS-PAGE electrophore-
sis and transferred to PVDF membrane. Subsequently,
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PVDF membrane was sealed with 5% skim milk and
incubated with primary antibody at 4 °C for 15 h,
including  anti-CD206(Proteintech,60143-1-1g,1:2000),
anti-SOX9(Proteintech,67439-1-1g,1:2000),anti-
iNOS(Proteintech,18985-1-AP,1:2000), anti-TSG101
(Proteintech, 67381-1-Ig, 1: 1000), anti-HSP70 (Pro-
teintech, 66183-1-Ig, 1:1000), anti-ALIx (Proteintech,
67715-1-Ig, 1: 1000), anti-CD63 (Proteintech, 67605-1-
Ig, 1:1000), anti-BCL2 (Proteintech, 68103-1-Ig, 1: 2000),
anti-BAX (Proteintech, 60267-1-Ig, 1:2000), anti-C-Cas3
(abcam, ab2302, 1:500), anti-C-Cas9 (CST, 9505, 1: 5000),
anti-VEGF-A (abcam, ab46154, 1:500), anti-IL-1 Beta
(Proteintech, 66737-1-Ig, 1:2000), anti-ARG1 (abcam,
ab239731, 1: 5000), anti-IL10 (CST, 12163, 1:500), anti-
CD86 (Proteintech, 13395-1-AP, 1:2000), anti-beta-actin
(Servicebio, GB15001, 1: Primary antibody 1000, China),
GAPDH (Servicebio, GB15002-100, 1:1000, China). The
next day, the membrane was incubated with the corre-
sponding secondary antibody and scanned using a gel
imaging system (ChemiDoc, BIO-RAD, USA).

Enzyme linked immunosorbent assay (ELISA)

HUVEC and RAW264.7 cells were treated as described
above. After 24 h, the supernatant was collected and
VEGF, TNF-a and IL-10 ELISA were performed accord-
ing to the manufacturer’s instructions.

Flow cytometry

RAW264.7 cells were induced M1 polarization by LPS
(1 pg/mL) and incubated with TPS (0, 20 and 50 pg/mL)
for 24 h. Digest the cells and prepare a single-cell sus-
pension. The cells were blocked with Fc blocks and then
stained at 4 °C for 30 min with PE-Cy7 rat anti-mouse
CD86 antibody (560582) and PE-Cy7 rat IgG2a, kisotype
control (552784). After fixation and permeation, cells
were stained at 4 °C for 30 min with Alexa Fluor 647 rat
anti-mouse CD206 antibody (565250) and Alexa Fluor
647 rat IgG2a, kisotype control (557690). The cells were
analyzed using flow cytometry (CytoFlex, Beckman
Coulter, USA).

CCK-8 detection and crystal violet staining

To determine the optimal range of IONPs and static mag-
netic field, DPSC (5x 103 cells/well) was inoculated in
96-well plates and incubated with IONPs (0, 25, 50, 100,
150 pg/mL) for 1, 2, and 3 days.

Synergistic protective effect of endosomes on DHT-
damaged HHDPCs DHT was used to induce cell damage
models, similar to previous studies [5]. In brief, HHDPCs
(1x 103 cells per well) were inoculated on a 96-well cul-
ture plate. After 24 h, D-MEM solution containing DHT
(5 nmol/mL), PBS, IONPs(50 pug/mL), EVs, IVs, and Mag-
IVs (1E +9Particles/mL ) was used to replace the cell
medium. 48 h. Normal cell culture medium was used as
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control. Cell survival rates in different groups were mea-
sured as described above. At the same time, the cells were
fixed with 4% paraformaldehyde solution and stained
with crystal violet (CV) for 1 min, and optical images
were obtained using the above optical microscope.

Preparation and characterization of MN
In this study, polydimethylsiloxane (PDMS) micromolds
consisted of 15 x 15 tetrahedral needle cavities, each with
a base surface size of 360 um and a height of 800 um. For
HA-MN, 50 pL of freshly prepared HA solution (500 mg/
mL) was carefully added to the micromold and allowed
to flow slowly to cover all needle cavities. The micro-
mold was centrifuged (3,000 rpm, 10 min) and vacuumed
to ensure that the solution completely filled the needle
cavity. Gently remove excess solution and dry the mold
at 37 °C for 2 h. Subsequently, 200 pL PVP-K90 solution
(20%) was dropped onto the mold and allowed to flow
slowly. After incubation at 37 °C overnight, HA-MN was
obtained. In addition, HT-MN is a microneedle made
from a matrix material consisting of a solution of HA
(500 mg/mL) and TPS (150 mg/mL), while HTE-MN,
HTI-MN, and HTMI-MN are obtained by adding 1E+5
particles/mL of EVs, IVs, and Mag-IVs to the HA and
TPS mixed solution. Rhb-mn was prepared by adding
RhB (0.1%, w/v) to the HA solution.

The optical morphology of MN was photographed with
a microscopic imaging device (5251, OLYMPUS, USA).
SEM images of MN were taken using field emission scan-
ning electron microscope scanning (CLARA, TESCAN,
CZ).

Distribution of DPSC-EVs, IVs and Mag-1Vs in MN

As shown by the above cell vesicle staining method, the
PKH67-labeled cell vesicles were obtained and mixed
with HA and RhB to produce evs-RhB-MN in the same
way. Fluorescence images of MN were observed using a
fluorescence microscope (BX53, Olympus, Japan).

Mechanical properties and slow-release ability of MN

The mechanical strength of MN was tested using an elec-
tronic universal testing machine (CMT6103, MTS, USA).
MN is fixed on a flat surface with the tip facing up. The
loading rate is set to 0.3 mm/min and the displacement is
set to 800 pm.

RhB-MN was placed in a cell culture dish and
immersed in PBS. The dissolution process was recorded
using a fluorescence microscope (BX53, OLYMPUS,
Japan).

According to the previous method, microneedles were
immersed in 1mlpbs upside down, and appropriate solu-
tion was absorbed at 10, 30, 60, 120, and 300s, and the
protein concentration was determined by BCA [5].
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Animal and moral statement

Forty-two male KM mice (7 weeks old) were purchased
from the Experimental Animal Center of China Three
Gorges University (Yichang, Hubei, China) and fed for
one week. All surgical procedures were approved by
the Experimental Animal Ethics Committee of the Peo-
ple’s Hospital of China Affiliated to Wuhan University
(20231003 C). The work has been reported in line with
the ARRIVE guidelines 2.0.

Surgery and treatment
To establish the AGA model, the back skin of 8-week-
old mice was shaved and a testosterone solution (0.2%,
w/v) was applied to the hair removal area daily for 14
days. Due to the short action time of microneedles, iso-
flurane inhalation anesthesia was used (Laboratory of
Animal Center, Wuhan University People’s Hospital).
The mice were randomly divided into 7 groups (based
on the literature, 6 mice per group is reasonable): (1)
AGA, (2) HA-MN, (3) HT-MN, (4) THE-Mn, (5) HTI-
MN, (6) HTMI-MN (7) Minoxidil. Since HA has been
widely used as a matrix material in microneedle systems,
we established the HA-MN group as a control to dem-
onstrate the role of TPS. Additionally, we selected Min-
oxidil, a common treatment for androgenetic alopecia, as
a positive control to highlight the excellent potential of
the microneedle system in hair regeneration. The AGA
model mice without any treatment served as the con-
trol group. Mice in the experimental group received the
corresponding MN patch on days 3, 8 and 12 after shav-
ing. These MN patches were inserted into the dorsal skin
using a microneedle syringe and pressed for 1 min, then
the backing layer was removed after 5 min. Minoxidil was
applied topically daily to the back of AGA mice as a posi-
tive control group. For each mouse, try to ensure that the
basic conditions such as sunlight temperature are consis-
tent to exclude the influence of confounding factors. Take
digital photos of the back area and measure hair density
with the help of a skin microscope. Since the AGA model
mice had little effect on the health status of each mouse,
all mice were included in the evaluation. After 14 days,
the mice were killed using carbon dioxide inhalation, and
skin tissue was taken for further testing.

The experimenter was not the designer of the experi-
ment to exclude the influence of subjective factors on the
experimental results.

In vivo imaging study

DiR-labeled IVs, administered through direct injection
or encapsulated in HA-MN and HT-MN, were applied to
the mouse skin. Imaging was performed on each mouse
using the IVIS Spectrum imaging system (PerkinElmer
EnSight, USA) at 30 min, 12 h, 1 day, 2 days, and 3 days
post-treatment.
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Scanning electron microscope (SEM) analysis

Hair samples were collected from all groups of mice
on day 14 after shaving. Subsequently, the sample was
gold-plated and observed using a field emission scan-
ning electron microscope (Tescan MIRA, Tescan, Czech
Republic). The diameter of root hair shaft was measured
and analyzed.

Hematoxylin and eosin (H&E) stains

On the 14th day after shaving, the mice were euthanized.
Skin samples from the shaved area were fixed, embedded
and prepared into paraffin sections. Sections were stained
with H&E staining kit and observed under a bright field
microscope (BX53, OLYMPUS, Japan). Hearts, livers,
spleens, lungs and kidneys of mice were collected and
stained for biocompatibility.

Immunohistochemical stains

The sections were closed with 1% bovine serum albumin
(BSA) at room temperature (RT) for 1 h. These slices
were incubated with anti-cytokeratin-19 primary anti-
body (abcam, ab133496) and then incubated with rabbit
secondary antibody and stained with DAPI. Images were
captured under a bright field microscope (BX53, OLYM-
PUS, Japan) and analyzed using Image].

Immunofluorescent stains

After antigen repair, the section was closed with 1% BSA
for 30 min. These slices were incubated with anti-KI67
(abcam, ab279653), anti-SOX9 (abcam, ab185966) and
anti-CD31 (proteintech, 11265-1-AP) primary antibod-
ies. They were then incubated with the corresponding
FITC-labeled goat anti-mouse, CY3-labeled goat anti-
rabbit, and FITC-labeled goat anti-rabbit secondary anti-
bodies and stained with DAPI. Images were obtained
using a fluorescence microscope (BX53, Olympus, Japan)
and analyzed using Image].

DHE staining

On the 14th day after shaving, skin samples from the hair
removal area were prepared as frozen slices. The frozen
slices were incubated with DHE (2.5uM) for 30 min and
re-stained with DAPI. Images were collected using a fluo-
rescence microscope (BX53, Olympus, Japan) and ana-
lyzed using Image].

Statistic analysis

To verify the consistency of the data, all experiments
were repeated three times. Data analyzed using Graph-
Pad Prism (version 9.0) are represented as mean * stan-
dard deviation (mean+ SD). The experimental data were
statistically analyzed by one-way analysis of variance. ns,
no significant (p>0.05), *p<0.05, *p<0.01, **p<0.001,
**#*p < 0.0001.
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Result

Acquisition, identification and uptake of Mag-I1Vs

First of all, DPSC were identified by reference to previ-
ous methods (Fig. S1). Then in order to prove that IONPs
can be taken up by DPSC, we referred to the previ-
ous methods [18]. Immunofluorescence showed that
IONPs(green) and lysosomes(red) had a lot of co-loca-
tions (Fig. 1A), and the fluorescence intensity increases
with time (Fig. 1B), indicating that IONPs entered cells
through endocytosis and accumulating in lysosomes.
Then, in order to screen suitable IONPs concentra-
tion and static magnetic field intensity, we co-cultured
IONPs with DPSC at different concentrations (0, 25, 50,
100, 100 pg/mL). CCK-8 results showed that DPSC had
better value-added ability under 50 pg/mL IONPs treat-
ment. This is similar to the results of previous studies
[19, 20]. Similarly, IONPs were cultured with an optimal
concentration of 50 pg/mL and given a series of concen-
tration gradients of static magnetic fields. Finally, CCK-8
results showed that IONPs at 50 pg/mL and static mag-
netic field intensity at 100mT were the most suitable for
DPSC proliferation, which was consistent with the results
of previous studies (Fig. 1D and E). Furthermore, because
ROS attacks AGA-damaged hair follicles, and because
IONPs have been shown to have some anti-ROS activity,
we looked at IONPs’ in vitro anti-ROS ability in DPSC.
When DPSC was stimulated by 100 pmol/ml TBHP,
IONPs shown some ROS resistance. (Fig. 1C).

We then quantified and characterized sources from
DPSC-EVs, 1V, and Mag-IVs. TEM showed that these
EVs were mostly spherical and semi-arcuate, with sizes
ranging from 50 to 150 nm (Fig. 1F). We determined
the volume of EVs extracted from the same amount
of cells to 1 ml, and then conducted NTA analysis. The
result shows that the particle concentration of Mag-IVs
is 6.8E+11Particles/mL, which is significantly higher
than that of IVs (1E+11Particles/mL) and DPSC-EVs
(3.4E + 10Particles/mL). However, there is no significant
difference in particle size (Figure. S2). In order to con-
firm the stronger therapeutic effect of Mag-IVs, vesicae
of the same particle concentration are used in subsequent
treatments. According to relevant literature, DPSC cell
vesicles is 1E + 9Particles/mL in in vitro cell experiments,
and 1E+5 Particles/g is used for microneedle injection
in animal models. Finally, we used Western blot to verify
these EVs markers, Western blotting revealed that these
EVs expressed TSG101, CD63, HSP70, and ALIX, but not
calnexin (Fig. 1H).

In order to check whether HHDPC can take up DPSC
cell vesicles and whether there is a difference in uptake
capacity, we Mark DPSC cell vesicles with PKH67
according to the reagent manufacturer’s method, and
then co-cultured DPSC cell vesicles with HHDPC with
the same particle number for 12 h. We then stained the

Page 7 of 20

cytoskeleton with ghost-ring peptides and measured the
DPSC cell vesicles uptake rate by HHDPC using inverted
fluorescence microscopy. As shown in Fig. 1F and G, the
uptake of Mag-IVs was significantly higher than that of
IVs (P<0.05) and DPSC-EVs(P<0.001), and there was a
significant statistical difference. In summary, our results
suggest that Mag-IVs has the advantage of higher yield
and easier uptake by HHDPC compared with the other
two groups.

DPSC cell vesicles’ activation impact on HUVEC

In addition to protecting hair follicle stem cells directly,
activating undamaged endothelial cells to migrate to
the hair loss area and improving the microenvironment
in the hair loss area are also essential for hair regenera-
tion. There is a lot of evidence that MSCs have the abil-
ity to improve angiogenesis by producing large amounts
of growth factors through paracrine action [21].There-
fore, we studied the activation effect of Cell vesicles of
DPSC on HUVEC. First, we compared the migration
ability of HUVEC under different treatments by in vitro
scratch experiments (Fig. 2A). In addition, since Mag-
EVs obtained after INOPs treatment have been reported
to encapsulate a certain amount of INOPs, in order to
eliminate this part of interference, we used INOPs to
treat HUVEC. The results showed that Mag-IVs group
showed the best migration promoting activity. Quantita-
tive analysis further proved that the Mag-IVs group had
the best migration promoting ability, and IV was the sec-
ond highest, which was more advantageous than DPSC-
EVs (Fig. 2F). We then evaluated the effect of Cell vesicles
of DPSC on angiogenesis. As a result, HUVECs treated
with Mag-IVs formed more branched tubular struc-
tures (Fig. 2A). Quantitative measurements showed that
Mag-1IVs significantly promoted the formation of vas-
cular structure structures, characterized by more junc-
tions, compared to the control group and the DPSC-EVs
group (Fig. 2C). Studies have shown that VEGF plays a
leading role in regulating angiogenesis and vascular per-
meability by guiding cell proliferation, migration, and
survival. Next, Western blot analysis and Elisa were used
to further compare VEGF content in different treatment
groups. Quantitative analysis showed that the intracellu-
lar protein content of VEGF and the cytokine content in
the supernatant in the Mag-IVs group were the highest
(Fig. 2B, D and E). These results suggest that among all
cell vesicles of DPSC, the Mag-IVs group is more effec-
tive in promoting angiogenesis, which may be related to
the higher particle concentration and its higher presence
of related growth factors, ultimately leading to greater
expression of VEGFE.
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TPS regulated M1/M2 macrophage polarization of macrophages (Fig. 3A). First, LPS treated macrophages
The inflammatory environment around hair follicles is showed M1 phenotype (iNOS high expression), and TPS
also one of the important factors affecting hair growth, so  inhibited M1-like polarization and promoted its trans-
we studied the ability of TPS to regulate the polarization  formation to M2 phenotype (Argl high expression),
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and the regulatory effect of TPS50 ug /ml was stronger
than that of 20 ug /ml, indicating a certain concentra-
tion dependence (Fig. 3B and E). Similarly, the Flow cell
analysis showed similar results, with the polarizability of
F4/80+and CD11b+ macrophages reaching 21.6% after
24 h LPS induction, while that of M1 macrophages sig-
nificantly decreased after TPS treatment (Fig. 3C and
Q). Western blot showed that CD86 levels in LPS treated
group were higher than those in control group. This sug-
gests that LPS-induced macrophages are in an inflamma-
tory state. When TPS was used, the level of CD86 was
significantly reduced. Compared with the control group,
LPS group significantly expressed Inflammation-related
protein IL-1 Beta and lower expression anti-inflam-
matory related proteins of iL-10 and Argl, which were
inhibited by TPS and showed a concentration depen-
dence similar to the previous results (Fig. 3D and F).
Further, we detected the inflammatory cytokines of mac-
rophages treated with TPS, and compared with the two
groups treated with TPS, the pro-inflammatory factor
TNF-a was decreased in LPS group and the anti-inflam-
matory factor IL-10 was slightly increased (Fig. 3H).
Together, these results suggest that TPS can inhibit the
polarization of M1 macrophages, promote the secretion
of anti-inflammatory cytokines by immune cells, and reg-
ulate the inflammatory microenvironment around hair
follicles.

DPSC cell vesicles’ synergistic protective action on HHDPCs
with DHT damage

We used dihydrotestosterone (DHT,5nmol/ml) to estab-
lish an HHDPCs model of injury. As shown in Fig. 4A,
crystal violet staining of HHDPCs confirmed the suc-
cessful establishment of the cell damage model, because
DHT treatment significantly reduced the proliferation
of HHDPCs, and there were certain changes in cell mor-
phology, while the use of IONPs and DPSC cell vesicles
significantly reduced DHT-induced cell damage and the
proliferation of HHDPCs was promoted. The CCK-8
experiment further quantitatively demonstrated the pro-
tective effect of DPSC cell vesicles AGAinst HHDPCs,
and the effect of Mag-IVs was more obvious than that of
the other two groups as time increased (Fig. 4B). Anti-
oxidant and apoptotic abilities are very important for
HHDPCs to survive DHT damage. In order to study the
antioxidant and apoptotic effects of DPSC cell vesicles
on HHDPCs, we constructed a damage model of HHD-
PCs using DHT, and then used ROS fluorescence kit to
detect the ROS content of cells. As shown in Fig. 4C,
DHT significantly increased ROS content, while DPSC
cell vesicles showed its ability to clear ROS. Fluores-
cence quantitative analysis showed that there were obvi-
ous differences between the Mag-IVs group and other
groups, showing excellent ROS resistance, which may
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be related to the synergistic effect of Mag-IVs of IONPs
(Fig. 4D). Then, we used flow cytometry to detect apop-
tosis induced by different treatment groups (Fig. S2 B).
Similar to the previous results, Mag-IVs significantly
reduced the apoptosis of HHDPCs. Western blot further
confirmed its effect on HHDPCs apoptosis reversal. DHT
significantly inhibited the expression of anti-apoptotic
protein Bcl-2 in HHDPCs, and promoted the expression
of apoptotic proteins Bax, cleaved-caspase3 and cleaved-
caspase9. After Mag-IVs treatment, the expression lev-
els of BAX, cleaved-caspase3, cleaved-caspase9 and
Bcl-2 recovered (Fig. 4E and F), and quantitative analy-
sis showed significant differences. In conclusion, these
results suggest that DPSC cell vesicles can help HHD-
PCs resist DHT-induced apoptosis and oxidative stress
damage.

Preparation and characterization of separable
microneedles

Separable microneedles can be prepared based on the
solubility difference between PVP matrix and HA-TPS
(Fig. 5A). First, Fourier characterization of TPS is car-
ried out (Fig. S2C). Then we used different concentra-
tions of HA and TPS to synthesize soluble tip. Together
with earlier research [22, 23], 500 mg/mL HA was cho-
sen as the matrix material in order to provide an appro-
priate tip structure. TPS of varying contents was then
blended to create a number of mixed solutions with con-
centration gradients. The solution would become overly
viscous and make it challenging to create microneedles
if an excessively high concentration of TPS was added.
Consequently, TPS at concentrations of 10, 50, 75, 150,
and 300 mg/mL was ultimately chosen, and the resulting
microneedles’ force displacement curve was examined.
The findings demonstrated that the microneedles will
become more fragile and fracture at a pressure of 100 N
if the TPS concentration is too high (300 mg/mL) or
too low (10 mg/mL or 50 mg/mL). Both 75 mg/mL and
150 mg/mL TPS microneedles have comparable mechan-
ical characteristics and can tolerate 200 Newtons of
pressure(Fig. S4). The optimal selection for the micronee-
dle tip material was 500 mg/mL HA plus 150 mg/mL TPS
in order to boost the dose of TPS in vivo. The base sur-
face size of each needle is 360 um, the height is 800 pm,
and the overall shape is pyramidal (Fig. 5B).

We then photographed the PKH67 (green fluorescence)
labeled IVs and Rhodamine B (red fluorescence) labeled
HA-TPS matrix under a fluorescence microscope, and
the fluorescence images proved that DPSC cell vesicles
were evenly distributed at the tip of the needle (Fig. 5C).
The forced-displacement curve proves that the micronee-
dles have a high enough mechanical strength (Fig. 5D) to
be easily inserted into the skin. Finally, we evaluated the
slow-release ability of microneedles. As shown in Fig. 5E,
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microneedles almost completely dissolved in 60s under
the condition of simulating body fluid humidity, and
quantitative analysis also proved that microneedles com-
pletely released DPSC cell vesicles around 60s (Fig. 5F).

HTMI-MN is used in the treatment of hair regeneration in
mice

To verify the efficacy of hair regeneration in vivo, we
applied DHT (2%) to C57BL/6 mice continuously for
7 days after shaving to form an AGA model. It is then
treated by inserting a microneedle or topical application

with 3% minoxidil. As shown in Fig. 6D, different MN
was applied to the depilatory area of mice on days 3, 8,
and 12, or minoxidil was given, and photographs were
taken on days 7, 10, and 14. As shown in Fig. 6B, the in
vivo imaging photos reveal the distribution of IVs during
the 7-day treatment. The microneedles completely dis-
solve 5 min after piercing the skin, and significant fluo-
rescence appears at 30 min, with no obvious differences
among the three groups, indicating that microneedle
injection can act quickly in vivo, just like syringe injec-
tion, and the introduction of TPS did not change the



Liu et al. Stem Cell Research & Therapy (2025) 16:161

I Add the pre-synthesized solution mold and

| Dryin oven at 37 *C for 24 hours,

and remove film at room temperature

Rhodamine |

Add 40% pvp solution to fill the blank

Page 13 of 20

\

Vacuum negative pressure fills the
removes excess

e

Dry in oven at 37 * C for 2 hours

— HA-MN
— HT-MN

T
200 400 600 800
Force (N)

1
=t

o
v
/

- HTE-MN
~+- HTA-MN
-1~ HTMA-MN

100 200 300
Time (s)

7/

Fig. 5 Preparation and characterization of separable microneedle patches. (A) Schematic diagram of the preparation of microneedles using the mi-
croneedle mold method. (B) Scanning electron microscope (SEM) images of microneedles. (C) Representative fluorescence images of microneedles,
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efficiency of HA-MN delivering IVs. Furthermore, the
fluorescence completely disappears by day 3, which cor-
responds to our dosing strategy of once every 3 days.
Certain hair regeneration was observed in all treatment
groups. The hair follicles in the HTMI-MN treatment
group entered the growth stage on the seventh day and
showed the fastest hair regeneration rate. Meanwhile,
hair regeneration was observed in both HTE-MN and
HTME-MN. Moreover, all the three groups were higher
than the minoxidil group (Fig. 6C and G). Physiological
analysis of treated skin was performed by hematoxylin
and eosin (H&E) staining and immunofluorescence stain-
ing. The construction materials of microneedles, includ-
ing HA, TPS, EVs, IVs and Mag-IVs showed no toxicity
(Fig. S3). H&E section staining showed that the hair fol-
licles in the control group remained dormant at day 14,

with only a few small hair follicles found, while the acti-
vation degree of hair follicles in the treatment group was
different (Fig. 6A), and the HTMI-MN group showed
more hair follicles and a larger hair follicle diameter
(Fig. 6F and H). Ki67 immunohistochemical staining also
demonstrated the stimulative effect of MN treatment,
with Keratin19+ hair follicle cells observed in all treat-
ment groups, and more hair follicles and Keratin19 + cells
were activated in the HTMI-MN group in all treatment
groups (Fig. 6A and I). Then, the hair of each group of
mice was randomly taken for scanning electron micros-
copy (SEM) analysis (Fig. 6A) and quantitative analysis
showed that the hair width of the DPSC-EVs group was
wider and the number of hair scales was more appropri-
ate (Fig. 6E).
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Fig. 7 Immunofluorescence analysis of hair follicle regeneration. (A) Representative images of fluorescent staining of CD31+and VEGF-A+cells in hair
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In order to more convincingly verify the role of
microneedles in vascularization and proliferation promo-
tion, we performed fluorescent staining of CD31, VEGE-
A, Ki-67 and SOX9 on mouse skin. As shown in Fig. 7A,

due to DHT injury, VEGF-A expression was lower in the
modeling group, while DPSC-EVS-loaded microneedles
significantly upregulated VEGE-A level, and fluorescent
staining of vascular endothelial specific index CD31
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showed that the number of blood vessels in the treatment
group was higher. Quantitative analysis showed that all
treatment groups could improve the level of skin vascu-
larization to a certain extent, and HTMI-MN group had
the most obvious effect (Fig. 7E and F). Ki-67 and SOX9
staining also confirmed its role in promoting prolifera-
tion. As shown in Fig. 7B, Ki-67 + and SOXO9 + cells were
found in all treatment groups. Compared with the min-
oxidil group, MN loaded with DPSC-EVs activated more
Ki-67 +and SOX9 +cells, and the effect was most obvi-
ous in the HTMI-MN group. To further verify the bio-
logical effects of HTMI-MN, the protein expressions of
VEGEF-A and SOX9 were validated through Western Blot
experiments. As shown in Fig. 6G, the protein expression
of VEGF-A and SOXO9 is similar to the results of immu-
nofluorescence. The proliferation of hair follicle matrix
and hair follicle stem cells was accelerated (Fig. 7C and
D). These results indicate that HTMI-MN can improve
the local microcirculation of mice, accelerate the trans-
formation process of hair follicles from resting period to
growth period, promote hair regeneration, and have good
hair regeneration effect.

Furthermore, since mesenchymal stem cell EVs have
been proven to have excellent anti-inflammatory poten-
tial, we further validated the anti-inflammatory capabili-
ties of TPS with different cell vesicles in vivo. Figure 7]
shows that the AGA group has high expression of CD86
and low expression of CD206. Although HA-MN can
alleviate the effects of AGA to some extent, it is not sta-
tistically significant. As we expected, after treatment with
HT-MN, the expression of CD86 significantly decreased,
while the expression of CD206 increased to some extent,
indicating that TPS also possesses certain anti-inflam-
matory activity in vivo. Moreover, the anti-inflammatory
effect of HT-MN is almost similar to that of the standard
treatment for androgenetic alopecia, Minoxidil. Further-
more, the expression of CD86 decreased further after
treatment with HTE-MN, HTI-MN, and HTMI-MN,
while the expression of CD206 significantly increased.
Additionally, the effects of HTI-MN and HTMI-MN were
similar but higher than those of HTE-MN, indicating that
the cell vesicles of DPSC have certain anti-inflammatory
effects, with IVs performing better than EVs in terms of
anti-inflammatory properties. To further verify, we con-
ducted Western Blot experiments for additional valida-
tion. As shown in Fig. 7M, the expression of CD86 and
iNOS, which are associated with inflammation and M1
macrophages, was highest after AGA treatment, while
the expression of CD206 and Arg-1, which are associated
with anti-inflammatory and M2 macrophages, was low-
est. The HT-MN treatment group significantly improved
this condition and was almost identical to the Minoxidil
group. Furthermore, the treatments with HTE-MN, HTI-
MN, and HTMI-MN further improved the inflammatory
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condition, with the anti-inflammatory effect of the
HTMI-MN group being the most pronounced, although
there was no significant difference in iNOS protein
expression and immunofluorescence results compared to
the HTI-MN group. In summary, our results show that
HTMI-MN has excellent anti-inflammatory effects in
vivo, reducing the inflammatory environment caused by
androgens, thereby promoting hair regrowth.

Discussion

Acellular regenerative medicine therapies represented by
cell vesicles have been widely applied in the treatment of
various diseases, such as androgenetic alopecia, vitiligo,
hypertrophic scars, or keloids, etc [24—26]. Especially in
the field of hair regeneration, the role of EVs has been
extensively studied. From a mechanistic perspective, high
levels of MMP3 in induced pluripotent stem cell-derived
MSCs (iMSCs) derived EVs can activate the Wnt path-
way, and precursors of Wnt signaling molecules, such
as Wnt3, can promote the proliferation of hair follicle
progenitor cells. Additionally, EVs can inhibit growth-
downregulating signals (BMP signaling pathway), thereby
promoting the transition from the telogen phase to the
anagen phase [27, 28].However, the limited yield and
high acquisition cost restrict the widespread application
of regenerative medicine technologies represented by
extracellular vesicles. Our preliminary research found
that intracellular vesicles (IVs) derived from the lysis of
dental pulp mesenchymal stem cells have a morphol-
ogy and size similar to EVs, and the content of certain
nutritional factors such as BDNF, bFGF, EGF-R, HGF,
and PDGF-AA is significantly higher than that of EVs.
Moreover, the greatest advantage of IVs is that their yield
is approximately 16 times that of EVs. This exponential
increase in yield may provide a newer and better option
for acellular regenerative medicine therapies [29-31]. IVs
is derived from cell lysate, while EVs is derived from cell
supernatant, suggesting that I'Vs can be collected once for
the same batch of cells, while EVs can be collected mul-
tiple times through repeated cell passage. Nevertheless,
IVs can provide a significant increase in efficiency over
EVs. However, the mechanism of IVs still needs further
study.

Magnetic stimulation of mesenchymal stem cells can
further affect the output and bioactivity of EVs. Although
the reasons for the increase in EVs production due to
magnetic field stimulation still require further research,
some studies have already been conducted on their bio-
logical functions. For example, magnetic stimulation can
enrich more miR-1260a and miR-21-5p in EVs derived
from bone marrow mesenchymal stem cells, thereby
showing better effects in skin regeneration and bone
tissue repair [9, 32]. Since magnetic exosomes are ben-
eficial for tissue repair, we further magnetically produced
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DPSC and investigated its yield and function in micro-
environmental healing. After magnetic field treatment,
we observed that the quantity of IV vesicles made from
DPSC grew much more, and the efficacy somewhat
improved as well.

AGA is closely related to hair follicle microenviron-
ment damage caused by DHT. Overactivity of DHT pro-
duced by 5-alpha-reductase is thought to be the main
cause of AGA [33]. DHT leads to oxidative stress damage
of hair follicles, resulting in excessive ROS production
[6]. Exosomes have been shown to have great potential
in regulating oxidative stress and delaying aging [34].
For example, AMSC-EV and HUMSC-EV reduce levels
of reactive oxygen species (ROS) and DNA damage, and
alleviate UVB-induced inflammation. Mechanistically,
proteomics results show that TIMP1 is highly expressed
in AMSC-EV and HUMSC-EV. TIMP1 can inhibit
Notchl and its downstream targets Hesl, P16, P21, and
P53 [35, 36].Ke Rui et al. found that MSC-EXO weakened
OGD/ R-induced neuronal apoptosis and reduced the
production of ROS [30]. These results are consistent with
our results. Our simulation of DHT injury model shows
that ROS content is significantly increased, apoptosis is
obvious, and proliferation activity is decreased in DHT-
induced group. With the addition of Mag-IVs, apoptosis
rate decreased and cell activity increased. This indicates
that Mag-IVs has strong ROS scavenging ability.

Research indicates that promoting angiogenesis in
areas of hair loss may be beneficial for hair regenera-
tion. However, this important issue has been overlooked
in the current development strategies for treating AGA.
We investigated the influence of magnetism on the bio-
logical function of IVs. Our results show that Mag-IVs,
compared to EVs and IVs, can significantly enhance the
proliferation, migration, and angiogenic capabilities of
HUVEC cells. In vivo experiments also demonstrate
an increase in subcutaneous blood vessels after HTMI-
MN treatment. This suggests that effectively stimulating
angiogenesis does help significantly enhance the effect of
AGA therapy.

In addition to DHT attacks, persistent inflammation
can also cause AGA [5]. A large number of inflamma-
tory cells gather around the hair follicle, and continue
to release inflammatory factors such as TNF-a and IL-6
to gather, attack the hair follicle stem cells and dermal
papilla cells, and lead to their inactivation [49]. Exosomal
vesicles of mesenchymal stem cells have been found to
have excellent immunomodulatory effects. Gareth R Wil-
lis et al. found that EXO treatment regulated the expres-
sion of inflammation and immune-related genes and
promoted M2-like polarization of macrophages [50].
Mechanistically, DPSC-EVs can inhibit osteoclastogen-
esis and macrophage inflammatory responses through
miR-210-3p, thereby suppressing NF-kB1 expression.

Page 17 of 20

hUC-EVs induce autophagic flux by inhibiting the activ-
ity of mammalian target of rapamycin (mTOR), thereby
polarizing M1 macrophages to M2 [37-39]. We have also
verified the ability of Mag-IVs to regulate macrophage
polarization through in vivo experiments. Western Blot
results show that HTMI-MN treatment significantly
reduces the expression of CD86 and promotes the expres-
sion of CD206, which is also confirmed by immunofluo-
rescence experiments. However, the specific mechanism
of action of Mag-IVs remains unclear and requires fur-
ther exploration.

In summary, cell vesicles can improve the microenvi-
ronment of hair follicles and promote hair regeneration
by enhancing proliferation, vascularization, resisting
ROS, and regulating immunity. To obtain more highly
active cell vesicles, we applied magnetic stimulation to
DPSC to obtain Mag-IVs. The results showed that Mag-
IVs have a similar vesicle structure to EVs and IVs, but
with a higher yield. In addition, Mag-IVs can enhance
angiogenesis and rescue the apoptosis of hair follicle
dermal papilla cells, demonstrating excellent application
potential. However, further study is still needed to deter-
mine the precise mechanism by which Mag-IVs treat
androgenetic alopecia.

Although cell vesicles have strong biological effects,
directly injecting cell vesicles to treat skin diseases may
lead to issues such as pain, injection depth being too
deep or too shallow [15]. Microneedles, as a minimally
invasive sustained-release drug delivery system that can
penetrate the dermis, have been widely used in the field
of dermatology. Improving the structure of the micronee-
dle tips has always been the goal of researchers [40, 41].
For example, microneedle systems loaded with platinum
nanobiocatalysts and selenium nanobiocatalysts have
been shown to improve the microenvironment by reduc-
ing oxidative stress and promoting angiogenesis, thereby
regulating hair regeneration [6, 42]. Microneedle sys-
tems loaded with ginsenoside Rg3 liposome, hyaluronic
acid, and Bletilla striata polysaccharide (BSP) can achieve
efficacy comparable to minoxidil under low-frequency
treatment, and the quality of regenerated hair is higher
[43]. In addition, bioactive substances such as quercetin,
mesenchymal stem cell exosomes, and retinoic acid have
been used as components of microneedles, primarily
activating hair follicle stem cells through the Wnt path-
way to treat androgenetic alopecia [44—46]. These studies
indicate that microneedle systems have advantages such
as painless injection, dermal decomposition, direct acti-
vation of hair follicle stem cells, or improvement of the
hair follicle microenvironment, making them excellent
delivery methods for promoting hair regeneration.

In recent years, the bio-polysaccharide materials
of traditional Chinese medicine have been paid more
and more attention. Among them, the polysaccharides
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from tremella have excellent biocompatibility, biologi-
cal activity, and immune regulation, which exhibit anti-
inflammatory properties that have caught our attention.
Mechanistically, the effects of tremella polysaccharides
may be related to their ability to block ferroptosis and the
accumulation of lipid peroxidation [47]. In addition, tre-
mella polysaccharides can also exert antioxidant effects
through free radical degradation [48-50].

In this paper, we proposed the use of tremella poly-
saccharide/hyaluronic acid microneedles of IVs derived
from DPSC treated with magnetic nanoparticles for the
treatment of androgenic alopecia. Our results show that
HTMI-MN is simple to produce and the cost is signifi-
cantly lower than that of THE-MN. To prove that each
type of material included in the microneedle system can
contribute to efficacy, we set up multiple groups to par-
ticipate in our experiment. Compared to the AGA group,
the treatment with HT-MN improved hair recovery to
some extent, which can be attributed to the anti-inflam-
matory effect of TPS. However, the effects of HTE-MN,
HTI-MN, and HTMI-MN were significantly stronger
than that of HT-MN, indicating that the main therapeu-
tic effect comes from cellular vesicles. Interestingly, the
effect of HTMI-MN was stronger than that of HTE-MN
and the conventional treatment for androgenetic alope-
cia, minoxidil. Moreover, microneedles loaded with EVs
have already been used in some clinical studies [51, 52].
Therefore, we believe that HTMI-MN has potential clini-
cal translation and application value. However, its thera-
peutic mechanism is not well understood, and problems
such as differences in skin thickness between mice and
humans will limit its further application. Therefore, to
further explore the specific mechanism of Mag-IVs in the
treatment of androgenic alopecia and improve the size
and tip morphology of microneedles is an important step
in the clinical transformation of microneedles. In addi-
tion, the storage and regulatory barriers of HTMN-MN
are also important issues affecting clinical applications.

Conclusion

In this work, we designed a TPS-HA/Mag-IVs synthetic
microneedle system (HTMI-MN) for the treatment of
AGA. The results showed that microneedle treatment
was more effective than minoxidil, which is widely used
clinically, and had fewer side effects in mouse models.
The microneedle system releases Mag-IVs and TPS deep
into the dermis, exerting different effects by targeting
various pathophysiological processes of AGA. This study
demonstrates that microneedles based on TPS and cell
vesicles interfere with the progression of AGA in three
ways, making it an effective method for treating AGA.
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