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ARTICLE INFO ABSTRACT

Keywords: Androgenic alopecia (AGA) is a highly prevalent form of non-scarring alopecia but lacks effective treatments.
Androgefﬁc alopecia Stem cell exosomes have similar repair effects to stem cells, suffer from the drawbacks of high cost and low yield
Nanovesicles yet. Cell-derived nanovesicles acquired through mechanical extrusion exhibit favorable biomimetic properties
j\ilt\gﬁagy sir.nilar to exosomes, enabling them to efﬁciellltly encaPsulate subs.tantia.l q.ufantities.of therapeutic prot.eins. In
Hydrogel this study, we observed that JAM-A, an adhesion protein, resulted in a significantly increased the adhesion and

resilience of dermal papilla cells to form snap structures against damage caused by dihydrotestosterone and
macrophages, thereby facilitating the process of hair regrowth in cases of AGA. Consequently, adipose-derived
stem cells were modified to overexpress JAM-A to produce engineered JAM-A overexpressing nanovesicles
(JAM-ACE@NV). The incorporation of JAM-ACE@NV into a thermosensitive hydrogel matrix (JAM-A°*@NV Gel)
to effectively addresses the limitations associated with the short half-life of JAM-ACE@NV, and resulted in the
achievement of a sustained-release profile for JAM-A°E@NV. The physicochemical characteristics of the JAM-
AE@NV Gel were analyzed and assessed for its efficacy in promoting hair regrowth in vivo and vitro. The JAM-
AE@NV Gel, thus, presents a novel therapeutic approach and theoretical framework for promoting the treat-
ment of low cell adhesion diseases similar to AGA.

1. Introduction risk-free therapies for AGA to compensate for the inadequacy of existing

therapies.

Androgenic alopecia (AGA) is a highly prevalent form of non-
scarring alopecia that affects both genders, with a prevalence reaching
up to 80% in males and 50% in females [1]. Despite its high prevalence,
AGA still lacks effective treatments. Currently, the most commonly
utilized treatments for AGA include pharmacologic and surgical in-
terventions [2,3]. However, its extensive clinical application of both
intervention is frequently constrained by several adverse effects [4-6].
As a result, there is an urgent need for the development of effective and
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Stem cell-derived exosomes are widely utilized in tissue repair due to
possess the ability to transport various biological components, including
proteins, lipids, and non-coding RNAs, which can regulate the biological
activity of target cells via membrane fusion or endocytosis [7]. How-
ever, the exorbitant expense and negligible yield associated with exo-
some isolation represent a significant obstacle that exosome therapies
must surmount immediately [8]. Cell-derived nanovesicles (CNVs) are
acquired through the mechanical extrusion process of donor cells [9].
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These CNVs exhibit biomimetic properties similar to exosomes, making
them a promising solution to overcome the technical challenges asso-
ciated with exosome therapy [9]. Moreover, CNVs can be produced at a
significantly reduced cost compared to exosomes, amounting to only
10% of the expense. However, in terms of quantity, CNVs have the po-
tential to generate up to 100 times more material than exosomes. In light
of these attributes, we have introduced and investigated the potential of
adipose-derived stem cells nanovesicles (ADSC-NVs) in enhancing the
efficacy of hair regrowth in AGA.

Indeed, a crucial foundation for attaining effective damage repair is
the remarkable capability of CNVs to serve as vehicles for the delivery of
drugs, genes, and proteins. In this content, emerging studies demon-
strated that engineering methods have been used to transform CNVs,
achieving precise treatment of diseases [10]. For instance, Tao et al. [11]
prepared CNVs with high content of IncRNA-H19, which significantly
accelerating the healing of diabetic wounds by promoting vascular
regeneration. Liu et al. [12] constructed engineered CNVs that can
smoothly cross the blood-brain barrier and achieve targeted therapy for
tumors. Therefore, engineered CNVs could likewise be a potential novel
therapeutic approach to achieve efficient hair regeneration in AGA.

In this study, we found that ADSC-NVs has a superior hair regrowth
promoting effect than nanoparticles derived from human skin fibro-
blasts (HSF-NVs). Junctional adhesion molecule A (JAM-A) protein
plays a crucial role in ADSC-NVs-mediated AGA hair regrowth, JAM-A
protein transferred by ADSC-NVs promotes autophagy of dermal
papilla cells (DPCs), thereby enhancing the resistance of DPCs to dihy-
drotestosterone (DHT) and inflammatory damage. Subsequently, bio-
inspired engineered ADSC-NVs with overexpressed JAM-A (JAM-
A%E@NV) were incorporated into poloxamer 407 hydrogel solution
(JAM-AOE@NV Gel) to prepare a thermosensitive sustained-release
platform to achieve efficient delivery of high-yield restorative JAM-A
proteins. This study proposes a novel approach to cell-free therapy for
AGA with a focus on a new mechanism of ADSC-NVs-conveyed JAM-A-
induced autophagy in DPCs to promote AGA hair regrowth. These
findings also highlight that JAM-AC®@NV Gel achieve sustained-release
deliver more JAM-A proteins, providing an advanced strategy for the
hair regeneration of AGA.

2. Results
2.1. Construction and characterization of CNVs

Previous studies have reported that CNVs exhibit a comparable
morphology to exosomes and contain over 70% of the identical mem-
brane proteins [13,14]. In the present study, purified CNVs were ob-
tained using gradient-over-membrane mechanical extrusion and
ultracentrifugation (Fig. 1A, Fig. S1A, Supporting Information). Subse-
quently, Western blotting was performed using exosome-specific protein
markers (Calnexin, TSG101, and CD63) to identify CNV membrane
proteins [15,16]. The findings indicated that the exosome-specific pro-
teins were positively expressed by ADSC-NVs and HSF-NVs (Fig. 1B).
The size and morphological properties of CNVs were subsequently
determined using a transmission electron microscope and a NanoFlow
cytometer, respectively. As evident from the findings, the majority of
ADSC-NVs and HSF-NVs were found to be composed of particles smaller
than 110 nm, with particles below 180 nm comprising 73.2% and 72.5%
of the total fraction, respectively (Fig. 1C, Figs. S1B and C, Supporting
Information). In addition, the structure of CNVs was comparable to that
of exosomes, with a round cup-shaped morphology bordered by lipid
membranes (Fig. 1D). On the basis of these outcomes, the purified CNVs
were gathered successfully. Furthermore, PKH26-labeled CNVs exhib-
iting red fluorescence were co-incubated with DPCs. Subsequently,
phalloidin was utilized to stain the cytoskeleton of DPCs with green
fluorescence (Fig. 1E). This finding suggests that DPCs have the capa-
bility to internalize ADSC-NVs and HSF-NVs.
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2.2. Effect of ADSC-NVs on hair regeneration in an AGA mice model

An average hair cycle comprises the anagen, catagen, and telogen
phases. In individuals diagnosed with AGA, there is a corresponding
increase in the transition of hair follicles from catagen/telogen to ana-
gen as the anagen phase of the damaged hair follicles (HFs) becomes
progressively shorter [17]. In this context, DHT comprises the key
androgen implicated in the progression of AGA [18]. In order to simu-
late the conditions of AGA hair growth, an AGA mouse model was
generated via intraperitoneal DHT injection (Fig. 1F). As a positive
control, minoxidil was topically applied to the area devoid of hair. CNVs,
on the other hand, were injected locally subcutaneously in multiple lo-
cations within the area affected by hair depilation, as illustrated in
Fig. 1G. DHT induced a retardation of hair growth in gross examination
results after hair depilation; however, this deceleration was mitigated by
minoxidil and CNVs (Fig. 1H, Figs. S2A and 2C, Supporting Informa-
tion). Notably, on day 15 following treatment, the ADSC-NVs group
exhibited a more rapid hair growth rate in comparison to the HSF-NVs
group (Fig. 1I). The skin tissue samples were collected on the 21st day
after treatment, and samples were stained with hematoxylin and eosin
(H&E) (Fig. 1J, Fig. S2B, Supporting Information). A near-telogen con-
centration of HFs was observed in the model group as a result of the
effects of DHT. In contrast, the application of ADSC-NVs induced a
reversible impact on DHT, resulting in a substantial augmentation in
both the quantity and base enlargement of HFs (Fig. 1L, Fig. S2D, Sup-
porting Information). Furthermore, the tissue slides were stained for
Ki67 immunofluorescence and the signal strength in the HF region was
assessed (Fig. 1K and M). DHT significantly decreased the number of
Ki67-positive cells in the HFs, whereas treatment with ADSC-NVs
increased the expression of Ki67-positive signals. These findings,
therefore, indicate that ADSC-NVs have the capability to effectively
reverse the delay in the HF growth cycle induced by DHT.

2.3. Protective effect of ADSC-NVs on DPCs injured by DHT and
macrophages

To investigate the fundamental processes involved in the initiation
and advancement of AGA, weighted gene co-expression network anal-
ysis (WGCNA) was applied to two AGA-related datasets (GSE212301
and GSE90594) obtained from the gene expression omnibus (GEO)
database. The objective was to identify pertinent modular genes that
exhibited a strong correlation with AGA. The optimal “soft" threshold for
both datasets was determined to be § = 16 (scale-free R? = 0.8 for
GSE212301, scale-free R? = 0.81 for GSE90594), and the clustered
dendrograms of the normal control and AGA were presented
(Figs. S3A-D, Supporting Information). The MEbrown and MEblue
modules exhibited a statistically significant positive correlation with
AGA, whereas the MEred and Meturquoise modules demonstrated a
statistically significant negative correlation (Figs. S3E and F, Supporting
Information). A Venn diagram was utilized to identify a set of sixteen
negatively correlated module genes and fourteen positively correlated
module genes that are shared among all modules (Figs. S4A-D, Sup-
porting Information). Following this, co-expression network was con-
structed for these genes, which was subsequently utilized for enrichment
analysis, including the Gene ontology (GO) and the Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway (Figs. S4E-J, Supporting In-
formation). Notably, the results of the enrichment analysis strongly
indicate that the immune response and Wnt signal pathway play a
crucial role in the pathogenesis of AGA. Previous studies have effectively
demonstrated that scalp samples obtained from individuals diagnosed
with AGA contain an assortment of inflammatory cells, including mast
cells, lymphocytes, and monocytes [19,20]. These cells release signifi-
cant amounts of inflammatory cytokines, leading to disruption of the HF
microenvironment, which in turn manifests as a stagnation of the hair
growth cycle. Furthermore, hair growth is regulated by a significant
signaling pathway known as the Wnt/p-catenin pathway [21,22]. In this
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Fig. 1. Characterization of CNVs and effect of CNVs on hair regeneration in an AGA mouse model. A) Schematic of the preparation of the CNVs. B) Western blotting
of exosome markers Calnexin, TSG101, and CD63. C) NanoFlow analysis of CNVs. D) Morphology of CNVs under transmission electron microscopy (TEM); scale bar:
400 nm. E) Fluorescent images of PKH26-labeled CNVs internalized by DPCs stained with phalloidin; scale bar: 40 um. F) Animal experimental schedule for inducing
the AGA mouse model. G) Schematic diagram of animal groupings and interventions. H) Representative optical images of hair growth on days 7, 11, 15 after
treatment; scale bar: 2 cm. I) The hair-covered area of the dorsal skin of mice on day 15 after treatment with different formulations. J) Representative H&E staining
images of hair follicle regeneration on the dorsal skin of mice on day 21; scale bar: 400 pm. K) Representative Ki67 immunofluorescence staining images of hair
follicle regeneration on day 21; scale bar: 100 pm. L) Statistical data on hair follicle number was counted in the same random area. M) Statistical data on the relative
I§i67 expression of the different groups. (n = 3 per group, *p < 0.05, **p < 0.01, ***p < 0.001).

context, DPCs are accountable for signal reception and transmission,
induction of proliferation and differentiation of HF stem cells via the
Wnt/p-catenin pathway, regulation of hair bulb size, anagen phase
duration, and hair shaft diameter, and are regarded as the control cen-
ters of HF growth.

Based on the potential pathogenesis mechanisms of AGA, the DPCs
models of DHT-injured and inflammation-injured were established to
explore the protective effects of ADSC-NVs. The optimal concentrations
of ADSC-NVs and DHT for subsequent experiments were determined by
analyzing the effects of ADSC-NVs and DHT on DPC proliferation using
the Cell Counting Kit-8 (CCK-8) assay (Fig. 2A, Fig. S5A, Supporting
Information). ADSC-NVs had a more pronounced and enduring promo-
tional effect on DPCs than HSF-NVs at equivalent concentrations, as
shown by the CCK8 result of ADSC-NVs (Fig. S5B, Supporting Informa-
tion). The most pronounced and enduring promotional effect was
observed at 100 pg/mL ADSC-NVs. In accordance with the findings of
prior research indicating that DPC senescence was significantly induced
by 10 nM/mL DHT, the CCK8 assay demonstrated that both 5 nM/mL
and 10 nM/mL DHT had a substantial inhibitory impact on DPC pro-
liferation [23]. As a result, a DHT concentration of 10 nM/mL was
selected for the further experimental procedures.

To assess the impact of CNVs on DHT-injured DPCs proliferation,
migration, and senescence, respectively, scratch assays, CCK8 prolifer-
ation assays, and the senescence-associated p-galactosidase (SA-B-gal)
activity assay were employed. Both CNVs significantly promoted the
proliferation of DHT-damaged DPCs, as shown in Fig. 2B; however,
ADSC-NVs promoted the proliferation of DPCs more efficiently than
HSF-NVs. ADSC-NVs exhibited greater efficacy in inhibiting the senes-
cence of DPCs induced by DHT compared to HSF-NVs (Fig. 2C, Fig. S5C,
Supporting Information). Moreover, an analysis of the migration per-
formances of DPCs treated with ADSC-NVs unveiled that ADSC-NVs
exhibited the most pronounced activity in promoting migration at 24
h, surpassing that of HSF-NVs at 48 h and 72 h (Figs. 2D and E). These
findings indicate that ADSC-NVs are capable of effectively reversing
DPCs damage induced by DHT.

The presence of tissue inflammation in the hairless region sur-
rounding the HFs in multiple scalp biopsy studies of patients with AGA
suggests that inflammation of the HFs plays a significant role in the
pathogenesis of the disease [24,25]. Furthermore, an investigation was
conducted using the single sample Gene Set Enrichment Analysis
(ssGSEA) algorithm to examine the abundances of macrophage cytokine
production, macrophage activation, and macrophage chemotaxis in the
frontal alopecia region of AGA patients in GSE212301. The findings
revealed significant levels of inflammatory factor production, macro-
phage activation, and macrophage chemotaxis within the frontal alo-
pecia region (Fig. 2F), indicating that macrophage damage to HFs plays
a significant role in the development of AGA. In order to establish a
model of macrophage injury, Raw 264.7 cells were co-cultured with
DPCs after being treated with lipopolysaccharide (LPS) (Fig. 2G). Sub-
sequently, the protective effect of CNVs on a macrophage injury model
was examined using an apoptosis kit (Fig. 2H). Both ADSC-NVs and
CNVs exhibited a comparable pattern, with ADSC-NVs significantly
reversing the apoptosis of DPCs, while HSF-NVs demonstrated less
pronounced repair activity (Fig. 2I). ADSC-NVs are clearly an effective
treatment for AGA hair regrowth.
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2.4. JAM-A protein plays a core link in ADSC-NVs-mediated AGA hair
regrowth

Cellular autophagy is a physiological process whereby cells engage in
self-phagocytosis of intrinsically damaged organelles to preserve
cellular equilibrium and withstand external harm [26,27]. Autophagy
dysfunction is a common complication of aging, and ADSC exosomes can
stimulate autophagy in order to substantially accelerate the repair of
diverse tissue injuries [28-30]. In this context, Tang et al. [31] discov-
ered that ADSC exosomes have the ability to stimulate AGA HF regen-
eration via the Wnt/f-catenin pathway. Thus, the question of whether
ADSC-NVs can similarly stimulate the Wnt/f-catenin pathway and
promote autophagy in DPCs damaged by DHT piqued our keen interest.

In order to ascertain autophagic activity, we discovered that ADSC-
NVs promoted a greater number of autophagosomes to form in DHT-
damaged DPCs, as observed by TEM (Fig. 2J). Furthermore, the pro-
tein levels of LC3 and B-catenin were assessed to evaluate the activation
levels of autophagy and Wnt/p-catenin pathways (Fig. 2K-M). The re-
sults showed that LC-3II and B-catenin expression was significantly
reduced in DHT-injured DPCs, whereas ADSC-NVs significantly elimi-
nated the inhibitory effect of DHT. These results suggest that ADSC-NVs
functioned similarly to ADSC exosomes to activate autophagy and Wnt/
B-catenin pathways to promote AGA hair regeneration. However, the
precise mechanism through which ADSC-NVs stimulate the expression
of both pathways prompts additional investigation.

As a vital member of the JAM family, JAM-A (also referred to as
F11R) is involved in cellular migration, proliferation, and permeability.
Our previous study demonstrated that JAM-A could preserve the func-
tion of DPCs and stimulate HF regeneration in alopecia areata [32].
Consistent with the results of this investigation, we observed a note-
worthy reduction in the expression of JAM-A in the DHT-injured DPC
dataset (GSE184501) (Fig. 3A). Furthermore, we validated that
ADSC-NVs could effectively counteract the DHT-induced down-
regulation of JAM-A protein (Fig. 2B and C). In addition, we discovered
that adipose-derived stem cells (ADSCs) contain a greater quantity of
JAM-A proteins than HSF, and that ADSC-NVs acquired via extrusion
were capable of encapsulating and delivering a greater quantity of
JAM-A proteins to mitigate DHT damage (Figs. S6A and B, Supporting
Information).

In order to investigate the pivotal role played by JAM-A in damaged
DPCs and the subsequent effects on the autophagy and Wnt/p-catenin
pathways, we established DPCs cell lines with JAM-A overexpression
(JAM-A®E), JAM-A interference (JAM-AS), and JAM-A control (JAM-
ANO) by lentiviral transfection (Figs. S7A and B, Supporting Informa-
tion). Similarly, the cell lines were subjected to DHT and macrophage
injury modeling and assayed for proliferation, migration, senescence
and apoptosis indicators (Fig. 3D-I, Fig. S7C, Supporting Information).
The results indicated that the downregulation of JAM-A significantly
impaired the ability of DPCs to resist damage from DHT and macro-
phages, as demonstrated by an increase in senescent and apoptotic cells
and a reduction in proliferative and migratory capacities. On the con-
trary, overexpression of JAM-A enabled the activation of DPCs that were
effective against DHT and macrophage-induced injury.

Previous studies have reported that inhibiting JAM-A leads to the
initiation of the AKT pathway [33]. While the AKT pathway has been
identified as a driver of tumor cell proliferation, its activation in healthy
cells can impede autophagy and accelerate cellular senescence [34].
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Fig. 2. Protective effect and potential mechanism of CNVs on DPCs injured by DHT and macrophages. A) Effects of various concentrations of DHT on the viability of
DPCs, as shown by CCK-8 assays (n = 3). B) Viability of DHT-injured DPCs treated with CNVs for 48 h (n = 3). C) Statistical data on the proportion of senescent cells
in each group was counted in the same random area (n = 4). D) Effect of CNVs on DHT-injured DPC migration at every indicating time; scale bar: 50 pm. E) Relative
migration of DHT-injured DPCs in each group (n = 4). F) Relative expression of macrophage chemotaxis, activation, and cytokine production abundances in the
frontal alopecia region of AGA patients in GSE212301. G) Schematic diagram of the co-culture of DPCs with LPS-activated Raw 264.7 macrophages. H) Apoptosis
cells of macrophage-injured DPCs treated with CNVs for 48 h were determined by an apoptosis kit. I) Statistical data on the proportion of apoptosis cells in each group
(n = 3). J) Cellular ultrastructure in each group was detected by TEM, and red arrows indicated autophagosomes; scale bar: 2 pm and 500 nm. K) Change in LC3 and
B-catenin expression. L) Relative expression of f-catenin (n = 3). M) Relative expression of LC-3II (n = 3). (*p < 0.05, **p < 0.01, ***p < 0.001).
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pm. G) Relative migration of DHT-injured DPC cell lines in each group. H) Apoptosis cells of DPC cell lines were injured with macrophages for 48 h. I) Statistical data
on the proportion of apoptosis cells in each group. J) Change in LC3, AKT, AKT phosphorylation, and p62 expression. K) Relative expression of LC-3II, p62, and AKT
phosphorylation. L) Change in Cyclin D1 and p-catenin expression. M) Relative expression of Cyclin D1 and -catenin. (n = 3 per group, *p < 0.05, **p < 0.01, ***p

< 0.001).

Subsequently, we quantified the levels of the AKT pathway, which
regulates autophagy activity, and the indicators p-catenin and Cyclin
D1, which quantify the levels of the Wnt/p-catenin pathway, in addition
to the autophagy-reflective markers LC3 and p62. Increased expression
of LC3-II and decreased levels of p62 and AKT phosphorylation in the
DHT-damaged culture environment of the JAM-A-overexpressing DPCs
are typically indicative of enhanced autophagy activity (Fig. 3J and K).
Meanwhile, the upregulation of Cyclin D1 and f-catenin signifies an
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increase in the activity of the Wnt/p-catenin pathway (Fig. 3L and M).
The findings of this study indicate that the JAM-A protein is a crucial
component in ADSC-NVs-mediated AGA hair regrowth.

2.5. Characterization of a JAM-A@NV-enriched thermosensitive
sustained-release platform

Extrusion-prepared CNVs serve as effective drug carriers and exhibit
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enhanced uptake by receptor cells, rendering them a highly promising
drug delivery system [35]. As a result, cell lines of interference ADSCs
and overexpression of the JAM-A protein were generated (Figs. S9A and
B, Supporting Information). Additionally, JAM-A°E@NV, which was
extruded to transport a substantial quantity of JAM-A proteins, was
obtained (Fig. S9C, Supporting Information). However, the primary
limitations of exosomes and CNVs strategies are their short half-life and
rapid in vivo clearance [36]. To mitigate the aforementioned limita-
tions, it has been demonstrated that exosome-loaded hydrogels can
produce sustained therapeutic effects [37,38]. The present study utilized
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poloxamer 407 temperature-sensitive hydrogel, which has been shown
to exhibit exceptionally low cytotoxicity and the ability to postpone
nanoparticle release [39,40], to achieve sustained release of
JAM-APE@NV and thereby increase its in vivo retention time.

CCK8 and live/dead staining were employed to assess the impact of
poloxamer 407 hydrogel on DPCs prior to the fabrication of the JAM-
A@NV Gel (Fig. 4A and B). Following the seeding of DPCs onto the
hydrogels, no discernible dead cells were detected. In order to assess the
thermosensitivity effectiveness of hydrogels at the macroscopic level, we
initially employed the inversion method to examine the temperature
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Fig. 4. Characterization of the JAM-A@NV-enriched thermosensitive hydrogel (JAM-A@NV Gel). A) The viability of DPCs cultured in a common dish or poloxamer
407 hydrogel (Gel) was evaluated by a CCK-8 assay. B) Live/dead staining of DPCs cultured on the gel or common culture dish; scale bar: 50 pm. C) Temperature
response behavior of JAM-A@NV Gel using the inversion method. D) Gelation time of JAM-A@NV Gel. E) Injectability of the JAM-A@NV Gel. F, G) Morphology of
JAM-A@NV Gel; scale bars: 50 pm and 20 pm. H) Confocal 3D analysis of JAM-A@NV Gel. PKH26 is used to characterize JAM-A@NV (Red). I, J) Rheological

properties of JAM-A@NV Gel were analyzed with temperature changes. K) The JAM-A@NV release behavior of JAM-A@NV Gel. (n = 3 per group, ns

not significant).
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response characteristics of JAM-A@NV Gel (Fig. 4C). At 37 °C, the
precursor solution of JAM-A@NV Gel gelatinized in approximately 1
min (Fig. 4D), illustrating its rapid gelatinization. The injectability of the
JAM-A@NV Gel is illustrated in Fig. 4E. When the gel is warmed sub-
sequent to injection, it significantly augments in viscosity and
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diminishes in fluidity, thereby facilitating the in-situ release of the JAM-
A@NV. A scanning electron microscope (SEM) analysis of the JAM-
A@NV Gel revealed that it possessed a porous three-dimensional
structure (Fig. 4F) and that the JAM-A@NV were encapsulated effec-
tively (Fig. 4G). The confocal microscopy 3D view revealed that the
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JAM-A@NV, which was labeled with PKH-26 (red fluorescence), was
uniformly dispersed throughout the hydrogels (Fig. 4H). The mechani-
cal properties of the JAM-A@NV Gel were assessed through rheological
tests. The results indicated that the gelation temperature of the gel was
30.4 °C (Fig. 4I). Furthermore, at approximately 30 °C, the storage
modulus (G') of the thermo-sensitive system surpassed the loss modulus
(G") (Fig. 4J). Fig. 4K additionally illustrates the release curve of JAM-
A@NV Gel. With a total release quantity of nearly 60% within the first
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24 h, the JAM-A@NV reached saturation on day 4. The findings of this
study suggest that the JAM-A@NV-enriched sustained-release thermo-
sensitive platform was effectively developed.

2.6. Protective effect of JAM-APE@NV in vivo and vitro

The effectiveness of JAM-A®®@NV therapy was subsequently
assessed using the AGA mouse model and the JAM-A downregulated
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DPCs cell line. To facilitate in vivo validation, mice were allocated into
four distinct groups: the hydrogels without JAM-A@NV group (Gel
group) and the hydrogels with three types of JAM-A@NV groups (JAM-
AS\@NV Gel group, JAM-ANC@NV Gel group, JAM-A°E@NV Gel group).
The hair regeneration images of each group at various time points are
depicted in Fig. 5A, which demonstrates a progressive decrease in the
area devoid of hair. The mice assigned to the JAM-ACE@NV Gel group
exhibited the greatest hair coverage by day 11, indicating the most
effective hair regeneration effect (Fig. 5B, Fig. S8, Supporting Informa-
tion). The mice in the JAM-ACE@NV Gel group exhibited significantly
greater hair coverage on days 15 and 19 subsequent to hair removal
(Fig. 5C and D). In contrast to the other three groups, the JAM-A®E@NV
Gel group was significantly higher than the other three groups. In
addition, significant restorative effects were observed in the JAM-
ANC@NV Gel group as opposed to the JAM-AS@NV Gel group.

Ki67 immunofluorescence staining and H&E staining were utilized to
histologically evaluate the effect of HF regeneration on day 21. The
results of H&E staining indicated that, in comparison to the other three
groups, the JAM-A°®@NV Gel group demonstrated the highest effi-
ciency in hair regrowth (Fig. 5E). The JAM-ACY@NV Gel group exhibi-
ted a notably higher quantity of HFs compared to the other three groups.
Furthermore, the HFs exhibited a predominantly proliferative
morphology, with the most substantial expansion observed at their basal
regions (Fig. 5F and G). Furthermore, the tissue slides underwent Ki67
immunofluorescence staining. The findings revealed that the JAM-
ACE@NV Gel group exhibited a significantly higher expression of Ki67-
positive cell signals in the HF region compared to the other three groups
(Fig. 5H and I). The findings of this study indicate that the application of
JAM-ACE@NV Gel successfully promotes the growth and maturation of
HF, leading to exceptionally favorable therapeutic impacts on AGA.

To validate the findings in vitro, we initially co-incubated the three
JAM-A@NV with the down-regulated DPCs cell lines. Fig. 6A and B il-
lustrates that the JAM-ACE@NV significantly restored the expression of
the JAM-A protein. Subsequently, the cell lines’ biological functions
were restored and verified using the identical approach as the prior
validation (Fig. 6C-H, Fig. S9D, Supporting Information). In comparison
to the other two JAM-A@NYV, the results demonstrated that the JAM-
AE@NV significantly enhanced the proliferation and migration of DPCs
while decreasing their senescence and apoptosis. In addition, the JAM-
ANC@NV exhibited substantial protective effects in comparison to the
JAM-AS'@NV. Finally, markers associated with the autophagy and Wnt/
B-catenin pathways were identified (Fig. 6I-L). The protein levels of
LC3-1I, Cyclin D1, and p-catenin increased significantly when the down-
regulated DPCs cell lines were co-incubated with JAM-ACE@NV.
Conversely, the protein levels of p62 and AKT phosphorylation
decreased significantly. These findings indicate that JAM-A®*@NV
plays a substantial role in facilitating the activation of the autophagy
and Wnt/f-catenin pathways, thereby rescuing the phenotype of the
down-regulated DPCs cell lines.

As demonstrated by the aforementioned findings, JAM-AC @NV Gel
is an effective method for promoting AGA HF regeneration and a sub-
stantial quantity of JAM-A proteins delivered via JAM-A°®@NV are
required to activate the autophagy and Wnt/f-catenin pathways,
thereby enhancing the biological function of damaged DPC cells.

3. Discussion

The complex pathogenesis of AGA involves multiple factors,
including genetics, abnormal androgen metabolism, and inflammatory
responses, resulting in a paucity of efficacious and side-effect-free bio-
logical agents being reported [41]. CNVs are potential drug delivery
mediators by directly extruding cells and forming exosome-like nano-
vesicles that possess the high yield and biocompatibility [42]. Inspired
by this, we introduced ADSC-NVs for AGA hair regeneration and
explored the potential repair mechanisms. Notably, emerging studies
suggests that engineering CNVs can serve as a more effective means of
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disease treatment, providing clues for the efficient treatment of AGA
[35].

The normal hair growth cycle undergoes a repetitive sequence of
anagen, catagen, and telogen. In patients with AGA, hyperactivation of
androgen receptors by DHT in DPCs will downregulate the expression of
Wntl0b and f-catenin, thereby inhibiting the classical Wnt/f-catenin
signaling pathway, which is essential for the transition of HFs from the
telogen to the anagen [43]. Additionally, inflammatory cell infiltration
was present in AGA scalp HFs, which significantly reduces the efficacy of
minoxidil [19,20]. These imply abnormal androgen metabolism and
inflammation response plays a central role in the progression of AGA,
consistent with the enrichment analysis in this study. ADSCs and their
exosomes are well-known for the remarkable Wnt pathway activation
and immunomodulation in tissue repair [44,45]. CNVs retain the orig-
inal cell membrane protein structure and have a high yield, displaying
remarkable similarities to exosomes in terms of physical properties, key
protein markers, liposome properties, and in vitro and in vivo behaviors
[42]. Based on this, we introduced ADSC-NVs for the first time into AGA
therapy and their key role in the regulation of pathogenesis has been
explored.

Autophagy is a vital cellular process that sustains cell homeostasis by
degrading misfolded or damaged proteins and dysfunctional organelles
[46]. Autophagy is an indispensable process for the self-renewal and
differentiation of epidermal and dermal stem cells within the skin, as
well as being crucial for hair growth [47,48]. Previous studies have
reported that autophagy is upregulated during the anagen of HFs, and it
has been substantiated that specific small molecule inducing autophagy
promote the transition of HFs from the telogen to the anagen [49,50].
Therefore, modulation of autophagy may emerge as a significant ther-
apeutic strategy for AGA hair regeneration therapy. JAM-A is a critical
adhesion protein that participates in various physiological and patho-
logical processes, including embryonic development, maintenance of
normal tissue architecture, wound healing, and angiogenesis [51,52].
Shu et al. [53] found that a hyperglycemic environment can suppress the
expression of JAM-A in mesenchymal stem cells and overexpression of
JAM-A can restore the biological function of cells, reducing cell
apoptosis, and upregulate the expression of cyclin D1, thereby pro-
moting wound healing. Previous studies have demonstrated that
downregulation of JAM-A expression leads to activation of the AKT
pathway, which prevents the activation of the autophagy pathway in
healthy cells and accelerates cellular senescence [33,34]. Therefore, this
study indicates a novel mechanism by which JAM-A proteins delivered
by ADSC-NVs affects hair regeneration through the autophagy pathway.
Regarding whether JAM-A engineered delivery therapy has a more
positive effect on AGA hair regrowth, we conducted further research.

Subsequently, a bioinspired engineered platform utilizing ADSC
nanovesicles embedded in a thermosensitive hydrogel was developed in
this study. This platform was further enhanced by the incorporation of
JAM-ACE@NV. The objective of this design was to effectively stimulate
hair follicle regrowth in AGA, as demonstrated in Fig. 7. The utilization
of mechanical extrusion in the production of JAM-A°E@NV effectively
addressed the existing issues of low yield and high cost associated with
exosomes. Meanwhile, the implementation of thermosensitive hydrogels
addressed the limitations associated with their short half-life and rapid
in vivo clearance. In addition, our study confirmed that the JAM-
ACE@NV treatment leads to a significant activation of the autophagy
and Wnt/p-catenin pathways in DPCs in response to both DHT and
macrophage-induced damage. Furthermore, the application of JAM-
ACE@NV Gel significantly improved the efficiency of hair regeneration
in mice with AGA. Hence, the utilization of the engineered ADSC
nanovesicle hydrogel used in this study demonstrates its capacity to
effectively deliver a substantial quantity of reparative proteins, thereby
facilitating the process of hair regeneration in individuals affected by
AGA.

In summary, this study has certain limitations, but it also provides a
theoretical basis for the follow-up research. HFs are complex micro-
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Fig. 7. Overview diagram of the mechanism of JAM-A°®@NV Gel promoting AGA hair regeneration.

organs where the intricate interplay of vascularization, communication
between skin epidermal-derived cells and DPCs is a hot topic in the
current research field. The potential for engineered ADSC-NVs to
modulate the intrinsic communication patterns represents an area ripe
for further investigation. Meanwhile, next studies need to further
explore autophagy mechanisms. The autophagy pathway can be further
divided into macroautophagy, microautophagy, and molecular chap-
erone mediated autophagy [54]. Based on the organelles targeted for
degradation, it can be further divided into endoplasmic reticulum
autophagy and mitochondrial autophagy. Hence, the specific autopha-
gic mechanisms in DPCs mediated by JAM-ACY!@NV requires us for
further exploration in the future to facilitate the development of clini-
cally effective targets.

4. Conclusion

Overall, we propose a new theory of engineered ADSC-NVs pro-
moting AGA hair regeneration and explore the potential mechanisms of
action. DPCs in the HFs of AGA patients are damaged by DHT and
inflammation, which triggered the blockage of HFs entry into the ana-
gen. JAM-A protein transferred by ADSC-NVs promotes autophagy and
Wnt/p-catenin pathways in DPCs in response to both DHT and
macrophage-induced damage. Subsequently, we pioneered the intro-
duction of engineered ADSC-NVs with overexpressed JAM-A into ther-
mosensitive hydrogels for efficient delivery of high-yield restorative
JAM-A proteins and thus enhanced hair regeneration in cases of AGA.
In summary, this study not only provides a new perspective on cell-free
regeneration therapies for AGA, but also this innovative approach holds
significant potential for clinical application and translation.

5. Experimental section
5.1. Bioinformatics analysis

The AGA-related datasets (GSE212301, GSE90594, and
GSE184501), were acquired from the GEO (Gene Expression Omnibus)
database for subsequent analysis. The Weighted Gene Co-expression
Network Analysis (WGCNA) method was utilized to identify the most
pertinent module genes associated with AGA. Subsequently, the Gene-
MANIA online database (http://genemania.org/) was employed to
investigate the co-expression network of these genes. To gain a
comprehensive understanding of the role of AGA-related genes, we
utilized the DAVID database (https://david.ncifcrf.gov/) to conduct
enrichment analysis, encompassing Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG). Furthermore, we obtained
the gene sets for macrophage chemotaxis, activation, and cytokine
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production abundances from the MSigDB database (https://www.gs
ea-msigdb.org/). To assess the levels of macrophage chemotaxis, acti-
vation, and cytokine production abundances in AGA patients, we
employed the ssGSEA algorithm. The methods for implementing bioin-
formatics analysis in detail were previously described [55].

5.2. Cells culture and treatment

Human DPCs were obtained from human HF tissue and cultured in
Low glucose Dulbecco’s Modified Eagle Medium (DMEM, Cytiva, China)
at 37 °C. The medium contained 10% (v/v) fetal bovine serum (FBS,
Gibco, Gaithersburg, USA) and 1% (v/v) penicillin/streptomycin (P/S,
Yeasen biotechnology, China). Macrophages (Raw 264.7) were procured
from Zishan Biotechnology (Servicebio, China), while human ADSCs
and HSF were obtained from the department of Burn Surgery affiliated
with First Affiliated Hospital of Naval Medical University. The ADSCs
were cultured in specialized culture medium (Oricell™, Cyagen Bio-
sciences, China), while the HSF and Raw 264.7 were cultured in DMEM
with low and high glucose concentrations (10% FBS and 1% P/S,
respectively). Primary cells (passages 3 to 6) were utilized in this study.

5.3. Preparation and isolation of nanovesicles

Cellular nanovesicles were extracted from ADSCs and HSF. The cells
attained a confluency of 80%-90% and were subsequently rinsed twice
with PBS. Cellular pellets were then harvested and subsequently
reconstituted in PBS. The extrusion device was assembled in advance in
accordance with the instructions provided by the manufacturer (What-
man, United States) and its vacuum tightness was stringently inspected.
Following this, the cell suspension was compressed according to the
gradient of filter membrane pore size (5 pm, 1 pm, 0.8 pm, 0.4 pm, 0.2
pm, 0.1 pm) using a mini-extruder (Morgec, Shanghai, China) in order to
obtain nanovesicles. The suspension of compressed nanovesicles was
then filtered using a 0.22 pm filter and subsequently ultracentrifuged at
100000g for a duration of 70 min, and repeated twice at 4 °C. This
process was carried out in order to obtain a purified solution of nano-
vesicles. The nanovesicles were then stored at a temperature of —80 °C
until further use.

5.4. TEM

The methodology employed for observing the microstructure of the
nanovesicles was identical to that utilized for exosomes. To summarize,
the nanovesicles were fixed using a 2% paraformaldehyde solution,
washed, and carefully placed onto Formvar-carbon-coated grids. Sub-
sequently, the nanovesicles were washed again, dried, and observed
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using a transmission electron microscope (TEM, Hitachi H7800, Japan).
The cells were subjected to fixation by immersing the cell pellets in a
solution containing 2.5% glutaraldehyde overnight, followed by fixation
with a solution containing 1% osmium acid for a duration of 2 h. The
sample was then dehydrated using a series of graded ethanol solutions,
followed by embedding in epoxy resin and subsequent preparation into
ultra-thin sections. Following that, the sections were treated with uranyl
acetate and lead citrate stains, and subsequently examined using TEM.

5.5. Size detection and labeling of nanovesicles

The size of nanovesicles was determined using a NanoFlow flow
cytometer (Apogee A50-micro, Apogee) in accordance with the guide-
lines provided by the manufacturer. The nanovesicles were labeled by
staining them with PKH-26 (Sigma, Aldrich, USA). To summarize, PKH-
26 solution was introduced to a specific quantity of nanovesicles and
incubated for 10 min at room temperature, while being kept away from
any sources of light. Following that, the stained nanovesicles were
collected using a 100 kDa ultrafiltration tube (Millipore, CA, United
States) and were co-incubated with the for a duration of 12 h. Subse-
quently, the cells were fixed in 4% paraformaldehyde solution for a
duration of 10 min. The cytoskeleton was then labeled using phalloidin
(Yeasen biotechnology, China), while the nuclei were stained with DAPI
(Boster biotechnology, China), following the guidelines provided by the
respective manufacturers. Subsequently, the nanovesicle-loaded cells
were examined using a laser scanning confocal microscope (LSCM, SP8,
Leica).

5.6. Western blot analysis

Nanovesicle proteins and cell proteins were subjected to separation
using SDS-polyacrylamide gel electrophoresis. Subsequently, the pro-
teins were transferred onto PVDF membranes (Millipore, USA). The
membranes were blocked using protein-free rapid blocking buffer
(Epizyme Biomedical Technology, Shanghai, China) for a duration of 30
min. Subsequently, they were incubated with CD63 (1:1000, ab134045,
Abcam) or TSG101 (1:1000, ab125011, Abcam) or Calnexin (1:1000,
ab133615, Abcam) or B-catenin (1:1000, ab32572, Abcam) or LC3B
(1:1000, ab192890, Abcam) or GAPDH (1:4000, 60,004-1-lg, Pro-
teintech) or a-tubulin (1:1000, 2144S, Cell Signaling Technology) or
JAM-A (1:1000, 36-1700, Invitrogen) or p62 (1:1000, ab109012,
Abcam) or f-actin (1:1000, GB11001-100, Servicebio) or AKT (1:1000,
4685, Cell Signaling Technology) or phospho-Akt (1:1000, 4060S, Cell
Signaling Technology) or Cyclin D1 (1:1000, 60186-1-Ig, Proteintech)
primary antibodies overnight at 4 °C. The membranes were then incu-
bated with a horseradish peroxidase—conjugated secondary antibody for
a duration of 2 h at room temperature. Subsequently, a chem-
iluminescence imaging system (Tanon, Shanghai, China) was utilized to
generate the protein bands. In addition, quantitative analysis was con-
ducted using the ImageJ software (Bethesda, MD, USA).

5.7. Experimental animals model establishment, treatment and repair
evaluation

The AGA model was developed in accordance with a previously re-
ported study [23]. The animal operations conducted in this study were
granted approval by the Scientific Investigation Committee of Shanghai
Tongji University, in accordance with the guidelines set forth by the
Animal Ethics Committee of the Shanghai East Hospital, which is affil-
iated with the Tongji University School of Medicine. To summarize,
6-week-old male C57BL/6 mice were procured and allowed to adapt to
cages for one week. Subsequently, the AGA model mice received intra-
peritoneal injections (0.1 mL) containing 10 mg/mL solution of DHT
(Solarbio biotechnology, China), dissolved in corn oil. These injections
were administered one day prior to hair removal and on days 5 and 13
following hair removal. In the context of nanovesicle treatment, a
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dosage of 200 pg nanovesicles was administered via subcutaneous in-
jection into the dorsal skin using either 100 pL of PBS or hydrogel as the
carrier. Minoxidil was applied topically daily as a positive control. The
mice were then anesthetized using isoflurane gas via inhalation. Sub-
sequently, the growth patterns of the dorsal skin were observed and
recorded on days 7, 11, 15, and 19 following the depilation procedure.
Finally, the mice were euthanized on the 21st day in order to collect
tissue samples from the dorsal skin.

The skin tissue samples were fixed in a 4% paraformaldehyde solu-
tion for a duration of 72 h. Following the process of gradient ethanol
dehydration and paraffin embedding, the samples underwent sectioning
into 5 pm sections for subsequent analyses. In this study, the sections
underwent staining with hematoxylin and eosin (H&E) for the purpose
of histological analysis. In addition, immunofluorescence analysis was
conducted using a primary antibody solution for Ki67 (abl15580,
Abcam), as described in our previous research [56]. Furthermore, the
nuclei were stained using DAPIL.

5.8. Cell proliferation and migration ability assay

The proliferation of DPCs was assessed utilizing the CCK-8 (Beyotime
biotechnology, China) cell counting kit. DPCs were cultured in a 96-well
plate in accordance with the manufacturer’s instructions before being
exposed to varying concentrations of nanovesicles (0, 50, 100, 200 pg/
mL) or DHT (0, 5, 10 nM/mL). To carry out the CCK-8 assay, 10 pL of
CCK-8 solution was added to each well for 2 h at 37 °C; subsequently, the
absorbance was measured at 450 nm using a microplate reader (BioTek
Epoch, USA).

In order to investigate the migration of cells, DPCs were seeded into
six-well plates and cultured to ~80% confluency. After scraping the cell
monolayer vertically in each well with a 200 L tip, the wells were
washed 2-3 times with PBS. Subsequently, an optical microscope
(Olympus, Tokyo, Japan) was used to capture optical images of the
samples every 24 h. The scratched area was then analyzed using ImageJ
software, and the cell migration rate was calculated as the ratio of the
migrated scratch area to the initial scratch area.

5.9. Senescence-associated p-galactosidase activity assay

Serum-free DMEM, with or without nanovesicles, was treated with
DPCs for a duration of 48 h under the experimental design. Subse-
quently, the mixture was rinsed 2-3 times with PBS. The washed cells
were then fixed with p-Gal fixed solution (Solarbio biotechnology,
China) for 15 min at room temperature. After incubating fixed cells for
16 h at 37 °C without CO,, they were stained with SA-p-gal staining
solution (Solarbio biotechnology, China. The SA-f-gal-positive cells
were examined the next day using an optical microscope.

5.10. Cell apoptosis flow cytometry detection

A cell model for inflammatory injury was established in accordance
with a previously documented study [57]. Raw 264.7 cells were cultured
in transwell chambers (Corning Costar, Cambridge, MA) and subse-
quently exposed to LPS for a duration of 24 h. Following this, the
transwell chambers were relocated to the 6-well culture plates that had
been previously seeded with DPCs. The culture media was then
substituted with serum-free DMEM, either with or without the inclusion
of nanovesicles. Following a 72-h co-culturing period, the DPCs were
collected and subjected to staining and analysis as per the guidelines
provided in the flow apoptosis kit instructions (Servicebio, China).

5.11. Characterization of nanovesicle-loaded hydrogel
The JAM-A@NV Gel was prepared by thoroughly stirring and mixing

Poloxamer 407 hydrogel (Solarbio biotechnology, China) and PBS
containing JAM-A@NVs (v/v, 20%), within an ice bath. In addition, a
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Calcein/PI cell viability/cytotoxicity assay kit (Beyotime biotechnology,
China) was utilized to assess the potential toxicity of Poloxamer 407
hydrogel towards DPCs.

To facilitate the examination of the microstructure of the JAM-
A@NV Gel, the hydrogel underwent a pre-freeze drying using a vac-
uum freeze dryer (SCIENTZ-10 N, SCIENTZ, China) for a duration of 36
h. Subsequently, the sample was acquired to examine its microstructure
using a scanning electron microscope (SEM, ZEISS GeminiSEM 300,
ZEISS, Germany). In addition, a Haake Mars60 rotational rheometer
(Thermo Scientific, USA) was used to conduct the viscosity and rheo-
logical characterization studies. The experimental parameters include a
temperature range spanning from 4 °C to 49 °C, with a temperature
increment of 3 °C. The viscosity modulus was measured at a shear rate of
10 S~} while the rheological modulus was determined at a frequency of
1 Hz. Additionally, the amplitude used for the measurements was set at
1%.

5.12. Release profile of nanovesicles from hydrogel

A bicinchoninic acid protein assay kit (Epizyme Biomedical Tech-
nology, Shanghai, China) was employed to analyze the release profile of
nanovesicles from the hydrogel. In this experimental procedure, a vol-
ume of 200 pL of hydrogel solution, which contained 50 pg of nano-
vesicles, was introduced into the modified transwell chambers of a 24-
well plate. The plate was promptly placed in an incubator set at a
temperature of 37 °C for a duration of 2 min, allowing the hydrogel to
completely solidify. Next, 500 pL of PBS was added to the 24-well plate,
ensuring complete contact with the transwell chambers. The plate was
subsequently returned to a temperature of 37 °C. As per the time points
previously documented [58], the BCA protein assay was conducted by
extracting 20 pL of PBS from the plates, and subsequently, the release
curves of nanovesicles were graphed.

5.13. Statistical analysis

The numerical data were represented as the mean + standard devi-
ation. The statistical analysis involved conducting multiple group
comparisons using one-way ANOVA, and performing two group com-
parisons using Student’s sample t-test with SPSS 26.0 software (IBM, NY,
USA). The results were then visualized using GraphPad Prism software
(version 9.0, La Jolla, CA). P values < 0.05 were considered statistically
significant.
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