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Mesenchymal Stem Cell Aggregation-Released Extracellular
Vesicles Induce CD31+EMCN+ Vessels in Skin Regeneration
and Improve Diabetic Wound Healing
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Kai-Chao Zhang, Sha Zhang, Jie-Xi Liu, Kai Zhang, Huan Jing, Bing-Dong Sui,* Yan Jin,*
and Fang Jin*

The blood vessel system is essential for skin homeostasis and regeneration.
While the heterogeneity of vascular endothelial cells has been emergingly
revealed, whether a regeneration-relevant vessel subtype exists in skin
remains unknown. Here, a specialized vasculature in skin featured by
simultaneous CD31 and EMCN expression contributing to the regeneration
process is identified, the decline of which functionally underlies the impaired
angiogenesis of diabetic nonhealing wounds. Moreover, enlightened by the
developmental process that mesenchymal condensation induces
angiogenesis, it is demonstrated that mesenchymal stem/stromal cell
aggregates (CAs) provide an efficacious therapy to enhance regrowth of
CD31+EMCN+ vessels in diabetic wounds, which is surprisingly suppressed
by pharmacological inhibition of extracellular vesicle (EV) release. It is further
shown that CAs promote secretion of angiogenic protein-enriched EVs by
proteomic analysis, which directly exert high efficacy in boosting
CD31+EMCN+ vessels and treating nonhealing diabetic wounds. These
results add to the current knowledge on skin vasculature and help establish
feasible strategies to benefit wound healing under diabetic condition.
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1. Introduction

As the largest organ in the human body,
the skin acts as the first line of defense
against outside environment, making it
highly susceptible to traumatic or surgical
injuries.[1,2] The blood vessel system that is
mainly distributed in the dermis and me-
diates the transport of nutrients and oxy-
gen as well as disposal of wastes, is es-
sential for skin homeostasis maintenance
and regeneration.[3] Notably, the process of
wound healing involves well-orchestrated
sequential phases, within which angiogen-
esis, the growth of new blood vessels from
preexisting vasculature, has been identified
as an indispensable program.[2–4] Within
recent years, in addition to the common
recognition of vascular classification into
arteries, veins and capillaries, it has been
emergingly revealed that vascular endothe-
lial cells (ECs) are highlyg heterogeneous,
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constituting distinct vessel subtypes.[5,6] For example, the subtype
of H vessels (CD31hiEMCNhi vessels), which was first discovered
in bone, promote vascularization and couple with osteogenesis.[7]

CD31 molecules are evenly distributed over the plasma mem-
brane of blood flowing leukocytes and platelets and are concen-
trated at the intercellular endothelial junctions, which maintain
junctional integrity of ECs and vascular permeability.[8,9] Endo-
mucin (EMCN) is an endothelial transmembrane protein and
an EC-specific sialomucin found in venous and capillaries en-
dothelium, but not on arterial endothelium and the high en-
dothelial venules of peripheral and mesenteric lymph nodes.[10,11]

Genomic profiling techniques, in particular single-cell RNA se-
quencing, have depicted a detailed transcriptional atlas of skin
ECs, which helps to provide more insights into the intercellu-
lar heterogeneity.[12–14] Nevertheless, the identification of specific
vessel subtype in skin that is functionally associated with the re-
generation process remains to be further elucidated.

Despite that minor injuries usually heal well in healthy indi-
viduals, nonhealing wounds have become a major burden world-
wide in both human health and economic terms.[15] In particular,
patients with diabetes are highly vulnerable to abnormal wound
repair.[16,17] Of note, the impaired ability to regrow vasculature
through angiogenesis is a major aspect of diabetes-related non-
healing wounds, with significantly decreased pro-angiogenic sig-
nals putatively attributed to the hyperglycemic environment and
excessive proinflammatory factors.[18–21] For now, researches on
the techniques and dressings used for improving angiogenesis
mainly focus on delivery of angiogenic growth factors or applica-
tion of small molecules, as we also previously did by testing met-
formin and resveratrol.[18,22–25] Despite the benefits to angiogen-
esis and wound closure in animal studies by these approaches,
barely no reagent exerts clear therapeutic effects on enhancing
angiogenesis for patients with diabetic nonhealing wounds in
clinical trials.[22,26,27] Further exploration on the involvement of
regeneration-relevant vessel subtype in skin will shed light on
novel targets for establishing feasible therapeutics to promote
nonhealing wound regeneration under diabetic conditions.

A promising regenerative paradigm currently being estab-
lished is to harness or recapitulate the developmental program
for organ regeneration.[28–30] Specifically, condensation of mes-
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enchymal progenitors has been revealed as a necessary com-
ponent for the development of a spectrum of organs, which
not only dictates mesenchymal tissue formation and patterning,
but also acts importantly as the signaling niche to orchestrate
fate specification of cross-lineage progenitors and coordinate
vascularization.[31–33] A typical example is the centrality of the
condensing mesenchyme in regulating vascular patterning dur-
ing limb development.[34] Accordingly, a great amount of efforts
has been devoted into the construction and application of mes-
enchymal condensation mimetics for regenerative aims.[35–37]

In this aspect, our group has previously constructed cell ag-
gregates (CAs) from cultured mesenchymal stem/stromal cells
(MSCs) and successfully regenerated dental pulp and periodon-
tal bone in preclinical studies and in human clinical trials, which
demonstrated abundant vascularization ascribed to paracrine ef-
fects based on release of extracellular vesicles (EVs).[38–41] The
MSC-CAs we established belong to a tissue engineering prod-
uct, which are based on cell sheet engineering and pellet culture
technology.[40,42] This technology enables cells to be fully con-
nected under the induction of special media, with secreting am-
ple amount of extracellular matrix (ECM), EVs and growth factors
beneficial for the cell survival, differentiation and regeneration
potential.[40,42] CAs can be easily peeled off from the bottom of
the cell culture dish, which avoids cell loss caused by enzymatic
digestion and maximizes the preservation of cell-to-cell and cell–
ECM interaction.[40,42] Nevertheless, whether MSC-CAs could re-
grow regenerative skin vessel subtype and show therapeutic ef-
ficacy for diabetic nonhealing wounds, as well as the underlying
mechanisms, remains to be uncovered.

In this study, we first identify a specific vessel subtype featured
by simultaneous CD31 and EMCN expression which prefer-
ably resides in the deep reticular layer of dermis and is phe-
notypically involved in wound healing via neovascularization
and support of adjacent proliferating cells. Next, we show that
the density of this vasculature is significantly reduced in skin
of type 2 diabetes (T2D) mice and its angiogenesis is severely
impaired in diabetic wound healing, with cellular and molecu-
lar investigations indicating the hyperglycemic environment di-
minished the CD31+EMCN+ vessel formation. Subsequently, we
demonstrate that the application of MSC-CAs provides an ef-
ficacious therapy for diabetic wound healing and enhances re-
growth of CD31+EMCN+ vessels, which is suppressed by phar-
macological inhibition of EV release. We further show that CAs
promote secretion of angiogenic protein-enriched EVs by pro-
teomic analysis, which demonstrate high efficacy in boosting
CD31+EMCN+ vessels and treating nonhealing diabetic wounds.
These findings contribute to building a functional framework
that CD31+EMCN+ vessels have close correlation with skin
homeostasis and more importantly, the regeneration process,
which further help to establish effective strategies to promote
nonhealing wounds under T2D condition.

2. Results

2.1. Identification of a Specialized Blood Vessel Subtype in Skin
Regeneration

To investigate the potential specialized vasculature in skin, in the
beginning of this study, we particularly explored the distribution
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Figure 1. Identification of a regeneration-relevant vessel subtype in skin. A) Schematic diagram of mouse skin structure, and CD31 (green) and endo-
mucin (EMCN) (red) co-immunostaining in normal mouse skin, counterstained by DAPI (blue). Scale bar, 1 mm. B) CD31 (green) and EMCN (red)
co-immunostaining in the papillary layer and reticular layer of dermis (P-dermis and R-dermis) in normal mouse skin, counterstained by DAPI (blue).
Dotted lines outline the boundary between epidermis and dermis. Scale bar, 100 μm. C) Quantification of fold change of CD31+EMCN+ vessel area
(% total area) in the P-dermis and R-dermis. D) Quantification of fold change of CD31+EMCN+ vessel density (% total vessels) in the P-dermis and R-
dermis. E) The low-magnified images of CD31 (green) and EMCN (red) co-immunostaining in the wounded skin of mice at D3, D7, and D14 post-wound
modeling, counterstained by DAPI (blue). Scale bar, 1 mm. F) The high-magnified images of CD31 (green) and EMCN (red) co-immunostaining in the
wounded skin of mice at D3, D7, and D14 post-wound modeling, counterstained by DAPI (blue). Scale bars, 100 μm. G,H) Quantification of fold change
of CD31+EMCN+ vessel area (% total area) and the fold change of CD31+EMCN+ vessel density (% total vessels), respectively, at the wound center
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of CD31+EMCN+ vessels and observed preferential location in
the dermis layer (Figure 1A). The assessment methods we used
and different types of vessels identified in the skin were particu-
larly demonstrated (Figure S1A,B, Supporting Information). Fur-
ther exploration demonstrated that CD31+EMCN+ vessels prefer-
ably resided in the deep reticular area of dermis compared to the
super papillary area (Figure 1B). Quantification analysis also con-
firmed that both the density of CD31+EMCN+ vessels and the
percentage of CD31+EMCN+ vessels within total vessels (CD31+

vessels plus EMCN+ vessels) were higher in the deep area of skin
(Figure 1C,D), together with more CD31−EMCN+ vessels but
less CD31+EMCN− vessels in reticular dermis (R-dermis) than
papillary dermis (P-dermis) (Figure S1C, Supporting Informa-
tion). Next, we investigated the changes of CD31+EMCN+ vessels
during the postnatal development process. We discovered that
there were more CD31+EMCN+ vessels, but not CD31−EMCN+

and CD31+EMCN− vessels, in infant (one week old) individu-
als compared with adult (10 weeks old) compartments (Figure
S1D–G, Supporting Information), suggesting phenotypical in-
volvement of CD31+EMCN+ vessels in the postnatal skin growth.
In order to explore whether this vessel subtype is regeneration-
relevant, we adopted the typical cutaneous wound healing model
in the normal skin and performed a time course observation
for the changes of CD31+EMCN+ vessels, according to previous
reports.[43] Results showed that in the inflammation stage (D3)
after wound modeling, a small number of CD31+EMCN+ ves-
sels appeared in both the wound center and edge areas, and at
the proliferation stage (D7), there were abundant CD31+EMCN+

vessels in both areas (Figure 1E–J). Notably, at the remodeling
stage (D14), the number of CD31+EMCN+ vessels declined (Fig-
ure 1E–J). Statistical analysis confirmed the morphological obser-
vation, which is consistent with the trend of angiogenesis activity
across the wound healing process, as previously reported.[18,44]

In addition, during the wound healing, the changes of the pro-
portion of CD31+EMCN+ vessels were more relevant and signif-
icant than the proportions of CD31+EMCN− and CD31−EMCN+

vessels (Figure S1H,I, Supporting Information). These results
indicated that CD31+EMCN+ vessels represent a regeneration-
correlated functional vessel subtype involved in the angiogenesis
process, particularly in the proliferation stage of wound healing.
Accordingly, we detected preferential adjacency of proliferative
cells, as marked by proliferating cell nuclear antigen (PCNA),
to CD31+EMCN+ vessels in both wound center and edge ar-
eas, which significantly decreased in D14 compared to D7 (Fig-
ure 1K,L, and Figure S1J,K, Supporting Information). Given that
cell proliferation plays a pivotal role in tissue regeneration, which
depends on the oxygen and nutrition provided by vessels, our
findings indicated that CD31+EMCN+ vessels constitute a pro-
regenerative microenvironment supporting the cellular renewal
during wound healing. These data collectively suggested that
CD31+EMCN+ vessels represent a specific vascular subtype phe-
notypically and functionally involved in skin regeneration.

2.2. Impairment of Skin CD31+EMCN+ Vessels in Diabetic
Wound Healing

Given that diabetes is a major systemic disease contributing
to impaired wound healing, in which microvascular dysfunc-
tion acts as a key contributor,[17] we next investigated the in-
volvement of CD31+EMCN+ vessels under pathological condi-
tions by exploring the effects of diabetes on them. For this pur-
pose, we first introduced genetically induced leptin receptor-
deficient T2D db/db mice and confirmed their metabolic phe-
notype, as shown by overweight, high blood glucose as well as
impaired glucose tolerance and insulin sensitivity (Figure S2A–
D, Supporting Information). As for the histological structure of
skin, hematoxylin and eosin (H&E) and Masson staining demon-
strated that the skin of adult db/db mice is different from that
of control db/m mice, with thinner dermis and thicker subcuta-
neous fat as well as significantly reduced hair follicles and col-
lagen deposition (Figure S2E–H, Supporting Information). No-
tably, the density of CD31+EMCN+ vessels and the percentage
of CD31+EMCN+ vessels within total vessels were much lower
in db/db mice (Figure S2I–L, Supporting Information), together
with reduced CD31−EMCN+ vessels but not CD31+EMCN− ves-
sels (Figure S2M, Supporting Information), indicating that the
establishment and maintenance of functional specialized vascu-
lature is impaired in T2D. Moreover, we performed wound heal-
ing model in db/db mice and monitored the wound area at var-
ious time points. Results demonstrated that the wound closure
rate was indeed significantly inhibited in the db/db mice (Fig-
ure 2A,B), which was consistent with previous reports.[45] Histo-
logical staining of wound center and edge areas showed that there
was only a small wounded area remaining in the control mice
with the original defects covered by regenerated tissue, while
the damaged area left was much larger in db/db mice (Figure
S3A,B, Supporting Information). Besides, the regenerated tis-
sue of control mice is well-organized and stratified with massive
collagen deposition, enhanced formation of hair follicles, seba-
ceous glands and sweat glands, which was rarely observed in
the db/db mice (Figure S3A–E, Supporting Information). As to
the angiogenesis of CD31+EMCN+ vessels, we found that at D7,
there was much less CD31+EMCN+ vessels in both wound cen-
ter and edge areas of db/db mice compared to db/m mice (Fig-
ure 2C–E, Supporting Information), while CD31+EMCN+ vessels
were still impaired in the wound center areas of db/db mice at
D14 (Figure 2C,D,F). Further quantification revealed that while
in normal mice, CD31+EMCN+ vessels significantly increased at
D7 and then declined at D14, the appearance of CD31+EMCN+

vessels was delayed in db/db mice, although not fully blocked
in our experimental condition (Figure 2G,H). Thus, the growth
of CD31+EMCN+ vessels was suppressed in the diabetic condi-
tion, which might underlie the impaired wound healing. Fur-
ther quantification of the proportions of different vascular sub-
types collectively indicated that the changes of CD31+EMCN+

area. I,J) Quantification of fold change of CD31+EMCN+ vessel area (% total area) and CD31+EMCN+ vessel density (% total vessels), respectively,
at the wound edge area. K) CD31 (green), EMCN (red), and PCNA (white) co-immunostaining at the wound center area at D7 and D14 post-wound
modeling, counterstained by DAPI (blue). Scale bar, 100 μm. L) Quantification of fold change of PCNA+ cells adjacent to CD31+EMCN+ vessels (% total
area) at the wound center area at D7 and D14 post-wound modeling. Some figure elements were created with BioRender.com (accessed on November
25, 2022). n = 3 per group. Data are presented as mean ± SD. ***P < 0.001; ****P < 0.0001.
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vessels were relevant and significant during the wound healing
of db/db mice (Figure S3F–K, Supporting Information). Further-
more, the number of PCNA+ cells adjacent to CD31+EMCN+ ves-
sels was significantly lower in db/db mice than control mice in
both wound center and edge areas, indicating less supporting
effects for cellular proliferation (Figure 2I,J, and Figure S3L,M,
Supporting Information). Collectively, these results suggested
that CD31+EMCN+ vessels are impaired in diabetes under both
normal and regenerative conditions, thus providing a potential
pathogenesis.

2.3. Diminish of CD31+EMCN+ Vessel Formation by the
Hyperglycemic Environment

Since we have shown the effects of diabetes on skin
CD31+EMCN+ vessels, we further examined the impact of
high glucose and advanced glycation end products (AGEs),
namely, glycated proteins or lipids that are prevalent in the
hyperglycemic environment,[46,47] on the functions of ECs.
First, we performed migration and tube formation assay on
human umbilical vein ECs (HUVECs) to evaluate the angio-
genic capacity. Results showed that high glucose treatment
significantly impaired the migration and tube formation ability
of HUVECs, which was not due to the changes of osmotic
pressure since the addition of mannose as the osmotic control
had no effects (Figure 3A,C, Supporting Information). Also, the
addition of AGEs demonstrated similar results (Figure 3B,D).
Further quantification analysis confirmed the above observation
(Figure 3E–H). Next, we used immunofluorescence staining
to explore the formation of CD31+EMCN+ vessels in vitro. As
expected, the positive staining of CD31 and EMCN as well as
their co-immunostaining was dramatically decreased by high
glucose and AGE treatments, consistent with in vivo findings
of suppressed CD31+EMCN+ vessels in the diabetic skin (Fig-
ure 3I–L). Notably, we found that not all HUVECs expressed
CD31 or EMCN, indicating that HUVECs might have differ-
entiated into different directions, which was also related to the
heterogeneity of HUVECs reported in the reference.[13] We
analyzed the proportion of various vessels after tube formation
under normal conditions and found that CD31−EMCN+ vessels
accounted for the highest proportion, reaching about 70%, while
the proportions of CD31+EMCN+ and CD31+EMCN− were
relatively low, which had no statistical difference (Figure S4A,
Supporting Information). This result was consistent with the
normal skin of db/m mice without injury. The Notch pathway
has been reported to promote angiogenesis and contribute to

the generation of CD31+EMCN+ type H vessels in bone.[48] In
this regard, we explored the changes of the Notch1 intracellular
domain (NICD) expression and found that both high glucose
and AGE treatments led to dramatic decrease of NICD protein
(Figure 3M–O), suggesting that inhibited Notch signaling might
underlie the impairment of CD31+EMCN+ vessel formation in
the hyperglycemic environment.

2.4. Enhancement of CD31+EMCN+ Vessel Regrowth and
Alleviation of Diabetic Wound Healing by MSC-CAs

In this part, from a therapeutic perspective, we investigated the
effects of MSC-derived CAs on diabetic refractory wounds based
on our experience in engineering mesenchymal condensation-
mimetics for regenerative use,[38,39] and further explored whether
they could renovate impaired angiogenesis of CD31+EMCN+

vessels in skin. First, we constructed and characterized CAs
from umbilical cord MSCs (UCMSCs). Microscopic observation
showed dense lamellar structure with cells interlaced to form a
woven pattern (Figure S5A, Supporting Information), and gen-
eral observation showed that mature CAs could be detached from
the culture plates and formed white thick membrane-condensed
globular structures (Figure S5B, Supporting Information). Be-
sides, H&E staining demonstrated that CAs were composed of
multiple layers of cells forming laminated structures with abun-
dance of extracellular matrix (ECM) (Figure S5C, Supporting In-
formation), and scanning electron microscope (SEM) observa-
tion showed that the surface of CAs was uneven, with abun-
dant ECM as well as multiple extra-cytoplasmic matrix vesicles
attached (Figure S5D, Supporting Information). Then, CAs were
applied to the wound area of db/db mice on the operation day
with PBS as blank control, and the wound area was photographed
at various time points (Figure 4A). Compared to the PBS group,
CA treatment significantly accelerated the wound closure rate
(Figure 4B). Histological analysis of the dissected skin tissues via
H&E and Masson staining further showed that CAs treatment
remarkably enhanced skin healing (Figure S5E,F, Supporting In-
formation). On the one hand, the defect area in the CA group was
closed to a much larger extent than PBS group (Figure S5E,F,
Supporting Information). On the other hand, the regenerated tis-
sue in the wound center of CA group was well-organized and
stratified, with normal thickness, massive collagen deposition
and increased hair follicle formation, which was rarely observed
in the PBS group (Figure S5G–I, Supporting Information). The
above results indicated that MSC-derived CAs possess potent
therapeutic effects for diabetic skin wounds. More importantly,

Figure 2. Impairment of CD31+EMCN+ vessels in diabetic wounds. A) Representative photographs of full-thickness cutaneous wounds in control
(db/m) and diabetic (db/db) mice, and B) quantification of the residual wound area in each group, n = 8 per group. C) The low-magnified images of
CD31 (green) and EMCN (red) co-immunostaining in the wounded skin of db/m and db/db mice at D7 and D14 post-wound modeling, counterstained
by DAPI (blue). Scale bar, 1 mm. D) The high-magnified images of CD31 (green) and EMCN (red) co-immunostaining in the wounded skin of db/m and
db/db mice at D7 and D14 post-wound modeling, counterstained by DAPI (blue). Scale bars, 100 μm. E) Quantification of fold changes of CD31+EMCN+

vessel area (% total area) at the wound center and edge area of db/m and db/db mice at D7 post-wound modeling. F) Quantification of fold changes of
CD31+EMCN+ vessel area (% total area) at the wound center and edge area of db/m and db/db mice at D14 post-wound modeling. G) Quantification of
fold change of CD31+EMCN+ vessel area (% total area) at the wound center area of db/db mice at D7 and D14 post-wound modeling. H) Quantification
of fold change of CD31+EMCN+ vessel area (% total area) at the wound edge area of db/db mice at D7 and D14 post-wound modeling. I) CD31 (green),
EMCN (red) and PCNA (white) co-immunostaining at the wound center area of db/m and db/db mice at D14 post-wound modeling, counterstained by
DAPI (blue). Scale bar, 100 μm. J) Quantification of fold change of PCNA+ cells adjacent to CD31+EMCN+ vessels (% total area) at the wound center
area of db/m and db/db mice at D14 post-wound modeling. n = 3 per group. Data are presented as mean ± SD. **P < 0.01; ***P < 0.001; ****P <

0.0001; NS, not significant.
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Figure 3. Impairment of CD31+EMCN+ vessel formation by high glucose (HG) and advanced glycation end products (AGEs). A) Representative images
of scratch assay of HUVECs treated by low glucose (LG), HG, and mannitol (MA) at indicated timepoints. Scale bar, 500 μm. B) Representative images
of scratch assay of HUVECs treated by PBS and AGEs at indicated timepoints. Scale bar, 500 μm. C) Representative images of tube formation assay
of HUVECs treated by LG, HG, and MA. Scale bar, 500 μm. D) Representative images of tube formation assay of HUVECs treated by PBS and AGEs.
Scale bar, 500 μm. E) Quantification of migration rate of HUVECs in (A). F) Quantification of migration rate of HUVECs in (B). n = 5 per group. G)
Quantification of formed tubes of HUVECs in (C), as indicated by blue circles. H) Quantification of formed tubes of HUVECs in (D), as indicated
by blue circles. n = 4 per group. I) CD31 (green) and EMCN (red) co-immunostaining of HUVECs in (C), counterstained by DAPI (blue). Scale bar,
100 μm. J) CD31 (green) and EMCN (red) co-immunostaining of HUVECs in (D), counterstained by DAPI (blue). Scale bar, 100 μm. K) Quantification
of CD31+EMCN+ vessel density (% total vessels) in (I). L) Quantification of CD31+EMCN+ vessel density (% total vessels) in (J). M) Western blotting
analysis of NICD protein in HUVECs. N,O) Quantification of the protein expression level of NICD, normalized to 𝛽-actin. n = 3 per group. Data are
presented as mean ± SD. **P < 0.01; ****P < 0.0001.
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Figure 4. Enhancement of CD31+EMCN+ vessel regrowth and alleviation of diabetic wound healing by mesenchymal stem/stromal cell (MSC)-derived
cell aggregates (CAs). AB) Representative photographs of full-thickness cutaneous wounds in PBS (control) and CA treatment groups, and B) quantifi-
cation of the residual wound area in each group. n = 6 per group. C) The low-magnified images of CD31 (green) and EMCN (red) co-immunostaining in
the wounded skin of PBS and CA groups at D10 post-treatment, counterstained by DAPI (blue). Scale bar, 1 mm. D) The high-magnified images of CD31

Adv. Healthcare Mater. 2023, 2300019 © 2023 Wiley-VCH GmbH2300019 (8 of 19)
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after 10 d of treatment, the immunofluorescence co-staining
of CD31 and EMCN showed that CAs significantly increased
CD31+EMCN+ vessels in both the wound center and edge areas
of diabetic wounds (Figure 4C,D), as confirmed by quantification
analysis (Figure 4E,F), but not CD31+EMCN− or CD31−EMCN+

vessels (Figure S4B,C, Supporting Information). Also, the num-
ber of PCNA+ proliferative cells around CD31+EMCN+ vessels
was remarkably increased in the wound center area of CA group
(Figure 4G,H), which indicated that CA-mediated enhancement
of CD31+EMCN+ vessels provided a pro-regenerative microenvi-
ronment. Subsequently, to investigate whether the Notch signal-
ing was involved, the expression level of NICD was detected in the
wound center area, and results revealed that CA treatment signif-
icantly increased NICD expression, as determined by quantifi-
cation of NICD+CD31+EMCN+ vessels (Figure 4I,J). Similar re-
sults of cell proliferation and Notch signaling activation were ob-
served in the wound edge area (Figure S5J–M, Supporting Infor-
mation). Taken together, these data suggested that MSC-CAs pro-
vide an efficacious therapy for diabetic wound healing through
inducing specialized vasculature with regeneration-relevant fea-
ture.

2.5. Suppression of Therapeutic Effects of CAs by
Pharmacological Inhibition of EV Release

As to the underlying mechanism of CAs promoting
CD31+EMCN+ vessels, in the following sections, we inves-
tigated whether the therapeutic effects were mediated by EVs,
membranous nanovesicles revealed to play a key role in mediat-
ing stem cell therapy.[49,50] First, we used GW4869, a widely used
EV biogenesis inhibitor,[51] to pretreat CAs and explored whether
inhibiting EV secretion suppressed the therapeutic efficacy of
CAs. As described above, CAs pretreated with GW4869 were
applied to the wound area of db/db mice on the operation day
with CAs as the control, and the wound area was photographed
at various time points (Figure 5A). The quantification of residual
wound area showed that, compared to the CA group, the wound
closure rate in the CA+GW4869 group was significantly delayed
throughout the whole healing period (Figure 5B). Histological
analysis of the dissected skin tissues via H&E and Masson
staining further showed that the therapeutic effects of CAs
were remarkably diminished by GW4869 pretreatment (Figure
S6A–E, Supporting Information). More importantly, after 10 d
of treatment, the immunofluorescence co-staining of CD31 and
EMCN demonstrated that GW4869 pretreatment significantly
suppressed the promotive effects of CAs on CD31+EMCN+

vessel regrowth in both the wound center and edge areas, as
confirmed by quantification analysis (Figure 5C–F), but not
CD31+EMCN− or CD31−EMCN+ vessels (Figure S4D,E, Sup-
porting Information). Also, the increase of PCNA+ proliferative

cells around CD31+EMCN+ vessels by CAs was remarkably
repressed in the wound center area of CA+GW4869 group
(Figure 5G,H). Moreover, detection of NICD expression in the
wound center area showed that GW4869 pretreatment inhibited
CA-induced activation of Notch signaling in CD31+EMCN+

vessels (Figure 5I,J). Similar results were observed in the wound
edge area (Figure S6F–I, Supporting Information). These find-
ings suggested that CA-EVs are involved to play an important
role in CA-induced angiogenesis of CD31+EMCN+ vessels and
enhancement of diabetic wound healing.

2.6. Enhancement of CD31+EMCN+ Vessel Regrowth and
Alleviation of Diabetic Wound Healing by CA-Derived EVs

Next, we isolated and characterized CA-derived EVs according
to our published protocol.[52] Intriguingly, compared with single
MSCs in culture, MSC-CAs produced significantly more amount
of EVs, as quantified by both calculating the protein ratio of EV
to cell and the particle number (Figure 6A,B). Transmission elec-
tron microscope (TEM) observation showed that CA-EVs exhib-
ited a typical sphere-like morphology with bilayer membrane
structure (Figure 6C). Nanoparticle tracking analysis (NTA) mea-
surement showed that the diameters of CA-EVs ranged from 50
to 500 nm and peaked at 150–250 nm (Figure 6D). Moreover,
western blot analysis revealed the enrichment of EV markers,
flotillin-1, caveolin-1, and CD9, as well as low expression of nu-
clear protein histone-3 (Figure 6E). Subsequently, we prepared
proteins of CA-EVs and parental CAs, and performed liquid chro-
matography with tandem mass spectrometry (LC-MS/MS) anal-
ysis to evaluate the potential angiogenesis-related protein cargos
of CA-EVs. A total of 5609 proteins were identified, within which
1167 were significantly upregulated in CA-EVs (Figure 6F). No-
tably, Gene Ontology (GO) enrichment analysis of the signifi-
cantly upregulated proteins showed that multiple angiogenesis-
related terms, including “sprouting angiogenesis,” “angiogene-
sis,” “regulation of sprouting angiogenesis,” “regulation of an-
giogenesis,” and “positive regulation of angiogenesis,” were en-
riched in CA-EVs (Figure 6G). In line with the functional analysis,
a variety of individual proteins participating in angiogenesis pro-
cess were upregulated in the CA-EVs (Figure 6H). In addition,
we have found three significantly upregulated proteins that were
highly correlated with the Notch signaling pathway in CA-EVs,
namely, nicastrin (NCSTN), presenilin-1 (PSEN1), and notch2
(NOTCH2) (Figure 6H). Collectively, these data indicated that ag-
gregate culture increases the production of EVs that are enriched
with a set of pro-angiogenic functional proteins.

Based on the above results, we subsequently investigated the
protective effects of CA-EVs on ECs in vitro. First, PKH26-labeled
EVs were added to cultured ECs and internalization of EVs was
verified by confocal microscopy observation (Figure S7A, Sup-

(green) and EMCN (red) co-immunostaining in the wounded skin of PBS and CA groups at D10 post-treatment, counterstained by DAPI (blue). Scale
bars, 100 μm. E,F) Quantification of fold changes of CD31+EMCN+ vessel area (% total area) at the wound center and edge area of PBS and CA groups
at D10 post-treatment. G) CD31 (green), EMCN (red), and PCNA (white) co-immunostaining at the wound center area of PBS and CA groups at D10
post-treatment, counterstained by DAPI (blue). Scale bar, 100 μm. H) Quantification of fold change of PCNA+ cells adjacent to CD31+EMCN+ vessels (%
total area) at the wound center area of PBS and CA groups at D10 post-treatment. I) CD31 (green), EMCN (red), and NICD (white) co-immunostaining
at the wound center area of PBS and CA groups at D10 post-treatment, counterstained by DAPI (blue). Scale bar, 100 μm. J) Quantification of fold change
of NICD+CD31+EMCN+ vessels at the wound center area of PBS and CA groups at D10 post-treatment. n = 3 per group. Data are presented as mean
± SD. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 5. Suppression of skin regenerative effects of CAs by pharmacological inhibition of extracellular vesicle (EV) release. AB) Representative pho-
tographs of full-thickness cutaneous wounds in CA (control) and CA+GW4869 groups, and B) quantification of the residual wound area in each group.
n = 6 per group. C) The low-magnified images of CD31 (green) and EMCN (red) co-immunostaining in the wounded skin of CA and CA+GW4869
groups at D10 post-treatment, counterstained by DAPI (blue). Scale bar, 1 mm. D) The high-magnified images of CD31 (green) and EMCN (red) co-

Adv. Healthcare Mater. 2023, 2300019 © 2023 Wiley-VCH GmbH2300019 (10 of 19)
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porting Information). Then, high glucose and AGE treatments
were performed as stated above, and CA-EVs were added to the
culture system, with addition of PBS as the control. Scratch
assay and tube formation assay showed that CA-EVs signifi-
cantly rescued high glucose- or AGEs-induced impairment of
the migration and tube formation ability of ECs (Figure 7A–
D). Further quantification confirmed the above observation (Fig-
ure 7E–H). As for the formation of CD31+EMCN+ vessels in
vitro, immunofluorescence staining showed that the inhibition
of CD31+EMCN+ vessel formation by high glucose or AGE treat-
ments was rescued by CA-EVs (Figure 7I–L). Moreover, the ad-
dition of CA-EVs remarkably increased the expression of NICD
protein expression (Figure 7M–O), suggesting improvement of
Notch signaling activity. Given the encouraging in vitro results,
we further applied CA-EVs to the wound area of db/db mice
on the operation day with PBS as the blank control, and evalu-
ated their therapeutic effects in vivo (Figure 8A). Compared to
the PBS group, CA-EV treatment significantly accelerated the
wound closure rate (Figure 8B). Histological analysis of the dis-
sected skin tissues via H&E and Masson staining further showed
that CA-EV treatment remarkably enhanced skin healing (Fig-
ure S7B–F, Supporting Information), as shown by reduced de-
fect area and well-organized regenerated skin structure. Of note,
after 10 d of treatment, the immunofluorescence co-staining of
CD31 and EMCN showed that CA-EVs significantly increased
CD31+EMCN+ vessels in both the wound center and edge ar-
eas (Figure 8C,D), as confirmed by quantification analysis (Fig-
ure 8E,F), but not consistently CD31+EMCN− or CD31−EMCN+

vessels (Figure S4F,G, Supporting Information). Also, the num-
ber of PCNA+ proliferative cells around CD31+EMCN+ vessels
was remarkably increased in both the wound center and edge
areas of the CA-EV group (Figure 8G,H, and Figure S7G,H,
Supporting Information), which suggested that enhancement of
CD31+EMCN+ vessels by CA-EVs contributed to the establish-
ment of a pro-regenerative microenvironment. Moreover, we de-
tected the expression level of NICD in both the wound center and
edge areas. Results showed that CA-EVs treatment significantly
increased NICD expression, as determined by quantification of
NICD+CD31+EMCN+ vessels (Figure 8I,J, and Figure S7I,J, Sup-
porting Information). These data collectively suggested that CA-
EVs are able to induce specialized vasculature in skin regenera-
tion and improve diabetic wound healing.

3. Discussion

As a system essential for providing oxygen and nutrients to the
tissue, the establishment and maintenance of vascular network is
crucial for embryonic development, as well as subsequent post-
natal life.[5,53] In the aspect of skin, the vessels are mainly dis-
tributed in the dermis, maintaining both dermal and epidermis

homeostasis.[18] Notably, when the skin is confronted with injury,
the formation of new blood vessels from preexisting ones, a pro-
cess named angiogenesis, takes place and represents an essential
component for optimal wound healing.[2,3] Within recent years,
it has been gradually elucidated that ECs which are lining the in-
ner surface of the vasculature display a remarkable heterogeneity
and plasticity.[5,6] Accordingly, the identification of distinct vessel
subtypes has revolutionized our understanding of vascular biol-
ogy. In this study, we add to the current knowledge on skin vas-
culature by identifying a specific vessel subtype that are featured
by simultaneous CD31 and EMCN expression and functionally
participate in the regeneration process under both physiological
and pathological conditions, as well as respond to therapeutic in-
tervention. These findings will be beneficial for future studies in
skin basic and medical research.

The combination of CD31 and EMCN that we used in our re-
search to characterize a specific vessel subtype was first reported
in bone, where the vasculature was named type H vessels.[54,55]

These vessels are mainly located near the growth plate in the
metaphysis, constituting a metabolically specialized microenvi-
ronment rich in oxygen and nutrients, and with close proximity
of osteoprogenitors.[7,48,56] Collectively, type H vessels play pivotal
roles in mediating growth of blood vessels and coupling of osteo-
genesis and angiogenesis.[7,48,56] Moreover, in bone diseases such
as aging and postmenopausal osteoporosis, the number of type H
vessels was remarkably decreased, which was also found in aged
and osteoporotic individuals, indicating that type H vessels are
indeed present in human bones.[57,58] In this field, we have pre-
viously identified a specific MSC subset marked by Gli1 to cou-
ple with type H vessels in bone, and discovered that Gli1+MSCs
drive CD31+EMCN+ vessels to initiate bone fracture healing.[59]

Intriguingly, our current study further extends the understand-
ing of this field by demonstrating the presence of CD31+EMCN+

vessels in skin, which prompts us to assume that the existence of
vessel subtypes with the same markers as type H vessels may be
a common phenotype across a variety of organs. Also, it should
be noted that given the tissue specificity, the skin CD31+EMCN+

vessels possess distinct functional features than those in the
bone, such as being coupled with proliferative but not osteogenic
cells, although they may actually represent a common function
to promote tissue formation. Future studies will be required to
reveal the nature of these vessels by digging into their molecular
profiles in diverse organ niches. Further works are also in de-
mand with spatial transcriptomics and transgenic technique to
uncover the specific modulation factors for skin CD31+EMCN+

vessels, their difference with other vessel subtypes, and their in-
teraction with neighboring cells.

The diabetes, especially T2D that has become a major global
health epidemic, is a leading cause for nonhealing wounds.[60,61]

For now, common strategies for managing diabetic wounds

immunostaining in the wounded skin of CA and CA+GW4869 groups at D10 post-treatment, counterstained by DAPI (blue). Scale bars, 100 μm. E,F)
Quantification of fold changes of CD31+EMCN+ vessel area (% total area) at the wound center and edge area of CA and CA+GW4869 groups at D10
post-treatment. G) CD31 (green), EMCN (red), and PCNA (white) co-immunostaining at the wound center area of CA and CA+GW4869 groups at D10
post-treatment, counterstained by DAPI (blue). Scale bar, 100 μm. H) Quantification of fold change of PCNA+ cells adjacent to CD31+EMCN+ vessels
(% total area) at the wound center area of CA and CA+GW4869 groups at D10 post-treatment. I) CD31 (green), EMCN (red), and NICD (white) co-
immunostaining at the wound center area of CA and CA+GW4869 groups at D10 post-treatment, counterstained by DAPI (blue). Scale bar, 100 μm. J)
Quantification of fold change of NICD+CD31+EMCN+ vessels at the wound center area of CA and CA+GW4869 groups at D10 post-treatment. n = 3
per group. Data are presented as mean ± SD. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 6. Characterization and proteomic analysis of CA-derived EVs. A) Quantification of protein content of single cell-derived EVs (SC-EVs) and CA-
EVs. B) Quantification of particle number of SC-EVs and CA-EVs. C) Representative transmission electron microscope (TEM) image of CA-EVs. Scale bar,
200 nm. D) Representative nanoparticle tracking analysis (NTA) image of CA-EVs. E) Western blotting analysis showing the protein markers of CAs and
CA-EVs. F) Volcano plot showing significantly upregulated (orange dots) and downregulated (green dots) proteins in CA-EVs, compared to CAs. G) Gene
ontology (GO) enrichment analysis of significantly upregulated proteins in CA-EVs. The Y-axis represents angiogenesis-related GO terms and the X-axis
represents fold enrichment. The color of the bubble represents enrichment significance and the size of the bubble represents number of upregulated
proteins. H) Hierarchical clustering of the proteins involved in the GO terms in (G), with protein abundance being Z-score normalized. Rows represent
proteins and columns represent individual replicates. n = 3 per group. **P < 0.01; ***P < 0.001.
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Figure 7. Enhancement of CD31+EMCN+ vessel formation by CA-EVs. A) Representative images of scratch assay of HUVECs treated by high glucose
(HG), with addition of PBS or CA-EVs at indicated timepoints. Scale bar, 500 μm. B) Representative images of scratch assay of HUVECs treated by
advanced glycation end products (AGEs), with addition of PBS or CA-EVs at indicated timepoints. Scale bar, 500 μm. C) Representative images of tube
formation assay of HUVECs treated by HG, with addition of PBS or CA-EVs. Scale bar, 500 μm. D) Representative images of tube formation assay of
HUVECs treated by AGEs, with addition of PBS or CA-EVs. Scale bar, 500 μm. E) Quantification of migration rate of HUVECs in (A). F) Quantification of
migration rate of HUVECs in (B). n = 5 per group. G) Quantification of formed tubes of HUVECs in (C), as indicated by blue circles. H) Quantification
of formed tubes of HUVECs in (D), as indicated by blue circles. n = 4 per group. I) CD31 (green) and EMCN (red) co-immunostaining of HUVECs
in (C), counterstained by DAPI (blue). Scale bar, 100 μm. J) CD31 (green) and EMCN (red) co-immunostaining of HUVECs in (D), counterstained by
DAPI (blue). Scale bar, 100 μm. K) Quantification of CD31+EMCN+ vessel density (% total vessels) in (I). L) Quantification of CD31+EMCN+ vessel
density (% total vessels) in (J). M) Western blotting analysis of NICD protein in HUVECs. N,O) Quantification of the protein expression level of NICD,
normalized to 𝛽-actin. n = 3 per group. Data are presented as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 8. Enhancement of CD31+EMCN+ vessel regrowth and alleviation of diabetic wound healing by CA-EVs. A) Representative photographs of full-
thickness cutaneous wounds in PBS (control) and CA-EVs groups, and B) quantification of the residual wound area in each group. n = 6 per group.
C) The low magnification images of CD31 (green) and EMCN (red) co-immunostaining in the wounded skin of PBS and CA-EVs groups at D10 post-
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mainly include debridement, dressings, negative pressure and
hyperbaric oxygen therapy.[16,17] Nevertheless, the currently avail-
able treatments are only moderately effective, thus the devel-
opment of better therapies is in great need. Notably, the im-
paired ability to regrow microvasculature through angiogenesis
is a major aspect in the nonhealing nature of diabetic wounds,
putatively attributed to general mechanisms involving oxidative
stress.[19,21,62] Here, we provide a new perspective that decline of
regeneration-relevant CD31+EMCN+ vessels and the concomi-
tant reduction of proliferative cells potentially offer a compelling
explanation to diabetic wounds. As to the underlying molecu-
lar mechanism, we have focused on Notch signaling that text-
dependently play controversial roles in angiogenesis.[63] Particu-
larly, previous studies have reported that Notch signaling is pos-
itively related with the proliferation and angiogenesis of type H
vascular ECs.[48,64] We further reveal that Notch signaling was in-
hibited in skin CD31+EMCN+ vessels under T2D condition. Our
results will be of great importance to provide target for future
studies on nonhealing conditions involving T2D.

Stem cell-based therapies arise to exhibit enormous potential
for promoting the regeneration of nonhealing wounds in both
preclinical studies and clinical trials.[65–67] Of note, the key focus
is on MSCs that can be easily isolated from various tissue sources
and exert therapeutic activity by homing to injury sites and mod-
ulating the recipient environment.[68–70] However, the efficacy of
MSCs is compromised by the common injection strategy, due
to limited cell survival, retention and engraftment.[71,72] There-
fore, we have developed MSC-derived CAs for regenerative ap-
plication, which hold the great amount of cell-deposited natural
ECM with intact cell–cell and cell–ECM interactions to promote
survival, functionality, and communication of cells within.[38–41]

Intriguingly, the concept of CAs is a paradigm for recapitulating
the developmental mesenchymal condensation process through
tissue engineering efforts. Our own works, as well as other’s
studies, have verified that the implanted MSC-based CAs con-
tinue to differentiate in recipients and induce vascularization
and innervation likely through paracrine mechanisms.[33,38,39]

Here, we further demonstrate that MSC-CAs are useful for im-
proving diabetic wound healing and enhancing angiogenesis of
regeneration-relevant CD31+EMCN+ vessels, with upregulation
of Notch signaling. It is noteworthy that the embryonic dermal
condensate is the precursor to the permanent mesenchymal unit
of the hair follicle responsible for postnatal hair cycling,[33] yet
whether the developmental condensation phenomenon coordi-
nates vascularization in skin remains to be further elucidated.

EVs are lipid bilayered particles secreted from almost all
the cell types in the body and loaded with various signaling
biomolecules, including proteins, lipids and nucleic acids.[73] Al-
though initially considered as cellular wastes, EVs have now been

recognized as important constituents in intercellular communi-
cation with physiological and pathological functions.[74] Notably,
recent studies of the MSC therapeutic mechanism have revealed
that the positive effects of MSCs are importantly mediated via
EVs.[49,75–77] In this study, we have verified the involvement of
EVs through pharmaceutical inhibition of EV release from CAs.
We have further elucidated that the aggregating culture increased
EV production, and that CA-EVs themselves exert encouraging
effects to stimulate regeneration-relevant CD31+EMCN+ vessels
and improve diabetic wound healing. In addition, proteomics
analysis has showed difference between EVs and their parental
CAs regarding the angiogenic protein cargos, suggesting that in
addition to inheriting the functional properties of the parental
cells, EVs may exhibit more prominent angiogenic functions.
The mechanisms of aggregation promoting EV release remain
to be further elucidated. Of the EV carrying proteins, nicastrin
and presenilin-1 are important components of the 𝛾-secretase
complex, suggesting that CA-EVs may activate the Notch signal-
ing pathway of ECs to promote its angiogenesis by transport-
ing 𝛾- secretase-related proteins. However, whether the mature
𝛾-secretase is active in EVs and EVs work through 𝛾-secretase is
unclear, which will also be explored in the future. Importantly,
the application of EVs as therapeutic reagents possesses many
advantages, including easy storage for a longer duration, higher
penetration efficiency for skin, less risk of immune response ac-
tivation, and being easy to be engineeringly modified.[49,75] No-
tably, the mechanism of CA effect is not limited to CA-EVs. Our
experiments also found that there was still a light efficacy af-
ter inhibiting the secretion of EVs from CAs, which may be at-
tributed to the large number of ECM deposited and other se-
creted growth factors and cytokines of CAs. For example, as re-
ported, ECM in the injured tissue was commonly lost, thus lack-
ing matrix for supporting constructive communication between
endogenous cells would prevent the tissue repair.[78] Accordingly,
ECM has been reported to be beneficial to the repair of skin
defects,[78,79] and our established CAs are well-known to enrich
for ECM, including collagens, fibronectin, laminin, proteogly-
cans, and glycoproteins.[40,42] Despite these potential contribu-
tions, CA-EVs indeed promoted wound healing in this study, in-
dicating that CA-EVs do play a very important role in mediating
the CA effect. Thus, our findings will help to establish optimized
feasible strategies to counteract diabetic wounds based on CA-
EVs.

Collectively, these results extend the current understanding
of skin vasculature by identifying a specialized regeneration-
relevant vessel subtype that play important roles in normal and
diabetic wound healing, as well as in stem cell-based regener-
ative therapy, which provides a potent rational for translational
paradigms.

treatment, counterstained by DAPI (blue). Scale bar, 1 mm. D) The high-magnification images of CD31 (green) and EMCN (red) co-immunostaining in the
wounded skin of PBS and CA-EVs groups at D10 post-treatment, counterstained by DAPI (blue). Scale bars, 100 μm. E,F) Quantification of fold changes
of CD31+EMCN+ vessel area (% total area) at the wound center and edge area of PBS and CA-EVs groups at D10 post-treatment. G) CD31 (green),
EMCN (red), and PCNA (white) co-immunostaining at the wound center area of PBS and CA-EVs groups at D10 post-treatment, counterstained by DAPI
(blue). Scale bar, 100 μm. H) Quantification of fold change of PCNA+ cells adjacent to CD31+EMCN+ vessels (% total area) at the wound center area
of PBS and CA-EVs groups at D10 post-treatment. I) CD31 (green), EMCN (red) and NICD (white) co-immunostaining at the wound center area of PBS
and CA-EVs groups at D10 post-treatment, counterstained by DAPI (blue). Scale bar, 100 μm. J) Quantification of fold change of NICD+CD31+EMCN+

vessels at the wound center area of PBS and CA-EVs groups at D10 post-treatment. n = 3 per group. Data are presented as mean ± SD. ***P < 0.001;
****P < 0.0001.
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4. Experimental Section
Animals: Animal experiments were performed in accordance with

the Guidelines of Intramural Animal Use and Care Committees of The
Fourth Military Medical University and the ARRIVE guidelines. One-week
and 10-week-old male C57BL/6 mice were purchased from the Labora-
tory Animal Center of the Fourth Military Medical University, as we have
used in previous studies.[80] Ten-week-old male diabetic db/db (BKS.Cg-
Dock7m +/+Leprdb/J) mice and nondiabetic control db/m mice with the
same background were purchased from Cavens Lab Animal Co., Ltd.
(Changzhou, China). All mice were maintained under specific pathogen-
free conditions (24 °C, 12 h light/dark cycles and 50% humidity), and fed
with food and water at libitum.

Cell Culture: The human umbilical cord-derived MSC (UCMSC) line
was purchased from the American Type Culture Collection (ATCC) and cul-
tured with alpha-minimum essential medium (𝛼-MEM, Invitrogen, USA)
supplemented with 10% fetal bovine serum (FBS, Sijiqing, China), 2 ×
10−3 m l-glutamine (Invitrogen, USA) and 1% penicillin/streptomycin
(Invitrogen, USA) in a humidified atmosphere of 5% CO2 at 37 °C. The
medium was refreshed every 2 d, and the cells were passaged once they
were 80%–90% confluent. For CA culture, UCMSCs were seeded into
six-well plates at 3 × 105 cells/well or 10-cm culture dishes at 1 × 106

cells/dish with the above medium. When the cells reached 80% conflu-
ence, the medium was changed to 𝛼-MEM containing 50 μg mL−1 vitamin
C (MP Biomedicals, USA), 10% FBS, 2 × 10−3 m l-glutamine, and 1%
penicillin/streptomycin, which was refreshed every 2 d. After about 7 d,
CA with white membrane-like structures was formed and detached from
the culture plates with a cell scraper. The HUVECs were purchased from
the ATCC and cultured in endothelial cell medium (ECM) (Sciencell, USA),
according to the instructions. The medium was refreshed every 3 d, and
the cells were passaged once they were 80%–90% confluent.

Characterization of CAs: Mature CAs were fixed with 4% paraformalde-
hyde (PFA) overnight and harvested with a cell scraper. After dehydration
through graded ethanol, the samples were embedded in paraffin and sec-
tioned slices underwent H&E staining. As for SEM observation, mature
CAs were fixed with glutaraldehyde overnight, dehydrated and dried with
hexamethyldisilane. The dried samples were stuck onto the sample table
with double-sided carbon tape and coated with gold. Further observation
was performed with a SEM (Hitachi S-4300, EIKO Engineering, Japan).

Collection of EVs: EVs were collected as described before.[52] Briefly, 5
d after the induction of CA in 10-cm dishes, the medium was substituted
with fresh inducing medium containing EV-depleted FBS obtained by ul-
tracentrifugation at 100 000 g for 18 h. After 48 h, the supernatant was col-
lected and centrifuged at 800 g for 10 min to remove cells and debris. The
supernatant was further collected and centrifuged at 16 000 g for 30 min
to obtain EVs, followed by washing twice with PBS. EV preparations were
characterized by NTA, TEM, and mass spectrometry EVs were quantified
by measuring the total protein concentration via a BCA Protein Assay Kit
(TIANGEN, China). The size and morphology of EVs were assessed using
a TEM (Thermo fisher, USA). The size distribution of EVs was quantitated
using NTA with a PMX Zetaview (Particle Metrix, Germany). The expres-
sion of marker proteins in EVs was examined by western blot analysis.

Proteomic Analysis: Protein lysates of UCMSC-CAs and EVs secreted
by UCMSC-CAs were prepared and subjected to LC-MS/MS analysis on
an Orbitrap Exploris 480 mass spectrometer with a NanoSpray III ion
source. The raw data were analyzed using Proteome Discoverer system
(v2.4.1.15). Proteins were identified by comparing against the Uniport
database with a false discovery rate set at 0.01 for both peptides and pro-
teins. Proteins were quantified using the default parameters in MaxQuant.
Among the identified proteins, differentially expressed proteins (DEPs)
(fold change > 1.5 and P-value < 0.05) were included for further functional
analysis based on GO database. Protein–protein interaction (PPI) analy-
sis was performed on the STRING online database (http://string-db.org),
and the network was constructed and visualized using Cytoscape 3.8.0
software.

Establishment of Skin Wound Healing Model: Cutaneous wounds were
created as previously described.[81] The mice were anesthetized by in-
traperitoneal injection of pentobarbitone sodium. After shaving and clean-

ing, two 6-mm full-thickness wounds were made on the dorsal skin on each
side of the midline using a sterile punch biopsy tool (HEAD, China) and
a scissor. The digital photographs of the wounds were taken every 3–4 d
and analyzed by the ImageJ software (NIH, USA). The wound healing rate
was calculated according to the following equation: Residual wound area
(%) = Actual wound area/Original wound area × 100%. Immunofluores-
cent analyses were performed at day 3, 7, and 14, and histological analyses
were performed at day 14.

To explore the therapeutic effects of CAs, the wounded db/db mice were
allocated to two groups: the CA group in which the UCMSC-CA of one
sheet was harvested and tiled on the wound area with 25 μL PBS, and
the PBS group was performed by the dropwise addition of 25 μL PBS to
the defect area after skin defect to mimic the procedure of CA addition.
To explore the role of EV secretion in the therapeutic effects of CAs, the
wounded db/db mice were allocated to two groups: the CA group as de-
scribed above and the CA-GW4869 group in which the applied CAs were
pretreated with the EV release inhibitor, GW4869 (MCE, China) at 10 ×
10−6 m for 24 h. To further explore the therapeutic effects of CA-EVs, the
wounded db/db mice were allocated to two groups: the CA-EVs group in
which ≈30 μg EVs (on the basis of protein measurement) suspended in
100 μL PBS were injected into the subcutaneous layer at four points around
the wound bed (≈2–3 mm from the wound edge), and the PBS group was
performed by equal volume of PBS injection in the same way to mimic
the procedure of EV addition. The wounds were initially covered by surgi-
cal dressings (3M, USA), which was removed after 48 h and the wound
areas were digitally measured and quantified as stated above. Immunoflu-
orescent analyses were performed at day 10 and histological analyses were
performed at day 21.

Immunofluorescent Staining: Fresh skin tissue samples were fixed in
4% PFA (Biosharp, China) at 4 °C for 4 h, washed twice with PBS and dehy-
drated with 30% sucrose for 16–18 h. After being embedded in optimal cut-
ting temperature (OCT) compound (Leica, Germany), 20 μm cryosections
were produced with a cryastat (CM1950, Leica, Germany) and underwent
immunofluorescent staining, as previously reported.[82] Briefly, air-dried
cryosections were permeabilized by 0.3% Triton X-100 (Sigma-Aldrich,
USA) for 20 min at room temperature, blocked in goat serum (BOSTER,
China) for 30 min at room temperature and incubated with the primary
antibodies overnight at 4 °C. The following primary antibodies were used:
anti-CD31 (FAB3628G, R&D Systems, USA; diluted 1:100) which is con-
jugated with Alexa Fluor 488, anti-EMCN (sc-65495, Santa Cruz Biotech-
nology, USA; diluted 1:100), anti-PCNA (13110T, Cell Signaling Technol-
ogy, USA; diluted 1:100), and anti-NICD (3608S, Cell Signaling Technol-
ogy, USA; diluted 1:100). Then, the cryosections were washed with PBS
for three times and incubated with the fluorescence-conjugated secondary
antibodies at room temperature for 1 h. The following secondary antibod-
ies were used: Cy3-conjugated goat anti-rat IgG (33308ES60, YEASEN,
China; diluted 1:200) and Alexa Fluor 647-conjugated donkey anti-rabbit
IgG (ab150075, Abcam, UK; diluted 1:200). Subsequently, after washing
with PBS for three times, the slides were mounted with Mounting Medium
With DAPI-Aqueous, Fluoroshield (Abcam, UK).

Images were acquired by a confocal laser scanning microscopy (CLSM)
(Nikon A1+, Nikon, Japan) and analyzed using the ImageJ software (NIH,
USA) and the Image-Pro Plus software (Media Cybernetics, USA) ac-
cording to a previous report.[59] Z stacks of high-magnification images
were scanned at high resolution and were processed and reconstructed
in three dimensions with the NIS-Elements Viewer software (version
5.21, Nikon, Japan). Quantification of CD31+EMCN+, CD31−EMCN+,
CD31+EMCN−, and NICD+CD31+EMCN+ vessels was carried out with
ImageJ software (Figure S1A, Supporting Information). Briefly, red area
means CD31−EMCN+ vessels, green area means CD31+EMCN− vessels,
yellow area means CD31+EMCN+ vessels, and white area means PCNA+

or NICD+ cells. The ImageJ was used to analyze the proportion of red,
green, yellow, or white areas to the total visual area (% total area), and
their respective areas to the total blood vessel area (% total vessels). Quan-
tification of the PCNA+ cells adjacent to CD31+EMCN+ vessels was car-
ried out with the Image-Pro Plus software. Specifically, an area around the
CD31+EMCN+ vessels with a range of 20 μm was lined out and the fluo-
rescence signals (parameter: area sum) within this area were quantified,
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which was regarded as the PCNA+ cells adjacent to CD31+EMCN+ ves-
sels (Figure S1B, Supporting Information). When CD31+EMCN+ vessels
and NICD were co-stained, the yellow and white overlapping area to the
total field area was regarded as the proportion of NICD+CD31+EMCN+

vessels. For some indexes, after absolute quantification of the signals, rel-
ative quantification was performed by taking the numerical value of one
group as the reference and calculating the relative values of other groups,
shown as the fold changes.

Histological Staining: Fresh skin tissue samples were fixed in 4% PFA
for 10–12 h and underwent dehydration through graded ethanol. Then, the
samples were embedded in paraffin and sectioned at 3 μm per slice. H&E
staining and Masson staining were performed with commercial staining
kits (Baso Technology, China), as previously described,[83] and images
were taken using the SLIDEVIEW VS200 (Olympus, Japan).

EV Uptake Assay: To detect the uptake of EVs by HUVECs in vitro, HU-
VECs were seeded at 4000 cell/well in the ibidi angiogenesis μ-Slide (ibidi,
Germany). After 24 h, EVs were labeled with PKH26 (Sigma-Aldrich, USA)
according to previous experience[80] and added to cultured HUVECs at
10 μg mL−1. Since the adding of the EVs, it is important to keep the cells
from the light. After incubation for 24 h, HUVECs were washed with PBS
and fixed in 4% PFA for 30 min at room temperature, followed by wash-
ing with PBS and blocking in goat serum for 30 min at room temperature.
Then, HUVECs were incubated overnight at 4 °C with the following pri-
mary antibody: anti-CD31 (FAB3628G, R&D Systems, USA; diluted 1:100)
which was conjugated with Alexa Fluor 488. After washing with PBS, HU-
VECs underwent nuclei counterstaining with DAPI (Sigma-Aldrich, USA)
for 10 min at room temperature. Finally, after further washing with PBS,
HUVECs were preserved in PBS at 4 °C. Fluorescence imaging was carried
out by a CLSM (Nikon A1+, Nikon, Japan) and analyzed using the ImageJ
software (NIH, USA).

Cell Migration Assay: The HUVECs were seeded into six-well plates at
5 × 105 cells/well and the scratch assay was performed to evaluate their
migration ability, as previously reported. In brief, when the cells reached
90% confluence, sterile 200 μL pipette tips were used to create scratches
on the plates by scraping cells away. After washing with PBS, the medium
was changed into culture medium without FBS. For low glucose (LG) and
high glucose (HG) treatment, 5 and 25× 10−3 m glucose (Invitrogen, USA)
was added into the media, respectively, and for mannitol (MA) treatment
as the osmotic control, 20× 10−3 m mannitol (Invitrogen, USA) was added
together with 5 × 10−3 m glucose. For AGE treatment, 200 μg mL−1 AGE-
bovine serum albumin (BSA) (Cayman Chemical, USA) dissolved in PBS
was added to the medium, with equivalent PBS as the control. In addition,
for the application of EVs, 10 μg mL−1 CA-EVs dissolved in PBS were added
into specific wells as indicated. Scratches were photographed at 0, 12, and
24 h with an inverted microscope (Leica, Germany). Quantification of the
scratch area was performed using the ImageJ software (NIH, USA).

Tube Formation Assay: The formation of capillary network was deter-
mined by in vitro tube formation assay on the ibidi angiogenesis μ-Slide
(ibidi, Germany) precoated with Matrigel (Shanghai NovaMedical Tech-
nology, China). The HUVECs were seeded at 2 × 105 cells mL−1 (50 μL
of medium for each well) and incubated in culture medium without FBS.
The specific treatments were the same as described in the migration as-
say. Tube formation was photographed at 5 h with an inverted microscope
(Leica, Germany). The number of network structures was quantified by
measurement of five randomly selected microscopic fields using the Im-
ageJ software (NIH, USA).

CD31+EMCN+ Vessel Formation Assay: The HUVECs were seeded at
4000 cells/well in the ibidi angiogenesis μ-Slide (ibidi, Germany) precoated
by Matrigel (Shanghai NovaMedical Technology, China). After 5 h of treat-
ment as described in the migration and tube formation assays, the cells
were washed with PBS and fixed with 4% PFA for 30 min at room tem-
perature, followed by washing with PBS and blocking in goat serum for
30 min at room temperature. Then, HUVECs were incubated overnight at
4 °C with the following primary antibodies: anti-CD31 (FAB3628G, R&D
Systems, USA; diluted 1:100) which was conjugated with Alexa Fluor 488
and anti-EMCN (DF13357, Affinity, China; diluted 1:100). After washing
with PBS, HUVECs were incubated with Cy3-conjugated goat anti-rat IgG
antibody at room temperature for 1.5 h, followed by washing with PBS and

nuclei counterstaining with DAPI (Sigma-Aldrich, USA) for 10 min at room
temperature. Finally, after washing with PBS, HUVECs were preserved in
PBS at 4 °C. Fluorescence imaging was carried out by a CLSM (Nikon A1+,
Nikon, Japan) and analyzed using the ImageJ software (NIH, USA).

Western Blot Analysis: Western blot was carried out as previously
reported.[84] Briefly, cell and EV lysates were prepared using the Cell Lysis
Buffer (Beyotime, China) containing protease inhibitor (Roche, Switzer-
land). After protein extraction and quantification using a BCA Protein As-
say Kit (TIANGEN, China), 20 μg extracted proteins were separated by
sodium dodecyl sulfate-polyacrylamide gels, transferred onto polyvinyli-
dene fluoride membranes (Roche, Switzerland) and blocked in 5% BSA
(MP Biomedicals, USA) for 2 h at room temperature. The membranes
were incubated overnight at 4 °C with the following primary antibod-
ies: anti-NICD (3608S, Cell Signaling Technology, USA; diluted 1:1000),
𝛽-actin (CW0096A, CWBio, China; diluted 1:1000), caveolin-1 (sc-53564,
Cruz Biotechnology, USA; diluted 1:1000), flotillin-1 (18634, Cell Signal-
ing Technology, USA; diluted 1:1000), CD9 (ET-1601-9, Huabio, China; di-
luted 1:1000), and histone-3 (9715, Cell Signaling Technology, USA; diluted
1:1000). Then, the membranes were washed three times with Tris-buffered
saline-Tween (TBS-T, Solarbio, China) and incubated with peroxidase-
conjugated secondary antibodies for 1 h at room temperature. After further
washing with TBS-T, the protein bands were visualized with an enhanced
chemiluminescence kit (4A Biotech, China) and evaluated with a gel imag-
ing system (4600, Tanon, China).

Statistical Analysis: All the data were presented as mean ± standard
deviation (SD). For two group comparisons, statistical significance was
assessed by Student’s t-test (two-tailed) while for multiple group com-
parisons, statistical significance was assessed by one-way ANOVA with
Tukey’s post hoc test. Values of P < 0.05 were considered statistically sig-
nificant. Statistical and graph analyses were performed using GraphPad
Prism 8.0 (GraphPad Software, USA).
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