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Abstract
Background: Large area skin trauma has always been a great challenge for both patients and clinicians.
Exosomes originated from human adipose-derived mesenchymal stem cells (hADSCs) have been a novel
promising cell-free treatment in cutaneous damage repair. Nevertheless, the low retention rate of
exosomes post-transplantation in vivo remains a signi�cant challenge in clinical applications. Herein, we
purposed to explore the potential clinical application roles of hADSCs-Exos encapsulated in functional
PF-127 hydrogel in wound healing.

Methods: hADSCs-Exos were isolated from human hADSCs by ultracentrifugation.  An injectable,
biocompatible, and thermo-sensitive hydrogel Pluronic F-127 hydrogel was employed to encapsulate
allogeneic hADSCs-Exos, and this complex was topically applied to a full-thickness cutaneous wound in
mice. On different days post-transplantation, the mice were sacri�ced, and the skin tissue was excised for
histological and immunohistochemical analysis.

Results: PF-127/hADSCs-Exos complex enhanced skin wound healing, promoted re-epithelialization,
increased expression of Ki67, α-SMA, and CD31, facilitated collagen synthesis (Collagen I, Collagen III),
reduced in�ammation (IL-6, TNF-α, CD68, CD206), and up-regulated expression of skin barrier proteins
(KRT1, AQP3). The results showed that both PF-127/hADSCs-Exos and hADSCs-Exos could improve the
cwound healing process at a similar level.

Conclusion: PF-127/hADSCs-Exos combination can maintain the bioactivity of hADSCs-Exos and control
the exosome release. The low-frequency administration of PF-127/hADSCs-Exos could promote
cutaneous wound healing instead of the high-frequency administration of pure exosomes. Thus, this
biomaterial-based exosome will be a promising treatment approach for the cutaneous rejuvenation of
skin wounds. 

Introduction
The skin constitutes the human body's largest organ, accounting for about 8% of the total weight [1]. It
covers the whole surface area and constitutes the �rst protective barrier to the external environment. So
far, large-area skin trauma, burns, frostbite, and chronic wounds remain signi�cant challenges for skin
healing [2, 3]. The process of cutaneous wound healing is complex, initiated immediately after injury, and
includes the multicellular overlapping and coordinated phases of in�ammation, angiogenesis, and
formation of granulation tissue, re-epithelialization, and �broproliferation or matrix formation and
remodeling [4, 5]. Unhealable wounds usually fail to follow the typical healing cascade, leading to
stagnation in chronic in�ammation and causing great pain to patients [6, 7].

The recent advancements in stem cell research have enabled stem cell-centered treatment to serve as a
prospective alternative for rejuvenating wounds [8–12]. In particular, human adipose-derived
mesenchymal stem cells (hADSCs) have exhibited highly remarkable ability for wound repair [13–15].
Recent research evidence has documented that exosome, 40–150 nm particles secreted by cells, can
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regulate cell-to-cell communication via the transfer of the molecules they carrying, including mRNA,
miRNAs, and proteins, to target cells [16]. Currently, it is recognized that MSC-Exos have a tissue-repair
ability equal to or greater than that of MSCs themselves. Recent studies have also documented that MSC-
Exos potentially enhance the wound healing process [17, 18]. Our previous study has illustrated that
hADSCs-Exos can promote cell proliferation, angiogenesis, collagen synthesis, and skin barrier function
repair, thereby accelerating cutaneous wound healing and revealing that hADSCs-Exos have a tissue-
repair capacity more excellent than that of hADSCs themselves [19].

However, the utility of exosomes in treating wounds still faces some challenges since exosomes get
cleared rapidly from the application site and survive in vivo for only a short time [20]. Therefore, the
combination of exosomes with biomaterials that extend the retention time of exosomes on the wound
surface without affecting their biological activity has become a focus of research to develop exosome-
based therapies [21]. Tissue engineering-based strategy demonstrates that the utilization of biomaterial-
based scaffolds as stem cell delivery and retention platforms can enhance the therapeutic e�ciency of
stem cells on wound regeneration [22].

Hydrogels have been regarded as promising biomaterials to deliver drugs/cells for wound therapeutics.
Pluronic F-127, a synthetic and biocompatible hydrogel that has been approved for use in humans by
FDA. It has been widely adopted as a scaffold for drug delivery, extracellular vesicles, as well as
encapsulation of cells in tissue engineering [23]. Pluronic F-127, used as a wound-repair hydrogel
scaffold, has some features, including injectable, biocompatible, and thermo-sensitive [24]. Recent reports
also documented the adoption of hydrogels in delivering exosomes to restore vascularization and
enhance wound regeneration [21]. However, the comprehensive assessment of the treatment effects and
mechanism of combinations of hADSCs-Exos and F-127 for wound healing was very rare in reports.

In this study, we performed the topical administration of hADSCs-Exos in combination with PF-127. We
explored whether topical application of hADSCs-Exos encapsulated in Pluronic F-127 hydrogel could
accelerate the process of skin regeneration in cutaneous wound injury mice model. Our results showed
that the hADSCs-Exos/ F-127 combination could better promote wound healing, cellular proliferation,
enhance angiogenesis and collagen synthesis, and accelerate re-epithelialization by slowly releasing
exosomes. Our results showed that the low-frequency administration of the hADSCs-Exos/F-127
combination could achieve the same therapeutic effect as topical application of hADSCs-Exos three
times a day. It is suggested that the topical application of exosome-hydrogel combination is a simple and
non-invasive treatment, potentially considered as a high-effective, low-toxicity delivery approach.

Methods And Materials

hADSCs culture and identi�cation
hADSCs were obtained from the Stem Cell Bank of Shanghai East Hospital and were from three different
random donors. hADSCs were processed, puri�ed, and con�rmed as previously described [19]. Concisely,
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the hADSCs cells were cultured in a complete medium containing α-MEM (Gibco, USA) and 10%
UltraGROTM-Advanced (Helios Bioscience, United States). Osteogenic, chondrogenic, and lipid induction
were performed to characterize the hADSCs cell type.

hADSCs-Exos Extraction and Identi�cation
After reaching 80–90% con�uence, hADSCs were rinsed in dPBS and inoculated with freshly prepared
complete medium for two days. After that, isolation of exosomes from the hADSCs culture medium by
ultracentrifugation. The culture medium of hADSCs was centrifuged at 2000×g for 30 min at 4℃ to get
rid of dead cells along with the debris, and then the supernate was transferred to a new 50 ml centrifuge
tube, centrifuged at 10000×g for 30 min at 4℃ to get rid of other large vesicles. The supernatant would
be collected again, put into a new 32ti rotor(Beckman Coulter, USA), centrifuged at 100000×g for 2 h
15min at 4℃. We removed the supernate, and re-suspended the pellets in dPBS, and kept them at − 80°C.
The BCA protein assay kit was employed to determine protein quantitation of hADSCs exosomes
(Thermo Fisher Scienti�c, United States). Conventional transmission electron microscopy coupled with
NanoSight and Western blotting were adopted to explore hADSCs-Exos morphology, size, and marker
expression (CD9, CD63, and CD81), respectively.

PF-127 hydrogel preparation and hADSCs-Exos
encapsulation
PF-127 hydrogel preparation was performed according to the previous report [23, 24]. Brie�y, 20%, 25%
and 30% (w/v) Pluronic F-127 powder (Sigma, USA) was slowly dissolved in the precooled dPBS buffer
solution by magnetic stirring at 4 ℃ overnight, then �ltered with a 0.22 µm �lter (Millipore, USA), and
maintained at 4°C for use. hADSCs-Exos were encapsulated within PF-127 solution with 100ug, and the
mixture was blended and stored at 4°C.

Release kinetics of PF-127 hydrogel encapsulated hADSCs-
Exos
In vitro, to detect hADSCs-Exos released from the PF-127 hydrogel, we mixed hADSCs-Exos with 25% and
30% PF-127 at 4℃, then we put them in the transwell upper compartment placed in a 24-well plate at
37°C, and put 100 ul dPBS in the lower cells. We took the liquid from the lower chamber at 24h, 48h, 72h.
We used the BCA approach to quantitate protein concentration in the lower chamber and calculate the
amount percentage of released exosomes. In vivo experiment, the samples of PKH26-hADSCs-Exos
encapsulated in the PF-127 hydrogel were topically administrated onto the wound. The concentration of
released PKH26-exosomes was calculated by detecting the PKH26 �uorescence intensity in tissues at
24h, 48h, 72h, and 96h after treatment.

Wound healing experiments in an animal model
The 1.5 × 1.5 cm full-thickness wound of mice model was created as previously described [19]. All
procedures were approved by the Animal Research Committee of Tongji University. Mice were randomized
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into four groups: 1) Control group: no treatment; 2) PF-127 hydrogel group: 100 µl PF-127 hydrogel (25%);
3) hADSCs-Exos group: 100 µg hADSCs-Exos dissolved in 100 µl PBS; and 4) PF-127/hADSCs-Exos
group: 100 µg hADSCs-Exos dissolved in 100 µl Pluronic F127 hydrogel (25%). The hADSCs-Exos were
applied topically to the wound 3 times a day, while PF-127 hydrogel and PF-127/hADSCs-Exos group
combination were performed once every three days. Post-operative mice were housed individually. The
survival along with wound healing conditions for every group was documented.

Histological analysis, immunohistochemically and
immuno�uorescence staining
Wound samples were harvest after mice were sacri�ced at days 1, 4, 7, 10, and 13 post-treatment. The
worst part of each wound healing condition was selected for analysis. Tissue sections (5µm) were
mounted on slides for histological analysis. H&E and Masson’s trichrome staining were adopted to
visualize the pathological changes in the rejuvenated tissue and collagen formation at the varied healing
time.

For immunohistochemically (IHC) and immuno�uorescence (IF) staining, the dewaxed sections were
washed in PBS, and the endogenous peroxidase activity was quenched by immersion in 2%(v/v)
hydrogen peroxide for 5 minutes. The antigen retrieval was repaired by incubation with sodium citrate
buffer for 30 minutes. After rinsing in PBS, the sections were sealed with 1.5% goat serum at room
temperature for 30 minutes and then incubated with primary antibodies anti-Ki67 (Abcam, Cambridge,
MA), anti-α-SMA (Abcam, MA), anti-CD31 (Abcam, MA), anti-Collagen I (Abcam, MA), anti- Collagen III
(Abcam, MA), anti-IL-6 (Boster Biological Technology, China), anti-TNF-α (Boster Biological Technology,
China), anti-CD68 (Boster Biological Technology, China), anti-CD206 (Boster Biological Technology,
China), anti-Keratin1 (KRT1) (Abcam, MA), anti-AQP3 (Abcam, MA) overnight at 4℃, and then inoculated
with corresponding secondary antibody (goat anti-rabbit or goat anti-mouse, ZSGB-BIO). Images were
acquired using a BX53 microscope (Olympus, Japan) and analyzed with Image-Pro Plus 6.0 software. Six
animals per group were analyzed for IHC staining. For each sample, we randomly selected at least �ve
�elds for analysis.

Western blotting
Protein concentration Total protein in exosomes was extracted by RIPA and quanti�ed using the BCA
protein assay kit (Pierce). Fractionation of proteins was done on the 10% SDS-PAGE gels and was
transfer-embedded onto Hybond-P polyvinylidene di�uoride (PVDF) membrane (Millipore). Afterward,
membranes were blocked and then was inoculated overnight with the antibodies at 4°C. Subsequently,
the membranes were rinsed in 1 × TBST and then incubated with a secondary antibody in a 37°C
incubator for two hours. Protein bands were analyzed using Amersham Imager 600 system (GE). The
antibodies (all from Abcam, Cambridge, MA) used consisted of anti-CD81 (1:1000), anti-CD9 (1:1000),
anti-Tubllin (1:1000), and anti-CD63 (1:1000).

Statistical analysis
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Statistical analysis was performed using GraphPad Prism software. In the case of more than two groups
of samples, one-way ANOVA was used with one condition, and two-way ANOVA was used with more than
two conditions. ANOVA analysis was followed by post hoc Bonferroni’s correction for multiple
comparisons. p < 0.05 was taken as statistically signi�cant; *p-value < 0.05, **p-value < 0.01, ***p-value < 
0.001, ****p-value < 0.0001. Data from at least three individual experiments are listed as mean ± standard
deviation (mean ± SD) or mean ± standard Error of Mean(mean ± SEM).

Result

hADSCs-Exos isolation and characterization
As illustrated in Fig. 1a, the obtained hADSCs cells displayed classical �broblast-like morphology along
with a plastic-adherent property. These cells showed the ability to differentiate into osteoblasts,
adipocytes, and chondrocytes (Fig. 1b). Flow cytometry data demonstrated that hADSCs were remarkably
positive for MSC surface biomarkers CD73, CD90, and CD105, however negative for CD45 and HLA-DR
(Fig. 1c), which are consistent with the results reported in previous studies. The hADSCs-Exos were
harvested from the serum-free medium of hADSCs by ultracentrifugation (Fig. 1d). TEM data exhibited
that hADSCs-Exos were saucer-like structurally (Fig. 1e), with diameters of between 30 and 100 nm.
Nanosight analysis was adopted to assess the diameter size distribution and the particle concentration
of hADSCs-Exos (Fig. 1f). Western blot results showed that hADSCs-Exos expressed exosome surface
markers, including CD9, CD63, CD81 (Fig. 1g). All these data illustrated that hADSCs-Exos were
successfully isolated in this study.

Exosome-Hydrogel Complexes Temperature Sensitivity and
Release Pro�le
This study tested the gelling time of 20%, 25%, and 30% (w/v) Pluronic F-127 with 100ug hADSCs-Exos at
35℃, 36℃, and 37℃, respectively (Table 1). As the Pluronic F-127 concentration increased, the gelling
time of PF-127/hADSCs-Exos decreased. The 20% PF-127/hADSCs-Exos composite gelled at 37°C with
17s, while the 30% PF-127/hADSCs-Exos composite gelled at 2.7s at the same temperature. In addition,
the gel formation time was inversely proportional to the temperature. The prepared 20% PF-127/hADSCs-
Exos mixture was liquid at 4°C and in a gelation status at 37°C. The above results revealed that it took
more time for 20% PF-127/hADSCs-Exos composite to form gel than the 25% and 30% PF-127/hADSCs-
Exos mixtures.
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Table 1
Gelling Time of Gel Complex in Different PF-127 Concentration

and on Different Temperature (Mean ± sd)
PF-127

Concentration

Gelling Time

at 35°C

Gelling Time

at 36°C

Gelling Time

at 37°C

20% 20.3 ± 1.5 18 ± 1 17 ± 0.5

25% 5.7 ± 1.2 4.7 ± 0.6 3.7 ± 0.6

30% 3.7 ± 0.6 3.3 ± 0.6 2.7 ± 0.6

Then, 25% and 30% PF-127/hADSCs-Exos mixtures were chosen to detect the release ability of the
hADSCs-Exos. In vitro, the hADSCs-Exos encapsulated in the PF-127 hydrogel could be released steadily
over a long time. Compared with the 30% PF-127, 25% PF-127 hydrogel could provide a stable and
effective platform for hADSCs-Exos encapsulation and sustained release (Fig. 2a, b). To detect the
sustained release of hADSCs-Exos in vivo, hADSCs-Exos were labeled with PKH26 and encapsulated in
the 25% PF-127 hydrogel. When PKH26-hADSCs-Exos were applied alone on the wound, the �uorescence
signal of exosomes became undetectable 96 hours after transplantation, but PKH26-hADSCs-Exos
encapsulated in the 25% PF-127 hydrogel can still be detected after 96 hours (Fig. 2c). All these data
indicated that 25% PF-127 hydrogel could maintain the sustained release of hADSCs-Exos and ensure the
effective time of hADSCs-Exos for skin wound healing.

PF-127/hADSCs-Exos promotes cutaneous wound healing
in mice
Full-thickness skin wounds on the backs of mice were created and treated with PF-127/hADSCs-Exos,
hADSCs-Exos, PF-127 hydrogel, or no treatment. Representative images of wound area in each group at 1,
4, 7, 10, and 13 days after surgery are illustrated (Fig. 3a). On days 1, 4, 7, and 10 days after
transplantation, the wound-healing rate in the PF-127/hADSCs-Exos composite treatment group was
remarkably higher in contrast with that in other groups (Fig. 3b). The histologic structures of the
regenerated dermis were analyzed on days 1, 4, 7, 10, and 13. As illustrated in Fig. 3c, the epidermis of the
new granulation tissue is integrated, as well as thick in both PF-127/hADSCs-Exos and hADSCs-Exos
groups. However, in the PF-127/hADSCs-Exos group, generation of new hair follicles was evident at the
wound center, proliferating �broblasts were detected under the epidermis, with orderly and su�cient
collagen deposition observed, which were not seen in the hADSCs-Exos alone group. For PF-127 alone
and the control groups, there was no evidence of integration in the epidermal structure, with only a thin
dermal layer observed. In addition, apparent in�ammatory cell in �ltration was still observed on day 13.
Furthermore, we observed narrower scar areas in wounds under the hADSCs-Exos and PF-127/hADSCs-
Exos treatment in contrast with the control wounds (Fig. 3d, e). All these data demonstrated that the PF-
127 hydrogel supported hADSCs-Exos survival and biological activity and accelerated the healing process
of the wound in mice.
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PF-127/hADSCs-Exos improve cell proliferation and
angiogenesis
To explore the potential therapeutic mechanism of how the topical application of hADSCs-Exos, PF-127
hydrogel, and hADSCs-Exos laden on PF-127 hydrogel affects the cells in the granulation tissues, we
performed the IHC analysis of Ki67, CD31, and α-SMA. Ki67 was performed to determine total cellular
proliferation. As shown in Fig. 4a and b, the number of Ki67 positive cells in the PF-127/hADSCs-Exos
combination group and hADSCs-Exos group signi�cantly increased compared to other groups. Following
the PF-127/hADSCs-Exos combination and hADSCs-Exos treatment, the higher expression levels of the
myo�broblast marker α-SMA were detected compared to in other groups (Fig. 4c and d). Then, the levels
CD31 were measured to assess newly formed vessels in the regenerated tissue. The endothelial cell
marker CD31 was also used to con�rm tissue vascularization. Figures 4e and f showed that PF-
127/hADSCs-Exos and the hADSCs-Exos group had remarkable blood vessel numbers in contrast with
the PF-127 alone and the control groups after seven days of treatment.

PF-127/hADSCs-Exos can promote collagen synthesis, skin
barrier repair
Proper collagen deposition and remodeling could enhance the tissue tensile strength and lead to a better
healing effect. There was remarkably more deposition of newly formed collagen in wounds under PF-
127/hADSCs-Exos treatment than others at days 4, 7, 10, and 13 (Fig. 5a and b). Collagen I and III are the
main ECM components in the dermis, and their formation has an indispensable role in wound healing.
Thus, immunostaining was employed to explore the collagen /  contents in the wound tissues. As shown
in Fig. 5c - f, the deposition amount of collagen and  depicted similar changing patterns to Masson
staining. With the increase in healing time, the deposition of collagen I and III increased in all wounds. At
the same time, the PF-127/hADSCs-Exos and the hADSCs-Exos group showed signi�cantly higher
intensity and a lower anti-scarring ratio of collagen I to collagen III than other groups (Fig. 5g). It is known
that scarless healing fetal wounds accumulate more collagen type III in contrast with scarring adult
wounds, which have a higher percentage of type I collagen deposition [27–29]. These data indicated that
PF-127/hADSCs-Exos could accelerate the collagen deposition of the wound site, decrease the scar
formation, and improve the healing quality of wound tissue, with the same effect as hADSCs-Exos.

The stratum corneum is the outer layer of the epithelium, which is responsible for the skin barrier
permeability and the corni�ed epithelium resilience. As a remarkable cellular cytoskeleton constituent,
keratins constitute the largest subgroup of intermediate �lament proteins. KRT1, a keratin family member
of cytoskeleton proteins, primarily expressed in skin epithelium. On the 13th day, PF-127/hADSCs-Exos
and hADSCs-Exos treated wounds exhibited lower expression of KRT1 than other groups (Fig. 6a and b).
AQP3 is the dominant aquaporin in human skin, located in the basal layer of the epidermis and the
stratum corneum, playing a central role in skin hydration. As illustrated in Fig. 6c and d, on the 13days,
the expression of AQP3 in the PF-127/hADSCs-Exos treatment group was remarkably higher than that in
other groups, followed by pure exosomes treated wounds. These data showed that PF-127/hADSCs-Exos
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improves skin hydration, the elasticity of the skin after trauma, and epidermal permeability barrier
function.

PF-127/hADSCs-Exos can decrease in�ammation
In�ammation constitutes the initial response of the phrases of the typical wounding repair. To explore the
in�uence of PF-127/hADSCs-Exos hydrogel treatment on in�ammation, the expression level of cytokines,
and chemokines, like tumor necrosis factor (TNF) - α and interleukin (IL)-6 were analyzed with IHC. The
results showed that PF-127/hADSCs-Exos could alleviate the in�ammatory response by downregulating
TNF-α and IL-6 (Fig. 7a – d). Besides, macrophages persist across all the stages of the repair process of
skin wound healing. M1-like macrophages are expressed in the early in�ammatory phase and promote
the in�ammatory reaction. M2-like macrophages can dampen in�ammation and initiate tissue repair
through releasing anti-in�ammatory cytokines and promote tissue repair [30]. We employed
immunohistochemistry technology to explore the expression of CD68 (a pan marker for all macrophages)
and CD206 (a marker for M2-like macrophages) [31]. The results showed that PF-127/hADSCs-Exos and
hADSCs-Exos could decrease the expression level of CD68 and increase the level of CD206 (Fig. 7e – h).
All these results indicated that PF-127/hADSCs-Exos and hADSCs-Exos could reduce wound
in�ammation by down-regulating the expression TNF-α, IL-6, CD68, and up-regulated CD206 expression.

Discussion
In this study, we constructed a PF-127/hADSCs-Exos combination and applied it to a mouse cutaneous
injury model to validate its capacity to prolong exosome survival in vitro e�ciently. The PF-127/hADSCs-
Exos composite can signi�cantly promote skin wound healing and maintain the bioactivity of hADSCs-
Exos. Our study revealed that PF-127/hADSCs-Exos treatment once three days can achieve the same
therapeutic effect as an hADSCs-Exos treatment three times a day.

hADSCs are regarded as a promising cell arsenal for stem cell treatments and tissue regeneration due to
their bene�cial features, e.g., easy isolation, self-renewal potential, multi-potency, as well as immune-
modulatory effects [32, 33]. hADSCs have been illustrated to accelerate wound healing by promoting neo-
angiogenesis, collagen synthesis, and reduce in�ammation [34, 35]. Our previous studies have shown
that topical administration of hADSCs-Exos is more bene�cial for promoting skin damage repair than
hADSCs themselves [19]. However, the rapid clearance and low survival rate are signi�cant challenges for
the topical application of hADSCs-Exos on the wound. The therapeutic e�cacy of hADSCs-Exos for
wound healing needs to be further improved.

Tissue engineering and regenerative medicine have recently mushroomed as a hotspot approach of
facilitating the rejuvenation of wounded tissue [22, 36]. These bioengineering technologies that entail
utilizing biomaterial, stem cells, and biologically active factors, have been widely studied in skin soft
tissue defects [37]. Numerous reports have documented that Pluronic F-127 is a prospective scaffold for
encapsulating MSCs or exosomes to promote the regeneration of poorly vascularized tissues, such as
epithelial, cartilage, tendons, or even bony and adipose tissues [23]. Hydrogel has unique properties,
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including thermosensitivity, enabling it to easily encapsulate cells and allowing high cell numbers to
adhere at the wound site [38]. Considering that the initial gelation temperature of PF-127 hydrogel
reduces with escalating concentration, 25% PF-127 exhibited an average gel time and was thus chosen
as the exosome carrier according to our results.

The functionality of exosomes primarily depends on their molecular components consisting of DNA, RNA,
and proteins. Nonetheless, MSC-originated exosomes have short residence time due to their rapid
clearance in vivo [20]. In order to attain a sustained treatment effect, multiple smearing of exosomes is
required for topical wound treatment, which is not appropriate for patients. Therefore, increasing the time
of retention by using biomaterials to deliver exosomes represents a better strategy. Our results
demonstrated that the Pluronic F-127 hydrogel could be utilized to ensure a sustained, as well as steady
release of hADSCs-Exos in vitro (Fig. 2a) and in vivo (Fig. 2b).

Wound healing is a delicate and complicated process, and large area skin trauma has always been a
great challenge for both patients and clinicians. Skin wound regeneration is complex, and it entails blood
coagulation, in�ammation, new tissue formation, and tissue remodeling [2]. Diminished proin�ammatory
cytokines, compromised neovascularization, and impairment in leukocyte mobilization might disturb and
delay wound healing. In this study, we topically applied hADSCs-Exos to the wound sites three times a
day and PF-127/hADSCs-Exos once three days. PF-127/hADSCs-Exos group and hADSCs-Exos group
exhibited faster healing rates in contrast with those of other groups during the whole healing process,
which showed that PF-127/hADSCs-Exos complex could protect the biological activity of hADSCs-Exos,
and release these exosomes continuously, resulting in increased, sustained, as well as rapid wound
healing.

To explore the mechanisms of treatment impacts on wound healing at injury sites, we performed the IHC
staining of a cellular marker Ki67 to investigate potential mechanisms how the topical administration of
PF-127/hADSCs-Exos, hADSCs-Exos, and PF-127 affects the cells proliferation in the wound tissues. As
shown in Fig. 4a and b, more active host cell proliferation (positive Ki67 cells) was observed in the PF-
127/hADSCs-Exos and hADSCs-Exos group wounds than that in the other groups. Furthermore, the
expression levels of myo�broblast marker α-SMA were increased, indicating that both PF-127/hADSCs-
Exos and hADSCs-Exos could promote the myo�broblasts formation effectively. The IHC staining of
endothelial marker CD31 and indicated that hADSCs-Exos enhanced angiogenesis in PF-127/hADSCs-
Exos and hADSCs-Exos-treated compared with PF-127 alone and control groups. Both PF-127/hADSCs-
Exos and hADSCs-Exos could promote cell proliferation and angiogenesis and facilitate the synthesis of
granulation tissue at the wound site. Thus, PF-127/hADSCs-Exos can achieve the same therapeutic effect
as topical application of hADSCs-Exos.

The type  and  collagen is the main component of dermal ECM, which plays an essential role in wound
healing. PF-127/hADSCs-Exos and hADSCs-Exos signi�cantly increased the deposition of collagen-I and
collagen-III. It has been reported that abundant deposition of collagen-III in the early stage of the would
facilitate healing and result in scarless skin [28, 39, 40]. hADSCs-Exos could promote ECM reconstruction
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in cutaneous wounds healing by modulating the ratios of collagen type III to type I with regulating
differentiation of �broblast to suppress scar formation [39]. With the increase in healing time, the ratios
of collagen I to collagen III were decreased c PF-127/hADSCs-Exos and hADSCs-Exos-treated groups,
promoting to form of scar-free wounds.

Meanwhile, PF-127/hADSCs-Exos and hADSCs-Exos regulated the expression levels of KRT1 and AQP3.
KRT1 can maintain skin integrity and participates in an in�ammatory network in the skin, and its
expression level correlates with the degree of in�ammation [41]. The elevated AQP3 expression might
lead to an increased moisture content of dermal tissues, enhanced skin texture, increased skin elasticity,
and the potential to repair wounds and other injuries [42]. In our study, KRT1, a lower expression level of
KRT1 was observed in PF-127/hADSCs-Exos and hADSCs-Exos -treated groups, while a higher expression
level of AQP3 was detected. It revealed that PF-127/hADSCs-Exos could promote the re-epithelialization
with the same as pure hADSCs-Exos.

The four phases of the classical wound repair process begin with in�ammation. We found that PF-
127/hADSCs-Exos and hADSCs-Exos can alleviate the in�ammatory response by downregulating TNF-α,
IL-6, inhibiting M1 macrophage formation, and promoting M2 macrophages formation. These data
revealed that the use of the PF-127/hADSCs-Exos complex could maintain the survival of hADSCs-Exos
in the in�ammatory environment of a wound and retain hADSCs-Exos vitality. Their numbers increase in
the in�ammation phase, attaining the peak at the granulation tissue formation; however, the decline in the
�nal phase of maturation. In our study, the cells with CD68+, a pan marker for macrophage, were
markedly decreased in the PF-127/hADSCs-Exos and hADSCs-Exos treatment groups, suggested that the
mild in�ammatory reactions occurred in the wound area after PF-127/hADSCs-Exos and hADSCs-Exos
treated. In addition, the phenotype of macrophages in the wound is in�uenced by the wound
microenvironment and can be roughly divided into two groups: M1 and M2 macrophages [30]. M2-like
macrophages possess pro-tissue repair, as well as anti-in�ammatory characteristics. They possess the
mannose receptor CD206 [43]. The numbers of CD206+ M2-like macrophages were increased in the PF-
127/hADSCs-Exos and hADSCs-Exos treatment groups, suggested that PF-127/hADSCs-Exos and
hADSCs-Exos can reduce the in�ammatory reaction by promoting the M2-like macrophages formation.

All these above results indicated that more signi�cant numbers of functional hADSCs-Exos were
potentially maintained and released continually during PF-127 hydrogel-based delivery to the skin wound,
which ultimately contributes to its effectiveness in full-thickness cutaneous wound healing. Nevertheless,
the mechanism of wound repair induced by hADSCs-Exos is still unclear, and speci�c signaling pathways
need to be explored in future work.

Conclusion
In the current study, we successfully applied allogeneic hADSCs-Exos encapsulated in a PF-127
thermosensitive hydrogel for treating wounds. The PF-127/hADSCs-Exos complexes maintained the
biological activity of hADSCs-Exos and enhanced cell proliferation, angiogenesis, collagen remodeling,
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and re-epithelialization at the wound sites, and accelerated the wound healing process. PF-127/hADSCs-
Exos treatment once three days can achieve the same therapeutic effect as an hADSCs-Exos treatment
three times a day. The results provide su�cient research evidence for treating wounds with PF-
127/hADSCs-Exos complexes. PF-127 thermosensitive hydrogel as a delivery scaffold is suitable for
delivering and continuously releasing hADSCs-Exos on the wound site. Our study revealed that topically
transplanted PF-127/hADSCs-Exos complexes are promising novel treatment alternatives for wound
healing.

Abbreviations
hADSCs: human adipose-derived mesenchymal stem cells; hADSCs-Exos: human adipose-derived
mesenchymal stem cells derived exosomes; TEM: Transmission electron microscopy; NTA: Nanosight
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Figure 1

Characterization of hADSCs and hADSCs-Exos. a Microscopic images of hADSCs. Scale bar = 20 μm. b
hADSCs differentiated into adipocytes – Oil Red O (red), osteoblasts – RunX2 (red), and chondrocytes –
alcian blue (blue). c Detection of the speci�c markers of hADSCs by �ow cytometry illustrated that
hADSCs were positive for CD90, CD73, and CD105, negative for HLA-DR, and CD45. d hADSCs- Exos
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Ultracentrifugation extraction. hADSCs-Exos were identi�ed by electron microscope (e), NanoSight (f),
and Western blot (g).

Figure 2

PF-127/hADSCs-Exos complexes allow the stable release of hADSCs-Exos. a Schematic representation of
the experimental approach. b The cumulative release ratio of hADSCs-Exos was detected by protein
quanti�cation. c hADSCs-Exos retention in the site of the wound. Scale bar = 50 μm.
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Figure 3

PF-127/hADSCs-Exos complexes promote cutaneous wound healing. a Representative images of the skin
wound healing in each group on days 1, 4, 7, 10, and 13. b Quantitation data of the ratio of the wound
healing in each group. The wound closure rate was computed using the Wound healing rate = (W0-
Wd)/W0×100%. W0 wound area on day 0. Wd wound area on day d post-treatment. c Wounded skin
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sections stained with H&E in diverse groups at day 4, 7, 10, and 13 post-wounding. Scale bar = 20 μm. *p-
value < 0.05, **p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001 vs vehicle control group.

Figure 4

PF-127/hADSCs-Exos improves cell proliferation and angiogenesis. a Images are illustrating Ki67
immunohistochemistry staining on days 4 and 7. Scale bar = 50 μm. b Quanti�cation of the number of
Ki67 positive cells in the wound area. c α-SMA staining of myofibroblasts in wound bed at days 4 and 7
post-operative. Scale bar = 50 µm. d Quanti�cation of α-SMA stained tissues. e Representative images of
IHC of CD31 on days 4 and 7 wound sections. Scale bar = 50 µm. f Microvessel density analyses of
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diverse treatment days 4 and 7 (n = 6). *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, ****p-value <
0.0001 vs vehicle control group.

Figure 5

Histochemical analysis of collagen deposition in wounds treated by PF-127/hADSCs-Exos. a Masson
staining of collagens deposition in different groups at days 4, 7, 10, and 13 post-wounding. Scale bar =
50 µm. b Quanti�cation of collagens deposition in different groups. c and d Immunohistochemistry
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staining images for collagen I and collagen  at 7 and 13 days post-wounding, respectively. Scale bar =
50 µm. e Relative density analysis of collagen I and collagen , and the ratio of collagen I/collagen III at 7
and 13 days after surgery, respectively. Results are presented as mean ± standard error of the mean; n = 6
for each group. *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001 vs vehicle
control group.

Figure 6
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IHC staining of cytokeratin and AQP3 expression in wounds. a IHC images of wound sections stained
with cytokeratin (a marker of epithelial cells) at day 13. Scale bar = 50 µm. b Quanti�cation of cytokeratin
K1 IHC stained tissues. c IHC images of wound sections stained with AQP3 at day 13. Scale bar = 50 µm.
d Quanti�cation of AQP3 IHC stained tissues. Results are presented as mean ± standard error of the
mean; n = 6 for each group. *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001 vs vehicle control group.

Figure 7

PF-127/hADSCs-Exos complex treatment inhibits inflammatory reaction. a Representative photographs
of TNF-α immunostaining at 4, 7, and 10 days after surgery. Scale bar = 50 µm. b Quanti�cation of TNF-
α+ IHC stained tissues. c Images illustrating immunohistochemical results of IL-6 at 4, 7, and 10 days
after surgery. Scale bar = 50 µm. d Quanti�cation of IL-6+ IHC stained tissues. e IHC images of wound
sections stained with CD68 at 4, 7, 10 days post-wounding. Scale bar = 50 µm. f Quanti�cation of the
number of CD68 positive cells in the wound area on days 4, 7, and 10. g IHC images of wound sections
stained with CD206 at 4, 7, 10 days post-wounding. Scale bar = 50 µm. h Quanti�cation of the number of
CD206 positive cells in the wound area on days 4, 7, and 10. Results are presented as mean ± standard
error of the mean; n = 6 for each group. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs vehicle
control group.


