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Purpose: Autologous fat grafting is playing an increasingly important role in plastic surgery. However, high absorption and low 
survival of autologous fat grafts limit their clinical application. This study aimed to investigate whether human adipose-derived stem 
cell-derived exosomes (hASC-Exos) encapsulated in a PF-127 hydrogel can improve the survival of autologous fat grafts and to 
elucidate the underlying mechanisms.
Patients and Methods: Exosomes were isolated from hASCs and identified using transmission electron microscopy, nanoparticle 
tracking analysis and Western blotting. We performed functional assays in vitro to assess the effect of hASC-Exos on proliferation, 
migration, and tube formation as well as their regulatory role in the HIF-1α/VEGF signaling pathway. hASC-Exos encapsulated in the 
PF-127 hydrogel were used as an in vivo autologous fat graft model. The effects of the PF-127 hydrogel/hASC-Exos and the role of 
the HIF-1α/VEGF signaling pathway in promoting angiogenesis in an autologous fat grafting model were assessed.
Results: hASC-Exos were taken up by human umbilical vein endothelial cells and enhanced their proliferation, migration, and tubule 
formation in vitro. The effects of hASC-Exos on promoting angiogenesis were mediated by the HIF-1α/VEGF signaling pathway. 
Moreover, we fabricated a PF-127 hydrogel for the sustained release of hASC-Exos, and in vivo results showed that hASC-Exos 
encapsulated in PF-127 hydrogel improved the survival of autologous fat grafts.
Conclusion: Our findings indicated that hASC-Exos encapsulated in PF-127 hydrogel serve as a key regulator of angiogenesis by 
activating the HIF-1α/VEGF signaling pathway and provide a promising strategy for autologous fat grafting treatment.
Keywords: autologous fat grafting, human adipose-derived stem cell, exosome, hydrogel, HIF-1α/VEGF signaling pathway, 
angiogenesis

Introduction
Autologous fat grafting has recently played an increasingly important role in plastic and aesthetic surgeries. It has been 
widely used in tissue repair and reconstruction, facial fat filling, breast reconstruction, and other related procedures, with 
significant advantages such as convenient access, good biocompatibility, and effectiveness.1 However, the high absorp-
tion and low survival rates of autologous fat grafts limit their use and promotion of autologous fat. Therefore, improving 
the survival rate of autologous fat grafts is a critical issue that needs to be addressed. Previous studies have indicated that 
revascularization after transplantation is essential for the survival of the transplanted fat.2–4 The newly formed 
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vasculature can provide oxygen and nutrition to the transplanted tissue.5 Therefore, we consider promoting angiogenesis 
to be a key factor in improving the survival of autologous fat grafts.

Mesenchymal stem cells (MSCs) are appropriate for use in potential applications owing to their pluripotency and ease 
of harvesting.6 They have rapidly become favored tools in regenerative medicine. Furthermore, a large number of studies 
have highlighted that stem cell research has enabled stem cell-based treatments, such as those based on umbilical cord- 
derived stem cells7 and adipose-derived stem cells (ASCs),8 to serve as promising alternatives for angiogenesis. 
Compared with other stem cells, ASCs possess desirable advantages such as abundant tissue sources, good amplification 
ability, and high yield.9 ASCs appear to be a better choice for stem cell therapy in autologous fat transplantation. 
However, therapies involving stem cells still face potential dangers with regard to changes in differentiation ability,10 

embolism potential,11 and immune rejection, which impose significant limitations on their clinical applications.12

Emerging evidence suggests that stem cell-derived exosomes are novel tools for tissue regeneration.13,14 Exosomes (a 
type of small extracellular vesicle [sEVs] with a diameter of 30–150 nm) are rich in proteins, miRNAs, and lipids. 
Exosomes also play an important regulatory role in intercellular communication and biological processes.15,16 

Furthermore, recent studies have reported that exosomes generated from stem cells perform equally or better than 
MSCs.10,11,13 Moreover, exosomes can provide cell-free therapy with various advantages, such as no risk of ectopic 
tissue formation, lower immunogenicity, and greater stability and storability.17 Therefore, exosome-based therapies have 
emerged as one of the most promising strategies in regenerative medicine.18 However, there are challenges in the 
application of exosomes because they are quickly eliminated by blood circulation or lymphatic transportation,19 and 
direct local repeated injections can cause additional pain to patients. Thus, construction of a sustained-release platform 
for exosomes has emerged as the focus of exosome-based therapies.

Injectable thermosensitive hydrogels are promising carriers for exosomes.20 Exosomes loaded within hydrogels can 
be used to control their release for longer durations and improve their therapeutic effects and efficiencies. Although 
several studies have shown the beneficial effects of exosome-loaded hydrogels in regenerative medicine, such as wound 
healing and bone repair,21,22 whether Human adipose-derived stem cell (hASCs)-derived exosomes (hASC-Exos) 
combined with Pluronic F-127 hydrogel (PF-127, also known as Poloxamer 407) can improve the survival of autologous 
fat transplantation is unknown. PF-127 hydrogel, approved by the FDA, exhibited good temperature sensitivity, inject-
ability, degradability and favorable biocompatibility.23,24 In a previous study, we found that PF-127 possessed a highly 
porous structure that could prolong drug retention in vivo, thereby alleviating the symptoms of T2DM.25 Furthermore, 
umbilical cord-derived stem cell-derived exosomes combined with a PF-127 hydrogel can promote skin regeneration.23 
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Based on these results, we hypothesized that the combined application of PF-127 hydrogel and hASC-Exos might 
improve the survival of autologous fat grafts.

In this study, we established an autologous fat transplantation mouse model to investigate the role of PF-127 hydrogel 
loaded with hASC-Exos in improving fat grafts survival. Moreover, the molecular mechanisms underlying the promotion 
of angiogenesis via HIF-1α/VEGF signaling pathway were further assessed. Our findings provide a promising approach 
for enhancing the therapeutic benefits of hASC-Exos and improving the survival rate of autologous fat grafts.

Materials and Methods
Cell Isolation, Identification, and Culture
This study was conducted in accordance with the guidelines approved by the Ethics Committee of the First Affiliated 
Hospital of Wenzhou Medical University (KY2023-015) and the Declaration of Helsinki. Adipose tissue was obtained 
from healthy young women who provided informed consent and underwent abdominal liposuction at the First Affiliated 
Hospital of Wenzhou Medical University. hASCs were isolated and confirmed as previously described with some 
modifications.6,17,26,27 Briefly, the fat tissue was digested with 0.1% (w/v) type I collagenase (Sigma-Aldrich, St 
Louis, MO, USA) at 37°C for 50 min and digestion was terminated with the same volume of complete medium 
(OriCell, Guangzhou, China) containing 10% fetal bovine serum and 1% penicillin/streptomycin (Beyotime, Shanghai, 
China). Next, the digested hASCs were filtered, centrifuged, and resuspended in the complete culture medium as 
described above, and seeded at 37°C in a humidified 5% CO2 atmosphere. The medium was replaced every other day, 
and cells from passages 3 to 6 were used for subsequent experiments.

Adipogenesis, osteogenesis, and chondrogenesis assays were performed using a specific differentiation medium 
(OriCell, Guangzhou, China) to characterize the multilineage differentiation potential of hASCs according to the 
manufacturer’s protocol. hASCs were identified using flow cytometry. Briefly, cells at passage 3 were harvested and 
1×105 cells were stained with specific fluorescent surface antibodies, including PE-conjugated anti-human CD29, CD31, 
CD44, CD45, CD90, and isotype IgG (all from BD Biosciences, San Jose, CA, USA).

Human umbilical vein endothelial cells (HUVECs) were obtained from Sigma-Aldrich and maintained in endothelial 
cell medium (ScienCell, San Diego, California, USA) containing 5% fetal bovine serum, 1% endothelial cell growth 
supplement and 1% penicillin/streptomycin (Beyotime, Shanghai, China) at 37°C in a humidified 5% CO2 atmosphere.

Production, Isolation, and Characterization of hASC-Exos
hASC-Exos were isolated via ultracentrifugation according to a published protocol, with a few modifications.28 Briefly, 
hASCs from passages 3 to 6 were cultured in exosome-free complete medium (OriCell, Guangzhou, China) and after 
culturing for 48 h, the cell-conditioned medium was harvested and centrifuged at 300 × g for 10 min, 2000 × g for 10 
min, and 10,000 × g for 30 min at 4°C to remove the dead cells, cellular debris, and some large vesicles. Then, the 
supernatants were further filtered and transferred to new ultracentrifuge tubes and ultracentrifuged at 120,000 × g twice 
for 70 min at 4°C to obtain exosome pellets. Finally, the pellets were resuspended in 200 μL of cold phosphate-buffered 
saline (PBS) and stored at −80 °C for subsequent experiments.

The morphology of hASC-Exos was imaged using transmission electron microscopy (TEM) (JEOL, Tokyo, Japan), 
and the particle size distribution was estimated using nanoparticle tracking analysis (NTA) (Malvern Instruments, 
Malvern, UK). Exosome protein concentrations were determined using a bicinchoninic acid (BCA) Protein Assay Kit 
(Beyotime, Shanghai, China) and Western blotting was performed to examine the characteristic markers of exosomes, 
including CD9, CD63, TSG10, and calnexin.

hASC-Exo Labeling and Internalization Assays
To trace exosome internalization, hASC-Exos were labeled with 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine 
perchlorate (Dil, Beyotime, Shanghai, China) according to the manufacturer’s instructions. Briefly, purified exosomes 
were incubated in 10 μM Dil solution and the labeled exosomes were obtained after ultracentrifugation at 120,000 × g for 
70 min to remove excess dye. Subsequently, HUVECs were co-cultured with Dil-labeled exosomes for 24 h. Nuclei were 
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stained with 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St Louis, MO, USA). Exosome uptake was visua-
lized under a fluorescence microscope (Olympus, Tokyo, Japan).

Cell Proliferation Assay
The proliferation of HUVECs in response to exosomes was evaluated using the Cell Counting Kit-8 assay (CCK-8; 
Dojindo, Kumamoto, Japan) according to the manufacturer’s protocol. Briefly, HUVECs were carefully seeded into 96- 
well culture plates and treated with 50 μg/mL hASC-Exos or same volume of PBS. After co-culturing for 1, 3, and 5 
days, 10% CCK-8 solution was added to each well and incubated for 3 h at 37 °C. The proliferation rates were 
determined by measuring the optical density at 450 nm using a microplate reader (BioTek, Winooski, VT, USA).

Migration Assay
The effect of hASC-Exos on HUVEC migration was assessed using scratch and transwell assays. First, the scratch assay 
was performed in a 6-well plate. When the cellular confluence reached approximately 100%, a scratch wound was made 
using a sterile 200 μL pipette tip, Next, the cells were left to grow for an additional 0, 12, and 24 h at 37 °C in the 
presence of 50 μg/mL hASC-Exos or PBS. Finally, an inverted microscope was used to record the images, and the 
migration distance was quantified using ImageJ software.

During the transwell assay, 1×105 cells treated with 50 μg/mL hASC-Exos or PBS in serum-free medium were seeded 
into the upper chamber of a transwell plate and allowed to migrate for 24 h. Subsequently, migrated cells were 
photographed under an optical microscope and quantified using ImageJ software.

Tube Formation Assay
To investigate the pro-angiogenic effect of hASC-Exos on HUVECs in vitro, a tube formation experiment was performed 
as previously described.29 Briefly, 50 μL of cold Matrigel (BD Biosciences, San Jose, CA, USA) was placed onto a 96- 
well plate and allowed to gel for 30 min. Then, HUVECs (2 × 104 cells/well) were seeded on the Matrigel-covered well 
and treated with FBS-free media in the presence of hASC-Exo (50 μg/mL) or PBS as the control. After incubation for 6 
h, endothelial network development was observed under a bright-field microscope (Olympus, Tokyo, Japan). The number 
of total meshes, branch points, and tubule lengths in three randomly chosen fields in each well were quantified using 
ImageJ software.

Western Blot Analysis
Western blotting was performed according to standard protocols. Briefly, total proteins from exosomes/cells were 
harvested using radioimmunoprecipitation assay (RIPA) lysis buffer (Solarbio, Shanghai, China) and separated by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, Beyotime, Shanghai, China), followed by 
electroblotting onto polyvinylidene difluoride (PVDF) membranes, which were first incubated with primary antibodies 
against CD9, CD63, TSG101, calnexin (all from affinity, Jiangsu, China), GAPDH (Proteintech, Chicago, USA), VEGF 
(Proteintech, Chicago, USA), and HIF-1α (Abcam, Cambridge, UK) at 4 °C overnight and then with horseradish 
peroxidase (HRP)-conjugated secondary antibody (Beyotime, Shanghai, China) at room temperature for 1h. Protein 
bands were detected using an enhanced chemiluminescence kit (Thermo Fisher Scientific, Waltham, MA, USA) and 
protein levels were analyzed using ImageJ software.

Preparation and Characterization of the PF-127 Hydrogel
The PF-127 hydrogel was synthesized as previously reported, with a few modifications.27 Briefly, Pluronic F-127 powder 
(Sigma-Aldrich, St Louis, MO, USA) was slowly dissolved in PBS at 4 °C overnight, with the final concentrations of 
16%, 18%, 20%, 22%, and 24% (w/v). Then, we measured gelatinization time at 26°C and 37°C of hydrogels with 
different concentrations using an inversion method.

HUVECs and hASCs were used to investigate the biocompatibility and cytotoxicity of the PF-127 hydrogel in vitro. 
First, the HUVECs or hASCs were seeded onto 48-well plates and treated with different doses of hydrogel (0, 2, 4, 6, 8, 
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and 10 μL). After co-culture for 2 and 4 days, cytotoxicity was evaluated as the relative viability of the cells using the 
CCK-8 reagent.

Subsequently, the degradation behaviors of the hydrogel and hydrogel/exosomes were assessed. Briefly, 40 μL PBS 
was added to 1 mL of samples (n = 4) in 1.5 mL Eppendorf tubes with and incubated at 37°C in a cell incubator. After 
removing the surface liquid from the hydrogels, the weight of the residual hydrogels was measured daily. The 
degradation rate of the PF-127 hydrogel and PF-127 hydrogel/hASC-Exos was assessed by weighing the original mass 
(M0) and the mass at the prescribed time points (M1) and was calculated as (M0 – M1)/M0 × 100%.21

Release Kinetics of PF-127 Hydrogel Encapsulated hASC-Exos
To prepare the PF-127 hydrogel loaded with exosomes, an appropriate amount of hASC -Exos was added to 18% gel in liquid 
state at 4°C and then solidified at 37 °C Then, the samples (n = 4) were incubated with PBS in 1.5 mL Eppendorf tubes at 37 °C 
in a cell incubator and were renewed at predefined times every day; the liquids were collected, and an equal volume of PBS 
was added. Finally, the exosomes released from the hydrogels were quantified using an Enhanced BCA protein assay kit 
(Beyotime, Shanghai, China) following the manufacturer’s instructions, and expressed as the cumulative release percentage.

Autologous Fat Transplantation Experiments in an Animal Model
All animal experiments were approved by the Guidelines of Care and Use Committee of the First Affiliated Hospital of 
Wenzhou Medical University (WYYY-IACUC-AEC-2023-001) and were performed in accordance with the National 
Institutes of Health Guide for the Care and Use of Experimental Animals. Ten healthy specific-pathogen-free (SPF)-grade 
male BALB/c nude mice (6 weeks old, approximately 17−21g) were purchased from the Zhejiang Vital River Laboratory to 
establish the autologous fat transplantation model as described previously,30 with a few modifications. Briefly, each mouse 
received a subcutaneous injection of fat (0.5 mL) at four dorsal sites. To better stimulate the migration of peripheral HUVECs 
and promote vascularization31 as well as fat regeneration,3 PBS (100 μL), PF-127 hydrogel (100 μL), hASC-Exos (5 μg/100 
μL) and PF-127 hydrogel/ hASC-Exos (100 μL, containing 5 μg hASC-Exos) were carefully injected into four different 
peripheral regions of the grafts in each group. The mice were housed in an SPF laboratory. At 4 and 8 weeks post-implantation, 
the mice were sacrificed using CO2 inhalation, and the grafts were harvested for subsequent experiments.

Histology and Immunofluorescence (IF) Staining
At the indicated time points, grafts were carefully harvested, fixed in 4% paraformaldehyde (PFA) overnight, and 
embedded in paraffin after dehydration. The embedded samples were cut into 5-µm thick sections which were stained 
with hematoxylin and eosin (HE) and Masson’s trichrome (MT) to estimate the pathological changes and the degree of 
fibrosis in the transplanted tissue.32 Furthermore, to analyze the vessels regeneration within the grafts and the underlying 
mechanism, immunofluorescent (IF) staining for CD31 (affinity, Jiangsu, China), α-SMA (affinity, Jiangsu, China), and 
immunochemical (IHC) analysis including HIF-1α (Abcam, Cambridge, UK), VEGF (Proteintech, Chicago, USA) were 
performed according to the manufacturer’s instructions. Images were acquired, and the positive expression levels of the 
markers mentioned above were measured using the ImageJ software.

Statistical Analysis
The experimental results were analyzed using Graph Pad Prism (Version 9.0) and expressed as means ± standard deviation 
(SD). Differences between two groups were analyzed using unpaired Student’s t-test, and differences between more than two 
groups were analyzed using one-way analysis of variance (ANOVA). Statistical significance was set at P < 0.05.

Results
Identification of hASCs
P3 hASCs morphology, observed under a light microscope, revealed a typical spindle-like shape (Figure 1A). Next, the 
trilineage differentiation potential of the hASCs was evaluated using adipogenesis, osteogenesis, and chondrogenesis 
assays (Figure 1B). We measured the representative surface markers of hASCs, such as CD29, CD31, CD44, CD45, and 
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CD90, using flow cytometry. The results showed that the cells were highly positive for CD29, CD44, and CD90 but 
negative for CD31 and CD45 (Figure 1C), consistent with the properties of stem cells. Taken together, these findings 
confirmed the success of hASCs isolation.

Characterization of hASC-Exos
As shown in Figure 2A, isolated hASC-Exos were observed using TEM, which revealed the presence of a typical saucer- 
cup morphology with a double membrane. NTA was used to measure the size distribution of hASC-Exos (Figure 2B), 
and the majority of these microparticles were approximately 137.2 nm. Western blotting detected exosome-specific 
markers (CD9, TSG101, and CD63) in hADSC-Exos, whereas calnexin was expressed only in hADSCs (Figure 2C). 
Collectively, these results indicated that we successfully extracted hASC-Exos.

Pro-Angiogenic Effects of hASC-Exos on HUVECs
To further evaluate the role of hASC-Exos in HUVECs, Dil-labeled hASC-Exos were co-cultured with HUVECs for 24 
h. As shown in Figure 3A, a large amount of Dil-labeled Exos (red fluorescence) was taken up by the HUVECs and 
distributed around the nuclei (blue fluorescence).

Next, we assessed cell proliferation, migration, and tubule formation, which are key factors in angiogenesis, to 
examine whether hASC-Exos regulate the viability of HUVECs. As shown in Figure 3B, the CCK-8 results demonstrated 
that hASC-Exos stimulation significantly promoted cell proliferation on days 1, 3, and 5 compared to the control group. 
The migratory ability of the HUVECs was examined using scratch healing (Figure 3C) and transwell assays (Figure 3D). 

Figure 1 Identification of hASCs. (A) Representative image showing the typical spindle-like shape of hASCs under a light microscope. Scale bar: 500 μm. (B) Oil Red O, 
Alizarin Red, and Alcian Blue were used to detect the adipogenic, osteogenic, and chondrogenic differentiation of hASCs. Scale bar: 500 μm. (C) Characteristic surface 
markers of hASCs evaluated by flow cytometry analysis. The cells were remarkably positive for CD29, CD44 and CD90, but negative for CD31, or CD45.
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The wound closure ratio (Figure 3E) and the number of migrated cells (Figure 3F) treated with hASC-Exos were 
significantly increased compared to those in the control group, indicating that HUVECs stimulated with 50 μg/mL hASC- 
Exos possessed remarkable mobility and migratory capacity. Additionally, we evaluated the effect of hASC-Exos on the 
tube formation capacity of HUVECs in vitro. As shown in Figure 3G and H, more total meshes, branch points, and tubes 
were formed when HUVECs were stimulated with hASC-Exos than in the PBS-treated group. Taken together, these 
observations indicated that hASC-Exos have excellent biological activity in HUVECs.

To determine the underlying molecular mechanisms in HUVECs regulated by hASC-Exos, we verified the HIF-1α/ 
VEGF signaling pathway via Western blot analyses. As shown in Figure 3I and J, the protein expression level of HIF-1α 
and VEGF were significantly upregulated compared to the PBS-treated group, which indicated that the HIF-1α/VEGF 
signaling pathway may be activated in the vascularization of hASC-Exos.

Characterization of the PF-127 Hydrogel
Injectable thermosensitive hydrogels are promising carriers for cell and exosome delivery. In this study, we successfully 
constructed a thermosensitive PF-127 hydrogel that was in the liquid state at 4 °C but cross-linked to gelation at 37 °C 
(Figure 4A). Then we combined the PF-127 hydrogel and hASC-Exos to generate PF-127 hydrogel/hASC-Exos composites 
with different PF-127 concentrations (18%, 20%, 22%, 24%, and 26% (w/v)) and assessed the respective gelling time at 26 °C 
and 37 °C (Table 1). As the concentration of PF-127 increased, the gelling time decreased gradually. Furthermore, the results 
indicated that the addition of exosomes did not hamper the gelation process. Only 18% PF-127 hydrogel/hASC-Exos composite 
was liquid at 26°C but cross-linked to gelation at 37 °C, so we selected this concentration for the subsequent experiment.

The biocompatibility of the PF-127 hydrogel is a key prerequisite for autologous fat transplantation. The results of the 
CCK-8 test demonstrated that after incubating hASCs/HUVECs with different doses of hydrogels for different durations, 
each group of cells had equal proliferative capability and cell viability (Figure 4B), demonstrating that the hydrogels 
possessed good biocompatibility with hASCs and HUVECs.

Moreover, PF-127 hydrogel and PF-127 hydrogel/hASC-Exos were degraded. The hydrogel group and hydrogel/ 
exosome composites group incubated in PBS at 37 °C gradually degraded within 6 days in a similar tendency 
(Figure 4C), indicating that the PF-127 hydrogel degraded well in vitro and the addition of hASC-Exos did not affect 
the degradation process. In general, the properties of the PF-127 hydrogel, including temperature sensitivity, biocompat-
ibility, and degradability, enable its ideal application in autologous fat transplantation.

Exosomes Release Kinetics
To confirm that the hASC-Exos were released from the PF-127 hydrogel, we performed a micro-BCA Protein Assay to 
evaluate the exosome release profile. The release curve showed that the hASC-Exos loaded in the PF-127 hydrogel were 
completely released in 6 days in vitro and half-released on the third day (Figure 4D), showing similar trends with the 

Figure 2 Characterization of isolated hASC-Exos. (A) Representative image of hASC-Exos morphology obtained using transmission electron microscopy (TEM). Scale bar: 
200 nm. (B) Particle size distribution of hASC-Exos measured using nanoparticle tracking analysis (NTA). (C) Western blotting analysis of CD9, TSG101, CD63, and calnexin 
protein expression in hASC-Exos and hASCs.
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Figure 3 Internalization of hASC-Exos by HUVECs promotes their angiogenic activities. (A) Representative fluorescence micrograph of Dil (red)-labeled hASC-Exos 
internalized by HUVECs. Nuclei were stained blue with DAPI. Scale bar: 25 μm. (B) CCK-8 assay for proliferation of HUVECs cultured with hASC-Exos on days 1, 3, and 5. 
(C) Scratch assay of HUVECs cultured with hASC-Exos. Scale bar: 400 μm. (D) Transwell assay of HUVECs cultured with hASC-Exos. Scale bar: 100 μm. Quantitative 
analysis of (E) scratch assay and (F) transwell assay. (G) Tube formation assay of HUVECs cultured with hASC-Exos. Scale bar: 200 μm. (H) Quantitative analysis (total 
meshes, branch points, and tube length) of HUVECs cultured with hASC-Exos. (I) Western blot assay and (J) Quantitative analysis (HIF-1α, VEGF) for HUVECs cultured with 
hASCs-Exos. Data are presented as the mean ± SD of three replicates. *p < 0.05, **p < 0.01, ***p < 0.001.
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degradation profile. More importantly, hASC-Exos were released at a steady rate over a long period, which can ensure 
a continuous positive biological effect on the survival of autologous fat grafts.

Fat Graft Survival Assessment
Fat was harvested and cut into pieces (Figure 5A), and each mouse received a subcutaneous injection of fat (0.5 mL) at 
four dorsal sites (Figure 5B). Subsequently, PBS, PF-127 hydrogel, hASC-Exo, and PF-127 hydrogel/Exo were carefully 
injected into four different peripheral regions of the grafts in each group (Figure 5C). The grafts were harvested at 4 and 
8 weeks after transplantation. As shown in Figure 5D, the PF-127 hydrogel/hASC-Exo group had larger graft sizes and 

Figure 4 Characteristics of PF-127 hydrogel. (A) The synthesis and temperature sensitive behavior of PF-127 hydrogel. (B) Biocompatibility of the PF-127 hydrogel was 
analyzed using a CCK-8 kit. The viability of HUVECs and ASCs co-incubated with different hydrogel doses at specific time points was determined. (C) In vitro degradation 
ratio of PF-127 hydrogel and PF-127 hydrogel/hASC-Exos. (D) The cumulative release profile of hASC-Exos loaded into the PF-127 hydrogel was determined using an 
enhanced BCA protein assay kit. Data are presented as the mean ± SD of three replicates. 
Abbreviation: ns, not significant.
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more new capillaries than the other three groups. The volume (Figure 5E) in the PF-127 hydrogel/hASC-Exos group 
were higher than those in the control (p < 0.0001) and pure hASC-Exos groups (p < 0.001) after 4 and 8 weeks of 
treatment. In addition, the weights (Figure 5F) in the PF-127 hydrogel/hASC-Exos group were also higher than in the 
control (p < 0.01 and p < 0.0001, respectively), and pure hASC-Exo groups (p < 0.05 and p < 0.0001, respectively) after 
4 and 8 weeks, indicating that the PF-127 hydrogel/hASC-Exos positively influenced the survival of fat grafts. The mean 
sample volumes were 0.37 ± 0.02, 0.38 ± 0.02, 0.40 ± 0.02, 0.47 ± 0.02 (mL) (4 weeks), 0.11 ± 0.02, 0.12 ± 0.03, 0.30 ± 
0.03, 0.42 ± 0.05 (mL) (8 weeks), and the mean weights were 0.37 ± 0.05, 0.36 ± 0.05, 0.40 ± 0.03, 0.49 ± 0.04 (g) (4 
weeks), 0.08 ± 0.02, 0.09 ± 0.04, 0.28 ± 0.02, 0.39 ± 0.04 (g) (8 weeks), in the PBS, PF-127 hydrogel, hASC-Exos and 
PF-127 hydrogel/hASC-Exos groups, respectively.

Table 1 Gelling Time of PF-127/hASC-Exos Composites with Different PF-127 
Concentrations

PF-127 Concentration (%) Gelling Time at 26 °C Gelling Time at 37 °C

16 No-gel No-gel

18 No-gel 4min53s±12s

20 11min54s±5s 1min54s±5s

22 3min7s±6s 1min6s±5s

24 1min54s±5s 45s±4s

Figure 5 The process of transplantation. (A) Pre-cut fat. (B) Each nude mouse received a subcutaneous injection of fat (0.5 mL) at four dorsal sites. (C) PBS, PF-127 
hydrogel, hASC-Exos, or PF-127 hydrogel/hASC-Exos were injected at four separate locations along the graft site in each mouse. (D) Representative images of the general 
morphology of the fat grafts after 4 and 8 weeks. (E) Weight of the fat grafts 4 and 8 weeks after transplantation. (F) Volume of the fat grafts 4 and 8 weeks after 
transplantation. Data are presented as the mean ± SD of five replicates. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
Abbreviation: ns, not significant.
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Histological Evaluation
Fat graft survival after treatment with PF-127 hydrogel/hASC-Exos was further assessed using HE and MT staining. 
As shown in Figure 6A, cell infiltration in the PF-127 hydrogel/hASC-Exos and hASC-Exos groups was remarkably 
lower than that in the other groups, and the PF-127 hydrogel/hASC-Exos group was superior to the hASC-Exos 
group. Furthermore, the morphological integrity of fat grafts in the PF-127 hydrogel/hASC-Exos group was 
significantly better than that in the other groups. Moreover, MT staining results showed that cystic changes and 
fibrosis in the PF-127 hydrogel/ASC-Exos group were lower than those in all other groups. The control group 
showed the most severe fibrosis, similar to the PF-127 hydrogel alone group (Figure 6B). These results suggested 
that the PF-127 hydrogel-supported hASC-Exos and hASC-Exos encapsulated in the PF-127 hydrogel promoted the 
survival of transplanted fat.

PF-127 Hydrogel/hASC-Exos Promote Angiogenesis After Fat Transplantation
CD31 and α-SMA staining of fat sections was performed to identify new vessels. The results revealed that the expression 
of CD31 (Figure 7A and B) and α-SMA (Figure 7C and D) were the highest in the PF-127 hydrogel/hASC-Exo group 
compared to the other three groups at 8 weeks after treatment, whereas the CD31 positive cells from the hASC-Exo 
group were higher and the PF-127 hydrogel group was similar to that of the control group, indicating that hASC-Exos 
have the capacity to accelerate angiogenesis and hASC-Exos encapsulated in the PF-127 hydrogel possessed a greater 
pro-angiogenic effect on the fat grafts.

Figure 6 Histological evaluation of the harvested fat. (A) Representative HE-stained images of fat grafts in the different treatment groups at 4 and 8 weeks after autologous 
fat grafting. Scale bars: 200 μm. (B) Representative Masson’s trichrome-stained images of graft fat in different treatment groups 4 and 8 weeks after autologous fat grafting. 
Scale bars: 200 μm.
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PF-127 Hydrogel/hASC-Exos Promote Angiogenesis by Modulating the HIF-1α/VEGF 
Signaling Pathway
As described above, the PF-127 hydrogel/hASC-Exos had a greater pro-angiogenic effect on fat grafts. Hence, 
immunohistochemical analyses of HIF-1α and VEGF were performed to further investigate their potential regulatory 
mechanisms. Significantly high levels of VEGF (Figure 8A and B) and HIF-1α (Figure 8C and D) were observed in the 

Figure 7 Neovascularization evaluation of the harvested fat treated by PF-127 hydrogel/ hASC-Exos. (A) Representative immunofluorescence images of CD31 (green) in fat 
grafts in the different treatment groups 8 weeks after autologous fat grafting. Nuclei were stained blue with DAPI. Scale bars: 100 μm. (B) Quantification of CD31-positive 
cells in the different treatment groups 8 weeks after autologous fat grafting. (C) Representative immunofluorescence images of α-SMA (red) in fat grafts in the different 
treatment groups 8 weeks after autologous fat grafting. Nuclei were stained blue with DAPI. Scale bars: 100 μm. (D) Quantification of SMA positive cells in the different 
treatment groups 8 weeks after autologous fat grafting. Data are presented as the mean ± SD of three replicates. *p < 0.05, **p < 0.01, ***p < 0.001. 
Abbreviation: ns, not significant.
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PF-127 hydrogel/hASC-Exos and hASC-Exos groups compared with those in PBS control or pure PF-127 hydrogel 
groups after 8 weeks of treatment, which confirmed that the activation of the HIF-1α/VEGF signal pathway by PF-127 
hydrogel/hASC-Exos may facilitate new vessels formation and fat grafts survival.

Discussion
Autologous fat transplantation has been widely used in reconstructive and plastic surgery because of its abundant tissue 
sources, simple operation, and rapid recovery.33 However, its low survival and high absorption rates remain major factors 
limiting its clinical translation and application.34 In this study, we isolated exosomes from hASCs and found that hASC- 
Exos were effectively taken up by HUVECs, enhancing their proliferation, migration, and tubule formation. In addition, 
we fabricated a thermosensitive, biomechanical, and degradable PF-127 hydrogel to load hASC-Exos. The hASC-Exos 
encapsulated into the PF-127 hydrogel were injected around the fat transplant site and the hASC-Exos were slowly 
released and then promoted angiogenesis via activating the HIF-1α/VEGF signaling pathway, thereby improving fat 
grafts retention, which highlights the significance of our study.

Angiogenesis is required for the retention of fat tissue, and early rapid blood supply plays a critical role in several factors 
that can improve the survival of transplanted fat.35 Although previous research has revealed that MSCs are a suitable option for 
use in regenerative medicine and have a positive effect on promoting angiogenesis and improving the survival of transplanted 
fat,36 including hASCs,37 an increasing number of studies have shown that the therapeutic effect of stem cells on angiogenesis 

Figure 8 Histochemical analysis of VEGF and HIF-1α expression in the harvested fat. (A) Representative immunohistochemical staining images of VEGF at 8 weeks post-fat 
grafting. Scale bar: 200 μm, 100 μm. (B) Quantitative analysis of the relative expression of VEGF at 8 weeks post-fat grafting. (C) Representative immunohistochemical 
staining images of HIF-1α at 8 weeks post-fat grafting. Scale bar: 200 μm, 100 μm. (D) Quantitative analysis of the relative expression of HIF-1α at 8 weeks post-fat grafting. 
Data are presented as the mean ± SD of three replicates. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
Abbreviation: ns, not significant.
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and tissue regeneration can be replaced by exosomes, which are released from stem cells and have lower immunogenicity, 
better stability, and storability.38 In our study, hASCs were isolated and identified using multilineage differentiation and flow 
cytometry. P3 hASCs showed a typical spindle-like morphology (Figure 1A) and were positive for CD29, CD44, and CD90 
but negative for CD31 and CD45 (Figure 1C). hASC-Exos were isolated by ultracentrifugation and analyzed using TEM, 
NTA, and Western blotting. These results indicated that we successfully extracted hASCs and hASC-Exos.

hASC-Exos are an effective strategy for promoting wound healing or treating ischemic diseases by promoting 
angiogenesis.39,40 In addition, hASC-Exos have received considerable attention owing to their promising therapeutic 
potential for autologous fat grafting.41 Nevertheless, the role of hASC-Exos in improving the survival of autologous fat 
grafts remains unclear, and the underlying molecular mechanisms require further analysis. Hence, in our in vitro study, 
we verified that hASC-Exos were taken up by HUVECs (Figure 3A) and significantly promoted HUVECs proliferation, 
migration, and tubule formation at a concentration of 50 μg/mL in comparison to the PBS control group. Western blotting 
was performed to determine the underlying molecular mechanisms in hASC-Exos-regulated HUVECs. Our results 
indicated that the HIF-1α/VEGF signaling pathway might be activated during fat vascularization, which is a new 
mechanism activated by hASC-Exos in autologous fat grafting.

However, because exosomes have a low retention rate in vivo, resulting in unsatisfactory treatment outcomes, we 
introduced a temperature-sensitive hydrogel to address this problem. Human umbilical cord-stem cell-derived exosomes 
encapsulated in the PF-127 hydrogel accelerated wound healing and increased the expression of VEGF and TGFβ-1 
compared to the exosomes group.23 Another recent study also confirmed that hASC-Exos encapsulated in PF-127 
hydrogel promoted wound healing not only via facilitated re-epithelialization, but also by reducing inflammation.27 

These studies demonstrated that PF-127 hydrogel is a promising biomaterial carrier to deliver exosome for tissue 
regeneration. Therefore, in this study, we investigated whether the combined application of PF-127 hydrogels and hASC- 
Exos improves the survival rate of autologous fat transplantation.

Therefore, we first constructed a thermosensitive PF-127 hydrogel that was in a liquid state at 4 °C but cross-linked to 
gelation at 37 °C (Figure 4A). The properties of the hydrogel were identified in vitro, and our results showed that it possessed 
high-temperature sensitivity, biocompatibility (Figure 4B), and degradability (Figure 4C). Previous studies reported that 
hASCs in grafts do not die and begin to regenerate at an early stage of transplantation. It was also mentioned that the fat 
regeneration depended on the microenvironment especially early vascularization.3 Our exosome release kinetics revealed that 
hASC-Exos were released by the PF-127 hydrogel at a steady rate over time (Figure 4D), indicating that continuous release of 
hASC-Exos by PF-127 hydrogel can provide a better microenvironment for fat regeneration. Taken together, these results 
demonstrate the efficacy and safety of the PF-127 hydrogel in the clinical translation of autologous fat grafting.

We topically applied hASC-Exos encapsulated in PF-127 hydrogel to a fat transplantation nude mouse model in vivo. As 
shown in Figure 5E and F, the highest weight and volume were observed in the PF-127 hydrogel/hASC-Exos group. Furthermore, 
we performed HE and MT staining to estimate the pathological changes and the degree of fibrosis in the fat tissue, as shown in 
Figure 6A and B. The PF-127 hydrogel/hASC-Exos group showed less cell infiltration, less fibrosis, and better fat cells 
morphology than the other groups. IF staining of CD31 (Figure 7A and B) and α-SMA (Figure 7C and D) also showed that hASC- 
Exos facilitated angiogenesis and that the PF-127 hydrogel loaded with hASC-Exos exerted a greater pro-angiogenic effect on fat 
transplantation. Vascularization involves multiple molecular pathways. Previous studies have shown that exosomes from 
hypoxia-treated human ASCs facilitated angiogenesis by regulating the VEGF/VEGF-R signaling pathway.42 Additionally, 
hASC-Exos embedded hydrogels accelerated diabetic wound healing via the activation of miR-144-3p/NFE2L2/HIF1α 
signaling.39 In our study, IHC results showed that the expression of HIF-1α and VEGF was regulated in the hASC-Exo group 
and was highest in the PF-127 hydrogel/hASC-Exos group (Figure 8), suggesting that activation of the HIF-1α/VEGF signaling 
pathway by PF-127 hydrogel/hASC-Exos may facilitate new vessel formation and improve the survival rate of transplantation fat.

Our study successfully demonstrated that the PF-127 hydrogel loaded with hASC-Exos was efficacious in improving 
the survival of fat grafts. Nevertheless, there are still some limitations to our present work. First, we demonstrated that 
the hydrogels exhibited good in vitro degradation. Nevertheless, it is necessary to further explore the catabolism of PF- 
127 hydrogels in fat grafts for successful clinical applications in the future. Second, although we confirmed that 
exosomes were taken up by HUVECs in vitro and promoted angiogenesis of transplanted fat in vivo, the absorption 
and distribution of exosomes in vivo and their metabolism in various organs through immunofluorescence tracking 
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experiments would also be interesting to further explore. Thirdly, previous studies have demonstrated that miRNAs play 
a significant role in mediating vascularization effects of exosomes,43,44 therefore, further experiments such as Western 
blot analysis and real-time quantitative polymerase chain reaction should be performed to elucidate which miRNAs 
derived from hASC-Exos activate HIF-1α/VEGF signaling in HUVECs to promote angiogenesis. Overall, whether the 
PF-127 hydrogel loaded with hASC-Exos can be successfully applied in humans to achieve clinical transformation still 
requires more basic experiments and clinical trials to further study.

Conclusion
In summary, this novel study incorporated hASC-Exos into a PF-127 hydrogel for autologous fat grafting. We demonstrated 
that the sustained delivery of hASC-Exos may improve the survival of autologous fat grafts by creating a regenerative 
microenvironment that enhances neovascularization via activating the HIF-1α/VEGF signaling pathway. Taken together, the 
hASC-Exos PF-127 hydrogel has significant potential for clinical translation in autologous fat transplantation.
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