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Abstract
Introduction. Clarifying the role and mechanism of exosome gel in wound repair can provide a new effective 
strategy for wound treatment.  
Materials and methods. The cellular responses of adipose mesenchymal stem cell-derived exosomes (AMSC- 
-exos) and the wound healing ability of AMSC-exos-loaded β-chitin nanofiber (β-ChNF) hydrogel were studied 
in vitro in mouse fibroblasts cells (L929) and in vivo in rat skin injury model. The transcriptome and proteome 
of rat skin were studied with the use of sequenator and LC-MS/MS, respectively.
Results. 80 and 160 μg/mL AMSC-exos could promote the proliferation and migration of mouse fibroblastic cells. 
Furthermore, AMSC-exos-loaded β-ChNF hydrogel resulted in a significant acceleration rate of wound closure, 
notably, acceleration of re-epithelialization, and increased collagen expression based on the rat full-thickness skin 
injury model. The transcriptomics and proteomics studies revealed the changes of the expression of 18 genes, 
516 transcripts and 250 proteins. The metabolic pathways, tight junction, NF-κB signaling pathways were en-
riched in Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway. Complement factor D (CFD) and 
downstream Aldolase A (Aldoa) and Actn2 proteins in rats treated with AMSC-exos-loaded β-ChNF hydrogel 
were noticed and further confirmed by ELISA and Western blot. 
Conclusion. These findings suggested that AMSC-exos-loaded β-ChNF hydrogel could promote wound heal-
ing with the mechanism which is related to the effect of AMSC-exos on CFD and downstream proteins. (Folia 
Histochemica et Cytobiologica 2022, Vol. 60, No. 2, 167–178)
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Introduction

Skin is the body’s important barrier against external 
damage. When a wound is caused, it substantially 
reduces the life quality of patients, and brings a great 
economic burden and the society [1, 2]. Recently, sev-
eral studies on the roles of mesenchymal stem cell-de-
rived exosomes (MSC-exos) in wound healing have 
shown that MSC-exos can activate certain signaling 
pathways to regulate growth factors as well as the pro-
liferation and migration of cells [3–5]. However, there 
are challenges in the application of MSC-exos owing 
to the rapid clearance by the innate immune system. 
Injury repair is a kind of complex multiphase process, 
while the inevitably rapid clearance of free exosomes 
in vivo leads to low effectiveness and efficiency of this 
therapeutic [6]. The combination of exosomes with bi-
omaterials can extend the retention time of exosomes 
on the wound surface without affecting their biological 
activity [7, 8]. There is an urgent need to find better 
ways to employ MSC-exos. The hydrogel can provide 
a wet healing environment, and act as a carrier for 
exosomes to promote wound healing. It has been 
reported that exosomes-loaded chitosan hydrogel can 
promote wound healing [9, 10]. While chitin-based 
biomaterials have good biological activity and have 
been widely applied in damage repair, few studies 
have investigated the treatment effects of MSC-ex-
os-loaded β-chitin nanofibers (β-ChNF) hydrogel on 
wounds, and the mechanism remains unclear [11]. We 
speculated that incorporating exosomes with β-ChNF 
hydrogel would provide enhanced beneficial effects on 
wound healing. The adipose mesenchymal stem cells 
are easy to obtain and their exosomes have been re-
ported to play a beneficial role in damage repair [12].

Therefore, the main aim of this study was to 
investigate the effect of adipose mesenchymal stem 
cell-derived exosomes (AMSC-exos)-loaded β-ChNF 
hydrogel on wound healing. Furthermore, the mech-
anism of AMSC-exos-loaded β-ChNF hydrogel was 
detected based on transcriptomics and proteomics. 
The results will improve the understanding of wounds, 
and provide a biological basis for possible clinical 
applications of AMSC-exos for wound healing. 

Materials and methods

Materials. The exosomes derived from adipose mesen-
chymal stem cells were provided by Rengen Biosciences 
(lot#201104, Liaoning, China). The adipose mesenchymal 
stem cells were extracted from the groin adipose tissue of 
male C57BL/6 mice. The scanning and transmission electron 
microscopy, nanoparticle tracking analysis, Western blot 
and ELISA results of AMSC-exos were performed as the 

instructions of the manufacturers. L929 mouse fibroblast 
cells (derived from normal subcutaneous areolar and adi-
pose tissue of a 100-day-old male C3H/An mouse) were pur-
chased from the Institute of Biochemistry and Cell Biology 
(Shanghai, China). They were cultured in DMEM medium 
(Gibco, USA), and 15% fetal bovine serum (HyClone, 
USA), 100  U/mL penicillin and 100 µ g/mL streptomycin 
(Beyotime Biotechnology, China) were added. Squid pens 
were obtained from a local fish market, China. Hydrochloric 
acid and sodium hydroxide were purchased from Sinopharm 
Chemical Reagent Co., Ltd., China.

Cell proliferation assay. The L929 cells were seeded into 
in 96-well plates for 24  h, and then treated with various 
concentrations of AMSC-exos (40, 80 and 160 μg/mL) for 6, 
12 and 24 h. After that, 10 μL of CCK8 was added and cells 
were incubated for 3 h. The absorbance was measured at 
570 nm by a microplate reader. The experiment was repeated 
three times. The cell proliferation was expressed as the mean  
± SD of the absorbance ratio of the AMSC-exos treated 
cells to the untreated cells. 

Scratch wound healing and transwell assays. When the 
L929 cells reached 90% confluence in 6-well plates, scratch 
wound healing was conducted. Briefly, a straight line at the 
bottom of the 6-well plate was made using a pipette tip, and 
then phosphate-buffered saline (PBS) was used to wash 
out the cell debris. Finally, AMSC-exos (40, 80 and 160 μg/
mL) were used to treat the cells, and the images of cells 
were taken at 0 h, 12 h, 24 h and 36 h. Cell scratch test was 
repeated three times.
During the cell migration assays, L929 cells in a serum-free 
culture medium were added to the upper chambers, while 
the lower chambers were added with a medium supplement-
ed with 20% fetal bovine serum. AMSC-exos (40, 80 and 
160 μg/mL) were added to the upper chamber and the cells 
were incubated for 24 hours. After that, unmigrated cells 
were swabbed, and 0.05% crystal violet solution was used 
for staining. The transwell assay was repeated three times.

Preparation of adipose mesenchymal stem cell-derived ex-
osomes (AMSC-exos) loaded β-chitin nanofiber (β-ChNF) 
hydrogel. After washing and drying, the squid pen was 
treated with 0.1  mol/L hydrochloric acid (Sinopharm  
Chemical Reagent Co., Ltd., China) and 4% (wt/vol) sodium 
hydroxide (Sinopharm Chemical Reagent Co., Ltd., China) 
to finish demineralization and deproteinization. Ultrasonic 
homogenizer (Scientz JY92-IIDN, China) was used to form 
β-ChNF hydrogel. The β-ChNF hydrogel obtained was 
added with AMSC-exos (200 µg/mL), and the hydrogel and 
AMSC-exos were homogenized to form AMSC-exos-loaded 
β-ChNF hydrogel.
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Establishment of rat model. Sprague-Dawley rats (male, 
6–8 weeks old) were purchased from Liaoning Changsheng 
biotechnology co., Ltd (China). After acclimatization, all rats 
were randomly divided into the control, hydrogel, exosomes, 
and exosomes hydrogel groups (n = 6 in each group). All 
animals were anesthetized and created circular full-thickness 
cutaneous wounds at the dorsal skin with a circular mold. 
At 0, 3, 5, 6, 7, 8, 10 and 12 days after the operation, the rats 
were carefully observed. The rats in hydrogel and exosomes 
hydrogel groups were treated with 400 μL hydrogel or ex-
osomes hydrogel, and each rat of the exosomes group was 
treated with 80 μg exosomes just after the operation. The 
wound healing rate of each rat was measured with Image 
J (Nation Institutes of Health, USA) and calculated as fol-
lows: wound healing rate (%) = (A0-At)/ A0 × 100%. The 
animal welfare and experimental design were approved by 
the Ethics Committee of the General Hospital of Northern 
Theater Command, Shenyang, China.

Histological examinations. The skin samples of rats were 
harvested and fixed by 10% formaldehyde. After being em-
bedded in paraffin blocks using the Leica Microsystem tissue 
processor (ASP300S, Germany), sections of 5 μm thickness 
were sliced using a Leica Microsystem microtome (Model 
RM 2265, Germany), and hematoxylin and eosin (HE) 
staining and Masson staining were conducted according to 
the instructions. The images were taken using an Image J 
software to detect the percentage of the collagen staining 
area (blue) in the total area for Masson staining results. 
The full-thickness of wounds in each group was measured.

Transcriptomics. Eight days later, animals were sacrificed 
and skin tissue was collected. RNA extraction and library 
construction were conducted. Then the cleaved RNA 
fragments were reverse-transcribed to create the cDNA, 
which was next used to synthesize U-labeled second-strand-
ed DNAs with E. coli DNA polymerase I RNase H and 
dUTP. After the heat-labile UDG enzyme treatment of 
the U-labeled second-stranded DNAs, the ligated products 
are amplified with PCR by the following conditions: initial 
denaturation at 98°C for 30 min; 14 cycles of denaturation at 
98°C for 15 sec, anealing at 60°C for 30 sec, and extension at 
72°C for 30 sec; and then final extension at 72°C for 5 min. 
The average insert size for the final cDNA library was 350 bp 
(± 50 bp). At last, we performed the paired-end sequencing 
on an Illumina Hiseq X-Ten (LC Bio , China).

Proteomics. The TMT marker-ed peptides were dissolved in 
0.1% formic acid (solvent A) and loaded onto a reversed-phase 
analytical column (Thermo scientific EASY column, C18, 
75  μm*150  mm, 3  μm). Liquid phase gradient setting: 
0–2 min, 2–8% B; 2–42 min, 8–30% B; 42–49 min, 30–45% B;  
49–50 min, 45–100% B; 50–60 min, 100% B. Solvent A con-
tained 0.1% formic acid in water; Solvent B contained 0.1% 

formic acid in 95% acetonitrile. All were at a constant flow 
rate of 300 nL/min on an Easy nLC 1200 UPLC system. 
The Q-Ex -Active HF-X mass spectrometer was used for 
data-dependent acquisition. The distribution of peptide 
length identified by MS/MS was in accordance with the 
quality control requirements.

Bioinformatics analysis. The sequence quality was verified 
using FastQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). We used Hisat2 to map reads to the mouse 
genome GRCm38  in Ensemble92. The mapped reads of 
each sample were assembled using StringTie. UniProt-GOA 
database (www. http://www.ebi.ac.uk/GOA/) was used to 
conduct Gene Ontology (GO) annotation; The annotated 
protein pathway was conducted by Kyoto Encyclopedia 
of Genes and Genomes (KEGG) database. Differentially 
expressed protein databases were searched against the 
STRING database for protein-protein interactions.

ELISA. The ELISA kit was purchased from Shanghai  
Jianglai Biotechnology Co., Ltd (Shanghai, China) to detect 
the expression of CFD in cell homogenates. After homoge-
nization in PBS (0.02 mol/L, pH 7.0) and centrifugation at 
5000, for 10 min, the supernatant was collected. Standard 
and sample were added and then the measurements were 
performed according to manufacturer’s instruction. OD 
value was measured at 450 nm wavelength.

Western blot. After the protein extraction, antibody in-
cubation was performed. The primary antibody included 
Alpha-actinin-2 (Actn2, 1:1000, 14221-1-AP, Proteintech, 
USA), Aldolase A (Aldoa, 1:1000, 11217-1-AP, Proteintech, 
USA), Glyceraldehyde 3-phosphate dehydrogenase (GAP-
DH, 1:1000, 2118, Cell Signaling Technology, Boston, USA) 
and anti-rabbit secondary antibody (1:2000, ab6721, Abcam, 
UK). A Tanon 5200  Full automatic chemiluminescence 
image analysis system (Tanon Science and Technology Co. 
Ltd., Shanghai, China) was used for proteins' visualizing.  

Statistical analysis. All data were analyzed with SPSS 
22.0  (IBM, Amrok, NY, USA). Quantitative data were 
expressed as mean ± standard deviation. The two-tailed 
paired Student’s t-test was used for two groups comparisons. 
Comparison between multiple groups was performed by 
one-way ANOVA. The difference was statistically significant 
at P < 0.05.

Results 

AMSC-exos boost the proliferation of L929 cell
CCK8 was conducted to test the effects of AMSC-exos 
on cell proliferation. As presented in Fig. 1a, 40 μg/ 
/mL had no significant effect on L929 cell prolifer-
ation, while it was increased notably when the cells 

file:///C:\Users\BioPTM\Desktop\PTM_0078_iTRAQ_report\PTM_0078_iTRAQ_report\www.%20http:\www.ebi.ac.uk\GOA\
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
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Figure 1. Adipose mesenchymal stem cell-derived exosomes (AMSC-exos) boosts the proliferation and migration of L929 cells; 
(a) AMSC-exos effects on cells proliferation were assessed by CCK8 test as described in Methods; (b, c) The scratch assay 
results of cell migration; (d, e) The transwell assay results of cell migration. Data present means ± SD of at least 3 indepen- 
dent experiments. * P < 0.05 as compared with the control group.
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were exposed to AMSC-exos for 6 h, 12 h and 24 h at 
80 and 160 μg/mL (P < 0.05). As fibroblasts' migration 
played an important role in the wound healing pro-
cess, scratch and transwell assays were conducted to 
test cell migration. As can be seen from Fig. 1b of the 
scratch assay, the wound (scratch) areas of the treated 
groups were all smaller than that of the untreated 
group at a certain time, indicating that L929 fibro-
blasts treated with 80  and 160  μg/mL AMSC-exos 
for 12 h, 24 h and 36 h migrated faster. Especially, 
after treating with 80 and 160 μg/mL AMSC-exos, the 
percentage of the wound healing reached 26.9–29.7% 
and 24.9–29.7%, respectively, while the untreated 
group was 8.8–18.0% (Fig. 1c). During the transwell 
assay, it was shown that more L929  cells (treated 
with 80 and 160 μg/mL AMSC-exos) migrated to the 
lower surface of the membrane, compared with the 
L929 control cells (Fig. 1d,e; P < 0.05). Moreover, 
80 and 160 μg/mL AMSC-exos enhanced the migra-
tion up to 157.8–164.3% and 218.3–342.4%, respec-
tively, indicating a significant migration enhancement 
effect (P < 0.05) compared with the untreated group. 
Both the scratch wound healing and transwell assays 
confirmed the promotion of migration of fibroblasts 
induced by exposure of AMSC-exos.

Effect of AMSC-exos-loaded β- ChNF hydrogel on 
wound healing
As shown in Fig. 2, the scanning electron microscopy 
of hydrogel and AMSC-exos hydrogel showed that 
the hydrogels were porous structure (Fig. 2a) and  
exosomes were distributed in its pores (Fig. 2b). After 
treatment with AMSC-exos hydrogel, the wound areas 
of rat skins were observed and taken pictures on day 
0, 3, 5, 6, 7, 8, 10, 12, some representative pictures 
were presented in Fig. 2c. It was clearly visible that 
the wound areas in the exosomes hydrogel group 
were much smaller than that in the model group, and 
they were almost healed on day 12 while the wound 
in the model group was still apparent. Wound areas 
were measured and the wound healing rates were 
plotted against days after the operation, as shown 
in Fig. 2d. From day 3  to day 12, the wound heal-
ing rate in the exosomes hydrogel group increased 
from 16.6% to 95.2%, which was significantly faster 
than that in the model group (from 4.7% to 79.3%)  
(P < 0.05). In conclusion, AMSC-exos hydrogel 
noticeably increased wound closure in rats. Mod-
ified Masson staining showed that the amount of 
collagen deposited was markedly higher in the ex-
osomes hydrogel group than in the model, hydrogel 
and exosomes groups at day 12. The collagen areas 
were increased after AMSC-exos hydrogel treatment  
(Fig. 2e, f). These data suggested that the AMSC-exos 

hydrogel accelerated wound healing in rats. The HE 
staining of rats’ skins with wound regions was shown 
in Fig. 2g. The cellular debris, necrotic tissue, and 
little regeneration of the epidermis were observed 
in the model group of rats. Nevertheless, most of the 
debris and necrotic tissue were cleared, and a more 
integrated epidermis was regenerated in rat treated 
with the hydrogel, exosomes or exosomes-hydrogel. 
It was noted that in the exosomes-hydrogel group, the 
hair follicles, blood vessels, and other skin appendages 
were substantially increased.

Transcriptome analysis of the effect of AMSC-exos-
-loaded β-ChNF hydrogel on wound
To gain a more comprehensive insight into the gene 
expression changes of AMSC-exos intervention, tran-
scriptome analyses were performed. A great deal of 
35536 genes, including 32883 known genes (21584 ex-
pressed) and 2653 new genes were analyzed; among 
those, 18 genes were differentially expressed following 
AMSC-exos hydrogel (Tab. 1); 7  genes were in-
creased, while 11 genes were reduced (DESeq2, FDR 
< 0.05, |log2FoldChange| > = 1.00). The number 
of transcripts is 62 993, including 41078 known tran-
scripts (27362 expressed) and 21915 new transcripts; 
among those, 516 transcripts were differentially ex-
pressed following AMSC-exos hydrogel treatment. 
The expression of 250  transcripts was increased, 
while 266 ones was reduced (DESeq2, FDR < 0.05, 
|log2FoldChange| > = 1.00). The overall distribution 
of the differentially expressed transcripts was shown 
by the volcano map and heatmap (Suppl. Fig. 1). 
Go function enrichment histogram of significantly 
different transcripts was shown in Suppl. Fig. 2. 
Among biological process (BP) classes, the mRNAs 
involved in nitrogen compound transport, regulation 
of cytokinesis, positive regulation of coagulation and 
others were identified in response to the treatment. 
In the cellular component (CC) category, the genes 
expressed were mostly enriched for ATP−binding 
cassette transporter complex, actin cap, cortical actin 
cytoskeleton and mitochondrial intermembrane space 
protein transporter complex. Finally, in molecular 
function (MF) classes, keratin filament binding and 
intermediate filament binding were the top two 
enriched terms. Additionally, ATP binding, alcohol 
dehydrogenase [NAD(P)+] activity and UDP−acti-
vated nucleotide receptor activity suggested an active 
energy metabolism in wound healing. Next, the biolog-
ical functions were further studied by KEGG pathway 
enrichment. Surprisingly, two metabolism-associated 
pathways were identified, including inositol phosphate 
metabolism and selenocompound metabolism (Suppl. 
Fig. 3a). Moreover, the distribution of significantly 

https://journals.viamedica.pl/folia_histochemica_cytobiologica/article/downloadSuppFile/FHC.a2022.0015/88995
https://journals.viamedica.pl/folia_histochemica_cytobiologica/article/downloadSuppFile/FHC.a2022.0015/88996
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Figure 2. Adipose mesenchymal stem cell-derived exosomes (AMSC-exos) hydrogel increased the wound healing rate in 
rats; (a, b) The SEM photographs of chitin hydrogel with AMSC-exos were provided by the exosomes’ manufacturer; (c) 
Photographs of wounds closure from 0 to 12 d after surgery; (d) The wound healing rate of full-thickness wounds for each 
treatment group; (e) Collagen deposition of the full-thickness wounds in each group. Image J software was used to detect 
the percentage of the collagen staining area (blue) in relation to the total area; (f) Representative microphotographs of 
the wounds’ sections stained with modified Masson method in each group; (g) Representative microphotographs of the 
wounds’ sections stained with HE in each group. Data present means ± SD of at least 3 independent experiments. *P < 0.05  
as compared with model group (control).
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different transcripts in the ipath integration pathway 
was also shown (Suppl. Fig. 3b).

Quantitative proteomic analysis of the effect of AM-
SC-exos-loaded β-ChNF hydrogel on wound
For global proteome analysis, the fold-change cut-
off was set at 1.2 (treatment vs. model); we identi-
fied 4160 proteins in wound tissues. Among these, 
169 proteins were up-regulated, and 81 proteins were 
down-regulated as compared to the model (Suppl. 
Fig. 4a). Protein cluster analysis results were also 
proceeded (Suppl. Fig. 4b). Differentially expressed 
proteins were analyzed by Gene Ontology. From BP, 
CC and MF results, the biological roles of proteins 
were explained in Fig. 3a. In the BP category, the 
up-regulated proteins were highly enriched in terms 
such as muscle system process, muscle contraction 
and muscle structure development. The enrichment  
analysis of the CC category revealed proteins related 
to supramolecular fibers, cytoplasmic proteins and 
other. According to the MF enrichment results, we 
found that the differentially expressed proteins are 
taking part in cytoskeletal protein binding and other 
proteins’ binding (Fig. 3b–d). Metabolism, genetic 
information processing, environmental information 
processing, cellular processes and body’s system 
changes were enriched in KEGG Pathway (Suppl. 
Fig.  5a). The representative protein interaction 

networks of tight junctions was also shown (Sup-
pl. Fig. 5a).

Combined analysis and validation of the different 
proteins
The combined analysis results demonstrated that the 
proteins exhibited the same trends as the expression of 
genes. The overall gene/protein comparison between 
transcriptome and proteome is shown in Fig. 4a; 
the significantly different gene/protein comparison 
between transcriptome and proteome was shown in 
Fig. 4b. Common differential gene/protein comple-
ment factor D (CFD) were found according to the 
gene/protein conjoint analysis results, which were 
further proved by ELISA results (Fig. 4c). According 
to the protein PPI network, we also paid attention to 
the change of Actn2 and Aldoa. These two proteins 
were further proved by Western blot in rats (Fig. 4d). 
Aldoa protein is related to cell metabolism. To prove 
that exosomes can increase the expression of Aldoa 
protein to promote cell proliferation during wound 
healing, we detected the expression of CFD and Aloda 
proteins in exosomes-treated L929 cells. ELISA and 
Western blotting results showed that the expression 
of CFD was decreased and downstream Aldoa protein 
was increased in L929 cells after exosome intervention 
(Fig. 4e).

Table 1. Transcriptomics revealed the significantly different genes of the treatment group vs. model (control) group in rats

Gene ID T_P-value Protein ID Gene name

ENSRNOG00000002767 0.015598861 Q62936 Dlg3 

ENSRNOG00000007172 0.02045685 Q99JP0 Map4k3 

ENSRNOG00000007765 2.39E-10 P97401 Frzb 

ENSRNOG00000010649 0.009832254 O35927 Ctnnd2 

ENSRNOG00000011892 0.001116417 Q8K415 Slc36a2 

ENSRNOG00000014090 0.001116417 Q8VHE9 Retsat 

ENSRNOG00000015354 0.003394701 Q9Z0U5 Aox1 

ENSRNOG00000016460 0.002198257 P05371 Clu 

ENSRNOG00000020380 0.043452089 P97590 Lgals7 

ENSRNOG00000022946 0.014624121 O88446 Slc22a3 

ENSRNOG00000026371 0.022547337 Q6IFU8 Krt17 

ENSRNOG00000033564 0.007183107 P32038 Cfd 

ENSRNOG00000033933 0.000232522 P01039 Csta 

ENSRNOG00000045548 7.16E-05 Q3TCT4 Entpd7 

ENSRNOG00000050420 2.95E-05 Q6P6Q2 Krt5 

ENSRNOG00000053118 1.15E-13 Q6P5E6 Gga2 

ENSRNOG00000055850 4.07E-12 O43143 DHX15 

ENSRNOG00000056651 7.80E-14 — —

https://journals.viamedica.pl/folia_histochemica_cytobiologica/article/downloadSuppFile/FHC.a2022.0015/88997
https://journals.viamedica.pl/folia_histochemica_cytobiologica/article/downloadSuppFile/FHC.a2022.0015/88998
https://journals.viamedica.pl/folia_histochemica_cytobiologica/article/downloadSuppFile/FHC.a2022.0015/88998
https://journals.viamedica.pl/folia_histochemica_cytobiologica/article/downloadSuppFile/FHC.a2022.0015/88998
https://journals.viamedica.pl/folia_histochemica_cytobiologica/article/downloadSuppFile/FHC.a2022.0015/88999
https://journals.viamedica.pl/folia_histochemica_cytobiologica/article/downloadSuppFile/FHC.a2022.0015/88999
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Discussion

Wound healing requires cellular repair through a se-
ries of complex signaling pathways including hemosta-
sis, inflammation, proliferation and maturation [13]. 
During the proliferation phase, the fibroblasts will 
be recruited from the wound borders and massively 
proliferated [14]. The fibroblasts can differentiate into 
myofibroblasts to contract the wound, and release lots 
of collagen to fill the wound bed. The fibroblasts play 
an important role in wound healing and accelerating 
the proliferation of fibroblasts is beneficial to wound 
healing [15, 16]. Therefore, L929  mouse fibroblast 
cells, which have often been used in wound healing 
studies, were used to prove the effect of AMSC- 
-exos on wound healing. L929 cells are adherent cells 
with strong proliferation and passage ability, which 
could meet the requirements of proliferation and 
migration experiments in vitro [17, 18]. MSC-exos are 
rich in a variety of proteins, mRNAs and cytokines. 
It was reported that MSC-exos could promote the 

proliferative and migratory abilities of cells and thus 
accelerate wound healing [19–21]. However, the effect 
of AMSC-exos on skin fibroblasts is not very clear. 
To evaluate the effect of AMSC-exos on fibroblasts 
migration, scratch wound healing assay and transwell 
migration assay were used in this study. A considera-
ble increase in fibroblast proliferation and migration 
was noticed on cells treated with AMSC-exos 80 or 
160 μg/mL, when compared with control. However, 
there was no significant changes in the proliferation 
and migration of fibroblasts after the dose of 40 μg/ 
/mL AMSC-exos intervention. These results enriched 
the understanding of the effects of AMSC-exos on 
fibroblasts and provided a theoretical basis for further 
study on promoting wound healing.

AMSC-exos was loaded in β-ChNF hydrogel in 
order to solve the problem that AMSC-exos local 
fixed storage ability was poor during wound healing 
[22]. Chitin nanofibers hydrogel is a good carrier for 
sustained-release materials such as nanoparticles or 
exosomes. Chitin hydrogel could notably increase the 
stability of proteins and microRNAs in exosomes, as 

Figure 3. Adipose mesenchymal stem cell-derived exosomes (AMSC-exos) hydrogels affected the expression of cellular 
regulatory proteins based on proteomics analysis; (a) GO functional annotation bar chart of significantly different proteins; 
(b) biological process analysis of different proteins; (c) cellular component analysis of different proteins; (d) molecular 
function analysis of different proteins.
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Figure 4. Complement Factor D (CFD), alpha-actinin-2 (Actn2) and aldolase A (Aldoa) proteins changes were found in 
rat skin after adipose mesenchymal stem cell-derived exosomes hydrogel (AMSC-exos) treatment; (a) Venn diagram of 
overall gene/protein comparison between transcriptome and proteome; (b) Venn diagram of significantly different gene/
protein comparisons between transcriptome and proteome; (c) Expression of CFD protein in rat skin; (d) Expression of 
Actn2 and Aldoa protein in rat skin; (e) Expression of Aloda and CFD protein in control and AMSC-exos-treated (80 µg/ 
/mL, 24 hours) in L929 cells. Data present means ± SD of at least 3 independent experiments. *P < 0.05 as compared with 
model group (control).

well as augment the retention of exosomes in vivo 
[23, 24]. Furthermore, the chitin hydrogel can built 
an immune-isolation barrier to protect the exosomes 
from clearance by the host’s immune system [25–28]. 
The results of this study proved the beneficial effect 

of AMSC-exos-loaded β-ChNF hydrogel on wound 
healing, which brought new possibilities to explore 
the promoting wound healing method.

In order to further clarify the promotion mech-
anism of AMSC-exos-loaded β-ChNF hydrogel on 
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wound healing, experiments in vitro and in vivo were 
conducted. In the absence of known targets, tran-
scriptome and proteomics analysis can be used to 
study the mechanism of an intervention [29]. After 
the intervention of AMSC-exos-loaded β-ChNF 
hydrogel, we found the changes in 18  genes and 
169  proteins based on transcriptome and proteo- 
mics. According to the combined analysis results, we 
paid attention to the changes of CFD and downstream 
Aldoa and Actn2  proteins, and the PPI analysis 
clarified the protein interaction relationship. CFD 
is widely involved in pathophysiological responses 
and immune regulation in the body. Its abnormal 
activation will release a large number of inflammatory 
factors and cause damage to the body. In addition, it 
was found that senescent cells promoted the degrada-
tion of fibroblast-derived extracellular matrix near the 
dermis through the secretion of CFD [30, 31]. Thus, 
proper regulations of the complement system may 
provide proactive strategies in injury-related dise- 
ases, which are also proved by our results during 
wound healing [32, 33]. 

Aldolase A, which is an interacting protein of 
CFD, is ubiquitously distributed in all organs and/ 
/or cells, and plays an essential role in glycolytic ATP 
biosynthesis. Although the vast majority of nonprolif-
eration differentiated cells use oxidative phosphoryl-
ation for ATP production in the normal tissue, Aldoa 
plays an important role in cell proliferation [34–36]. 
Recently, it has been reported that Aldoa overex-
pression can increase the cell-cell adhesion-related 
proteins and promote cell migration by decreasing 
E-cadherin and β-catenin [37]. To further prove the 
mechanism of AMSC-exos-loaded β-ChNF hydrogel 
during wound healing, we detected the effect of AM-
SC-exos intervention on CFD and downstream Aldoa 
proteins expression in L929 cells. The results showed 
that AMSC-exos could significantly decrease the level 
of CDF and promote the expression of Aldoa protein 
in L929 cells. The expression of CFD and downstream 
Aldoa proteins are related to the effect of AMSC-ex-
os-loaded β-ChNF hydrogel on wound healing. 

In conclusion, we found that AMSC-exos could 
promote fibroblasts' proliferation at the doses of 
80 and 160 μg/mL, and the effects are related to CFD 
and downstream Aldoa proteins. AMSC-exos-loaded 
β-ChNF hydrogel was successfully constructed and 
improved the application effects of exosomes during 
wound healing. Based on transcriptomics and pro-
teomics, the changes of related genes and proteins 
were found and verified by ELISA and Western 
blotting. These results provide a theoretical basis for 
the further understanding of exosomes’ role in wound 
healing, and AMSC-exos-loaded β-ChNF hydrogel 

may be applied as a new therapeutic approach for 
wound healing.
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