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Abstract  Soft tissue injury (STI) is a prevalent con-
dition that requires effective therapeutic approaches. 
The focus of this investigation was to elucidate the 
molecular mechanisms linked to the IGFBP3 protein 
in adipose-derived stem cells (ADSCs) for STI repair, 
utilizing single-cell multiomics technology and a 
3D bioprinting model. Establishment of a mouse-
based STI model facilitated the comparison of cel-
lular compositions and communication variances 
between wounded and normal tissues through single-
cell RNA sequencing (scRNA-seq). High-throughput 
transcriptomics and bioinformatics analysis pin-
pointed IGFBP3 as a key target in ADSCs related to 
STI repair. In  vitro experiments assessed IGFBP3’s 
effects on ADSCs’ epithelial cell differentiation, pro-
liferation, and migration using various assays and len-
tivirus transfection to manipulate IGFBP3 expression. 

A 3D bioprinting technique was used to create an 
ADSCs-IGFBP3 peptide self-assembling hydrogel 
scaffold, characterized by Fourier-transform infra-
red spectroscopy, X-ray diffraction, SEM, and TEM. 
The scaffold’s efficacy was validated in an animal 
model. Results showed nine cell subtypes in both 
normal and injured tissues, with increased ADSCs 
in STI tissues exhibiting enhanced connectivity and 
interactions. RNA-seq analysis confirmed IGFBP3 as 
crucial for ADSCs and STI. In vitro and 3D bioprint-
ing experiments, along with animal model validation, 
confirmed IGFBP3’s role in STI repair. Upregulation 
of IGFBP3 in ADSCs promoted epithelial cell dif-
ferentiation by enhancing ITGB1 expression, activat-
ing the ERK pathway to boost cell proliferation and 
migration. This study highlights IGFBP3’s significant 
role in ADSCs for STI repair, providing potential 
molecular targets for developing new treatments. The 
findings offer valuable insights into IGFBP3’s mecha-
nisms, aiding in advancing STI therapeutic strategies.

Highlights 

•	 This research presents the initial discovery of the 
crucial role of IGFBP3 protein in ADSCs in the 
repair of STIs.

•	 Through single-cell multiomics technology and a 
3D bioprinting model, this study found that high 
expression of IGFBP3 in ADSCs can promote epi-
thelial cell differentiation.
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•	 Bioinformatic analysis indicates that in STI, there is 
a closer interaction and enhanced mutual influence 
between ADSCs and other cells.

•	 Experimental validation in vitro and in animal mod-
els provides additional evidence supporting the cru-
cial function of IGFBP3 in STI recovery.

•	 The research introduces original molecular targets 
and an intellectual underpinning to tackle STI, with 
significant potential for clinical applications.

Keywords  Soft tissue injury · Adipose-derived 
stem cells · IGFBP3 protein · Single-cell multiomics · 
3D bioprinting · Epithelial cell differentiation

Introduction

Soft tissue injury (STI) is a prevalent clinical issue, 
and its treatment and repair have long been significant 
research topics in the medical field (Thornhill et  al. 
2022; Nabil et al. 2022; Nie and Zhang 2022). In the 
process of repairing STI, cellular factors and signal-
ing pathways play vital roles, among which adipose-
derived stem cells (ADSCs) have garnered consider-
able attention as a potential therapeutic source (Liu 
et  al. 2024). According to the literature, ADSCs are 
a type of multipotent stem cell that can be relatively 
easily obtained from adipose tissue. They possess 
autonomous renewal capacity and the potential to dif-
ferentiate into a variety of tissue-specific cell types, 
including but not limited to hepatocytes, neurons, 
endothelial cells, renal epithelial cells, and epithelial 
cells (Al-Ghadban and Bunnell 2020; Khazaei et  al. 
2021). These characteristics position ADSCs as a sig-
nificant resource in regenerative medicine and tissue 
engineering. Moreover, the differentiation potential of 
ADSCs extends to generating epithelial cells, facili-
tating the process of skin wound healing. With their 
pluripotency, promotion of angiogenesis, anti-inflam-
matory properties, and wound-healing capabilities, 
ADSCs offer new therapeutic strategies for STI treat-
ment, indicating promising applications (Mazini et al. 
2020; Schneider et al. 2023; Tang et al. 2022).

In ADSCs cells, IGFBP3 (Insulin-like growth fac-
tor binding protein 3) garners significant attention 
in research, yet its mechanism of action in repair-
ing STI remains incompletely understood (Teufels-
bauer et  al. 2019; Wang et  al. 2019). By employing 

bioinformatics analysis combined with transcriptomic 
techniques, researchers can comprehensively com-
prehend the expression characteristics of IGFBP3 in 
ADSCs cells and its potential roles in the repair of 
STI (Xiang et al. 2022; Fernández-Ponce et al. 2021; 
Huang et  al. 2022). As a crucial modulatory factor, 
IGFBP3 potentially exerts a crucial function in BP, 
such as cell proliferation, differentiation, and migra-
tion, hence holding significant importance in the 
repair of STI (Chao et  al. 2021; Teufelsbauer et  al. 
2019).

Enabling genome and transcriptome sequenc-
ing and analysis at the single-cell scale, single-cell 
RNA sequencing (scRNA-seq) stands as a promi-
nent high-throughput technology (Kalisky et  al. 
2011). It is adept at pinpointing specific cellular 
subgroups and revealing changes at the cellular 
level. The approach becomes essential in investi-
gating genetic diversity in higher organisms, espe-
cially in disciplines like oncology, embryogenesis, 
and nerve studies (Wang et al. 2023; Pozojevic and 
Spielmann 2023; Chang et  al. 2024). scRNA-seq 
sequencing analysis can reveal cellular heteroge-
neity, intercellular communication, and dynamic 
changes during STI, providing essential informa-
tion for a deeper understanding of STI repair mech-
anisms and the development of novel treatment 
approaches (Sun et al. 2022; Cherief et al. 2022).

Hydrogels have significant applications in bio-
medicine, especially in tissue engineering and drug 
delivery systems, and stand out as a top contender 
for alternative materials, boasting impressive fluid 
absorption capabilities and a structure reminiscent 
of soft tissues (Ali et al. 2022; Huang et al. 2017). 
The utilization of three-dimensional (3D) print-
ing technology enables the controlled fabrication 
of biomedical scaffolds. Compared to traditional 
heat-sensitive 3D printing, the amalgamation of 
3-dimensional printing with live cellular structures 
or other bioactive components (including growth 
agents, pharmaceuticals) during 3D biological 
printing aims to generate supportive structures for 
tissue rehabilitation and regeneration, and has been 
widely applied in STI repair treatments (Chen et al. 
2022; Li et al. 2023).

While constructing ADSC-IGFBP3 peptide self-
assembling hydrogel scaffolds using 3D bioprint-
ing technology to study their role in soft tissue 
repair has been reported, further confirmation of 
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their effects and potential molecular mechanisms 
remains unclear. The objective of this research is to 
thoroughly investigate the molecular pathways of 
IGFBP3 protein in ADSCs cells during the repair of 
STI and to verify its function. By deeply investigat-
ing the specific mechanisms of action of IGFBP3 in 
the repair process of STI, this investigation seeks to 
lay down a scholarly groundwork for the recogni-
tion of fresh treatment goals and tactics, fostering 
the care and restoration of STI patients. Through the 
in-depth exploration of this study, valuable perspec-
tives may offer guidance for subsequent advance-
ments in the development of enhanced treatments 
for STIs, potentially resulting in positive impacts in 
clinical practice, enhancing patients’quality of life, 
and advancing the field of medicine.

Materials and methods

Ethical considerations in animal research

The investigation dutifully complied with the ethical 
standards and guidelines on conducting experiments 
with animals. Authorization for conducting all experi-
mental protocols was granted by the Institutional Ani-
mal Care and Use Committee (IACUC) at our facility 
(Review number: KT20240661). Each creature was 
provided housing and attentive care following ethical 
guidelines, with experiments designed to reduce suf-
fering. Upon the experiments’conclusion, euthanasia 
in a humane manner was performed on all nude mice 
under the effects of ether anesthesia.

Establishment of an STI mouse model

Adult BALB/c nude male mice (409, sourced from 
Vital River Laboratory Animal Technology Co., 
Ltd., located in Beijing, China) at 6–8 weeks old 
and weighing 18–25  g were accommodated in an 
animal facility following SPF standards. This facil-
ity maintained a 12-h light–dark rhythm, humidity 
levels at 60%− 65%, and temperature within 22–25 
°C, with free availability of food and water. The mice 
underwent a one-week acclimatization period before 
the commencement of the trial, during which their 
physical condition was evaluated. The animal eth-
ics committee at our institution has sanctioned the 

experimental protocol and the procedures for han-
dling animals. Before the surgery, an O2 mixture was 
used in conjunction with 2% isoflurane (1 L/min, 
R510 - 22–10, RWD Life Science, Shenzhen, China) 
to deeply anesthetize the mice. Once fully anesthe-
tized, the surgical region underwent comprehensive 
sterilization applying 70% ethanol. A linear incision 
of approximately 7.0 cm in length was made along 
the midline of the mouse’s back, parallel to the spine, 
with the depth controlled to the subcutaneous tissue 
without affecting the muscle layer. Following the 
incision, the skin was sutured using 5–0 absorbable 
sutures (VCP310H, Ethicon, USA). Postoperatively, 
mice were placed in pre-warmed recovery cages until 
fully awake. All mice received appropriate care post-
surgery, including pain management and monitoring 
for any abnormal behavior or health issues (Yi et al. 
2022).

Sample preparation for sequencing

Soft tissue from the wound of mice was obtained 
by surgical excision and disrupted. The tissue was 
digested at 37 °C in a solution of DMEM (11,965,092, 
Thermo Fisher, USA) encompassing 1 mg/mL of col-
lagenase (C2674, Sigma-Aldrich, USA), 1 unit/mL 
of DNase I, and 10% FBS for 30 min. The filtrate, in 
combination with residual tissue, underwent filtration 
using a 200-mesh strainer, followed by centrifuga-
tion at 4 °C for 5 min (50 × g). The supernatant was 
then eliminated, and the cellular material was re-
suspended in a complete DMEM medium, undergo-
ing two subsequent washes. Application of red blood 
cell lysis buffer (C3702 - 120 ml; Beyotime, Shang-
hai, China) was employed to eliminate red blood 
cells. Apoptotic and dead cells were eliminated using 
a dead cell removal kit for membrane-bound proteins 
(17,899, StemCell Technologies, Canada) and immu-
nomagnetic cell separation. The obtained cells were 
precipitated and resuspended in PBS to obtain the 
sequencing sample. The prepared sequencing sam-
ples were evaluated for cell viability and integrity and 
quantified through a microscope and flow cytometer 
(Leale et al. 2022).

scRNA‑seq and data analysis

Qualified samples were acquired through the C1 
single-cell automated preparation system (Fluidigm, 
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Inc., South San Francisco, CA, USA) to gather sin-
gular cells. Subsequent cell trapping, mRNA was 
released and transcribed into cDNA within the chip. 
Initial pre-amplification of the transcribed cDNA 
occurred within a microfluidic chip in readiness for 
subsequent sequencing. The amplified cDNA was 
applied in fabricating libraries and underwent single-
cell sequencing on the HiSeq 4000 Illumina platform 
(parameters: paired-end reads, read length 2 × 75 bp, 
around 20,000 readings per individual cell).

The examination of data was executed through the 
application of the"Seurat"package within the R soft-
ware. A quality control standard was applied by fil-
tering out genes with 200 < nFeature_RNA < 5000 
percent.mt < 20, consequently pinpointing the fore-
most 2000 genes displaying remarkable diversity. 
Performing principal component analysis (PCA) on 
the highly variable top 2000 genes was undertaken 
to lower the complexity of the scRNA-Seq dataset. 
Twenty primary components (PCs) were specifically 
picked for further analysis by utilizing the Elbowplot 
feature in the Seurat software package. The identifi-
cation of main cell subtype clusters was achieved by 
employing the FindClusters function in Seurat, uti-
lizing a resolution parameter set to 1. Subsequently, 
application of the t-distributed stochastic neighbor 
embedding (tSNE) algorithm facilitated the nonlinear 
reduction of dimensions in the scRNA-seq dataset. 
CellMarker online tool was applied to annotate cells 
according to the expression of lineage-specific marker 
genes identified by the Seurat package. Utilizing 
the"CellChat"module within the R software, an eval-
uation of cell communication dynamics was executed. 
The scRNA-Seq dataset underwent differential gene 
expression analysis applying the"Limma"package 
implemented in the R programming environment, 
selecting differentially expressed genes (DEGs) 
between different samples based on |log2 FC|> 1 and 
P.value < 0.05 (Fig.  S1) (Ritchie et  al. 2015; Leale 
et al. 2022).

High‑throughput transcriptome sequencing

Validation of RNA Purity and Integrity: Assessment 
of RNA sample concentration was executed with the 
Nanodrop ND- 1000 spectrophotometer (Thermo 
Fisher) through the measurement of the OD260/280 
ratio to confirm the absence of protein and organic 
contaminants. The Qubit RNA analysis kit (Q33221, 

Thermo Fisher, USA) was utilized to determine the 
RNA concentration. The following eligibility cri-
teria were applied to the total RNA samples used in 
the successive investigations: RNA Integrity Number 
(RIN) ≥ 7.0 and a 28S:18S ratio ≥ 1.5.

CapitalBio Technology in Beijing, China gener-
ated and processed the sequence libraries. Each sam-
ple utilized a total of 5 µg of RNA. In brief, deple-
tion of ribosomal RNA (rRNA) from the total RNA 
was executed through the Ribo-Zero magnetic kit 
(MRZG12324, Epicenter, USA). Subsequently, an 
Illumina-based approach involved utilizing the NEB 
Next Supreme RNA library prep kit (E7760S, NEB, 
USA) for the establishment of the sequencing librar-
ies. The RNA underwent fragmentation, resulting in 
about 300 base pair (bp) segments within the NEB 
Next first-strand synthesis reaction buffer (5x). Gen-
eration of the first-strand cDNA was initiated by 
reverse transcriptase and random primers, followed 
by the synthesis of the second-strand cDNA in NEB. 
Next, the dUTP Mix is a key component found in the 
second-strand synthesis reaction buffer (10x). The 
cDNA fragments experienced end mending, poly-
adenylation, and adaptor ligation. After ligating the 
Illumina sequencing adapters, the cDNA’s second 
strand underwent digestion by the USER Enzyme 
(M5508, NEB, USA) for the creation of strand-spe-
cific libraries. The library DNA underwent a process 
of amplification, purification, and enrichment through 
PCR. Subsequently, Agilent 2100 was utilized for 
the assessment of the library, while the quantifica-
tion of its content was accomplished by employing 
the KAPA library quantification kit (kk3605, Merck, 
USA). Finally, the Illumina NextSeq CN500 sequenc-
ing platform was utilized for paired-end sequencing 
(Fig. S1) (Méar et al. 2024; Nynca et al. 2023).

Transcriptome sequencing data analysis

FastQC software v0.11.8 was employed to appraise 
the quality of the paired-end reads from the primary 
sequencing data. Initial data preparation involved 
the utilization of Cutadapt software 1.18 to elimi-
nate both Illumina sequencing adapters and poly(A) 
tail sequences. Filtered out content with an N con-
tent surpassing 5% through a Perl script. Imple-
mentation of FASTX Toolkit v0.0.13 allowed the 
retrieval of sequences with a base quality exceeding 
20 and including 70% of the total bases. The use of 
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BBMap software enabled the fixing of the paired-
end sequences. Subsequently, the screened superior 
read fragments were mapped to the mouse reference 
genome through the application of hisat2 tool (ver-
sion 0.7.12) for alignment evaluation.

Assessing differential mRNA read count expres-
sion was done utilizing the"Limma"software pack-
age in R programming, with the criteria set as 
|log2 FC|> 1 and P-value < 0.05. The identifica-
tion of overlapping genes was achieved by conduct-
ing Venn diagram analysis with the assistance of 
the"VennDiagram"package implemented in the R 
language. Through the application of the R program-
ming language’s"ClusterProfiler"toolset, an investiga-
tion into the overlapping genes was executed to carry 
out Gene Ontology (GO) functional enrichment anal-
ysis, including analyses of biological processes (BP), 
molecular functions (MF), and cellular components 
(CC), followed by the visualization of GO enrichment 
results in bubble and circle plots. Employing |log2 
FC|> 1 as the selection criterion, the utilization of 
the"ClusterProfiler"suite within the R programming 
platform enabled the performance of Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) enrichment 
analysis for the putative target genes, presenting the 
results in visual format through bubble and circular 
plots (Nynca et al. 2023; Galbo et al. 2021).

Exploring the GeneCards database (https://​www.​
genec​ards.​org/) allowed for the retrieval of genes 
linked to STI by conducting a search using the 
term"soft tissue injury,"ultimately revealing 5529 
genes related to STI. The intersection of this gene 
set with the DEGs of ADSCs and high-throughput 
transcriptome sequencing data was then analyzed 
employing the"VennDiagram"package in R language 
to identify genes significantly associated with STI 
and ADSCs (Stelzer et al. 2016).

Extracting and identification of ADSCs in mice

Obtaining and Culture of ADSCs: Following the 
euthanasia of BALB/c nude mice, subcutaneous adi-
pose tissue was collected using liposuction, and 150 
mL of fat aspirate was minced in PBS. Subsequently, 
the tissue was digested in 0.075% collagenase I 
(17,100,017, Thermo Fisher, USA) at 37.0 ℃ with 
continuous agitation for approximately 45 min. The 
digested tissue was then washed in modified DMEM/

F12 (12,634,010, Thermo Fisher, USA) enriched 
with 10% FBS (10100147 C, Thermo Fisher, USA) 
containing Dulbecco’s Phosphate-Buffered Saline 
(DPBS). The pellet enriched with cells post-centrif-
ugation at 600 × g, 25 ℃ for 5 min, was reconstituted 
in PBS, ran through a wash cycle, and subjected to 
dual centrifugation at 500 × g, 25 ℃ for 5  min per 
round. Following suspension in DMEM medium 
(11,965,092, Thermo Fisher, USA) enriched with 
10% FBS and 2% penicillin–streptomycin (100 U/mL 
penicillin and 100 μg/mL streptomycin, 15,140,163, 
Thermo Fisher, USA), cell enumeration was per-
formed, and the cells were introduced into a 100 mm 
culture dish at a density of 5 × 106. The medium was 
changed for the first time after 36 h post-seeding and 
subsequently every 72 h. Passaging was executed 
upon reaching 80–90% cell confluence using trypsin 
with ethylenediaminetetraacetic acid (Gibco); the 
second passage of ADSCs was cryopreserved. Cells 
were not used beyond the sixth passage (Song et  al. 
2023; Khazaei et al. 2021).

Identification of ADSCs: The third passage of 
ADSCs was harvested and washed three times in 
PBS. The cell suspension was subsequently placed in 
a dark environment at a temperature of 37.0 degrees 
Celsius for half an hour with antibodies against 
CD44, CD105, CD34, and CD45 (catalog numbers: 
ab243894, ab221675, ab81289, ab25386, diluted 
1:500, all purchased from Abcam, UK). Post incuba-
tion, the cells underwent cleansing, were resuspended 
in PBS, and were examined for surface marker 
expression using the FACSCalibur System (USA). 
The positive expression of CD44 and CD105 (mes-
enchymal stem cell markers) and negative expression 
of CD34 (hematopoietic stem cell marker) and CD45 
(blood cell marker) were confirmed (Song et  al. 
2023).

Adipogenic Differentiation in Vitro: The third 
passage of ADSCs was cultured in DMEM compris-
ing 10% FBS until reaching 80% confluence. Subse-
quently, the ADSCs were inoculated into standard 
6-well tissue culture dishes with 1.5 × 105 cells per 
well. These cells were induced to differentiate into 
adipocytes using the Mouse Adipose Mesenchymal 
Stem Cell Adipogenic Induction Medium (PD- 027, 
Wuhan PunoDx Life Science and Technology Co., 
Ltd., China), replacing the original medium. Cell 
cultivation lasted a total of twenty-one days, dur-
ing which the solution was revised every three days. 

https://www.genecards.org/
https://www.genecards.org/
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Following differentiation, the cells were secured with 
a PBS mixture including 4% formaldehyde (P0099, 
Beyotime, Shanghai, China) for 30 min, then rinsed 
with isopropanol, and afterward tinted with Oil Red 
O solution for 30 min to assess the generation of fat 
globules. Post-staining, the cells were rinsed with 
PBS three times and observed through an Olympus 
inverted microscope (from Japan) to study adipogenic 
differentiation and for documentation (Ren et  al. 
2019).

Osteogenic Differentiation in Vitro: Prior to 
conducting the osteogenic differentiation experi-
ment, pre-treatment of the 6-well cell culture dishes 
involved applying a coating of 0.1% gelatin (C0316, 
Beyotime, Shanghai, China) to promote cellular adhe-
sion. ADSCs were introduced to each well with 2 × 
105 cells on the pre-treated plates and cultured in the 
Mouse Adipose Mesenchymal Stem Cell Osteogenic 
Induction Medium (PD- 025, Wuhan PunoDx Life 
Science and Technology Co., Ltd., China) replacing 
the initial medium. Cultivation of the cells lasted for 
a fortnight, during which the medium was exchanged 
every 3  days. After osteogenic differentiation, the 
fixation of the cells involved the treatment with 4% 
paraformaldehyde (PFA) for 30 min, then proceeding 
to stain them with alizarin red staining solution for an 
additional 30-min interval to assess the calcium depo-
sition. Upon completion of staining, the cells under-
went a triple PBS rinse and were evaluated for osteo-
genic differentiation outcomes utilizing an inverted 
microscope (Olympus, Japan) (Ren et al. 2019).

Epithelial Differentiation in Vitro: Cells were 
cultured in L-DMEM encompassing 10% FBS 
(PM150220, Wuhan PunoDx Life Science and Tech-
nology Co., Ltd., China) and enriched with 25 μg/
mL EGF (Epidermal Growth Factor), 5 μg/mL ATRA 
(Retinoic Acid), 10 μg/mL ActA (Activin A), 5  μg/
mL FGF (Fibroblast Growth Factor), 5 μg/mL insu-
lin, 0.4 μg/mL hydrocortisone, and 20 μg/mL glu-
tamine (catalog numbers: HY-P1960, HY- 14649, 
HY-P73241, HY-P7066, HY-P0035, HY-N0583, 
and HY-N0390, MedChemExpress, USA). Medium 
exchange transpired every 3  days, and subsequent 
to a 14-day cultivation period, cell appearance was 
observed using a phase-contrast microscope. Cells 
were collected, and the identification of CK18 and 
ZO- 1 mRNA and protein levels in epithelial cell dif-
ferentiation was determined through RT-qPCR and 
Western blot (WB).

HaCaT cell culture

HaCaT cells were procured from the Cell Bank/
Stem Cell Bank of the Chinese Academy of Sciences 
(SCSP- 5091, China) and fostered in DMEM (REF# 
C11995500BT, Gibco) encompassing 10% FBS 
(REF# 10,091,148, Gibco) and 1% antibiotics (peni-
cillin and streptomycin, REF# 15,140,122, Gibco) at 
37 °C with 5% CO₂ in an incubating setting.

RT‑qPCR

Extracting total RNA from tissues and cells involved 
the utilization of the Trizol extraction kit (A33254, 
Thermo Fisher, USA) in the process. The corre-
sponding cDNA was synthesized employing the 
reverse transcription kit (RR047 A, Takara, Japan). 
Utilization of the SYBR® Premix Ex TaqTM II kit 
(DRR081, Takara, Japan) facilitated the establishment 
of the reaction system. Subsequent RT-qPCR analy-
sis for fluorescence quantification was carried out 
utilizing the ABI7500 real-time PCR machine from 
Thermo Fisher, based in the USA. The PCR sched-
ule was arranged in this way: pre-denaturation at 95 
℃ for 30 s, followed by cycling with an initial dena-
turation at 95 ℃ for 5 s, annealing at 60 ℃ for 30 s 
(cycling for 40 times), followed by extension at 95 ℃ 
for 15 s, extension at 60 ℃ for 60 s, and a concluding 
extension at 90 ℃ for 15 s to establish amplification 
patterns. GAPDH served as the internal reference, 
and each RT-qPCR assay was executed in triplicate 
with three technical duplicates. Through the utiliza-
tion of the 2−ΔΔCt methodology, the experimental 
group underwent a comparison with the control group 
to ascertain the fold change in gene expression, cal-
culated as follows: ΔΔCt = ΔCt experimental group—ΔCt 
control group, where ΔCt = Ct target gene—Ct reference gene. Ct 
symbolizes the cycle threshold at which the fluores-
cence signal reaches a set threshold, signifying loga-
rithmic phase amplification (Li et al. 2017). Table S1 
displays the primer sequences.

WB

For WB assessment, utilization of RIPA lysis buffer 
(P0013B, Beyotime, Shanghai, China) along with 1% 
Phenylmethanesulfonyl fluoride (PMSF) based on 
the guidelines provided by the manufacturer facili-
tated the extraction of cell and tissue proteins. Each 
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sample’s protein measure was determined applying 
a BCA protein assessment kit (P0011, Beyotime, 
Shanghai, China), set at 1 μg/μL, and heated at 100 
°C for 10 min before being stored at − 80  °C. Gel 
electrophoresis was implemented with 8%− 12% 
SDS-PAGE gels, taking into consideration the size 
of the target protein bands. Each lane was filled with 
fifty micrograms of protein extracts, and the applica-
tion of an unchanging electrical potential in the range 
of 80 V to 120 V was observed during the 2-h electro-
phoresis procedure. Subsequently, the proteins were 
relocated to PVDF filters (1,620,177, Bio-Rad, USA) 
through a wet transfer system operated at a constant 
current strength of 250 mA for a duration of 90 min.

Subsequent to the protein transfer process, the 
membrane received a block treatment with 5% skim 
milk in 1 × TBST at room temperature (RT) for an 
hour, followed by three washes utilizing 1 × TBST 
for 10 min per wash. Primary antibodies (Table S2) 
underwent an overnight incubation at 4 °C, followed 
by three washes in 1 × TBST lasting 10 min each, and 
three more washes at room temperature lasting 5 min 
each. The membrane was then treated with an HRP-
conjugated secondary antibody, either goat anti-rabbit 
IgG (ab6721, dilution 1:5000, Abcam, Cambridge, 
UK) or goat anti-mouse IgG (ab205719, dilution 
1:5000, Abcam, Cambridge, UK) at RT for 1 h. After 
receiving an additional three rounds of 5-min washes 
with 1 × TBST at RT, the membrane was placed in 
the ECL substrate solution (1,705,062, Bio-Rad, 
USA) for 60 s, surplus solution was then drained, and 
visualization of the membrane was conducted utiliz-
ing the Image Quant LAS 4000 C gel documentation 
system (GE Healthcare, USA). The relative levels of 
protein expression were calculated by normalizing the 
intensity of the target band against the housekeeping 
protein GAPDH as a loading standard for evaluating 
the relative protein expression levels (Li et al. 2017). 
Every examination was executed in triplicate trials.

Immunofluorescence staining

Mice were euthanized via excessive anesthesia, and 
a skin flap was excised from the implantation site 
for immunofluorescence analysis. Three washes 
with PBS for 2-min durations each were performed 
on cells or tissues, which were later fixed in metha-
nol at − 20 °C for 30 min. Redundant methanol was 
expelled, followed by three 5-min PBS washes for 

the specimens. Subsequently, permeabilization of 
the specimens took place with 0.1% Triton X- 100 
for a period of 15 min at RT, followed by three PBS 
rinses lasting 5 min each. Implementation of blocking 
involved BSA for a duration of 30 min, then primary 
antibodies, including CK18 (PA5 - 95,416, Thermo 
Fisher, USA) at 1:100, ZO- 1 (MA5 - 44,375, Thermo 
Fisher, USA) at 1:200, Ki67 (MA5 - 14,520, Thermo 
Fisher, USA) at 1:300, CD34 (PA5 - 89,536, Thermo 
Fisher, USA) at 1:200, α-SMA (PA5 - 85,070, 
Thermo Fisher, USA) at 1:100, or F-actin staining 
reagent kit (ab112127, Abcam, UK) were introduced 
and allowed to react at 37 °C for 60 min. Consecutive 
PBS rinses lasting 5 min each were undertaken three 
times.

Next, the samples were exposed to FITC-conju-
gated goat anti-rabbit IgG (A- 11008, Thermo Fisher, 
USA) secondary antibody at 1:500 dilution at 37 
°C in a shaded setting for 60 min, accompanied by 
three 3-min PBS rinses. A 10-min DAPI staining 
procedure was conducted, followed by three PBS 
washes to eliminate any leftover DAPI (C1002, Bey-
otime, Shanghai, China). Finally, 20 μL of mount-
ing medium was applied for slide sealing. After the 
medium had dried, visual scrutiny and image docu-
mentation of specimens were conducted through a 
fluorescent microscope. Image evaluation was under-
taken employing ImageJ Pro Plus 6.0 software, meas-
uring the fluorescent coverage area under a 40 × mag-
nification from six predetermined fields of view and 
deriving their average values (Li et al. 2017).

Lentivirus transduction

The utilization of lentivirus infection was employed 
for the purpose of gene overexpression or gene sup-
pression in ADSCs, with the provision of lentivirus 
packaging services by Gene Engineering in Shanghai, 
China. The pHAGE-puro plasmid series and helper 
plasmids pSPAX2 and pMD2.G (Addgene, USA 
#118,692, #12,260, and #12,259, respectively) were 
used, along with pSuper-retro-puro plasmid series 
and helper plasmids gag/pol and VSVG (Addgene, 
USA #113,535, #14,887, and #8454, respectively) for 
lentivirus packaging. The constructed plasmids were 
co-transfected into HEK293 T cells (Bio- 72947, 
Beijing, Booway Biotechnology Co., Ltd.) apply-
ing Lipofectamine 2000 reagent (Thermo Fisher, 
USA #11,668,030). Post 48-h cultivation of cells, the 
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supernatant was amassed, passed through a 0.45 μm 
filter to collect the virus-containing fraction, concen-
trated by centrifugation after 72 h, and the concen-
trated virus from two collections was combined and 
titered.

During the logarithmic phase, trypsin-digested 
cells were distributed into 6-well plates, with each 
well containing 1 × 105 cells, and then incubated for 
a period of 24 h. Upon achieving a cell confluence of 
roughly 75%, the culture medium containing the len-
tivirus particles (MOI = 10, effective titer about 5 × 
106 TU/mL) and 5  μg/mL polybrene (Merck, USA 
#TR- 1003) was added for infection. Upon a 4-h 
nurturing period, an equal amount of fresh medium 
was introduced to diminish the polybrene level. The 
medium underwent alteration 24 h after the infection 
occurred. Stable cell line generation involved cell 
incubation in a medium containing 2 μg/mL puromy-
cin (Gene Engineering, Shanghai, China #E607054). 
Throughout the experiments, the puromycin levels 
were elevated progressively in 2, 4, 6, 8, and 10 μg/
mL increments to select for resistance and establish 
consistent cell line cultures. Cells were collected 
when no death was observed in the puromycin-con-
taining medium, and WB and RT-qPCR assays con-
firmed the efficiency of knockdown. The silencing 
lentivirus sequences are detailed in Table S3, and the 
optimal silencing sequences were selected for further 
experimentation (Song et al. 2023; Li et al. 2017).

The grouping of cells was designated as: sh-NC 
ADSCs cells (control cells transduced with Igfbp3 
silencing lentivirus), sh-Igfbp3 ADSCs cells (Igfbp3 
silenced cells), oe-NC ADSCs cells (cells transfected 
with empty lentivirus), and oe-Igfbp3 ADSCs cells 
(Igfbp3 overexpressing cells).

Measuring cell viability through CCK‑ 8 analysis

The ADSCs cells in each group underwent digestion 
and resuspension, with a cell density set to 1 × 105 
cells/mL, and positioned in 100 μL per well within a 
96-well plate for traditional cultivation overnight. By 
adhering to the directives outlined in the CCK- 8 kit 
(C0041, Beyotime, Shanghai, China), the cells were 
processed, and the cell viability was gauged through 
the CCK- 8 evaluation after 12 h, 24 h, 36 h, and 48 
h following culture. Throughout every examination, 
10 µl of CCK- 8 detection solution got introduced, 
and upon completion of a 60-min incubation at 37 

degrees Celsius within a 5% CO2 incubator, the opti-
cal density at 450 nm was gauged employing a micro-
plate spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA). Cellular proliferation veloc-
ity was derived through the use of the subsequent 
formula: Cell Proliferation Rate = (Absorbance of 
the experimental group—Absorbance of the blank 
control group)/(Absorbance of the control group—
Absorbance of the blank control group) (Song et  al. 
2023).

EDU staining

Cultivated in a 24-well dish, ADSC cells were allo-
cated at a rate of 1 × 105 cells per well, with three 
duplicate wells per group. Edu (5-Ethynyl- 2’-deox-
yuridine) solution (ST067, Beyotime, Shanghai, 
China) was introduced into the culture medium to 
attain a 10 µmol/L concentration. The cells were 
then kept inside a cultivation chamber for 2 h. Sub-
sequently, the culture medium was aspirated, and the 
cells were preserved by a PBS blend with 4% PFA at 
RT for 15 min. Post double rinses with PBS having 
3% BSA, the cells were subjected to incubation with 
PBS that included 0.5% Triton- 100 for 20 min at RT. 
Subsequent to two more PBS washes with 3% BSA, 
100 µL staining solution was delivered into each well, 
and the cells underwent incubation in the dimness at 
RT for a duration of 30 min. DAPI was subsequently 
introduced to color the cellular nuclei lasting 5 min. 
Post-mounting, examination was conducted on 6–10 
fields selected randomly with the assistance of a flu-
orescence microscope (FM- 600, Shanghai Putian 
Optical Instrument Co., Ltd.), and the count of posi-
tive cells in every field was noted. The estimation of 
the Edu labeling percentage was conducted in the 
ensuing manner: Edu Labeling Rate = (Number of 
positive cells)/(Number of positive cells + Number of 
negative cells) × 100% (Song et al. 2023). Every test 
was reiterated thrice.

Transwell migration assay

After subjecting ADSCs cells to different treatments 
for 24 h, a Transwell migration assay was performed. 
The lower chambers of Transwell inserts were pre-
wet with culture medium without FBS. The cell sam-
ples were thinned to a density of 2.5 × 104 cells/mL in 
FBS-deprived culture medium, and 100 μL of cellular 



Cell Biol Toxicol           (2025) 41:85 	 Page 9 of 29     85 

Vol.: (0123456789)

mix was placed into the upper chamber of every well, 
whereas 500 μL of culture solution with 10% FBS 
was poured into the lower chamber. Post a 24-h dura-
tion, the inserts were taken out, and the cells above 
were eradicated with a cotton swab. Fixation of the 
cells was initiated with 4% PFA at RT for 30 min, 
then proceeded by staining using 0.1% crystal violet 
for an equal period of time. The cell number was cal-
culated by observing five varied regions through an 
inverted microscope (IXplore Pro, Olympus, Japan) 
(Song et  al. 2023). The examination was reiterated 
thrice.

Wound healing test

A scratch test was performed on a 6-part dish. 
Through the use of a measuring device and a marking 
tool, horizontal lines were drawn at intervals of 0.5–1 
cm on the base of each well, with each well crossed 
by at least 5 lines. Each well of the 6-well plate was 
filled with 5 × 105 ADSCs for cell culture. When the 
cells reached confluence, a scratch was produced per-
pendicular to the hand-drawn lines using a 200 μL 
pipette tip. A serum-exempt medium was employed 
as an alternative culture setting, while the width of 
the wound gap was evaluated at both the outset and 
after 24 h utilizing an optical scope (DM500, Leica). 
Image acquisition via a reversed microscope facili-
tated the observation of cellular migration within 
diverse groupings. The scratch width was analyzed 
using Image-Pro Plus 6.0 software, and the velocity 
of wound healing was assessed by employing the for-
mula explicated in a previous academic inquiry (Song 
et al. 2023).

In this context, distance0 h and distance24 h repre-
sent the cell scratch width at 0  h and 24 h, respec-
tively, post scratch initiation.

Co‑immunoprecipitation experiment (Co‑IP)

Cell lysis was carried out on ice for 10 min using 
IP lysis buffer (P0013, Beyotime, Shanghai, China) 
applying proteinase and phosphatase inhibitors. Sub-
sequently, following centrifugation at 12,000 g for 
a time span of 20 min at a temperature of 4 °C, the 

Woundhealingrate =
distance

0h − distance
24h

distance
0h

supernatant preparations from the lysate were appro-
priately utilized in conjunction with the BCA protein 
estimation set to gauge the overall protein concen-
tration present in each distinct specimen. The pro-
tein concentration was adjusted to 1  μg/μL. Equal 
amounts of protein (20 μg) were used as input and 
in the immunoprecipitation experiment. Protein G 
magnetic beads (10004D, Thermo Fisher, USA) were 
added along with 10 μL of anti-IGFBP3 (ab220429, 
Abcam, UK) or anti-ITGB1 (ab183666, Abcam, UK) 
diluted in PBS. The mixture was kept still overnight 
at 4  °C on a rocking platform. Post incubation, the 
samples were spun at 5000 × g for a 5-min duration 
at 4 °C, the supernatant was decanted, and the immu-
nocomplexes underwent four rounds of washing with 
NETN buffer (20 mM Tris, pH 8.0, 100 mM NaCl, 
1 mM EDTA, and 0.5% NP- 40). The complexes were 
then separated through SDS-PAGE and subjected to 
WB analysis using specific antibodies (Song et  al. 
2023).

Preparation of Gel‑PCL self‑assembling hydrogel 
using high voltage electrospinning technology

Preparation of PCL Fiber Network: High molecular 
weight polycaprolactone (PCL, molecular weight of 
70,000 to 90,000, P485966, Aladdin) underwent dis-
solution in a mixture of dichloromethane (494,453, 
Merck, USA) and N, N-dimethylformamide (DMF, 
HY-Y0345, MedChemExpress) in a volume ratio of 
1:4 (v/v) at RT. Stirring with a magnetic stirrer was 
maintained for 6 to 8 h until complete dissolution of 
PCL was achieved, yielding a clear solution. Electro-
spinning was carried out using high-voltage electro-
spinning equipment (Electrospinner, Linari Engineer-
ing, Italy), and the PCL solution was continuously 
added at a constant flow rate using a syringe pump 
(Harvard Apparatus, USA). The electrospun PCL 
fiber network underwent a vacuum drying process 
in a Binder oven from Germany for more than 5 h to 
guarantee the total evaporation of the solvent.

Fiber Phase Separation Treatment: A mixed solu-
tion of N-hydroxysuccinimide (NHS, HY-D0802, 
Sigma-Aldrich, USA) and 1-(3-dimethylaminopro-
pyl)− 3-ethylcarbodiimide hydrochloride (EDC, 
HY-D0178, Sigma-Aldrich, USA) was prepared in 
MES buffer (2-Morpholinoethanesulphonic acid, 
MES, HY-D0858, Sigma-Aldrich, USA) at a con-
centration of 0.1 mol/L. The electrospun PCL 
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material was trimmed to the appropriate dimensions 
and immersed in the NHS/EDC solution for 20 min 
to promote surface crosslinking. Subsequently, the 
material was washed three times with physiological 
saline to remove unreacted crosslinkers.

Preparation of Self-Assembling Hydrogel: Ele-
vated voltage electrospun materials were generated 
in a biphasic structure. The materials used were PCL 
(Mn = 70,000–90,000), gelatin (Gel, EFL-GEL- 001, 
Suzhou Intelligent Manufacturing Research Insti-
tute), and IGFBP3 protein (775-B3 - 025, Bio-Techne, 
USA); the solvent used was trifluoroethanol (TFE, 
T63002, Sigma-Aldrich, USA). A homogeneous liq-
uid was prepared by mixing 2 g each of PCL, gelatine, 
and IGFBP3 in a mass ratio of 2:1:1, and introducing 
the blend into 10 mL of TFE followed by continuous 
agitation for 4 h at 40 °C until full dissolution. The 
resulting solution was then processed using a syringe 
pump for high-voltage electrospinning to prepare the 
self-assembling hydrogel IGFBP3-Gel-PCL (abbrevi-
ated as IGP), and a corresponding method was used 
to prepare the Gel-PCL hydrogel without IGFBP3 
protein (abbreviated as GP).

Scanning Electron Microscopy (SEM) and 
Transmission Electron Microscopy (TEM) Analy-
sis: Preceding and succeeding the phase separation 
intervention, the samples were immersed in a 2.5% 
glutaraldehyde solution (8.20603, Sigma-Aldrich, 
USA) for an entire night. Subsequently, the sam-
ples went through a progressive desiccation pro-
cess involving diverse ethanol concentrations (30%, 
50%, 70%, 90%, 100%), followed by treatment with 
n-butanol. The specimens were then desiccated 
employing the critical point desiccation technique 
and captured by an SEM (Hitachi, Japan) in vacuum 
mode (20 mA, 150 s). For TEM analysis, PCL fibers 
were directly prepared on copper grids and imaged 
using a TEM (Hitachi H- 7500, Japan) to evaluate the 
materials’microstructure and fiber phase separation 
effect (Xu et al. 2022).

Preparation of bio‑ink and 3D bioprinting

Preparation of bio-ink involved the combination 
of self-assembling GP or IGP nano-peptide hydro-
gel with ADSCs as the bio-ink for 3D printed tissue 
models. ADSCs cells were collected post trypsiniza-
tion, repeatedly resuspended in sterile IGP hydrogel 
to ensure even cell distribution, forming a single-cell 

suspension to obtain bio-ink either Gel-PCL@
ADSCs (abbreviated as GPA) or IGFBP3-Gel-PCL@
ADSCs (abbreviated as IGPA).

Utilization of Fourier Transform Infrared Spec-
troscopy (FTIR) and X-ray Diffraction (XRD) experi-
ments facilitated the characterization of the bio-ink. 
The hydrogel was stored in a freezer set at − 20 ℃ 
prior to undergoing freeze-drying for a total duration 
of 48 h as part of the FTIR analysis. The freeze-dried 
sample (1 mg) was blended with 80 mg dried KBr 
(221,864, Sigma, USA), pulverized to a fine texture, 
and compacted into pellets. Utilizing an infrared ana-
lyzer (Nicolet 6700, Thermo Fisher, USA), the pellets 
were subjected to single-beam absorption scanning 
with specified parameters to capture the infrared spec-
tra (resolution: 4  cm−1, covering wavelengths from 
4000–400 cm−1, scanning speed: 0.15 cm/s, number 
of scans: 128, continuous purging of pure helium at 
5 mL/min rate over the sample surface during scan-
ning). XRD analysis involved placing the sample in 
an XRD instrument (SmartLab- 9 kW, Rigaku, Japan) 
for measurement at RT. The scanning angle range 
was set from 2θ = 10° to 80° to cover most crystalline 
material characteristic diffraction peaks. The scan 
rate was controlled at 3°/min to ensure sufficient reso-
lution while avoiding lengthy testing times. A Cu Kα 
radiation source (λ = 1.5418 Å) was utilized for clear 
diffraction patterns. Following XRD data collection, 
data processing and analysis were performed using 
Rigaku’s specialized software.

In 3D bioprinting, the prepared bio-ink was loaded 
into the cartridge, stored at RT for 15–20 min, and 
then injected into the bioprinting machine (Axo-
lotl BIOSYSTEMS, AXO A3) nozzle. Quartz glass 
coverslips were sterilized before use, and all experi-
ments were conducted aseptically on a clean bench. 
Bioprinting parameters were set as follows: nozzle 
diameter of 23 G (0.60 mm), injector and nozzle tem-
perature set at 37 ℃, printing bed temperature at 8 
℃, print head moving speed at 4–5 mm/s, and extru-
sion pressure at 10–20 kPa. The cell-laden hydrogel 
was punched into discs (diameter 6  mm × thickness 
1 mm), and after bioprinting, the resulting 3D struc-
tures were cultured in a complete medium at 37 ℃ 
and 5% CO2 until further experimentation. Repetition 
of the experiment three times led to the formation of 
a consistent bio-ink imbued with cells.

Contact angle analysis was conducted using circu-
lar samples measuring 8 mm in diameter and 3 mm 
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in height prepared from different bio-inks, cross-
linked under 405 nm UV light. Wetting properties 
were tested using a Pioneer contact angle goniom-
eter (located in Succasunna, New Jersey, USA) with 
distilled water, with each group undergoing three 
repetitions.

Swelling Ratio and Degradation Rate: The swell-
ing ratio was determined by preparing circular sam-
ples sized at 8 mm in width and 3 mm in thickness 
using bio-ink of different concentrations crosslinked 
under 405 nm UV light. Specimens underwent a 
soaking process in PBS at 37 ℃ for 12 h and weighed 
to obtain M1; subsequently, they were freeze-dried 
for 12 h and reweighed to obtain M2. Utilizing the 
formula Qs = M1/M2 allowed for the determina-
tion of the swelling ratio Qs. Experimental degra-
dation procedures involved placing the test items in 
a 24-well container filled with degradation solution 
incorporating 0.5 mg/mL of collagenase I (1,148,089, 
Sigma-Aldrich, USA). Collections from distinct time 
points were gathered, underwent freeze-drying, and 
the weight was determined, indicated as mass (Wr). 
The primary quantity W0 representing the sample 
size, with the degradation rate Qd determined by the 
ratio Wr/W0. Every distinct experimental set was 
executed three times independently.

Compression Test: Samples in circular shape, 
8 mm wide and 3 mm high, were generated utilizing 
bio-ink solutions of diverse concentrations for the 
intent of compression assessment. A 20 g load cell 
sensor was utilized on a universal testing machine 
(CMT1000, Sansi Technology) to perform the com-
pression tests. The samples were compressed at a 
velocity of 0.01 mm/s up to a final strain of 30%. The 
compression modulus was obtained by calculating the 
slope in the linear range of 2%–10% strain. This pro-
cess was repeated three times for each experimental 
group to ensure reliability.

Assessment of cell viability

Following 3D bioprinting, Calcein AM (C3099, 
Thermo Fisher, USA) and Propidium Iodide (PI) 
(DN1005 - 010, innibio, USA) were utilized for the 
differentiation of living and non-living cells. Cell cul-
tures were maintained in a solution comprising 1 μM 
Calcein AM, subsequently exposed to a temperature 
of 37 ℃ for 30 min, and rinsed thrice with PBS. Sub-
sequently, cell samples were cultured in a solution 

comprising 1  μM PI for a 10-min period, then sub-
jected to three rounds of washing using PBS. Cap-
turing was executed utilizing a confocal microscope 
(Carl Zeiss AG, Germany, model 880) to acquire 
unique visuals from diverse angles. Testing was 
executed on three different sets, and cell vitality was 
determined with the aid of ImageJ program (Xu et al. 
2022).

Furthermore, cells were treated following the pre-
scribed protocol of the CCK- 8 analysis kit (C0041, 
Beyotime, Shanghai, China). Upon 48 h of cultiva-
tion, cell viability was determined through the CCK- 
8 assay. During each assay, 10 µl of CCK- 8 reagent 
were introduced, subsequently undergoing a 4-h 
incubation process in the cell culture incubator. The 
determination of cell viability involved measuring the 
absorbance at 450 nm with a microplate reader (Baka 
et al. 2023).

In vivo animal experiment

From Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. in China, eighteen male BALB/c 
nude mice, aged 6–8 weeks and weighing 18–25 g, 
were procured for the study. Every mouse was accom-
modated at an SPF-class animal testing location 
featuring regulated illumination (12 h of light fol-
lowed by 12 h of darkness), humidity maintained at 
60%− 65%, and temperatures set between 22–25 ℃, 
and was offered unrestricted food and water intake. 
Upon completion of a one-week acclimation period, 
an assessment of the mice’s physical condition was 
undertaken prior to the initiation of the study. The 
Institutional Animal Ethics Committee has granted 
approval for the experimental protocol and proce-
dures involving animals.

The division led to the creation of three groups, 
with six mice in each group: the GP group (treated 
with GP hydrogel), the GPA group (treated with GPA 
hydrogel), and the IGPA group (treated with IGPA 
hydrogel). In line with the previously stated protocol, 
a STI model was established in mice by creating a 
full-thickness skin wound measuring 7 mm in width 
along the midline of their backs. Following wound 
formation, different hydrogels were used for treat-
ment. Photographs of the wound of each mouse were 
taken at fixed intervals of every 24 h for 14 days, on 
days 0, 3, 7, 10, and 13, and ImageJ-Pro Plus 6.0 
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software was used to compute the area of the wound 
(Yi et al. 2022).

Hematoxylin and eosin (H&E) staining

Utilizing the hematoxylin and eosin staining kit 
(C0105S, Beyotime, Shanghai, China), the H&E 
staining process was implemented. Preservation of 
tissue samples involved the use of 4% PFA for fixa-
tion, dehydration, and paraffin embedding. Slices that 
were 5  μm thick underwent cutting procedures with 
a microtome, followed by baking, dewaxing to water, 
hematoxylin staining, rinsing with distilled water, 
immersion in 95% ethanol, eosin staining, differen-
tiation in 70% hydrochloric acid ethanol, dehydration, 
clearing in xylene, and mounting with neutral resin. 
Slide preparation was completed, and tissue morpho-
logical changes were identified through optical micro-
scope observation (Yi et al. 2022).

Masson staining

Utilization of the Masson trichrome staining kit 
(DC0032, Leagene Biotechnology, Beijing, China) 
enabled the performance of Masson trichrome stain-
ing. Slices measuring 4  μm in thickness underwent 
dewaxing to water, were tinted with hematoxylin 
for 5–10 min, underwent differentiation in acidic 
ethanol lasting 5–15 s, received a water rinse, were 
immersed in Masson blue solution for 3–5 min, were 
subsequently rinsed, incubated in ponceau fuchsin for 
5–10 min, underwent washing in phosphomolybdic 
acid solution for 1–2 min, underwent staining with 
aniline blue solution for 1–2 min, were dehydrated 
using ethanol, clarified with xylene, and finally posi-
tioned for viewing. Assessment of collagen fiber area 
ratios involved the quantitative analysis of randomly 
selected visual fields, with a minimum of three fields 
at 200 × magnification using an Olympus BX51 
microscope (Tokyo, Japan). Assessing collagen fiber 
deposition was facilitated by the ImageJ-Pro Plus 6.0 
image analysis tool (Xu et al. 2022).

Immunohistochemical staining

The methodology involved cooling the paraffin on ice 
or in a refrigerator at 4  °C, followed by embedding 
the slices. Upon completion of the air-drying process 

for the paraffin-embedded slices, the slides were 
exposed to 60 °C heat in an oven for a duration of 20 
min. Submerging them in xylene for 10 min, alternat-
ing xylene and immersing for a further 10 min was 
the next step undertaken with the sections. The next 
stages comprised immersion in absolute ethanol for 
5  min, succeeding with additional immersion steps 
and immersion in alcohol solutions of 95% and 70% 
for 10-min intervals each, concluding with a final 
rinse in distilled water lasting 5 min. The slices were 
then subjected to antigen retrieval by immersing them 
in citrate buffer (pH 6.0) and heating them on high in 
a microwave for 8 min, then allowed to cool down to 
RT. Subsequent washes with PBS (pH 7.2–7.6) were 
done three times, each for 3  min. The deactivation 
of endogenous enzymes was achieved by adding 3% 
H2O2 and letting it stand at RT for 10 min, trailed by 
three successive 3-min washes employing PBS. The 
slides were then blocked with normal goat serum 
blocking solution (E510009, from Sino Biological, 
Shanghai, China) at RT for 20 min.

Subsequent to the incubation period, specific pri-
mary antibodies against IGFBP3, ITGB1, CK18, 
ZO- 1, and PCNA (catalog numbers: ab217205, 
ab183666, PA5 - 95,416, MA5 - 44,375, and ab92552, 
dilutions: 1:100, 1:500, 1:100, 1:100, and 1:500 
respectively, from Abcam, UK or Thermo Fisher, 
USA) were included on the slides and incubated over-
night at 4  °C. The slides underwent three rounds of 
PBS washing, followed by exposure to secondary 
antibody goat anti-rabbit IgG (ab6721, concentration: 
1:5000, Abcam, Cambridge, UK) for half an hour. 
Subsequently, SABC (P0603, Beyotime, Shanghai, 
China) was applied at 37 °C for 30 min within a con-
stant temperature chamber. DAB chromogenic rea-
gent (P0203, Beyotime, Shanghai, China) was applied 
for staining purposes. It involved the addition of a 
single droplet onto the specimen, a 6-min incubation 
period, subsequent counterstaining with hematoxylin 
for 30 s, and dehydration through a series of ethanol 
dilutions (70%, 80%, 90%, 95%, and absolute ethanol) 
with each step lasting 2  min. Finally, after immer-
sion in xylene twice, each for a duration of 5  min, 
the slides were sealed with neutral resin to facilitate 
examination and analysis through a brightfield micro-
scope (BX63, Olympus, Japan). Observation entailed 
the random selection of five high-powered fields on 
each slide, and the software Image-Pro Plus 6.0 was 
employed to assess the mean optical density observed 
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in the images (Yi et al. 2022). The examination was 
reiterated thrice per sample.

Data analysis

Information was acquired from a minimum of three 
independent trials and is exhibited as mean ± stand-
ard deviation (Mean ± SD). The independent t-test 
was employed for the purpose of contrasting the two 
groups, while a one-way ANOVA was utilized for 
comparisons among three or more groups. When the 
ANOVA findings indicated noteworthy distinctions, 
successive evaluations utilizing Tukey’s Honestly 
Essential Discrepancy (HSD) post-hoc inspections 
were conducted to assess deviations between indi-
vidual groups. In cases of non-normal distributions 
or heteroscedasticity, the Mann–Whitney U test or 
Kruskal–Wallis H test was used. Statistical method-
ology was applied incorporating GraphPad Prism 
9.5.0 software (GraphPad Software, Inc.) and R ver-
sion 4.2.1 (R Foundation for Statistical Computing). 
A significance threshold of 0.05 was utilized for all 
examinations, where a two-way p-value below 0.05 
was classified as statistically notable, while quanti-
ties above 0.05 were designated as not statistically 
important.

Results

Cellular heterogeneity and cell type analysis in STI

To explore more effective therapeutic strategies for 
STI and promote rapid recovery and functional res-
toration after STI, we surgically established a STI 
mouse model. scRNA-seq investigation was executed 
on injured soft tissue (STI, n = 1) and normal soft 
tissue (control, n = 1). By integrating the data apply-
ing the Seurat package, we initially explored gene 
numbers (nFeature_RNA), mRNA molecule counts 
(nCount_RNA), and the percentage of mitochondrial 
genes (percent.mt) in every cell within the scRNA-
seq data. The outcomes revealed that the vast major-
ity of cells displayed nFeature_RNA < 5000, nCount_
RNA < 20,000, and percent.mt < 20% (Fig. S2A). We 
excluded poor-quality cells by applying the standards 
of 200 < nFeature_RNA < 5000 percent.mt < 20%, 
leading to a total of 15,489 genes and 16,293 cells 
in the expression matrix. Correlation analysis of 

sequencing depth revealed a correlation coefficient of 
r = − 0.04 between nCount_RNA and percent.mt, and 
r = 0.89 between nCount_RNA and nFeature_RNA in 
the filtered data (Fig. S2B), signifying the quality of 
the refined cell data for subsequent analysis.

Further examination of the filtered cell population 
entailed the identification of markedly different genes 
through assessing gene expression diversity, culmi-
nating in the selection of the foremost 2000 diverse 
genes for subsequent investigation (Fig. S2C). Utili-
zation of the CellCycleScoring function allowed for 
the calculation of cell cycle phases (Fig.  S2D), and 
preliminary data normalization was performed. Post 
the selection of the specific highly variable genes, 
PCA was utilized to conduct linear dimensionality 
reduction. Here, we present the gene expression heat-
map for PC_1 – PC_6 (Fig. S2E) and the distribution 
of cells in PC_1 and PC_2 (Fig. S2F), revealing the 
presence of batch effects among samples.

Batch effects were corrected using the harmony 
package to reduce such effects and enhance more 
accurate cell clustering (Fig.  S2G). Additionally, 
utilization of an ElbowGraph helped in prioritizing 
the deviations of standard PCs, revealing that PC_1 
through PC_30 effectively embraced the details 
derived from the specifically chosen highly diverse 
genes, portraying substantial analytical significance 
(Fig. S2H). The amended results exhibited the accom-
plished elimination of batch effects (Fig. 1A-B).

Later, the TSNE algorithm was deployed to carry 
out nonlinear dimension reduction on the top 20 
PCs, and the"clustree"package was utilized to dis-
play clustering under different resolutions (Fig.  S3). 
With the application of TSNE clustering analysis, 
all cells were assorted into 30 specific cell clusters 
(Fig.  1C-D). Subsequently, acknowledged cell line-
age-specific marker genes were retrieved from docu-
mented research, and cell annotation was carried out 
using the CellMarker online platform, leading to the 
recognition of 9 distinct cell categories: Endothelial 
cells, Adipocytes, Monocytes, ADSCs, Immune cells, 
Macrophages, Stromal cells, Bone cells, and Mesen-
chymal stem cells (MSCs) (Fig. 1E-F). Furthermore, 
the TSNE expression profiles of these 9 cell marker 
genes were displayed, with CD31 as the marker gene 
for Endothelial cells, Asc- 1 for Adipocytes, CD11b 
for Monocytes, Sca- 1 for ADSCs, Il10 for Immune 
cells, CD11c for Macrophages, CD13 for Stromal 
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cells, Alpl for Bone cells, and CD105 for MSCs 
(Fig. 1G-H).

The aforementioned scRNA-seq analysis results 
demonstrate that samples from STI and normal soft 
tissue can be clustered into 30 clusters, successfully 
identifying 9 cell subtypes.

Multi‑omics analysis reveals a close relationship 
between IGFBP3 expression level and the 
progression of ADSCs

The comprehensive examination in our study outlines 
the spatial distribution of 9 types of cells in 2 par-
ticular samples. The application of t-tests enabled the 
analysis of the discrepant levels of these cells in the 
control group and the STI samples. The analysis out-
comes illustrate a substantial escalation in the number 
of ADSCs in the STI sample relative to the control 
sample (Fig. 2A).

Furthermore, to understand the functional dif-
ferences behind these quantity variances, our 
investigation centered on ligand-receptor interac-
tions in cell-to-cell signaling. Employing the R 
language’CellChat’package, we analyzed the commu-
nication and interactions of different cell phenotypes. 
The results demonstrate enhanced pathway connec-
tions between ADSCs and other cells in the STI sam-
ple in contrast with the control sample (Fig.  2B-E). 
These findings highlight the importance of ADSCs 
in the progression of STI. Additionally, the signaling 
pathways of the interaction between CAFs and other 
cells in the STI sample mainly include TGFβ1, H2, 
and LGALS9 signaling pathways (Fig.  2F-G). Col-
lectively, these results underscore the role of ADSCs 
as crucial mediators of cell communication in STI 
(Mazini et al. 2020; Schneider et al. 2023; Tang et al. 
2022).

To delve deeper into the function of ADSCs in STI 
advancement, a differential analysis of gene expres-
sion in ADSCs from normal soft tissue samples and 
STI samples was conducted, identifying 51 DEGs, 
with 27 genes significantly upregulated, and 24 
genes significantly downregulated in the STI samples 
(Fig. 3A). Additionally, we executed high-throughput 
transcriptome sequencing (RNA-seq) on control sam-
ples (n = 3), and STI samples (n = 3), resulting in the 
identification of 347 DEGs, with 184 genes upregu-
lated, and 163 genes downregulated (Fig. 3B).

The DEGs identified via RNA-seq were assessed 
for functional enrichment in the GO database, eluci-
dating their participation in BPs including the pro-
duction of molecular mediators of immune response, 
immunoglobulin production, and hormone secretion. 
In CC, they mainly enriched the collagen-containing 
extracellular matrix, postsynaptic membrane, and 
myofibril components. In terms of MF, they were 
primarily associated with growth factor activity, cell 
adhesion molecule binding, and carbohydrate-bind-
ing (Fig.  3C). Analysis of the DEGs’enrichment in 
KEGG pathways demonstrated their marked involve-
ment in pathways like PI3 K-Akt signaling, neuroac-
tive ligand-receptor interaction, calcium signaling, 
cytokine-cytokine receptor interaction, and MAPK 
signaling pathways (Fig. 3D).

To further identify key genes influencing the pro-
gression of STI, we obtained a set of 5529 genes 
related to"soft tissue injury"from the GeneCards data-
base. We performed a Venn analysis by comparing 
this gene set with the 51 DEGs in ADSCs and the 347 
DEGs from RNA-seq, resulting in the identification 
of a single DEG significantly associated with both 
STI and ADSCs—Igfbp3 (Fig.  3E). Moreover, in 
our single-cell t-SNE plot, we detected elevated lev-
els of the Igfbp3 gene in injured soft tissue (Fig. 3F) 
and a noteworthy surge in its expression in ADSCs 
(Fig. 3G). Consequently, our theory revolves around 
the pivotal function of the Igfbp3 genetic factor in 
governing STI.

In conclusion, through integrated examination of 
scRNA-seq and RNA-seq, we preliminarily recog-
nized ADSCs as key cells mediating cell communi-
cation in STI. The significant upregulation of Igfbp3 
gene expression in ADSCs from injured soft tissue 
suggests its potential direct contribution to the physi-
ological and pathological functions of STI.

IGFBP3 promotes ADSCs epithelial cell 
differentiation, proliferation, and migration

Through the integrated omics sequencing and bio-
informatics analysis mentioned above, we have pre-
liminarily identified Igfbp3 as a potential therapeutic 
target significantly associated with ADSCs during 
STI. To investigate the influence of the Igfbp3 gene 
on ADSCs’epithelial cell differentiation further, 
we isolated ADSC cells from mouse adipose tis-
sue for in  vitro culture (Fig.  S4A). With prolonged 
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incubation, ADSCs gradually became homogeneous, 
forming a monolayer of adherent cells and exhibiting 
a typical fibroblast-like morphology (Fig. S4B). The 
characterization of the 3rd generation ADSCs using 
flow cytometry revealed strong positivity for CD44 
(92.4%) and CD105 (99.1%) while being negative for 
CD34 (2.15%) and CD45 (2.62%) (Fig. S4C). Adipo-
genic and osteogenic differentiation assays were per-
formed to assess the multipotency of ADSCs. After 

3  weeks of adipogenic differentiation culture, the 
majority of cells displayed characteristics of adipo-
cytes with Oil Red O staining (Fig. S4D). Similarly, 
alizarin red staining confirmed that after osteogenic 
differentiation culture, most cells differentiated into 
osteoblasts (Fig. S4E). These results demonstrate the 
effective extraction of ADSC cells from mouse adi-
pose tissue.

Fig. 1   Cell clustering in scRNA-seq data. Note: (A) Distri-
bution of cells before (left panel) and after (right panel) batch 
correction with Harmony in PC_1 and PC_2, where each point 
represents a cell; (B) Distribution of cells after batch correc-
tion with Harmony in PC_1 and PC_2, where each point rep-
resents a cell; (C) Visualization of TSNE clustering results dis-
playing the aggregation and distribution of cells from normal 
soft tissue sample (control, n = 1) and STI soft tissue sample 
(STI, n = 1) in two dimensions, where red indicates the STI 
sample and blue represents the normal sample; (D) Group 
visualization of TSNE clustering results showcasing the aggre-
gation and distribution of cells from different source samples, 

with each color representing a cluster; (E) Visualization of cell 
annotation results grouping based on TSNE clustering, with 
each color representing a cell subtype; (F) Visualization of cell 
annotation results based on TSNE clustering, with each color 
representing a cell subtype; (G) Expression patterns of known 
lineage-specific marker genes in different clusters of normal 
tissue samples and STI samples, where darker red indicates 
higher average expression levels, and larger circles represent 
more cells expressing the gene; (H) Expression patterns of 9 
cell marker genes in various cell subtypes, where darker blue 
signifies higher average expression levels
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Fig. 2   Analysis of cell quantity discrepancies and cell path-
ways. Note: (A) Proportion of different cell subtypes in each 
sample, with different colors representing cell subtype types; 
(B-C) Interactome network diagrams in control and STI sam-
ples, with line thickness representing the number of pathways 
and intensity of interactions; (D-E) Interactome network dia-

grams of 9 cell types interacting with the other 8 cell types 
in control and STI samples, where line thickness denotes the 
number of pathways; (F-G) Bubble diagrams of the signaling 
pathways of ADSCs cells interacting with the other 8 cell types 
in control and STI samples
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For a more comprehensive evaluation of 
ADSCs’epithelial differentiation potential, we ini-
tially examined the cell morphology after induction 
with epithelial differentiation medium. Under an 
inverted microscope, it was observed that ADSCs 

without induction medium displayed elongated 
fibroblast-like morphology, while after induction for 
14 days, ADSCs became shorter, smaller, and closer 
to an epithelial phenotype (Fig. S4F). Furthermore, 
RT-qPCR and WB analysis indicated a substantial 

Fig. 3   Analysis of key genes in STI based on single-cell and 
transcriptome sequencing. Note: (A) Volcano plot showing 
DEGs between ADSCs cells from control and STI samples, 
with red dots left of the dashed line indicating genes highly 
expressed in the STI sample, and dots on the right showing 
genes with low expression in the STI sample; (B) Volcano 
plots of DEGs from 3 control and 3 STI samples in RNA-seq, 
with red triangles representing upregulated genes, green trian-
gles denoting downregulated genes, and black circles indicat-
ing non-differential genes; (C) Bubble chart (left) and circular 
chart (right) of GO enrichment analysis of DEGs in RNA-seq, 
where the color of the circles represents the significance of 

enrichment from blue to red, and the size of the circles indi-
cates the number of enriched genes; (D) Bubble chart (left) and 
circular chart (right) of KEGG enrichment analysis of DEGs 
in RNA-seq, with the color of circles indicating the signifi-
cance of enrichment from blue to red, and the size represent-
ing the number of enriched genes; (E) Venn diagram of the 
intersection between DEGs in RNA-seq, scRNA-seq ADSCs, 
and Genecards dataset, leading to the identification of the key 
gene—Igfbp3; (F) scRNA-seq analysis of expression levels of 
Igfbp1 gene in control and STI samples, with blue indicating 
upregulation; (G) scRNA-seq analysis of expression of Igfbp3 
gene in ADSCs cells from control and STI samples
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upregulation of epithelial cell differentiation mark-
ers CK18 and ZO- 1 proteins and their encoding 
genes in ADSCs cells cultured with induction dif-
ferentiation medium (Fig. S4G-H). Immunofluores-
cence staining of CK18 and ZO- 1 proteins further 
confirmed the potential of ADSCs cells for epithe-
lial differentiation (Fig. S4I).

To delve deeper into the impact of Igfbp3 gene 
expression in ADSCs on epithelial cell differentia-
tion and its specific regulatory mechanism, we con-
structed ADSCs cells with Igfbp3 overexpression and 
silencing through lentivirus transfection (Fig.  4A). 
The efficiency of Igfbp3 silencing or overexpression 
was validated via RT-qPCR and WB, and the cell 
line exhibiting superior efficiency was singled out 
for subsequent investigations (Fig.  S5A-D). Inverted 
microscopy revealed that in epithelial differentiation-
inducing medium, Igfbp3 silencing inhibited epithe-
lial differentiation in ADSCs, while Igfbp3 overex-
pression promoted it, making the cells more similar 
to HaCaT epithelial cells (Fig.  4B). Data obtained 
through RT-qPCR and WB examination demonstrated 
that, in comparison with the control group, Igfbp3 
silencing inhibited the expression of CK18 and ZO- 1 
proteins and their encoding genes in ADSCs, whereas 
Igfbp3 overexpression significantly upregulated their 

expression, with levels approaching those of HaCaT 
cells (Fig.  4C-D). Immunofluorescence staining of 
CK18 and ZO- 1 proteins further demonstrated the 
promotion of ADSCs epithelial cell differentiation by 
IGFBP3 (Fig. 4E).

Additionally, we assessed the effect of Igfbp3 
expression on ADSC proliferation and migration in 
the induction medium. CCK- 8 and EDU staining 
results showed that Igfbp3 silencing reduced ADSC 
viability and proliferative capacity, while Igfbp3 over-
expression enhanced these, with levels nearing those 
of HaCaT cells (Fig.  4F-G). Transwell and scratch 
assays demonstrated that Igfbp3 silencing inhibited 
ADSC migration ability, whereas Igfbp3 overexpres-
sion enhanced it, with migration ability similar to that 
of HaCaT cells (Fig. 4H-I).

These research findings indicate that ADSC cells 
possess the capability to differentiate into epithelial 
cells, and IGFBP3 can promote ADSC epithelial 
cell differentiation and enhance cell proliferation and 
migration.

IGFBP3 promotes ADSCs epithelial cell 
differentiation via ITGB1/ERK signaling pathway

The regulation of cell growth, survival, and migration 
is governed by soluble growth factors and interactions 
with the extracellular matrix, with integrins playing 
a crucial role as heterodimeric transmembrane recep-
tors that bridge the extracellular matrix and intracel-
lular signaling networks (Berman et  al. 2003). Our 
previous studies have confirmed that IGFBP3 inter-
acts with ITGB1 to activate cellular signaling (Wang 
et  al. 2020). Studies have also reported that ITGB1 
can activate the ERK signaling pathway to enhance 
ADSCs proliferation and epithelial differentiation, 
thereby facilitating wound healing (Wu et  al. 2022; 
Chen et al. 2020).

To further investigate whether IGFBP3 promotes 
ADSCs epithelial differentiation via the ITGB1-
mediated ERK signaling pathway, the expression of 
relevant proteins and their encoding genes in ADSCs 
cells was investigated through RT-qPCR and WB 
analysis. The outcomes indicate that upregulation of 
IGFBP3 in ADSCs cells can enhance the expression 
of ITGB1 and p-ERK1/2 proteins and their encoding 
genes, while inhibition of IGFBP3 expression down-
regulates the expression of ITGB1 and p-ERK1/2 
proteins and their encoding genes (Fig. 5A-B). These 

Fig. 4   Impact of IGFBP3 on ADSCs’epithelial cell differ-
entiation, proliferation, and migration. Note: (A) Schematic 
diagram of the experimental process for Igfbp3 silencing or 
overexpression in ADSCs; (B) Observation of the effects 
of Igfbp3 silencing or overexpression on the morphology 
of ADSCs and the comparison with HaCaT cell morphol-
ogy under an inverted microscope (scale bar = 25 μm); (C) 
RT-qPCR detection of changes in Krt18 and Tjp1 mRNA 
expression in ADSCs after Igfbp3 silencing and overexpres-
sion, and expression levels in HaCaT cells; (D) WB detection 
of changes in CK18 and ZO- 1 protein expression in ADSCs 
after Igfbp3 silencing and overexpression, and in HaCaT cells; 
(E) Immunofluorescence staining for CK18 and ZO- 1 protein 
expression in ADSCs with different Igfbp3 interventions, and 
in HaCaT cells (scale bar = 50 μm); (F) CCK- 8 assay detect-
ing cell viability changes in ADSCs (with Igfbp3 interven-
tions) and HaCaT cells at 12, 24, 36, and 48 h; (G) EDU assay 
detecting the proliferation capacity of ADSCs with Igfbp3 
interventions, with EDU-positive cells shown in red (prolifer-
ating phase); blue indicates DAPI-stained cell nuclei (scale bar 
= 50 μm); (H) Transwell assay detecting the migration abil-
ity of ADSCs with Igfbp3 interventions and comparison with 
HaCaT cells (scale bar = 50 μm); (I) Scratch assay detecting 
the migration of ADSCs with Igfbp3 interventions and com-
parison with HaCaT cells (scale bar = 100 μm). * indicates 
comparison between two groups, **P < 0.01, ***P < 0.001, 
****P < 0.0001

◂
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findings suggest that upregulating IGFBP3 expression 
in ADSCs cells activates the ITGB1/ERK signaling 
pathway. Furthermore, Co-IP experiments further 
demonstrate the connection amid IGFBP3 and ITGB1 
proteins (Fig. 5C).

To substantiate IGFBP3’s function in facilitating 
ADSCs epithelial cell differentiation through inte-
grin ITGB1, we conducted lentivirus transfection 
on ADSCs cells overexpressing Igfbp3 to silence 
the Itgb1 gene, resulting in the generation of Itgb1 
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gene-silenced ADSCs cells (Fig. 5D). The efficiency 
of Igfbp3 silencing was confirmed via RT-qPCR and 
WB analysis, with the cell population demonstrat-
ing the highest effectiveness being picked for further 
trials (Fig.  S5E-F). Observation under an inverted 
microscope revealed that silencing Itgb1 on the foun-
dation of Igfbp3 overexpression inhibited ADSCs 
epithelial cell differentiation (Fig.  5E). RT-qPCR 
and WB analysis demonstrated that silencing Itgb1 
reversed the upregulation effect of Igfbp3 overex-
pression on CK18 and ZO- 1 protein expression and 
their encoding genes in ADSCs cells (Fig.  5F-G). 
Immunofluorescence staining for CK18 and ZO- 1 
proteins further confirmed that silencing Itgb1 inhib-
ited ADSCs epithelial cell differentiation (Fig.  5H). 
Additionally, the promotion of ADSCs cell prolif-
eration facilitated by Igfbp3 overexpression was nul-
lified by the repression of Itgb1, as demonstrated by 

the EDU staining outcomes (Fig. 5I). Transwell and 
scratch assays indicated that downregulation of Itgb1 
counteracted the migratory stimulation caused by 
overexpression of Igfbp3 in ADSCs cells (Fig. 5J-K). 
Additionally, RT-qPCR and WB findings revealed 
that silencing Itgb1 on the basis of Igfbp3 overexpres-
sion inhibited the phosphorylation activation level of 
p-ERK1/2 proteins in ADSCs cells (Fig. 5L-M).

The above research results suggest that epithe-
lial cell differentiation, proliferation, and migra-
tory activities of ADSCs are augmented through the 
ITGB1/ERK signaling pathway activation mediated 
by IGFBP3.

Preparation and performance study of 
ADSCs‑IGFBP3 peptide self‑assembling hydrogel 
scaffold

To further validate the promoting effect of IGFBP3 
protein in ADSCs cells on the repair of STI, we 
developed a composite hydrogel scaffold using 
poly(ε-caprolactone) (PCL) and gelatin (Gel) and 
loaded IGFBP3 protein from ADSCs cells onto 
this hydrogel scaffold (Fig.  6A). The results from 
TEM and SEM revealed that the composite materi-
als GP and IGP exhibited smooth and uniform elec-
trospun structures, with preliminary confirmation 
of IGFBP3 protein loading on the surface of IGP 
material (Fig. 6B).

Fourier transform infrared spectroscopy (FTIR) 
analysis demonstrated that there were no wavelength 
differences between PCL, GP, and IGP gels, but the 
absorption peaks of GP and IGP gels were stronger 
than those of PCL, indicating that GP and IGP gels 
possess more active functional groups. Moreover, 
compared to GP gel, IGP gel showed a significant 
increase in functional groups, suggesting successful 
preparation of the PCL and Gel composite gel—GP—
and loading of IGFBP3 protein into the GP composite 
gel (Fig. 6C). Results from XRD experiments exhib-
ited a noticeable peak at 2θ = 21.5° for PCL, which 
decreased upon the addition of gelatin into the com-
posite gel scaffold, indicating that gelatin can reduce 
the crystallinity of the material surface (Fig. 6D).

The degradation experiment results demonstrate 
an accelerated degradation rate of the composite gel 
with the addition of gelatin (Fig. 6E). Water contact 
angle testing reveals a decrease in the gel water con-
tact angle with the inclusion of gelatin, indicating 

Fig. 5   The influence of IGFBP3 via the ITGB1/ERK signal-
ing pathway on ADSCs epithelial cell differentiation. Note: (A) 
RT-qPCR was conducted to assess the changes in the expres-
sion of Igfbp3, Itgb1, Mapk3, and Mapk1 mRNA in ADSCs 
cells after silencing or overexpressing Igfbp3; (B) WB analy-
sis was performed to detect the changes in the protein expres-
sion of IGFBP3, ITGB1, ERK1, ERK2, p-ERK1, and p-ERK2 
in ADSCs cells after silencing or overexpressing Igfbp3; (C) 
Co-IP experiment was conducted to investigate the interac-
tion between IGFBP3 and ITGB1 proteins; (D) Schematic 
representation of the experiment silencing Itgb1 on the basis 
of overexpressing Igfbp3; (E) Inverted microscopy was used 
to observe the effects of Itgb1 silencing on the morphology 
of ADSCs cells (scale bar = 25 μm); (F) RT-qPCR was per-
formed to assess the changes in Krt18 and Tjp1 mRNA expres-
sion in ADSCs cells among different intervention groups; 
(G) WB analysis was carried out to determine the expression 
changes of CK18 and ZO- 1 proteins in ADSCs cells among 
different intervention groups; (H) Immunofluorescence stain-
ing was used to detect the expression changes of CK18 and 
ZO- 1 proteins in ADSCs cells among different intervention 
groups (scale bar = 25 μm); (I) EDU experiment was con-
ducted to evaluate the proliferation ability of ADSCs cells, 
where EDU-positive cells are shown in red, indicating cells in 
the proliferative phase, while blue represents DAPI-stained cell 
nuclei (scale bar = 50 μm); (J) Scratch assay was performed to 
assess the migration of ADSCs cells (scale bar = 50 μm); (K) 
Transwell experiment was carried out to evaluate the migration 
ability of ADSCs cells (scale bar = 50 μm); (L) RT-qPCR was 
conducted to determine the expression changes of Mapk3 and 
Mapk1 mRNA; (M) WB analysis was performed to detect the 
changes in the protein expression of ERK1, ERK2, p-ERK1, 
and p-ERK2. Quantitative data in the figures are presented as 
Mean ± SD, and each experiment was repeated three times per 
group. Statistical significance is denoted as * for P < 0.05, ** 
for P < 0.01, *** for P < 0.001, and **** for P < 0.0001 when 
comparing between groups

◂
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an enhancement in the surface hydrophilicity of the 
electrospun membrane compared to pure PCL (Rod-
ríguez-Hermida et al. 2016). Previous literature sug-
gests that contact angles between 45° and 60° are 
conducive to cell adhesion and growth (Fig.  6F). 
Moreover, upon the addition of gelatin, both the com-
pressive modulus and swelling ratio of the composite 
gel significantly increase (Fig. 6G-H). The loading of 
IGFBP3 protein shows no significant impact on the 
degradation rate, water contact angle, compressive 
modulus, and swelling ratio of the gel.

Following the feasibility assessment of the bio-
ink for 3D printing, we conducted 3D bioprinting 
experiments with cell integration (Fig. 6I-J). Inverted 
microscopy observations and immunofluorescence 
staining of the cell cytoskeleton revealed that ADSCs 
cells could evenly distribute in both composite gels, 
displaying robust viability. After the same incubation 
period, ADSC cells were relatively more abundant in 
the IGPA composite gel than in the GPA gel scaffold 
(Fig. 7A-B). Live/dead cell staining further confirmed 
the favorable survival status of ADSCs cells in both 
composite gel scaffolds (Fig. 7C).

In assessing the effects of IGFBP3 on the prolif-
eration and migration of ADSCs cells, we assessed 
cell viability through a CCK- 8 experiment, which 
indicated enhanced cell activity in IGPA compared 
to GPA (Fig. 7D). SEM observations showed ADSCs 
cells adhered to and intertwined with the scaffolds; 
on the third and fifth days, cells displayed elongated 
cytoskeletal structures and spindle-shaped or polygo-
nal morphologies, progressing to complete surface 
diffusion by the seventh day, forming cell membrane 
structures on both scaffolds, indicating good cellular 
compatibility. Significantly enhanced proliferation 
rates of ADSCs cells in the IGPA 3D printed struc-
tures were observed compared to GPA (Fig.  7E). 
After 24 h of culture in Transwell plates, with cells 
migrating to the surface under the membrane, crys-
tal violet staining revealed that the inclusion of the 
IGFBP3 protein significantly improved cell mobility 
(Fig.  7F). Additionally, EDU staining results indi-
cated that IGFBP3 protein enhanced the proliferative 
capability of ADSCs cells (Fig. 7G).

To evaluate the influence of IGFBP3 protein on 
ADSCs epithelial cell differentiation, we cultured 
the prepared 3D printed structures in an induc-
tion medium for epithelial differentiation and then 
assessed the expression of relevant mRNA and 

proteins through RT-qPCR and WB analysis. The 
examination findings demonstrated that relative to 
GPA, the inclusion of IGFBP3 protein resulted in 
substantially elevated expression of IGFBP3, ITGB1, 
CK18, and ZO- 1 proteins, as well as their encod-
ing mRNAs in ADSCs cells within the IGPA 3D 
printed structures, confirming the promoting effect of 
IGFBP3 protein on ADSCs epithelial cell differentia-
tion (Fig. 7H-I).

These findings indicate the successful construction 
of an ADSCs-IGFBP3 peptide self-assembling hydro-
gel scaffold. Compared to traditional PCL, the com-
posite scaffold exhibits enhanced surface properties, 
swelling capacity, and in  vitro biodegradation rate. 
Additionally, ADSC cells could effectively adhere to 
and survive on this scaffold.

Improvement of STI by ADSCs‑IGFBP3 peptide 
self‑assembling hydrogel scaffold via ITGB1/ERK 
signaling pathway

To investigate the therapeutic effects of the ADSCs-
IGFBP3 peptide self-assembling hydrogel scaffold on 
STI repair further, we utilized the prepared hydrogel 
in a mouse model of STI (Fig. 8A). Through a 2-week 
observation period, we observed an enhancement 
in epidermal healing in mice treated with GPA and 
IGPA hydrogels as opposed to the GP group. Moreo-
ver, the IGPA group illustrated a further improvement 
in epidermal healing contrasted with the GPA group 
(Fig.  8B). H&E staining revealed that after 14 days 
of treatment, the GP and GPA groups showed incom-
plete epidermal healing at the wound edges with the 
presence of epithelial pseudo-tumors. In contrast, the 
IGPA group displayed significantly enhanced wound 
re-epithelialization, characterized by well-healed, 
uniform, and mature newly formed epidermis, orderly 
arranged collagen fibers in the neodermis, and a lack 
of pseudo-tumor-like epithelium (Fig. 8C). Masson’s 
trichrome staining revealed a remarkable upsurge in 
collagen protein expression in the mouse soft tissues 
following treatment with GPA and IGPA hydrogels 
contrasted against the GP group. Furthermore, in rela-
tion to the GPA group, IGPA treatment led to further 
upregulation of collagen protein expression (Fig. 8D). 
Observations derived from the TUNEL examination 
revealed a substantial drop in cell apoptosis in mouse 
soft tissues following treatment with the IGPA hydro-
gel scaffold (Fig. 8E).
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Moreover, immunohistochemistry and immuno-
fluorescence staining analyses of the wound soft tis-
sues revealed that the IGPA group demonstrated a 
considerable rise in the expression of PCNA and 
Ki67 proteins relative to the GP and GPA groups, 
indicating enhanced cell proliferation capacity in the 

IGPA-treated group (Fig.  8F-G). Subsequent CD34 
and α-SMA immunofluorescence co-staining con-
firmed a significant increase in capillary density in 
the wound area following IGPA treatment (Fig. 8H). 
The discoveries suggest that IGPA facilitates cell 

Fig. 6   Preparation and characterization of 3D bioprinting ink. 
Note: (A) Schematic diagram of the preparation process for 
ADSCs-IGFBP3 peptide self-assembling hydrogel scaffold; 
(B) GP and IGP composite material high-resolution scanning 
electron microscope image (SEM) (scale bar = 10 μm); (C) 
Characterization of gels in various groups by Fourier-trans-
form infrared spectroscopy; (D) XRD spectra of gels in vari-
ous groups; (E) Degradation curves of gels in various groups; 
(F) Water contact angle test results of each gel group; (G) 
Compressive modulus of gels in various groups; (H) Swell-
ing ratio of gels in various groups; (I) Overall appearance of 

GPA and IGPA composite gels before and after self-assembly 
(scale bar = 1 mm); (J) 3D printing of cubes, cylinders, cones, 
and tetrahedral hydrogels made of GPA and IGPA composites, 
each consisting of 50 layers with a thickness of 100 μm per 
layer and a total height of 5 mm. The line spacing in the X–Y 
plane is 300 μm (scale bar = 1 mm). The quantitative data in 
the figures are presented as Mean ± SD, and each experiment 
was repeated three times. * indicates statistical significance 
between groups, with *P < 0.05, **P < 0.01, ***P < 0.001, 
and"ns"indicating no significant statistical difference



	 Cell Biol Toxicol           (2025) 41:85    85   Page 24 of 29

Vol:. (1234567890)

Fig. 7   Biocompatibility evaluation of 3D bioprinting scaffold 
materials. Note: (A) Morphological observation of ADSCs in 
the composite hydrogel scaffold using inverted microscopy 
(scale bar = 100 μm); (B) Observation of ADSCs cell skeleton 
in the 3D printed structure using immunofluorescence stain-
ing (scale bar = 50 μm); (C) Live/dead cell staining in the 3D 
printed structure, with green fluorescence indicating live cells 
and red fluorescence indicating dead cells (scale bar = 50 μm); 
(D) Assessment of ADSCs cell viability in the 3D printed 
structure using the CCK- 8 assay; (E) SEM images of ADSCs 
cells cultured in the hydrogel scaffold for 1, 3, 5, and 7 days 
(scale bar = 20 μm); (F) Transwell assay to evaluate the migra-

tion ability of ADSCs cells on the composite gel (scale bar 
= 50 μm); (G) EDU staining to detect the proliferation ability 
of ADSCs cells on the composite gel; (H) RT-qPCR analysis 
to determine the expression levels of Igfbp3, Itgb1, Krt18, and 
Tjp1 mRNA in ADSCs cells after epithelial differentiation 
induction; (I) WB analysis to assess the expression levels of 
IGFBP3, ITGB1, CK18, and ZO- 1 proteins in ADSCs cells 
after epithelial differentiation induction. Quantitative data in 
the figures are presented as Mean ± SD, and each experiment 
was repeated three times. * denotes statistical significance 
between groups, with **P < 0.01, ***P < 0.001, ****P < 
0.0001, and"ns"indicating no statistically significant difference
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proliferation and neovascularization in mouse soft tis-
sues, key processes in wound healing.

Furthermore, immunohistochemistry results illus-
trated a noteworthy upregulation in the expression 
of IGFBP3, ITGB1, CK18, and ZO- 1 proteins in the 
soft tissue cells of mice following IGPA treatment 
(Fig.  8I). RT-qPCR and WB analyses further vali-
dated these results and indicated a significant upreg-
ulation in p-ERK1/2 protein expression after IGPA 
treatment (Fig. 8J-K).

In conclusion, our study demonstrates that the 
ADSCs-IGFBP3 peptide self-assembling hydrogel 
scaffold improves STI through the ITGB1/ERK sign-
aling pathway.

Discussion

Prior investigations have validated the potential 
function of ADSCs in the repair of STI. However, 
this research meticulously explores the essential 
functionalities of ADSCs in the process of STI 
repair through the advanced application of single-
cell multi-omics technology and 3D bioprinting 
models. In comparison to prior studies, this research 
focuses on analyzing the changes in the number 
of ADSCs in STI, alterations in intercellular com-
munication, and their impact on epithelial cell dif-
ferentiation, providing a more comprehensive per-
spective for understanding the treatment of STI (Su 
et al. 2021; Tang et al. 2022; Anderson et al. 2022).

IGFBP3 plays a critical role in STI repair by reg-
ulating ADSCs’epithelial cell differentiation, pro-
liferation, and migration capabilities, thereby pro-
moting the healing process of STI. Differing from 
previous studies, this research extensively examines 
the expression characteristics of IGFBP3 in ADSCs 
and the molecular mechanisms regulating cell func-
tions, offering new clues for further exploration of 
mechanisms underlying STI repair (Teufelsbauer 
et al. 2019; Wang et al. 2019).

This study maximizes the utilization of single-
cell multi-omics technology and 3D bioprinting 
models to deeply analyze the cellular changes dur-
ing the process of STI, unveiling the characteristics 
of different cell subgroups and their interactions. 
Compared to conventional methods, this integrated 
approach provides a more comprehensive and 
three-dimensional research perspective, bringing 

new insights into the understanding of STI repair 
mechanisms.

The study primarily investigates the molec-
ular mechanisms of IGFBP3 in regulating 
ADSCs’epithelial cell differentiation, revealing that 
IGFBP3, by upregulating the expression of ITGB1, 
activates the ERK signaling pathway, thereby enhanc-
ing ADSCs’epithelial cell differentiation, prolifera-
tion, and migration capabilities. This further eluci-
dates the critical regulatory role of IGFBP3 in STI 
repair, offering essential clues for developing thera-
peutic strategies targeting relevant pathways.

The ADSCs-IGFBP3 peptide self-assembling 
hydrogel scaffold, as a novel therapeutic strategy, 
demonstrated promising efficacy in animal models 
in this study. This scaffold not only serves as a car-
rier and supporting structure for ADSCs cells but also 
releases IGFBP3 protein to enhance the healing pro-
cess of STI (Tian et al. 2022; Wang et al. 2022). Ani-
mal model experiments revealed that the application 
of ADSCs-IGFBP3 peptide self-assembling hydrogel 
scaffold accelerated tissue repair in the injury area, 
reduced scar formation, and exhibited good biocom-
patibility and degradability. These findings provide a 
solid experimental basis for translating this technol-
ogy into clinical applications (Liu et al. 2022; Wang 
2023).

By integrating multiomics analysis with in  vitro 
cell experiments, we successfully developed an IGPA 
and utilized this scaffold for the treatment of STI in 
mice through 3D bioprinting. Combining in vivo and 
in  vitro experiments with 3D printing technology, 
preliminary conclusions were drawn: in the repair of 
STI, the high expression of IGFBP3 in ADSCs can 
promote epithelial cell differentiation, proliferation, 
and migration through the initiation of the ITGB1/
ERK signaling pathway. The regulatory function of 
IGFBP3 expression in the epithelial cell differentia-
tion process of ADSCs and its underlying molecular 
mechanisms for enhancing the recovery of STI are 
elucidated by our research, providing an essential ref-
erence for the treatment of such injuries.

This study has made significant progress in explor-
ing the molecular mechanisms of IGFBP3 protein 
in ADSCs in the repair of STIs. By integrating sin-
gle-cell multiomics technology and 3D bioprint-
ing models, we have elucidated in detail the pivotal 
function of IGFBP3 in promoting ADSCs’epithelial 
cell differentiation, proliferation, and migration. This 
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breakthrough identifies innovative molecular targets 
that could revolutionize the treatment of STIs, dem-
onstrating significant scientific value. In the future, 
further research could focus on investigating the 
interactions of IGFBP3 with other growth factors or 
signaling pathways, as well as assessing the feasibil-
ity and safety of clinical translation to expand the 
clinical application prospects of this research.

However, several limitations exist in this study 
that require attention. Firstly, the experimental results 
should be validated for their stability and reliability 
in a larger sample size. Additionally, it is important 
to recognize the inherent differences between animal 
models and the human physiological environment, 
necessitating further validation through comprehen-
sive clinical data analysis. Furthermore, while this 
study delves into the mechanism of action of IGFBP3 
in STI repair, it is essential to consider the potential 
impact of other regulatory factors on the healing pro-
cess in order to develop a thorough comprehension of 
the intricacy of STI recovery.

Looking ahead, future prospects include the opti-
mization of 3D bioprinting models to better mimic 
the microenvironment of STI, combined with the 

integration of advanced technologies such as gene 
editing and stem cell engineering to enhance research 
on the role of IGFBP3 in STI repair mechanisms. 
Moreover, exploring the feasibility and effectiveness 
of applying IGFBP3 to the treatment of STI through 
preclinical research and clinical trials could pave the 
way for more personalized and efficient treatment 
strategies for patients.
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Fig. 8   IGPA peptide hydrogel scaffold improves STI through 
the ITGB1/ERK signaling pathway. Note: (A) Schematic illus-
tration of the animal experimental procedure, with 6 mice per 
group; (B) Therapeutic effects of various gel scaffolds on epi-
dermal healing in mice; (C) Histological staining of mouse 
soft tissue with H&E, where single-headed arrows indicate 
non-epithelialized areas and double-headed arrows indicate 
the edge of granules (scale bar = 500/100 μm); (D) Results of 
Masson’s staining in mouse soft tissue, showing interstitial col-
lagen proteins in bluish-green; (E) TUNEL staining results of 
mouse soft tissue (scale bar = 100 μm); (F) Immunohistochem-
ical staining depicting the expression changes of PCNA pro-
tein in mouse soft tissue among different experimental groups 
(scale bar = 100 μm); (G) Immunofluorescence staining dis-
playing the expression changes of Ki67 protein in mouse soft 
tissue among different experimental groups (scale bar = 100 
μm); (H) Immunofluorescence staining revealing the expres-
sion changes of CD34 and α-SMA proteins in mouse soft tis-
sue among different experimental groups (scale bar = 100 
μm); (I) Immunohistochemical staining showing the expres-
sion changes of IGFBP3, ITGB1, CK18, and ZO- 1 proteins in 
mouse soft tissue among different experimental groups (scale 
bar = 100 μm); (J) WB analysis of IGFBP3, ITGB1, ERK1, 
ERK2, p-ERK1, and p-ERK2 protein expressions in mouse 
soft tissue; (K) RT-qPCR assessment of Igfbp3, Itgb1, Mapk3, 
and Mapk1 mRNA expressions in mouse soft tissue. Quan-
titative data in the figures are expressed as Mean ± SD, with 
6 mice per group. * indicates statistical significance between 
groups, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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