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Abstract
Therapeutic application of mesenchymal stem cells is emerging as a potential strategy for the management of intrauterine adhesion (IUA). How-
ever, conventional 2D cultures often face issues such as insufficient cell quantities and suboptimal efficacy. In this study, we investigated the 
potential of microencapsulated 3D culture in enhancing the proliferation and stemness of human umbilical cord-derived mesenchymal stem cells 
(hUCMSCs), and their potential augmentation for antifibrotic treatment of IUA via the transforming growth factor beta 1 (TGF-β1)/Smad3 signaling 
pathway. Here, hUCMSCs were encapsulated in sodium alginate shells, and the microencapsulated 3D culture of hUCMSCs (3D-hUCMSCs) was 
harvested after removal of the encapsulation. We assessed the amount, cell proliferation, and the stemness gene expression of 3D-hUCMSCs 
and 2D cultured hUCMSCs. Subsequently, the therapeutic effect of 3D-hUCMSCs was evaluated by specific staining and mating experiments in 
the IUA mouse model. The expression of the TGF-β1/Smad3 signaling pathway was analyzed by western blot and quantitative real-time polymerase 
chain reaction. Our results showed that microencapsulated 3D culture significantly enhanced cell proliferation and elevated stemness gene 
expression, compared to traditional 2D culture. Furthermore, the endometrial thickness and number of glands increased, and the endometrial 
fibrosis and inflammation ameliorated in 3D-hUCMSCs administration. Moreover, 3D-hUCMSCs significantly inhibited the expression of the TGF-
β1/Smad3 signaling pathway and restored the fertility. These findings indicate that microencapsulated 3D culture enhances cell proliferation and 
stemness of hUCMSCs. The 3D-hUCMSCs improved the endometrial recovery in structure and function. Microencapsulated 3D culture promoted 
the antifibrotic and anti-inflammatory effects of hUCMSCs in the treatment of IUA. This study introduces a novel strategy of microencapsulated 
3D-hUCMSCs for IUA treatment.
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Graphical abstract

Introduction
Intrauterine adhesion (IUA), also known as Asherman syn-
drome, typically occurs as a fibrotic repair response following 
injury to the basal layer of the endometrium, leading to partial 
or complete adhesion in the uterine cavity.1 Conventional clin-
ical treatments involve hysteroscopic adhesion release, hormonal 
therapy, and physical barrier therapy.2,3 However, these 
approaches rely on the limited regenerative capacity of the endo-
metrium and often result in recurrence.4 Therefore, there is an 
urgent need of the innovative therapeutic approaches for IUA.

Intrauterine adhesion is characterized by severe endometrial 
damage or infection, cell proliferation and differentiation dis-
orders, fibrous tissue replacement, and adhesion formation.5 
Inflammation is an important trigger of fibrosis, and persistent 
inflammation leads to local tissue fibrosis and loss of normal.6 
In fibrotic diseases, transforming growth factor beta 1 (TGF-
β1) can promote the aggregation of fibroblasts and inflamma-
tory cells, increase collagen synthesis and pro-inflammatory 
factor secretion, induce the synthesis of the extracellular 
matrix, and further promote tissue fibrosis.7 Many evidences 
suggest that the TGF1/Smad pathway is associated with fibro-
sis. Li et al. reported that bone marrow stem cells combined 
with dihydroartemisinin can reverse renal fibrosis via targeting 
the TGF-β1/Smad pathway.

Mesenchymal stem cells (MSCs) are adult stem cells with 
self-renewal and multi-differentiation potential.8 In recent 
years, MSCs have been widely applied in the regenerative med-
icine, including their potential use in treating IUA.9,10 Umbilical 
cord-derived MSCs (UCMSCs) derived from postnatal umbil-
ical cord tissue offer an ethically acceptable and more accessible 
source of stem cells. Umbilical cord-derived MSCs exhibit 
lower immunogenicity, stronger proliferation, and longer 
retention time after transplantation, making them a more 
promising therapeutic cell type.11 Many researches and clinical 
trials found that UCMSCs increased endometrial thickness and 
alleviated IUA in patients within a short time.12–14

While MSCs present a potential clinical treatment for IUA, 
their clinical application still meets considerable challenges. 
Clinical treatments require a large quantity of high-quality 
MSCs, but conventional two-dimensional (2D) culture often 
fails to meet the clinical need, due to their low yield, suboptimal 
survival rate, and inconsistent therapeutic effects.7,15,16 Further-
more, the 2D culture also leads to a loss of MSC stemness, 
thereby diminishing their therapeutic potential.17 Three-dimen-
sional (3D) culture of MSCs has emerged as an area of increas-
ing interest. This technique allows for the cultivation of 
multicellular spheres using low attachment plate culture, 
thereby more accurately mimicking the in vivo environment.18 
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umbilical cord-derived mesenchymal stem cells (hUCMSCs). The hUCMSCs after microencapsulated 3D culture improved the endometrial 
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However, these prevalent spheroid culture methods, such as 
3D microtiter and hanging drop, are inadequate for long-term 
culture.19,20 To address these limitations, several studies have 
explored supportive materials for 3D growth and sustained 
retention of MSCs.21–23. For instance, the chitosan hydro-
gel/3D-printed poly (ε-caprolactone) was developed to incor-
porate MSCs, effectively enhancing the repair of articular 
cartilage injuries.24 Despite these advancements, the mass pro-
duction of MSCs with these scaffold materials remains chal-
lenging, and the efficacy of the resultant MSCs is still limited.

In this study, we introduced a 3D spheroid culture method, 
termed the cell microencapsulated culture technique, which 
encapsulates human UCMSCs (hUCMSCs) within a sodium 
alginate shell to construct microphysiological cell culture sys-
tems that mimics the in vivo microenvironment. This microen-
capsulated 3D culture is simple to implement, cost-effective, 
and easy for mass production. We investigated the effects of 
microencapsulated 3D culture on the characteristics of hUCM-
SCs, evaluated whether microencapsulated 3D culture of 
hUCMSCs could enhance the therapeutic efficacy in IUA mice, 
and explored the antifibrotic mechanism.

Materials and methods
Culture and characterization of hUCMSCs
Human umbilical cord-derived mesenchymal stem cells were 
obtained accroding to the method described in a previous 
study.25 hUCMSCs were cultured in a 37 °C, 5% CO2 condi-
tioned incubator using Dulbecco’s Modified Eagle Medium/
Ham’s F-12 (Gibco). The culture medium was supplemented 
with 10% fetal bovine serum (Gibco), 100 U/mL penicillin, 
and 100 mg/mL streptomycin (Biosharp, China). Upon reach-
ing 80%-90% confluence, hUCMSCs underwent trypsin treat-
ment for passaging. Cells at passages 4-6 were utilized in the 
experiments. To identify the hUCMSCs, flow cytometry was 
employed to detect the expression of surface markers, including 
positive CD44 and CD90, and negative CD34.

Microencapsulated 3D culture of hUCMSCs
Microencapsulated 3D culture of MSCs was generated by the 
coaxial electrospray system as in a previous study.26 These cells 
were then mixed with 2 mg/mL rat tail tendon collagen I to 
serve as the core of the microcapsules. The microcapsule core 
and 20 mg/mL sodium alginate solution (purity 90%) were 
respectively injected into the inner and outer cavities of the 
coaxial channel. The coaxial channel liquids formed micro-
droplets under a high-voltage electric field and dropped into 
the calcium chloride solution, which rapidly gelatinized to form 
microcapsules. The flow rate ratio between the inner and outer 
cavities of the coaxial channel was 1:3.75. Microencapsulated 
3D-hUCMSCs were cultured in the Modified Eagle Medium/
Ham’s F-12 with fetal bovine serum.

Cell proliferation and apoptosis
The sodium alginate shell was removed on day 5, and the hUCM-
SCs were collected after being digested by trypsin, referred to as 
3D-hUCMSCs. The same procedure was applied to plate-cul-
tured hUCMSCs, referred to as 2D-hUCMSCs. The obtained 
hUCMSCs were counted by a cell counter and diluted to the 
same cell concentration for the following experiments. (1) Cell 
Counting Kit-8 (CCK-8) assay: CCK-8 reagent (Solarbio) was 

added to the culture solution, and hUCMSCs were cultivated in 
96-well plates for 2 h. The absorbance of each well was measured 
at 450 nm using a microplate reader (SpectraMAX iD3). (2) 
Apoptosis detection: hUCMSCs were incubated with Annexin 
V-FITC and Propidium Iodide (PI) (Beyotime) on ice for 20 min-
utes in the dark after resuspension in 200 μL of binding buffer. 
Apoptosis was analyzed by flow cytometry. (3) Cellular differ-
entiation: cellular differentiation was confirmed by the Adipo-
genesis, Chondrogenesis, and Osteogenesis Differentiation Kits 
(Gibco) in accordance with the manufacturer’s instructions.

Experimental animals and ethical approval
Female C57BL/6J mice aged 6-8 weeks were chosen for the 
experiment and housed in an Specific Pathogen Free lab (21-
25 °C, humidity 40%-60%, 12-h light/12-h dark cycle) with 
unlimited access to sterilized food and water. These mice were 
procured from the Animal Center of Anhui Medical University. 
Ethical approval for all animal experimental protocols was 
obtained from the Animal Ethics Committee of Anhui Medical 
University.

Establishment of the IUA model
The IUA model was established following a previous study.27 
Mice were randomly divided into 4 groups: sham group, model 
group, Model + 2D-hUCMSCs treatment group (2D-hUCM-
SCs group), and Model + 3D-hUCMSCs treatment group 
(3D-hUCMSCs group), each containing 12 mice. After 

Table 1.  Primer sequence of genes used in qRT-PCR analysis.

Gene name Forward primer 
sequence (5′-3′)

Reward primer sequence 
(5′-3′)

GAPDH-hu-
man

GGAGTCCACTG-
GCGTCTTCA

GTCATGAGTCCTTCCAC-
GATACC

OCT4-human GTGGTCCGAGT-
GTGGTTCTG-
TAAC

CCCAGCAGCCT-
CAAAATCCTCTC

SOX2-human CAGCAT-
GTCCTACTCG-
CAGCAG

CTGGAGTGGGAGGAA-
GAGGTAACC

KLF4-human GGGACGGCTGT-
GGATGGAAATTC

CTTCATGTGTAAGGC-
GAGGTGGTC

c-MYC-human AGCAGC-
GACTCTGAG-
GAGGAAC

TCCAGCAGAAGGTGATC-
CAGACTC

β-actin-mouse CTACCTCAT-
GAAGATCCT-
GACC

CACAGCTTCTCTTTGAT-
GTCAC

TGF-β1-mouse CCAGATCCTGTC-
CAAACTAAGG

CTCTTTAGCATAGTAGTC-
CGCT

Smad3-mouse ATTCCATTC-
CCGAGAA-
CACTAA

TAGGTCCAAGTTATTGT-
GTGCT

TNF-α-mouse ATGTCTCAG-
CCTCTTCT-
CATTC

GCTTGTCACTC-
GAATTTTGAGA

IL-1-mouse AATCTCGCAG-
CAGCACATCAAC

AGGTCCACGGGAAAGA-
CACAG

Abbreviations: c-MYC, cellular-myelocytomatosis viral oncogene; GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase; IL-1, interleukin-1; KLF4, 
Kruppel-like factor-4; OCT4, octamer-binding transcription factor-4; 
Smad3, SMAD family member 3; SOX2, SRY-related high-mobili-
ty-group-box protein-2; TGF-β1, transforming growth factor beta I; 
TNF-α, tumor necrosis factor alpha.
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intraperitoneal injection of 1.25% tribromoethanol (AbMole) 
(0.4 mL/20 g weight), the mice were anesthetized, fixed in the 
supine position, and subjected to a 2.5 cm incision in the ster-
ilized inferior abdomen. Uterus horns were exposed, injected 
with 95% ethanol for 20 seconds, and washed with phos-
phate-buffered saline solution thrice. Afterward, the uterus was 
returned, and abdominal wounds were closed. MSCs were 
encapsulated into 3D microcapsules on the modeling day. The 
sodium alginate shell was removed by sodium citrate on day 
5, and the obtained MSCs were trypsinized into single-cell sus-
pensions at a concentration of 1 × 106/mL, and injected via the 
tail vein to treat mice in the 3D-hUCMSCs group at 0.2 mL per 
mouse according to a previous study.28 Mice in the 2D-hUCM-
SCs group were treated using equal cell numbers of 2D-hUCM-
SCs, while the model group was treated with equal volumes of 
saline. Seven days post-treatment, 24 mice (n = 6 per group) 
were sacrificed with uterine tissues and blood collected for 
subsequent experiments, while the remaining 24 mice (n = 6 per 
group) were utilized for mating experiments.

Hematoxylin and eosin staining
The mouse uterus was fixed in 4% paraformaldehyde (Beyo-
time), paraffin-embedded after dehydration, and sliced into 
4 μm sections. Hematoxylin and eosin staining (Solarbio) was 
performed following routine procedures after deparaffinization 
and rehydration. Slide scanning using Pannoramic MIDI FL 
(3DHISTECH) enabled observation of the entire uterus image 
and counting of gland numbers. The average endometrial thick-
ness was calculated from at least 5 randomly selected fields of 
view on each slide using ImageJ software (Image J 1.53e, 
National Institutes of Health).

Masson staining
Deparaffinized slices underwent sequential staining with Wei-
gert’s iron hematoxylin solution, lixin magenta solution, and 
aniline blue solution following the instructions of the Masson 
staining kit (Sbjbio). Differentiation and washing steps were 
performed accordingly. The ImageJ software was utilized to 
calculate the ratio of the collagen fiber area stained in blue to 
the total view.

Immunohistochemistry
After deparaffinization, dehydration, and antigen retrieval, 
slides were treated with hydrogen peroxide to block endoge-
nous peroxidase activity per the manufacturer’s instructions 
(ZGSB-BIO). The sections were then incubated overnight at 
4 °C with primary antibodies against collagen I (Abcam, 
1:1000, UK) and α-smooth muscle actin (α-SMA, Abcam, 
1:1000, UK). Subsequent incubation with reaction enhance-
ment solution and secondary antibody, followed by staining 
with 3,3′-diaminobenzidine (ZGSB-BIO) at room temperature, 
was carried out. The ImageJ software was employed to calcu-
late the ratio of the positive area with brown staining to the 
total view.

ELISA assay
Mice were anesthetized to collect blood through a cardiac punc-
ture. After centrifugation at 1000 g for 10 minutes at 4 °C, 
serum was collected and stored at −20 °C. Tumor necrosis fac-
tor alpha (TNF-α) and interleukin-1 (IL-1) were detected using 
their corresponding ELISA kits (MUTI SCIENCES, China).

Mating experiments
Seven days after treatment, female mice were mated with male 
C57/BL6J mice (10 weeks old) with confirmed fertility. The 
detection of the vaginal plug in the morning was considered 
day 0.5 of gestation. Female mice were sacrificed on day 10.5 
of gestation to examine uterine pregnancy.

Quantitative real-time polymerase chain reaction
Total RNA was extracted using Trizol reagent (Thermo Fisher). 
RNA concentration and purity were assessed using a Ultravi-
olet-Visible spectrophotometer (Nanodrop 2000). Reverse 
transcription to complementary DNA was performed following 
the kit instructions (Biosharp). The primer sequences for rele-
vant genes are provided in Table 1. Quantitative real-time poly-
merase chain reaction (qRT-PCR) was carried out using a PCR 
thermal cycler (Roche LightCycler480), and the expression 
levels of target genes were normalized to the housekeeping 
genes β-actin and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) mRNA using the 2−△△CT method.

Western blot
Cell and tissue proteins were extracted using radioimmunopre-
cipitation lysis buffer (Beyotime), and concentrations were 
determined using a BCA Protein Assay  kit (Beyotime). After 
densification in 5× sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis loading buffer (Beyotime), proteins were sepa-
rated in 10% polyacrylamide gels and transferred to polyvi-
nylidene fluoride (PVDF) membranes (Millipore). PVDF 
membranes were incubated overnight at 4 °C with primary 
antibodies against octamer-binding transcription factor-4 
(OCT4) (CST, 1:2000, US), SRY-related high-mobili-
ty-group-box protein-2 (SOX2) (CST, 1:2000, US), Kruppel-like 
factor-4 (KLF4) (Abcam, 1:2000, UK), cellular-myelocytoma-
tosis viral oncogene (c-MYC) (Abcam, 1:2000, UK), TGF-β1 
(Abcam, 1:2000, UK), Smad3 (Abcam, 1:2000, UK), and 
pSmad3 (Abcam, 1:2000, UK) after blocking with 5% skim 
milk. Subsequent incubation with appropriate secondary anti-
bodies and visualization of protein bands using ECL solution 
(Biosharp) were performed. The expression levels of target pro-
teins were normalized to the housekeeping gene GAPDH.

Statistical analysis
All experiments were repeated at least 3 times, and data are 
presented as the mean ± standard deviation. Student’s 2-tailed 
paired t-test was analyzed between 2 groups, and Analysis of 
Variance followed by the least significant differences method 
was used for 3 or more groups. All statistical analyses were 
used with SPSS 26.0 software (IBM).

Results
Microencapsulated 3D culture improved cell 
proliferation, and stemness of hUCMSCs
3D-hUCMSCs exhibited a spheroidal and homogeneous mor-
phology, with hUCMSCs aggregating into spherical growth 
(Figure 1A). The apoptosis of 2D-hUCMSCs and 3D-hUCM-
SCs was compared by flow cytometry. The results showed that 
the apoptosis rate of 3D-hUCMSCs was comparable to that of 
2D-hUCMSCs (Figure 2A). This indicates that microencapsu-
lated 3D culture does not induce apoptosis in hUCMSCs. Sub-
sequently, the expression of surface marker molecules of 
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hUCMSCs after 3D microencapsulation culture was charac-
terized by flow cytometry. As shown in Figure 2B, 3D-hUCM-
SCs were positive for CD90, CD73, and CD105, while negative 
for CD14, CD34, and CD45, which meet the criteria for 
hUCMSCs. In addition, the osteogenic, chondrogenic, and adi-
pogenic differentiation potential of 3D-hUCMSCs was con-
firmed by differentiation-inducing medium assay (Figure 2C).

To compare the cell number, the hUCMSCs were stained 
with Ethidium Homodimer-1 and Hoechst and calculated the 
count of inner cell spheroid (Figure 1B). The 3D reconstruction 
of the inner cell spheroid was shown on day 1, day 3, and day 
5 (Supplementary Files: S1-S3). The results showed that micro-
encapsulated 3D culture significantly increased the cell count 
compared with 2D-hUCMSCs on day 3 (2D-hUCMSCs: 
7.83 ± 3.251; 3D-hUCMSCs: 45.50 ± 7.477) and day 5 

(2D-hUCMSCs: 15.17 ± 1.169; 3D-hUCMSCs: 83.33 ± 12.501). 
Furthermore, the cell proliferation of 3D-hUCMSCs was 
assessed using a CCK8 assay on day 5. The cell proliferation 
of 3D-hUCMSCs was significantly higher than that of 
2D-hUCMSCs (Figure 1C). These findings suggest that micro-
encapsulated 3D culture enhances the cell proliferation of 
hUCMSCs.

To investigate the effects of microencapsulated 3D culture 
on the properties of hUCMSCs, the expression of stem cell 
pluripotency transcription factors, OCT4, SOX2, KLF4, and 
c-MYC, was examined by western blot and qRT-PCR. Western 
blot results showed that protein expression levels of OCT4, 
SOX2, KLF4, and c-MYC were higher in 3D-hUCMSCs than 
in 2D-hUCMSCs (Figure 1D). qRT-PCR results demonstrated 
that mRNA expression levels of these pluripotency 

Figure 1.  The cell proliferation and stemness of 3D-hUCMSCs. (A) Microscopic morphology of 3D-hUCMSCs. Scale bars: 100 µm. (B) Statistical analysis 
of cell counts on day 1, 3, and 5 of 3D-hUCMSCs. At least 6 representative visual fields for each were counted. (C) Proliferation of hUCMSCs detected 
by CCK8 (n = 3). (D) Western blot results of OCT4, SOX2, KLF4, and c-MYC. (E-H) Relative mRNA expression of OCT4, SOX2, KLF4, and c-MYC adjusted 
to GAPDH (n = 3). 3D-hUCMSCs, 3D culture of human umbilical cord-derived mesenchymal stem cells.
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transcription factors were higher in 3D-hUCMSCs compared 
to 2D-hUCMSCs (OCT4: P = .018785; SOX2: P = .000541; 
KLF4: P = .000116; c-MYC: P = .001975) (Figure 1E-H). These 
results indicate that microencapsulated 3D culture enhances 
the stemness of hUCMSCs.

3D-hUCMSCs restored the damaged uterus
To evaluate the therapeutic efficacy in IUA model, 3D-hUCM-
SCs were injected via the tail vein to treat mice. The illustration 
of microencapsulated 3D culture and treatment timeline is 
shown in Figure 3A. In the Sham group, the uterus exhibited 

Figure 2.  Phenotype of 3D-hUCMSCs. (A) The apoptosis of 2D-hUCMSCs (left) and 3D-hUCMSCs (center) was detected by flow cytometry and 
statistically analyzed in both groups (right). (B) 3D-hUCMSCs specific surface markers detected by flow cytometry. The grey lines represent the 
expression level of the negative control, and the black lines represent 3D-hUCMSCs. (C) Osteogenic, chondrogenic, and adipogenic induction of BMSCs 
at 21d. Scale bars: 100 µm. 3D-hUCMSCs, 3D culture of human umbilical cord-derived mesenchymal stem cells; BMSCs, bone marrow stem cells.



Stem Cells Translational Medicine, 2025, Vol. 14, No. 9� 7

a full shape with regular edges. The Model group showed obvi-
ous narrowing and twisting of bilateral uterine horns, and some 
of them along with uterine fluid. The uterine horns in the 
2D-hUCMSCs group displayed partial recovery, but some 
remained slender and tortuous. The uterine morphology in the 
3D-hUCMSCs group closely resembled that of the Sham group 
(Figure 3B). Hematoxylin and eosin staining was performed to 
assess the endometrial recovery in 3D-hUCMSCs administra-
tion. In the Sham group, the endometrial structure was intact, 
with abundant interstitial glands and an integral monolayer of 
columnar epithelium on the uterine cavity surface. The Model 
group exhibited abnormal endometrial structure, with nar-
rowed or atretic uterine cavities (Figure 3C). The endometrial 
thickness significantly decreased in the Model group 
(5.78 ± 4.155 mm) compared to the Sham group 
(23.33 ± 2.802 mm, P < .0001). Both the 2D-hUCMSCs group 
(14.89 ± 1.222 mm, P < .0001) and 3D-hUCMSCs group 
(24.86 ± 0.683 mm, P < .0001) showed an increase in endome-
trial thickness compared to the Model group, and endometrial 
thickness of the 3D-hUCMSCs group significantly more than 
2D-hUCMSCs group (P < .0001) (Figure 3D). The number of 
glands increased in both the 2D-hUCMSCs group (8.67 ± 3.386, 
P = .007) and 3D-hUCMSCs group (37.5 ± 5.718, P < .0001) 
compared to the Model group (0.67 ± 1.211). The number of 

glands of the 3D-hUCMSCs group was also significantly more 
than the 2D-hUCMSCs group (P < .0001) (Figure 3E).

3D-hUCMSCs inhibited endometrial fibrosis and 
alleviated endometrial inflammation
The endometrial fibrosis was evaluated using Masson staining 
to assess the antifibrotic efficacy of 3D-hUCMSCs. The fibrous 
tissue area significantly increased in the Model group in com-
parison to the Sham group (P < .0001). The percentage of 
fibrotic area obviously decreased in 2D-hUCMSCs (P < .0001) 
and 3D-hUCMSCs (P < .0001) compared to the Model group. 
Moreover, the 3D-hUCMSCs group exhibited a significantly 
lower percentage of fibrotic area compared to the 2D-hUCM-
SCs group (P < .0001) (Figure 4A and D).

To further evaluate the level of fibrosis, we examined the 
expression of fibrosis factors, collagen I, and α-SMA, in the 
endometrium by immunohistochemistry. Immunohistochemi-
cal staining for collagen I indicated a significant increase in 
positive staining in the Model group compared to the Sham 
group (P < .0001). Both 2D-hUCMSCs group (P < .0001) and 
the 3D-hUCMSCs group (P < .0001) showed a decrease in col-
lagen I expression compared to the Model group. Furthermore, 
the 3D-hUCMSCs group exhibited lower levels of collagen I 
expression than the 2D-hUCMSCs group (P < .0001) (Figure 

Figure 3.  3D-hUCMSCs restored the damaged uterine. (A) The illustration of microencapsulated 3D culture and treatment timeline. (B) The morphology 
of mice uterine after saline or hUCMCSs treatments. (C) H&E staining of mice uterine after different treatments. Scale bars: 100 µm (above), 10 µm 
(below). (D, E) Statistical analysis of the endometrial thickness and number of glands in each group (n = 6). 3D-hUCMSCs, 3D culture of human umbilical 
cord-derived mesenchymal stem cells; H&E, hematoxylin and eosin; UCMCSs, umbilical cord-derived mesenchymal stem cells
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4B and E). Expression of α-SMA was significantly increased in 
the Model group compared with the Sham group (P < .0001), 
but decreased in both the 2D-hUCMSCs (P < .0001) and 
3D-hUCMSCs groups (P < .0001) compared with the Model 
group. The 3D-hUCMSCs group displayed significantly lower 
α-SMA expression than the 2D-hUCMSCs group (P < .0001) 
(Figure 4C and F).

The expression of pro-inflammatory factors was detected by 
ELISA and qRT-PCR to assess the level of endometrial inflam-
mation (Figure 5A-D). Compared to those in the Sham group, 
the protein and mRNA levels of TNF-α (protein: P < .0001; 
mRNA: P < .0001) and IL-1 (protein: P < .0001; mRNA: 
P < .0001) showed a significant increase in the Model group. 
After treatment with 2D-hUCMSCs (TNF-α protein: P < .0001; 
TNF-α mRNA: P < .0001; IL-1 protein: P = .0497; IL-1 mRNA: 
P < .0001) and 3D-hUCMSCs (TNF-α protein: P < .0001; 
TNF-α mRNA: P < .0001; IL-1 protein: P < .0001; IL-1 mRNA: 

P < .0001), the expression levels of TNF-α and IL-1 were 
remarkably decreased. And the 3D-hUCMSCs group exhibited 
lower levels of pro-inflammatory factors than the 2D-hUCM-
SCs group (TNF-α protein: P < .0001; TNF-α mRNA: P = .0003; 
IL-1 protein: P = .0006; IL-1 mRNA: P < .0001). This suggests 
that 3D-hUCMSCs can alleviate endometrial inflammation in 
IUA mice.

3D-hUCMSCs inhibited the TGF-β1/Smad3 signaling 
pathway
To determine whether the TGF-β1/Smad3 pathway was 
involved in the inhibition of endometrial fibrosis by 3D-hUCM-
SCs, western blot and qRT-PCR were employed to assess pro-
tein and mRNA expression of TGF-β1, Smad3. In the Model 
group, the protein expressions of TGF-β1, Smad3, and p-Smad3 
were significantly higher than that of the Sham group, as were 
the expression levels of TGF-β1 mRNA (P < .0001) and Smad3 

Figure 4.  3D-hUCMSCs ameliorated fibrosis of uterine tissue. (A) Masson staining of mice uterine after different treatments. Scale bars: 100 µm (above), 
10 µm (below). (B, C) Immunohistochemical staining of collagen I and α-SMA. Scale bars: 100 µm (above), 10 µm (below). (D) Statistical analysis of the 
percentage of fibrosis area in each group (n = 6). (E, F) Statistical analysis of the percentage of collagen I, α-SMA-positive areas (n = 6). 3D-hUCMSCs, 3D 
culture of human umbilical cord-derived mesenchymal stem cells; α-SMA, α-smooth muscle actin.
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mRNA (P < .0001), indicating activation of the TGF-β1/Smad3 
signaling pathway (Figure 5E-G). The 2D-hUCMSCs and 
3D-hUCMSCs groups exhibited lower protein expressions of 
TGF-β1, Smad3, and pSmad3 compared to the Model group. 
Additionally, mRNA expressions of TGF-β1 and Smad3 were 
lower in the 2D-hUCMSCs group (TGF-β1 mRNA: P = .000512; 
Smad3 mRNA: P = .000763) and 3D-hUCMSCs group 

(TGF-β1 mRNA: P < .0001; Smad3 mRNA: P < .0001) than 
that of the Model group (Figure 5F and G). The 3D-hUCMSCs 
group demonstrated a lower expression level of the TGF-β1/
Smad3 pathway compared to the 2D-hUCMSCs group. To 
further explore the effects of 3D-hUCMSCs on the TGFβ1/
Smad signaling pathway, we intervened with the pathway ago-
nist SRI-011381 in a group named 3D-hUCMSCs+SRI-011381 

Figure 5.  3D-hUCMSCs inhibited inflammation and the TGF-β1/Smad3 pathway. (A, B) The protein expression of TNF-α and IL-1 detected by ELISA (n = 6). 
(C, D) Relative mRNA expression of TNF-α and IL-1 (n = 3). (E) Western blot results of TGF-β1, Smad3, and pSmad3. (F, G) Relative mRNA expression of 
TGF-β1 and Smad3 (n = 3). 3D-hUCMSCs, 3D culture of human umbilical cord-derived mesenchymal stem cells; IL-1, interleukon-1; TNF-α, tumor necrosis 
factor alpha.

Figure 6.  3D-hUCMSCs improved fertility restoration. (A) The uterine appearance of mice on day 10.5 of pregnancy after different treatments. (B) 
Statistical analysis of the implantation embryo numbers (n = 6). (C) The newborn mice in the 3D-hUCMSCs group. 3D-hUCMSCs, 3D culture of human 
umbilical cord-derived mesenchymal stem cells.
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group: after 3D-hUCMSCs treatment, SRI-011381 (MCE, 
China), solubilized in saline containing Dimethyl Sulfoxide 
(10%) and PEG300 (40%), was injected intraperitoneally into 
mice at a dose of 30 mg/kg every 2 days.29,30 Subsequently, uter-
ine tissue was collected to extract protein and mRNA. Both 
western blot and qRT-PCR results showed that SRI-011381 
significantly reversed the suppression of the TGF-β1/Smad3 
pathway by 3D-hUCMSCs (Figure 5E-G). These results suggest 
that 3D-hUCMSCs more effectively inhibited the activation of 
the TGF-β1/Smad3 signaling pathway in the mouse uterus.

3D-hUCMSCs restored the fertility in the IUA model
Endometrial function was evaluated through a mating exper-
iment, with mice sacrificed at 10.5 days of gestation. Macro-
scopic examination revealed bilaterally symmetrical uterine 
horns and similarly sized embryos in the Sham group. In the 
Model group (0.17 ± 0.167), the number of embryos was sig-
nificantly lower compared to the Sham group (9.83 ± 0.408, 
P < .0001), with notable fluid accumulation in some uterine 
cavities. The total number of embryos per mouse in the 
2D-hUCMSCs group (2.83 ± 0.753, P < .0001) was higher than 
that in the Model group but significantly lower than that in the 
3D-hUCMSCs group (7.83 ± 0.983, P < .0001) (Figure 6A and 
B). In addition, no tumor formation was observed in any of 
the hUCMSCs-treated mice in this study. And the newborn 
mice in the 3D-hUCMSCs group had no obvious malforma-
tions (Figure 6C).

Discussion
The potential of MSCs in cell-based therapeutic applications 
has been recognized due to their multipotent differentiation 
capabilities and immunomodulatory characteristics. There is 
an urgent need for a large quantity of high-quality MSCs for 
clinical treatments. However, conventional 2D cultured MSCs 
are greatly limited in cell amount and proliferation. In this 
study, our findings demonstrated that microencapsulated 3D 
culture significantly augmented the quantity, cell proliferation, 
and stemness of hUCMSCs. 3D-hUCMSCs promoted the 
recovery of endometrial morphology and function, and 
decreased the expression of the TGF-β1/Smad3 pathway in the 
mouse endometrium, contributing to the effective alleviation 
of endometrial fibrosis.

The growth and function of MSCs are intricately tied to 
interactions with surrounding cells or the extracellular matrix.31 
In their native tissue microenvironments, MSCs typically aggre-
gate with neighboring MSCs or various other cells, forming 
spheroids that facilitate extensive cell-to-cell and cell-to-micro-
environment interactions.31 Under conventional 2D conditions, 
the proliferation and growth of MSCs are compromised due 
to the altered association between MSCs and their microenvi-
ronment. In order to achieve the required quantity of cells for 
clinical therapy, the culture duration needs to be extended.32 
However, prolonged cultivation of MSCs under 2D conditions 
has been associated with the accumulation of chromosomal 
aberrations, attributed to the altered interaction between MSCs 
and their microenvironment.33 Furthermore, substantial evi-
dence indicates that long-term 2D culture leads to a loss of 
MSC pluripotency.34 Consequently, many studies advocate for 
the use of 3D sphere culture for MSCs. In vitro MSC spheroid 
culture has been shown to enhance the production of 

extracellular matrix within the spheroids, thereby promoting 
increased cell-cell and cell-matrix interactions.35–37 The cell 
morphology, viability, and senescence of 3D spheroid-cultured 
Wharton’s jelly mesenchymal stem cells (WJ-MSCs) were com-
parable to their 2D-cultured counterparts. However, the expres-
sion of pluripotency markers (OCT4, SOX2, and NANOG) 
was 2-8 times higher in 3D spheroid-cultured WJ-MSCs.20 
Various 3D sphere culture methods were employed for MSCs, 
such as 3D microtiter, hanging drop, and ultralow attachment 
plate-based spheroid culture.19,20 However, these 3D spheroid 
culture methods are not suitable for the long-term culture of 
MSCs and their local application in the uterine cavity.

To address the challenges, many biomaterials have been uti-
lized to construct scaffolds, which provide a 3D environment 
conducive to the growth of MSC and the enhancement of their 
regenerative repair capabilities.38 These biomaterial scaffolds 
also function as vehicles for the transportation of MSCs into 
the uterine cavity, thereby prolonging their retention period 
and augmenting their bioavailability. The composite hydrogel 
could encapsulate MSCs and extend the release time to more 
than 7 days.39 However, these materials often serve as carriers 
to provide vehicles for MSCs. The large quantity of high-qual-
ity MSCs remains a challenge. Moreover, the impact of these 
materials on the cellular properties of MSCs, including cell 
differentiation and pluripotency, continues to be a contentious 
topic.

In response to these challenges, we developed the microen-
capsulated 3D culture for MSCs. This method involves the 
encapsulation of human umbilical cord-derived mesenchymal 
stem cells (hUCMSCs) and collagen, constituting the core of 
the microcapsules, within a sodium alginate solution to form 
microsphere capsules under high-voltage electrostatic condi-
tions. Sodium alginate, acknowledged for its superior biocom-
patibility, cost-effectiveness, and proficiency in drug 
encapsulation, was employed as the encapsulating material. 
The microencapsulation shells not only facilitated the exchange 
of nutrients and metabolites but also provided protection to 
the encapsulated cells from external stress damage and immune 
rejection.40 Collagen, a component of the extracellular matrix, 
offered good biocompatibility and the ability to mimic the 
extracellular matrix of MSCs, thereby regulating their growth 
and function.41–43 The microencapsulated 3D culture technique 
enabled the formation of MSC spheroids, allowing for extended 
in vitro cultivation. Furthermore, the microencapsulated 3D 
culture technique could generate large quantities of MSCs, and 
is both cost-effective and straightforward to implement.

This study primarily focused on the influence of the micro-
encapsulated 3D culture method on the characteristics and 
efficacy of hUCMSCs. By staining and enumerating the nuclei 
of hUCMSCs on days 1, 3, and 5 of the 3D microencapsulated 
culture, we observed a significant increase in the cell count of 
hUCMSCs. On the fifth day of microencapsulated 3D culture, 
the hydrogel shells were removed to investigate the effects of 
this 3D culture on the cell proliferation and stemness of hUCM-
SCs. CCK-8 results indicated that microencapsulated 3D cul-
ture could improve the cell proliferation of hUCMSCs. We 
observed a significant upregulation in the expression of these 
stemness genes, such as OCT4, SOX2, KLF4, and c-MYC, in 
hUCMSCs after 3D microencapsulated culture. These findings 
suggest that microencapsulated 3D culture enhances the stem-
ness of hUCMSCs.
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The endometrium in the Model group exhibited abnormal 
morphology, characterized by epithelial thinning on the surface 
of the uterine cavity, diminished gland numbers, increased 
fibrotic areas, and reduced pregnancy rates. After tail vein injec-
tion, 3D-hUCMSCs improved the endometrial morphology, 
increased endometrial thickness and gland numbers, and inhib-
ited the fibrosis. Notably, the improvement in endometrial 
morphology was more pronounced with hUCMSCs subjected 
to microencapsulated 3D culture compared to conventionally 
cultured hUCMSCs. Mating experiments further supported the 
superior ability of 3D-hUCMSCs to promote endometrial func-
tion recovery. These findings suggest that the microencapsu-
lated 3D culture enhances the intrinsic function of hUCMSCs 
in promoting morphological and functional repair of the endo-
metrium. No obvious malformations were found in newborn 
mice of 3D-hUCMSCs group, and no tumor formation was 
observed in hUCMSCs-treated mice, which preliminarily ver-
ified the safety of 3D-hUCMSCs treatment.

Fibrosis following injury to the endometrial basal layer could 
lead to partial or total IUA, rendering the inhibition of fibrosis 
crucial for IUA treatment.44 TGF-β1, a classic pro-inflammation 
and fibrosis cytokine, is associated with numerous biological 
processes, including inflammatory activity, cell adhesion, and 
fibrosis progress. The TGF-β1/Smad3 signaling pathway has 
been implicated in various fibrotic disorders, playing a signif-
icant role in the development of IUA.45–47 Transforming growth 
factor beta 1 activates downstream signaling through Smad3, 
leading to excessive deposition of extracellular matrix compo-
nents such as α-SMA and collagen I, and contributing to tissue 
fibrosis formation.48–50 The results demonstrated a significant 
increase in the expression of TGF-β1, Smad3, and pSmad3 in 
the Model group, indicating activation of the TGF-β1/Smad3 
signaling pathway. While hUCMSCs effectively reversed this 
activation, 3D-hUCMSCs exerted the potent effects. In addi-
tion, agonist SRI-011381 attenuated the inhibitory effect of 
3D-hUCMSCs on TGF-β1/Smad3 signaling pathway. Evalua-
tion of endometrial fibrosis through Masson staining and the 
detection of α-SMA and collagen I expression revealed that 
hUCMSCs significantly reduced the area of fibrosis and 
decreased the expression of α-SMA and collagen I. This sug-
gests that hUCMSCs decreased the α-SMA and collagen I 
expression via inhibiting the TGF-β1/Smad3 signaling path-
way, and 3D-hUCMSCs exhibited a stronger antifibrotic effect. 
In conclusion, the microencapsulated 3D culture enhanced the 
antifibrotic effect of hUCMSCs through the TGF-β1/Smad3 
signaling pathway.

Infection and inflammatory exudates following endometrial 
injury are recognized as important risk factors for the occur-
rence of IUA.44 After severe damage to the basal layer, numer-
ous fibroblasts and inflammatory cells accumulate in the 
damaged endometrium, secreting a variety of inflammatory 
mediators and inducing an inflammatory response.51 Especially, 
they secrete pro-inflammatory factors such as TNF-α and IL-1β, 
which in turn promote the development of IUA.51,52 In this 
study, our experimental results showed that the protein and 
mRNA levels of TNF-α and IL-1β were significantly elevated 
in the Model group mice. Whereas their levels were significantly 
reduced after hUCMSCs treatment, especially 3D-hUCMSCs 
treatment. This result suggests that 3D-hUCMSCs can reduce 
the release of pro-inflammatory factors after endometrial injury 
and thus have a protective effect against IUA.

In this study, we employed 3D microencapsulated culture to 
facilitate the long-term culture of hUCMSCs in vitro, which 
distinguished by its operational simplicity, scalability, and bio-
compatibility, provides ample growth space for hUCMSCs in 
a spherical shape. The microencapsulated shells act as a pro-
tective barrier, reducing external mechanical stress damage to 
hUCMSCs. We removed the microencapsulated shells and 
explored the effects of 3D culture on the characteristics and 
therapeutic efficacy of hUCMSCs. We found that this micro-
encapsulated 3D culture significantly enhanced the amount, 
proliferation, and stemness of hUCMSCs, and we also verified 
the promotional effects of microencapsulated 3D culture on 
the anti-inflammatory and anti-fibrotic properties of hUCMSCs 
in IUA mice. Regrettably, our current study remains at the 
animal level, necessitating further exploration for the safety 
and efficacy of microencapsulated 3D-hUCMSCs in clinical 
research. Meanwhile, we will further explore the relevant 
mechanisms of microencapsulated 3D culture to improve cell 
proliferation and stemness of hUCMSCs.

Conclusion
In conclusion, our study demonstrates the therapeutic capabil-
ities of 3D-hUCMSCs in treating IUA. Notably, microencap-
sulated 3D culture enhances the cell proliferation and stemness 
of hUCMSCs, exerting more pronounced antifibrotic and 
anti-inflammatory effects. Furthermore, 3D-hUCMSCs con-
tribute significantly to endometrial regeneration through the 
inhibition of the TGF-β1/Smad3 signaling pathway. These 
findings provide a valuable approach for treating IUA and 
establish a foundation for the clinical application of 
hUCMSCs.
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