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Abstract
Background

Mesenchymal stem cells (MSCs) derived from umbilical cord Wharton’s Jelly (WJ-MSCs) are emerging as
promising therapeutics for a variety of diseases due to their ability of regeneration and
immunomodulation and their non-tumorigenic and non-immunogenic properties. Although multiple
protocols have been developed for WJ-MSCs isolation, insu�cient cell numbers, heterogeneous cell
population, and variations in procedures between different laboratories impede further clinical
applications.

Methods

We compared six widely used WJ-MSCs isolation methods regarding cell morphology, yield, purity,
proliferation rate, and differentiation potential. Based on these analyses, we developed a new isolation
approach called “Mince-Soak-Digest (MSD)”, and compared its e�ciency with the existing methods.
Furthermore, we transplanted WJ-MSCs isolated by different methods to the rat uterus to test their ability
for tissue repair.

Results

Based on the comparison and analysis of the six widely used isolation protocols, we identi�ed that the
ine�ciency of the digestion of the extracellular matrix results in low cell yield. Thus, we have developed a
robust and highly e�cient method to isolate MSCs from WJ by incorporating a soaking step to facilitate
the digestion of the extracellular matrix and release of the cells. Our newly developed method generates
signi�cantly higher cell yield (4 to 10-fold higher) than six widely used methods that we tested with high
purity and consistency. Importantly, by transplantation of WJ-MSCs isolated by MSD to the rat uterus, we
repair the endometrial injury and restore the fertility of the rats.

Conclusion

Our results provide a robust and highly e�cient approach for isolating WJ-MSCs to restore injured tissue.
The higher e�ciency of MSD assures the abundance of WJ-MSCs for clinical applications. Furthermore,
the reliability of MSD contributes to the standardization of WJ-MSCs isolation, which eliminates the
discrepancies due to isolation procedures, thus facilitates the evaluation of the e�cacy of WJ-MSCs
across various human clinical applications.

1. Introduction
The recent advance of stem cell technology has revolutionized the treatment of various diseases and laid
the foundation for regenerative medicine, especially tissue repair1–3. Among many types of stem cells,
mesenchymal stem cells (MSCs) have attracted much interest for preclinical/clinical studies as a
potential treatment for a variety of diseases owing to their following properties: 1) Easy accessibility:
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MSCs exist in almost all tissues, including bone marrow, umbilical cord, endometrium, menstrual blood,
and adipose4. 2) Self-renewal: MSCs are able to proliferate while maintaining the stem cell properties5. 3)
Multipotency: MSCs exhibit the potential to differentiate into various lineages of mesoderm, ectoderm,
and endoderm, such as bone, fat, chondrocyte, muscle, islet cells, and liver cells in vitro under appropriate
stimuli6,7. 4) Immunomodulation: MSCs are shown to aid tissue regeneration by immune suppression of
both innate and adaptive systems, primarily through paracrine effect8,9. 5) Low immunogenicity: MSCs
are considered immune-privileged due to their limited expression of major histocompatibility complex
Class I (MHC I), lack of MHC II and co-stimulatory antigens expression 10,11. These properties make them
an ideal candidate for allogeneic cell therapy. 6) Tropism: MSCs have the ability to migrate to damaged
or diseased tissues or cells12.

Initially, MSCs were isolated from bone marrow and frequently used for autologous cell therapy13,14.
However, the application has been hampered mainly due to their invasive and painful isolation procedure
associated with signi�cant morbidity and risk of infection15. A possible solution resides in the use of
allogeneic MSCs from Wharton’s jelly (WJ), the connective tissue of the umbilical cord16,17. WJ is
considered an advantageous source for MSCs in terms of accessibility, non-invasive isolation procedure,
and abundance of cells18–20.

Isolation of MSCs from WJ is the �rst and critical step to assure optimal quantity and quality for the
following applications in regenerative medicine. Currently, several protocols have been developed to
isolate WJ-derived MSCs (WJ-MSCs), categorized into three primary techniques: enzymatic21–23,
explant24–26, and enzymatic-explant27–29. In the enzymatic method, cells are dissociated from tissues by
a combination of enzymes, such as collagenases, hyaluronidase and trypsin, and then cultured in
appropriate medium for proliferation. In the explant method, tissues are excised into a smaller size to
allow attachment to the culture dish, and then cells migrate from tissues and adhere to the surface. In
enzymatic-explant, the tissue is cut into small pieces and exposed to the enzymatic solution for
incubation. Then, the enzymes are washed, and the tissue pieces are plated until the cells migrate out.
Although these protocols are commonly used in a few laboratories, there is wide variation in procedures
to harvest WJ-MSCs, resulting in different compositions of the resultant cells and inconsistent results
between studies30,31. In addition, insu�cient cells isolated from original tissues and limited proliferation
ability of WJ-MSCs when cultured in vitro is one of the bottlenecks for application of WJ-MSCs to large-
scale clinical trials32,33. Thus, a robust and more e�cient protocol that could acquire su�cient cell
numbers with high purity can be generalized as the standard approach for WJ-MSCs isolation, and it will
be bene�cial for the evaluation of the e�cacy of WJ-MSCs across various clinical applications.

Here, we have compared six widely used WJ-MSCs isolation methods with regards to cell morphology,
yield, purity, and proliferation rate. Moreover, we develop a new isolation approach that signi�cantly
increases the yield of cells by 4- to 10-fold. We further investigate the therapeutic potential of these cells
by transplantation of them to the uterus of a rat endometrium-injury model. Our results demonstrate that
WJ-MSCs isolated by our approach could facilitate endometrium regeneration and fertility restoration. In
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summary, our study provides a robust and highly e�cient approach for the isolation of WJ-MSCs to
restore injured tissue, which would be bene�cial to promote the large-scale application of WJ-MSCs to a
broader �eld in regenerative medicine.

2. Material And Methods

2.1 Collection of umbilical cord
Umbilical cord samples from women with healthy pregnancies were retrieved at the time of cesarean
section from the Department of Obstetrics and Gynecology, the �rst a�liated hospital of USTC. Umbilical
cord samples were collected in phosphate-buffered saline (PBS) containing 500 IU heparin (Sigma–
Aldrich, St. Louis, MO, USA), 300Units/mL penicillin, and 300mg/mL streptomycin (Invitrogen, Grand
Island, NY, USA) and were immediately transferred to the laboratory. Umbilical cord samples were
processed within 12 hours of collection.

2.2 Isolation of WJ from umbilical cord
Each human umbilical cord was transferred into a sterile laminar �ow hood and washed twice in PBS to
remove contaminating blood cells. The umbilical cord was cut into approximately 5-cm long segments,
which were subsequently cut longitudinally to expose the umbilical vein. Blood vessels (two arteries and
one vein) were removed from each segment, and Wharton’s jelly was carefully separated from the
amniotic membrane34.

2.3 Six widely used WJ-MSCs isolation methods
M1 (explant method): 2g WJ was excised to about 1-2mm size pieces, and they were transferred to
100mm dishes (Corning) coated with 0.2% gelatin. 2g weight of tissues were plated per dish and covered
entirely with the culture medium. Half of the medium was changed on day 5 without disturbing the tissue
pieces. On day 8, all the tissue pieces were removed, and the medium was completely replaced with fresh
medium.

M2(explant method): 2g WJ was excised to about 1-2mm size pieces, then homogenized in DMEM/F12 + 
20%FBS and grinded crosswise for about 40 times using a homogenizer into a �ne granular shape (1–
2mm in diameter). Then the sample was rinsed repeatedly with DMEM/F12 + 20%FBS and placed as
tissue pieces on the 100mm dishes (Corning) coated with 0.2% gelatin. Half of the culture medium was
replaced on day 5 without disturbing the tissue pieces. On day 8, all the tissue pieces were removed, and
the medium was completely replaced with fresh medium. Every 2 days thereafter, the cells were observed
and passaged according to their growth.

M3(enzymatic-explant method): 2g of WJ was excised to about 1-2mm and incubated with 1mg/mL
collagenase II (Sigma–Aldrich) at 4°C overnight. The next day, the tissue was �ltered through a 100-mesh
sieve to �lter out large pieces of tissue and washed three times by PBS and one time by culture medium
(DMEM/F12 + 20%FBS). Then, the tissue was plated to a 100mm dish coated with 0.2% gelatin and
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covered by 5ml medium. The next day, cells started to dissociate from the tissue, and another 2-3ml
medium was added to the plate. After two days, more cells were dissociated from the tissue, and another
2-3ml medium was added. The medium was changed every three days until day 8, or the cells grew to
approximately 80–90% con�uence.

M4 (enzymatic-explant method): WJ was excised to about 1-2mm pieces, and about 2g tissue pieces
were transferred to a 15ml falcon tube to which 3ml enzymes mix (1mg/mL collagenase II and
0.25mg/mL trypsin) was added. The sample was incubated for 15min in the shaker at 37°C, shaking at
200 rpm. The reaction was neutralized by 7ml culture medium. The dissociated cells and tissue pieces
were collected by centrifugation at 750g and transferred to a 10cm dish coated with 0.2% gelatin at the
density of 0.5-1.5pieces/cm2. 5mL culture medium was added to the plate, and the sample was placed in
a 5% CO2 incubator for 4–5 days until the cells were attached. The culture medium was replaced on Day
5 and changed every 2 days thereafter.

M5 (enzymatic method): 2g of WJ was soaked in culture medium and excised to about 1-2mm. The
tissue pieces were washed three times by PBS to remove the culture medium completely. Then, the tissue
pieces were transferred to a 15ml falcon tube to which 1.6ml enzymes mix (0.4mL collagenase I
(10mg/mL), 0.4mL collagenase IV (10mg/mL), 0.4mL hyaluronidase (3mg/mL), 0.4mL DNAse I
(1mg/mL) and 2.4mL trypsin (0.25%)) was added. The sample was incubated for 2hrs in the incubator
shaker at 37°C, with agitation at 200rpm. The isolated cells were washed three times with PBS and the
cell pellet was resuspended in the culture medium. The cells were cultured in 100mm tissue culture plate
and incubated in a 37°C incubator with 5% CO2, with a medium change every three days.

M6 (enzymatic method): 2g WJ was soaked in culture medium and excised to about 1-2mm. The tissue
pieces were washed three times by PBS to completely remove the culture medium. Then, the tissue pieces
were transferred to a 15ml falcon tube and subjected to two steps of digestion. In the �rst step, 0.5mL
collagenase II (10mg/mL), 4.5mL trypsin (0.25%) and 0.5% ethanol was used. In the second step, 0.5mL
collagenase II (10mg/mL), 0.5mL hyaluronidase (3mg/mL), 0.5mL DNAse I (1mg/mL), and 3.5mL culture
medium was used. The sample was incubated in the incubator shaker at 37°C, with agitation at 200rpm,
for 90min. The cells were collected by centrifugation at 700g and resuspended in 10ml culture medium.
Then, the cells were cultured in 100mm tissue culture plate and incubated in a 37°C incubator with 5%
CO2, with a medium change every three days.

2.4 Isolation of WJ-MSCs by “Mince-Soak-Digest (MSD)”
2g WJ tissue sample was minced to about 1-2mm and soaked in culture medium for 7 days on 100mm
tissue culture dish. Then, the tissue pieces were collected into a 15ml falcon tube and subject to
enzymatic digestion with a combination of collagenase II, III, and VI at 2mg/ml and DNAse I (0.1mg/mL)
at 37°C for 1.5hours, under 200rpm agitation. The digestion mixture was �ltered through a 40um �lter to
remove undigested tissue, and cells were washed three times by PBS to completely remove the digestion
enzymes. Cells were then collected by centrifugation at 700g and resuspended in 10ml culture medium.
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Cells were cultured in 100mm tissue culture dish coated with 0.2% gelatin and incubated in a 37°C
incubator with 5% CO2, with a medium change every three days for additional 7 days.

2.5 Culture of WJ-MSCs
WJ-MSCs were maintained in low-glucose Dulbecco’s Modi�ed Eagle’s Medium (DMEM-LG; Invitrogen),
supplemented with 10% fetal bovine serum (FBS; Sigma), 100Units/mL penicillin, and 100mg/mL
streptomycin. Cultures were grown at 37°C in a humidi�ed atmosphere containing 5% CO2. The medium
was changed every three days until 80% con�uence was reached. To passage the cells, 0.05% Trypsin-
EDTA (Invitrogen) was used to dissociate the cells and neutralized them with the culture medium. The
cells were then washed once with PBS and collected by centrifugation. The cells were seeded at 1×104

cells/cm2.

2.6 Cell growth curves
MSCs generated with different methods at passage 3 were seeded at 1000 cells/well in 96-well plates in
100 µL of culture medium. Cell numbers with each method were counted for 14 days with each sample in
triplicates, using a hemocytometer. Doubling time was estimated, and Typan Blue staining assay
(Invitrogen) was used to check the viability of the cells.

2.7 Flow cytometry analysis
Flow cytometry analysis was performed using Human MSC Analysis Kit (BD Biosciences, Cat. No.
562245) based on the manufacture’s protocol. Brie�y, cells were dissociated using Accutase (BD
Biosciences, Cat. No 561527) at 37°C for 5 mins and collected by centrifugation at 200g. Then, the cells
were passed through 70 µm strainers to ensure they were digested as single cells before they were
subject to �ow cytometry analysis. Dissociated cells were incubated in 1% BSA in PBS containing primary
antibodies on ice for 20 min. Cells were then analyzed using a BD FACSAriaII cell sorter. Analysis was
performed using FlowJo software (Tree Star).

2.8 BCA (Bicinchoninic Acid) protein assays
BCA protein assays were performed to quantify the total protein concentration using Pierce BCA Protein
Assay Kit (Prod #23225) based on the manufacture’s protocol.

2.9 Differentiation assays for WJ-MSCs
WJ-MSCs were differentiated into multiple mesenchymal lineages (adipogenic, osteogenic, and
chondrogenic) using Human MSC Functional Identi�cation kit (Catalog # SC006, R&D Systems) based on
the manufacture’s protocol.

2.10 Animals
The animals were housed in an environment-controlled room at 22°C with a 12hrs light and dark cycle.
Animal handlers were blinded to the experimental group. Tissues obtained were examined in a blinded
fashion.
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2.11 Staging of the estrous cycle of the rats
8 to10-week-old Sprague Dawley female Rats were used for this study. Vaginal smear/cytology is applied
to stage the estrous cycle of the rats as previously described35. Brie�y, a cotton-tipped swab wetted with
saline was introduced into the vagina of the rat. The swab was gently twisted against the vaginal wall to
scratch the cells. The cells were collected onto a dry glass slide by gently rub the swab across the slide.
The slide is air-dried, stained, and viewed under a microscope. The estrus phase is determined by the
presence of abundant anucleated corni�ed epithelial cells. Rats at the estrus phase were used for
establishing the endometrium-injury model.

2.12 Establishment of the rat intrauterine adhesions (IUA)
model
The rat model of endometrium-injury was established based on previously published protocols36–38 with
a few major modi�cations. Essentially, to increase the survival rate and reduce the complication rate due
to the surgery, we exposed a relatively small incision (3-5mm versus 3cm in published protocols) and
inserted a tweezer to scrape the inner uterine surface instead of a surgical scalpel blade. Brie�y, 10%
chloral hydrate (300mg/kg) was injected in the lower left abdominal quadrant of the rat to induce
anesthesia. After anesthesia, the left uterine endometrium was exposed by a 3-5mm longitudinal incision
on the uterine horns. A tweezer was inserted through the incision and the inner uterine surface was
scratched by pulling the tweezer back and forth, left and right for 10 times at each direction. Then, wash
the uterine surface with saline and close the uterine horn by 3–4 intermittent stitches using absorbable
sutures.

2.13 Transplantation of WJ-MSCs (MSD) to the rat uterus
Twelve rats were randomly assigned to two groups: the control (IUA-model) group and the transplantation
group (transplanted with WJ-MSCs (MSD)). The left uterine horns of all rats were incised open and then
closed by 3–4 intermittent stitches using absorbable sutures as a sham control. For the control group, the
inner uterine surface on the right was injured as described above, and MSC culture media was injected as
control. For the transplantation group, immediately after the uterine horn was exposed and injured, 2×106

WJ-MSCs (MSD) in 200 ul media were injected inside of the uterine horn, then the uterine horn was
sutured. Two weeks post-surgery, half of the rats in each group were used for fertility tests, and the other
half were used for H&E staining and immuno�uorescence analysis.

2.14 Fertility test
Rats in estrus were mated with 10-week-old fertile male Sprague-Dawley rats. Day 0 of pregnancy was
de�ned as the day a vaginal plug was found. Rats were then euthanized on gestation day 15–19, and
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uterine horns were examined to record the number of embryos.

2.15 Hematoxylin and Eosin (H&E) and Masson’s trichrome
staining
Formalin-�xed rat uterine tissues were para�n-embedded and sectioned into serial cross-sections of 5–
10 µm thickness each. Samples were stained as described previously [Animals 2020, 10(4), 683;
https://doi.org/10.3390/ani10040683]. From the images of H&E staining, the mean thickness of the
endometrium was determined from four measurements at 0 °, 90 °, 180 °, and 270 °in horizontal sections,
and the number of glands was counted from horizontal sections under a 40×magni�cation.

2.16 Immuno�uorescent staining
Rat uterine sections were depara�nized in xylene, rehydrated through an ethanol-graded series. For all
samples, antigen retrieval was performed by boiling the sections in 0.01 M sodium citrate buffer (pH 6.0)
for 20 min, followed by incubation at room temperature for 30 min. A 10% solution of normal donkey
serum (Jackson ImmunoResearch) in PBS was used as a blocking buffer. Sections were incubated with
the following primary antibodies diluted in blocking solution (1.0% Normal Donkey Serum, 0.1% Triton X-
100, and sterile PBS) overnight at 4°C. The sections were washed and labeled with Alexa dye-conjugated
secondary antibodies. Sections were mounted in ProLong Gold Antifade mounting media containing
DAPI (Life Technologies). Negative controls included incubation with rabbit immunoglobulin G antibodies
and omission of the primary antibody for all samples.

2.17 RNA extraction, reverse transcription, and quantitative
real-time PCR
Total RNA was extracted using TRIzol Reagent (Invitrogen) and puri�ed with the RNeasy Mini Kit
(Qiagen). Reverse transcription was performed using the SuperScript II Kit (Invitrogen). Quantitative PCR
analyses were performed in real-time using an ABI PRISM 7900 sequence detection system and SYBR
green master mix (Life Technologies). The primer information is provided in the Supplementary Table.
Data are presented as the mean ± SEM and derived from three independent experiments.

2.18 Data Analysis
Data are presented as mean ± SD for at least three independent experiments (different patient samples)
performed in triplicate unless stated otherwise. Statistical signi�cance is determined by analysis of
variance and set at p < .05.
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3. Results

3.1 Comparison of six widely used WJ-MSCs isolation
methods.
We started to compare the six widely used WJ-MSCs isolation methods in terms of cell morphology, cell
yields, purity, and proliferation rate. Two explant methods (M1 and M2), two enzymatic-explant methods
(M3) and M4), and two enzymatic methods (M5) and (M6) were tested for comparison. 2g umbilical cord
tissue was used for each method, and the experiments were repeated three times for statistical analysis.
In terms of cell morphology, all six methods generate spindle-like stromal cells with no obvious
morphological difference after 14 days of tissue culture (Fig. 1A). However, cell yields vary signi�cantly
among different isolation methods. M1 and M2 (explant methods) generate similar cell numbers after 14
days of culture; approximately 5x105 cells were isolated from 2g WJ (Fig. 1B). This result suggests that
additional homogenization procedure in M2 is not bene�cial for releasing more cells from the WJ tissue
in the explant/mechanical methods. M3, which digests the tissue by collagenase before explant, doesn’t
seem reliable or robust isolation method, as the cell yield varies signi�cantly between technical repeats.
We noticed that the jelly-like structure remains after collagenase treatment, and the cells may be trapped
within the jelly structure. This indicates that 4ºC overnight collagenase treatment is not e�cient enough
to digest the WJ tissue completely. The other enzymatic-explant method, M4, which combines trypsin
digestion and explant method, generates the least cell numbers. Two enzymatic methods, M5 and M6,
yield more cells compared to the explant and enzymatic-explant methods. M6 generates the most cells,
with an average number of 1.3x106 cells after 14 days of culture (Fig. 1B).

Cell proliferation rate is another critical factor in determining the quality of the cells. M1 and M6 were
selected to represent the explant and enzymatic methods for cell proliferation analysis. Explant-
enzymatic methods were not chosen as their performance in cell yield is not as good as the other
methods. The results showed that cells isolated by M6 have higher cell proliferation rate than M1,
suggesting that enzymatic treatment does not compromise the ability of cell growth (Fig. 1C).

Furthermore, to compare the purity of MSCs generated by different methods, we performed �ow
cytometry analysis to pro�le the surface markers on the cells at passage 232. Based on the analysis, more
than 90% of the cells generated by M2, M3, M5 and M6 are positive for the established MSCs markers
(CD44, CD90, CD73 and CD105), and less than 1% of the cells are positive for other lineage markers, such
as CD34, CD11b, CD19, CD45 and HLA-DR (Fig. 2 and Table 1). However, the purity was lower in the cells
generated by M1 and M4, with less than 90% of the cells are positive for MSC markers (Table 1, Fig. 2).
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Table 1
The percentage of the cells positive for the surface proteins

  M1 M2 M3 M4 M5 M6

CD44 95.1% 99.62% 98.50% 52.35% 99.78% 99.28%

CD73 95.51% 99.54% 99.47% 86.28% 99.48% 98.89%

CD90 85.33% 99.82% 95.71% 84.48% 94.11% 95.78%

CD105 60.73% 99.28% 93.95% 90.11% 92.14% 99.87%

HLA-DR 0.48% 0.12% 0.51% 0.31% 0.20% 0.14%

Taken together, M6, which releases MSCs from WJ tissue by two steps of enzymatic digestion, has the
best performance among all the methods tested in terms of cell morphology, cell yield, cell proliferation
rate, as well as cell purity. This indicates that the synergy of different enzymes helps disrupt the WJ
tissue matrix and release the cells. However, harsh treatment of multiple enzymes on the solid tissue
could compromise the quality of the cells for use in subsequent cellular studies or clinical applications,
especially stem cells that are more sensitive to enzymatic treatment. Besides, using multiple enzymes for
isolation costs relatively more to recover the same number of cells.

3.2 Development of “Mince-Soak-Digest (MSD)” method
While using the existing methods to isolate WJ-MSCs, we noticed that many cells were trapped in the
remaining tissue after migration in the explant methods (Fig. 3A). Similarly, big tissue pieces containing
many cells were not digested completely even after long-time incubation with a combination of enzymes
in the enzymatic methods. The thick collagen �bers seem to be the physical barrier for the cells to
dissociate from the tissue. It is reported that collagen constitutes 95% wet weight of WJ 39, and our
mRNA expression analysis con�rmed that COL1A1 (representing Collagen type I) is the predominant
protein expressed in WJ (Fig. 3B)40.

We also noticed that the density of collagen �bers in WJ tissues is reduced signi�cantly when soaked in
the media for 7 days in the explant methods (Fig. 3C). The soaking media becomes viscous, and the
protein concentration gains, indicating that collagen proteins are released from WJ tissue during the
process of soaking (Fig. 3D). These observations prompt us to test whether a soaking procedure would
facilitate the subsequent extracellular matrix digestion by collagenase, thus enhancing the resultant cell
yield from WJ tissue.

Thus, we develop a new WJ-MSC isolation method that incorporates a soaking procedure in the
enzymatic method, and we name it “Mince-Soak-Digest (MSD)”. Brie�y, we mince the WJ into small
pieces and soak them in the MSC culture media for 7 days. After soaking, we digest the collagen-reduced
WJ tissue with Collagenase II and VI to collect the cells (Fig. 3E).

3.3 MSD method is advantageous to the six widely used
isolation methods.
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We went on to compare MSD with the other six methods in terms of cell yield, proliferation rate, as well as
purity. We found that MSD generates signi�cantly higher cell numbers consistently. An average of
4.7x106 cells were obtained from 2g tissues. This yield is 4 to 10-fold higher than the six widely used
methods (Fig. 4A). Importantly, WJ-MSCs isolated by MSD (WJ-MSCs (MSD)) has comparable
proliferation rate (Fig. 4B) and purity (> 95% of the cells are positive for CD44, CD90, CD73 and CD105,
and 0.86% cells are positive for CD34, CD11b, CD19, CD45 and HLA-DR) with M6, which has the best
performance among the six tested methods (Fig. 4C).

To further con�rm the stem cell potential of WJ-MSCs isolated by MSD, we tested the differentiation
abilities of these cells to become osteogenic, chondrogenic, and adipogenic cells. To our expectation,
these cells are able to differentiate into all three lineages, as demonstrated by the immuno�uorescent
staining of FABP-4 as adipocyte marker, Aggrecan as chondrocyte marker, and Osteocalcin as osteocyte
marker (Fig. 4D).

Collectively, we have developed a robust and highly e�cient method to isolate MSCs from WJ with
signi�cantly higher cell yield (4 to 10-fold higher) than any of the widely used methods that we tested.

3.4 Transplantation of WJ-MSCs (MSD) promotes
endometrium regeneration in IUA rats.
MSCs from multiple sources, including WJ-MSCs, have been shown to facilitate endometrial regeneration
and fertility restoration in rat and rhesus monkey intrauterine adhesions (IUA) models, primarily due to
their paracrine effects at the lesion site41–45. To further test the therapeutic potential of WJ-MSCs (MSD)
for tissue regeneration, we established a rat IUA model and transplanted WJ-MSCs generated by M6 and
MSD into the uterus of the rats. The rat IUA model is developed by mechanical injury based on previously
published protocols with some modi�cations. We con�rmed by H&E staining that the thickness of the
uterine in the IUA model was thinner, and gland numbers were decreased compared to the uterine in the
sham group (Fig. 5A-C). After transplantation of WJ-MSCs, generated either by MSD or M6, into the
injured uterine of the IUA model, the uterine thickness, as well as the number of the uterine glands, was
recovered to the level comparable to the sham group (Fig. 5A-C). Note that although there is no signi�cant
difference between MSD- and M6-generated WJ-MSCs in terms of the recovery effect, MSD has the
advantage of generating higher cell yield compared to M6 and other methods.

3.5 Transplantation of WJ-MSCs (MSD) restores the fertility
of IUA rats.
Fertility assessment is one of the “gold standards”to test the function of the regenerated endometrium.
Two weeks after surgery, we went on to perform a fertility test for sham, control (IUA model), and
transplantation groups. The pregnancy rate for the sham side is 100%, as all the left uterine horns are
able to receive embryos. However, due to the injury, the pregnancy rate for the control (IUA model) group is
only about 7%, which veri�ed the reliability of our IUA model. Signi�cantly, after transplantation of WJ-
MSCs, generated either from MSD or M6, the pregnancy rate has increased to more than 80% (Fig. 6B).
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Furthermore, we examined the implantation e�ciency by quanti�cation of the well-developed embryos,
which have comparable weights and dimensions as normal embryos developed in the sham group (Fig.
6A). The results showed that each uterine horn from the sham group received seven embryos on average,
while only 1 out of the 6 uterine horns in control (IUA model) group received 2 embryos. Signi�cantly,
each uterine horn from the transplantation group received �ve well-developed embryos on average.

Taken together, these results demonstrate that WJ-MSCs have therapeutic potential to restore
endometrium tissue injury and fertility capability. Again, although there is no signi�cant difference
between MSD- and M6-generated WJ-MSCs in terms of the therapeutic effect, MSD increases the quantity
of the cell yield without compromising the quality. These results suggest that MSD could be generalized
as an isolation method to obtain WJ-MSCs for large-scale clinical trials for tissue repair.

4. Discussion
WJ-MSCs show promising e�cacy in animal models for a variety of degenerative diseases. However, in
most studies, they do not produce the same results when translated to the human system46,47. One
possible problem is the heterogeneity of the cells, which largely results from the current isolation
methods. Besides, the limited sources and in vitro proliferation ability of WJ-MSCs makes the cell number
a bottleneck for large-scale clinical application. Based on carefully analyzing multiple widely used
isolation protocols, we �nd that the biggest obstacle for WJ-MSCs isolation is the ine�ciency in the
digestion of the extracellular matrix. Thus, we have developed MSD, which disrupts the extracellular
matrix of WJ by soaking before enzymatic digestion. This results in a signi�cant increase of cell yield by
4- to 10-fold with high purity and consistency. Importantly, we show that the isolated MSCs have the
powerful regenerative potential for tissue repair and could be generalized for large-scale clinical trials.

Explant culture and enzymatic digestion are the two prevalent methods to isolate WJ-MSCs. The absence
of proteolytic stress and the presence of tissue origin is supposed to increase the viability of the cells in
the explant culture method. However, the structure of the extracellular matrix within the tissue creates a
big physical barrier for cells to migrate out, which results in only a small percentage of total cells manage
to grow out of the entire tissue piece. The enzymatic method, on the other hand, is more e�cient to obtain
a single cell population from the tissue, but the concentration of the enzymes and the incubation time for
digestion are di�cult to optimize to achieve high cell viability. Moreover, dense collagen �bers are di�cult
to be digested completely, leaving many of the cells to remain in the collagen �bers. In many cases, the
two methods are combined (explant-enzymatic) to complement each other. However, in our test, the
combination of explant and enzymatic M3 and M4 are not as good as the other methods in terms of cell
yield, reproducibility, and purity. Essentially, among all the tested methods, we �nd that there are
considerable variations in the technical details from published protocols, including the type and
concentration of collagenase used, as well as the temperature and duration of enzymatic digestion or
explant incubation, which leads to variable sizes of undigested tissues. These variations in different
laboratories produce inconsistent results between studies.
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An important step that we integrate into our method is the soaking step, which has been proven to
facilitate the disruption of the extracellular matrix in the WJ tissue. While soaking, the collagen �bers
leach out to the media and leave the remaining loose matrix easier to be digested. This step makes the
dissociation of cells much simpler and more controllable. Thus, we propose that the combination of a
soaking step with enzymatic digestion contributes to the elimination of the variations between studies
due to the cell heterogeneity.

Intrauterine adhesions, also called Asherman’s syndrome48, is characterized by partial or complete
bonding of the uterine cavity due to the formation of scar tissue inside the uterus caused by uterine
surgery49. Severe recurrent IUA hinders embryos implantation and leads to miscarriage50. The primary
goal of IUA treatment is to restore endometrial regeneration, and stem cell-based therapy has become one
of the promising adjuvant therapies for IUA treatment51. Substantial progress has been made in
preclinical and clinical studies of using UC-MSCs for the treatment of IUA. However, large-scale, double-
blind, randomized trials are urgently needed to evaluate the safety and e�cacy of the treatment. Our
results show that our WJ-MSC (MSD) is capable of recovering the regeneration of the endometrium and
restore fertility. We propose that su�cient clinical-grade WJ-MSCs could be generated by MSD and apply
to large-scale clinical trials for degenerative diseases.

5. Conclusion
In summary, we have established a robust and highly e�cient approach, “Mince-Soak-Digest (MSD)” to
isolate WJ-MSCs. Compared to the current widely used approaches, MSD could signi�cantly increase the
cell yield by 4- to 10-fold with high purity and consistency. Importantly, we show that the isolated MSCs
have the powerful regenerative potential for endometrial tissue repair. Taken together, our study
contributes to the standardization of WJ-MSCs isolation, which assures the abundance of WJ-MSCs and
eliminates the discrepancies due to isolation procedures, thus facilitates the evaluation of the e�cacy of
WJ-MSCs across various human clinical applications.
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Figure 1

Comparison of the six widely used isolation methods. (A) The morphology of cells isolated from M1 to
M6, scale bars represent 100μm; (B) Counts of cell number using M1 to M6. (C) Growth curve of isolated
MSCs from M1 and M6.
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Figure 2

Immunophenotype of isolated cells from M1 to M6. Isolated cells at passage 3 were used for �ow
cytometry analyses. Each histogram is a representative result of three biological repeats. Values
represent the mean percentage of all assessed cells positively stained by the respective antibodies in the
�ow cytometry analyses.
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Figure 3

Development of Mince-Soak-Digest (MSD) method for isolation of WJ-MSCs. (A) H&E staining of WJ
tissue after explant isolation methods. Arrows indicate cells that trapped in the tissue. Scale bar
represents 1000μm; (B) mRNA expression of collagen genes in WJ. VIM (Vimentin) gene were used as a
positive control. (C) Masson’s trichrome staining of collagen �bers in fresh and soaked WJ tissues. Scale
bars on the left original tissue images represent 1000μm and on the right magni�ed images represent
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100μm. (D) BCA protein assays were used to quantify the total protein concentration of media used to
soak WJ tissues. (E) Schematic diagram of Mince-Soak-Digest (MSD) method.

Figure 4

Comparison of MSD method to the six widely used methods. (A) Counts of cell numbers of MSD and M1-
M6. (B) Growth curve of cell number of M1, M6, and MSD. (C) Flow cytometry analysis on MSD isolated
cells. (D) Immuno�uorescence staining of MSD isolated cells after directed differentiation. Scale bars
represent 100 μm.
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Figure 5

Endometrial regeneration by WJ-MSCs (MSD). (A) H&E staining of rat uteri under different treatments.
Scale bars on the left original tissue images represent 1000μm and on the right magni�ed images
represent 100μm. Statistical analysis of endometrial thickness (B) and the number of endometrial glands
(C) under different treatments.
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Figure 6

Fertility restoration by WJ-MSCs (MSD). (A) Embryo implantation images of rat uteri under different
treatment. Black arrows indicate treatment received for each side of uteri horn. Statistical analysis of
pregnancy rate (B) and the number of received well-developed embryos (C).
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