
Int J Clin Exp Med 2019;12(9):11075-11090
www.ijcem.com /ISSN:1940-5901/IJCEM0089735

Original Article 
Comparison of different conditions for culturing of  
mesenchymal stem cells from human  
umbilical cord Wharton’s jelly

Yu Bao1, Zhengyan Zhao2

1Nephrology Department, 2Division of Child Health Care, Children’s Hospital, Zhejiang University School of 
Medicine, Hangzhou, Zhejiang Province, China

Received December 12, 2018; Accepted May 7, 2019; Epub September 15, 2019; Published September 30, 
2019

Abstract: Objective: In the current study, a hypoxia and/or serum-free model was constructed in vitro to identify the 
optimal protocol for hUC-MSCs expansion, while still maintaining growth capacities. Methods: Parallel assays were 
conducted using four cell groups. Proliferative activities, cell cycle analysis, flow cytometric analysis, apoptosis anal-
ysis, and the differentiation potential of these four cell populations were evaluated. Results: The overall viability of 
hUC-MSCs samples was >95%. There were no significant changes in any detected markers in the four groups. Under 
hypoxia or cultured in serum free culture media, hUC-MSCs retained the potential to differentiate in vitro toward 
osteogenic and adipogenic lineages. Under hypoxia and serum free conditions, hUC-MSCs showed higher prolifera-
tion, without more apoptosis. Conclusion: Hypoxia and serum free culture conditions did not influence the major 
properties of hUC-MSCs. Under hypoxia and serum free conditions, hUC-MSCs show higher proliferation. However, 
apoptosis rates did not increase. Therefore, the availability of optimized in vitro assays, involving hypoxia conditions 
and serum free media for hUC-MSCs manipulation, might have a substantial scientific and clinical potential.
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Introduction

Mesenchymal stem cells (MSCs) are undiffer-
entiated cells that can self-renew and provide 
high proliferative capacity. They can differenti-
ate into various cell types, including chondro-
cytes, osteocytes, adipocytes, myocytes, and 
neurons [1-4]. MSCs can be isolated from dif-
ferent tissues, such as bone marrow (BM), adi-
pose tissue, dental pulp, placenta, umbilical 
cords, and umbilical cord bloods (UCB) [5-10]. 
Compared to other sources of MSCs, a relative-
ly large number of human umbilical cord Wh- 
arton’s jelly-derived mesenchymal stem cells 
(hUC-MSCs) can be harvested, propagated wi- 
thout feeder cells, and stored after birth, with-
out any risks to the donor. 

Most hUC-MSC expansion procedures involve 
the use of bovine serum-containing medium. 
Bovine serum may pose a potential risk of 
transmitting unknown viruses, mycoplasma, 

prions, and unidentified zoonotic agents. Ad- 
ditionally, a high degree of batch-to-batch varia-
tion could cause inconsistencies in generating 
quality-controlled cells, complicating standard-
ization of the production process. In fact, the 
use of FBS in stem cell cultivation for clinical 
application has been prohibited in many devel-
oped countries. It is likely to be limited or pro-
hibited in upcoming years. On the other hand, 
nutrition deficiency is the major pathophysio-
logical situation in an ischemic microenviron-
ment in clinic [11]. Thus, development of serum-
free culture systems is necessary [12].

Reports concerning the effects of a low oxygen 
environment (hypoxia) on hUC-MSC character-
istics have been scarce, although hypoxia is 
common in the mammalian reproductive tract. 
Intrauterine oxygen tension is known to be 2% 
[13]. Average oxygen tension falls to 1% in some 
cases of pathological ischemia, including frac-
ture hematomas and myocardial ischemia [14]. 
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Hence, investigation into the biological charac-
teristics of hUC-MSCs with exposure to hypoxic 
and/or serum-free conditions is of great inter-
est. Some studies have reported the biological 
characteristics of MSCs from BM or adipose 
tissue under hypoxic and/or serum-free in vitro 
conditions. Fotia found that low oxygen concen-
trations promoted cell proliferation and stem-
ness [15], enriching the pool of cells potentially 
able to differentiate into multiple lineages and 
extending the possibility of long-term expan-
sion. Potier also reported that prolonged hyp- 
oxia conditions, concomitant with serum-free 
conditions, induced BM-MSC apoptosis [16]. At 
present, little is known about the biological 
characteristics of hUC-MSCs under hypoxic 
and/or serum-free conditions in vitro. The cur-
rent study developed a hypoxic and/or serum-
free in vitro model, aiming to identify the opti-
mal protocol for hUC-MSC expansion, while 
maintaining growth capacity.

Materials and methods

Samples

Human umbilical cords were collected after 
full-term deliveries with informed consent of 
the mothers (n = 10). Segments, between 5 
and 10 cm, were sectioned and placed at room 
temperature in sterile phosphate-buffered sa- 
line (PBS), supplemented with penicillin-strep-
tomycin. All samples were tested for the ab- 
sence of HIV, HBV, and HCV and were pro-
cessed within 24 hours of collection.

Isolation of hUC-MSCs 

Wharton’s jelly was isolated from umbilical co- 
rds after dissection and removal of the umbili-
cal cord arteries, veins, and amniotic epitheli-
um. MSCs isolation from Wharton’s jelly was 
achieved using mechanical dissociation [17]. 
Tissue explants were seeded onto tissue cul-
tured dishes (Corning, US). Cultures of tissue 
explants were maintained at 37°C in a humidi-
fied atmosphere of 5% CO2. For optimal cell 
growth, the medium was changed at sub-cultur-
ing. If the medium appeared acidic prior to cells 
reaching 80% confluence, half of the medium 
was replaced. For sub-culturing, the cells were 
enzymatically detached using the MesenCult™ 
dissociation kit (STEMCELL Technologies™ 
Inc.).

HUC-MSCs expansion under different condi-
tions 

To test the influence of different culturing con-
ditions on hUC-MSCs, parallel assays were con-
ducted involving the four cell groups (A, B, C, 
and D). All cells at passage 3 were harvested 
and re-plated at a density of 5×103 cells/cm2. 
For hypoxic controls, cells from group A (n = 10) 
and group B (n = 10) were exposed to 5% CO2 
and 94% N2 in an airtight modular incubator 
chamber (Billups-Rothenberg Inc., Del Mar, CA, 
USA). The final oxygen tension was 1-3%, mea-
sured by an oximeter (Oxybaby M+, Witt Te- 
chnology, Solza, Italy). Cells from group A were 
expanded in Dulbecco’s Modified Eagle medi-
um, with the nutrient mixture F-12 (DMEM/F-12) 
supplemented with 10% fetal bovine serum 
(FBS, MSC qualified). Cells from group B were 
expanded in StemPRO® MSC serum-free medi-
um (SFM). For normoxic controls, cells from 
group C (n = 10) and group D (n = 10) were 
placed in a 37°C and 5% CO2 in a 21% O2 incu-
bator. The cells were cultured in DMEM/F-12 
supplemented with 10% FBS (group C) or St- 
emPRO® MSC SFM (group D). After 48 hours  
of culturing, nonadherent cells were removed. 
The cells were maintained by replacing the 
medium every 3-4 days. All cells were exposed 
to different culture conditions for at least six 
consecutive passages. Moreover, hUC-MSC pa- 
ssage protocols were identical for the four cell 
groups. Culturing was monitored by microscopy 
(Olympus CK40 optical microscope, Central Va- 
lley, PA, USA), aiming to assess cell morphology 
and spreading.

Detection of cell viability 

HUC-MSC numbers and viability levels were 
assessed using Trypan blue exclusion. This test 
was used to estimate viability percentages and 
total cell counts (TCC).

Flow cytometry 

MSCs were subjected to flow cytometric analy-
sis at passages 3 and 6. The following antibod-
ies were used to label cell surface epitopes: 
Fluorescein isothiocyanate (FITC)-conjugated 
anti-CD34, FITC-conjugated anti-CD44, FITC-
conjugated anti-CD45, FITC-conjugated anti-
CD90, phycoerythrin (PE)-conjugated anti-CD- 
73, PE-conjugated anti-CD105, PE-conjugated 
anti-CD106, PE-conjugated anti-CD29, PE-con- 
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mL culture tube. FITC annexin V (5 μl) and 5 μl 
of PI were added. The cells were gently vortexed 
and incubated for 15 minutes at RT (25°C) in 
the dark. Each tube was supplemented with 
400 μl of 1× binding buffer. Samples were ana-
lyzed using flow cytometry within 1 hour.

Statistical analysis 

Results are expressed as mean ± SE, unless 
indicated otherwise. Data were analyzed using 
SPSS software version 20.0. Statistical analy-
ses were performed using two-way analysis of 
variance (ANOVA) or Student’s t-test. P<0.05 
indicates statistical significance.

Results

Cell morphology 

Primary isolated cells formed a homogenous 
monolayer. During passage to the third genera-
tion, cells of the four groups became more uni-
form and grew in a monolayer with typical fibro-
blast morphology. Cells cultured without FBS 
(groups B and D) were smaller than those cul-
tured with FBS (Figure 1).

Viability 

The overall viability of hUC-MSCs was >95% as 
measured by Trypan blue exclusion. There were 
no significant differences in viability levels of 
cells cultured under different conditions.

Phenotype

Immunophenotypic profiles were evaluated by 
examining cell surface marker expression on 
hUC-MSCs expanded under various conditions 
at passages 3 and 6. A comprehensive panel of 
positive and negative markers for MSCs was 
used to characterize cells expanding under the 
four conditions (Figures 2-4). There were no sig-
nificant changes in any detected markers in the 
four groups. Cells expanding under different 
conditions had similar expression profiles for 
almost all tested markers. Thus, hypoxic and/or 
serum-free conditions used in this study appar-
ently did not alter commonly analyzed MSC-
associated markers, compared to standard 
conditions.

Differentiation ability 

Multilineage differentiation ability was assess- 
ed based on osteogenic and adipogenic differ-

jugated anti-HLA-ABC (BD Pharmingen, CA, 
USA), allophycocyanin (APC)-conjugated anti-
CD14, and peridinin chlorophyll protein (PerCP)-
conjugated anti-HLA-DR (Miltenyi Biotec). At 
least 10,000 events were acquired using a BD 
FACS Caliber flow cytometer.

Multi-differentiation potential 

Differentiation potential was assessed at later 
passage (passage 6, P6). After reaching 60- 
80% confluence, the cells were exposed to dif-
ferentiation medium using the StemPRO® os- 
teogenesis or adipogenesis differentiation kit 
(Gibco) for 15 days (changed every 3-4 days). 
Osteogenesis was evaluated by alizarin red 
staining, while Oil red O (Sigma) was used to 
assess adipogenic differentiation.

Determination of cell proliferation 

HUC-MSCs at passage 4 were seeded into 
96-well plates at a density of 2×104 cells per 
well. Proliferation of the four cell populations 
was evaluated according to growth curves and 
MTT assay results [18]. MTT assays were per-
formed using an MTT assay kit (Gibco). Briefly, 
MTT reagent (5 mg/mL) was added. The cells 
were incubated for 4 hours at 37°C. Ice-cold 
PBS was used to wash the cells and 150 μl of 
DMSO was added. Absorbance values of each 
well were measured at 570 nm using a micro-
plate reader (Bio-Rad Laboratories, Inc., Her- 
cules, CA, USA). Each cell treatment was as- 
sayed >3 times.

Cell cycle analysis 

After 6 days of culturing, cells at passages 3 
and 6 were collected for cell cycle analysis. 
Briefly, the cells were trypsinized, centrifuged, 
and fixed in 70% ethanol at 4°C for 24 hours. 
The samples were suspended in PBS, contain-
ing propidium iodide (10 mg/mL) and RNase A 
(2 mg/mL), at 4°C for 30 minutes. They were 
analyzed using a FACSCalibur flow cytometer 
(BD Bioscience, San Jose, CA).

Cell apoptosis analysis 

Cell apoptosis was assayed using an FITC an- 
nexin V apoptosis detection kit (BD Biosciences). 
Moreover, hUC-MSCs at P3, P6, and P9 were 
digested by trypsin and washed twice with PBS. 
The cells were then resuspended in 1× binding 
buffer at a concentration of 1×106 cells/mL. 
The solution (1×105 cells) was transferred to a 5 
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numbers. G1, G2/M, and S 
fractions of the four groups 
at passages 3 and 6 are 
shown in Table 1. Signifi- 
cant differences in the S 
phase population were ob- 
served between every two 
groups of the same pas-
sage (*p<0.05), excluding 
the comparison of group A 
to group D.

Apoptosis 

Annexin and PI flow cyto-
metric assays showed that, 
at passage 6, the serum-
containing complete medi-
um induced more promi-
nent apoptosis of hUC-
MSCs than the serum-free 
medium, including 7.98± 
1.31% vs 3.01±0.69% apo- 
ptosis under hypoxic condi-
tions and 10.01±2.11% vs 

entiation [19]. Oil red O staining showed that 
the four groups of hUC-MSCs were positively 
stained for neutral lipid vacuoles (Figure 5). 
Similarly, alizarin red S staining showed miner-
alized deposits in osteogenic-induced cultures 
of all hUC-MSCs (Figure 6). Hence, even under 
hypoxia or in serum-free culture media, hUC-
MSCs retained the potential to differentiate in 
vitro toward osteogenic and adipogenic line- 
ages.

Expansion characteristics 

Effects of different culture conditions on the 
growth and proliferation of hUC-MSCs were 
investigated. The four groups began to grow 
exponentially at day 2, reaching a plateau at 
days 6 and 7 (Figure 7). From day 4 to day 10, 
the plateau of MSCs under hypoxic and serum-
free conditions was the highest (p<0.05). Ac- 
cording to MTT assays, group B had higher OD 
values, while group C had relatively lower OD 
values from day 5 to day 11 (Figure 7B). The 
two other groups also demonstrated significant 
differences (p<0.05). At passage 3, the popula-
tion doubling times of groups A, B, C, and D 
were 32.7, 30.5, 40.3, and 33.9 hours, respec-
tively, based on the logarithmic growth phase. 
HUC-MSCs under hypoxia and serum-free con-
ditions showed the lowest population doubling 

6.02/±0.89% apoptosis under normoxic condi-
tions. Results at passage 9 were similar. At pas-
sages 3 and 6, hypoxic conditions played a vital 
role in cell apoptosis. However, at passage 9, 
results for cells cultured in the serum-free 
medium were reversed, as shown in Figures 8 
and 9.

Discussion

Many recent studies have demonstrated that 
the umbilical cord is an excellent source of 
MSCs, in addition to other sources, such as 
bone marrow and connective tissues. These 
MSCs are like those obtained from other sourc-
es and are easier to isolate and expand ex vivo. 
Moreover, these cells display many properties 
of MSCs, such as multipotency, high prolifera-
tion rates, immunomodulatory properties, and 
secretion of paracrine factors [20]. However, to 
use these cells in clinical therapy, a suitable 
culturing procedure for good manufacturing 
practice-compliant production of hUC-MSCs is 
mandatory. It is also important to explore the 
biological characteristics of hUC-MSCs in an in 
vivo environment.

The current study conducted parallel assays in 
culturing using four conditions. This study 
described the characterization of hUC-MSCs 

Figure 1. Morphological changes in hUC-MSCs cultured under different condi-
tions at passage 3. A: Group A: hypoxia + DMEM/F-12; B: Group B: hypoxia + 
SFM; C: Group C: normoxia + DMEM/F-12; D: Group D: normoxia + SFM (original 
magnification 100×, bar = 50 μm).
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from these groups, including cell morphology, 
viability, expression of specific markers, and 
multipotent differentiation ability levels. Mo- 
reover, expansion characteristics and apopto-
sis rates of hUC-MSCs at different passages 
under conditions of hypoxic and/or serum de- 
privation were measured. 

In previous studies, the injury site microenvi-
ronment was of major concern for MSC trans-
plantation. It can affect the biological behavior 
of implanted cells. On the other hand, implant-
ed cells will elicit some response from the 
microenvironment. In this study, hUC-MSCs cul-
tured in a serum-free medium had a higher pro-
portion of small spindle-shaped cells at pas-
sage 3, compared to cultures in a complete 
medium containing 10% FBS. Flow cytometry 
analysis of MSC-specific surface marker ex- 

pression showed that hUC-MSCs cultured un- 
der four experimental conditions for six pas-
sages were positive for CD44, CD73, CD90, 
CD105, CD29, and HLA-ABC and negative for 
CD34, CD45, CD14, and HLA-DR. No significant 
differences were detected between the four 
cell populations. Present findings indicate that 
culturing cells under hypoxic and/or serum-free 
conditions did not induce significant variations 
in the typical MSC marker expression profile. 
Multilineage differentiation ability was asse- 
ssed based on osteogenic and adipogenic dif-
ferentiation. Moreover, hUC-MSCs maintained 
their multilineage differentiation potential in 
vitro after expansion under various conditions. 
MSCs from all groups demonstrated a similar 
osteogenic phenotype, as evidenced by posi-
tive staining for alizarin red S and deposits of 
calcified matrix. In the case of adipogenic dif-

Figure 2. Flow cytometry of hUC-MSC samples (mean percentage ± SD (%)). A, B: Passage 3; C, D: Passage 6. 
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Figure 3. Flow cytometry of hUC-MSCs at passage 3. A: Group A; B: Group B; C: Group C; D: Group D.
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Figure 4. Flow cytometry of hUC-MSCs at passage 6. A: Group A; B: Group B; C: Group C; D: Group D.
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Efficient and consistent lar- 
ge-scale expansion of all 
cells, including hUC-MSCs, 
is a limiting factor for cells 
used in cell-based therapy. 
The current study demon-
strated that, under hypoxic 
and serum-free conditions, 
hUC-MSCs have higher pro-
liferation, according to their 
growth curves and MTT as- 
says, at passage 3 than 
cells grown under normoxic 
and serum-containing cul-
ture conditions. This finding 
is consistent with that of 
previous reports, demon-
strating the enhanced pro-
liferation of bone marrow-
derived MSCs (BM-MSCs) 
under hypoxic and/or ser- 
um-free conditions [21-26]. 
Based on results reported 
in this study, hypoxic and 
serum-free conditions ap- 
pear to be suitable choices 
for the large-scale expan-
sion of hUC-MSCs, as they 
do not compromise the qu- 
ality of cells. This finding 
suggests that hypoxic and 
serum-free conditions can 
be therapeutically effective 
in preclinical and clinical 
evaluations.

Another main challenge as- 
sociated with the use of 
MSC therapy concerns poor 
viability after transplanta-
tion. This may be due to 
senescence or apoptosis. 
Ischemia results in the de- 
pletion of O2 and nutrients, 
leading to considerable de- 
ath of transplanted cells. 
They cannot tolerate an is- 

ferentiation, cells from all groups formed lipid 
vacuoles, as detected by Oil red O. There were 
no significant quantitative changes between 
the groups. Thus, present results indicate that 
hypoxic and/or serum-free conditions did not 
affect the biological characteristics of hUC- 
MSCs.

chemic microenvironment. Furthermore, MSCs 
differentiation into mature cells involved in tis-
sue repair requires initial survival and subse-
quent proliferation of implanted cells in the new 
ischemic environment. This process is known 
as adaptation to the repair site [27, 28]. Thus, 
the survival rate of MSCs after implantation in 

Figure 5. Multilineage differentiation potential of hUC-MSCs. Adipogenesis was 
confirmed by neutral oil droplet formation stained with Oil red O. A: Group A; B: 
Group B; C: Group C; D: Group D (original magnification 100×, bar = 50 μm).

Figure 6. Multilineage differentiation potential of hUC-MSCs. Formation of min-
eralized matrix was detected by alizarin red S staining. A: Group A; B: Group B; 
C: Group C; D: Group D (original magnification 200×, bar = 50 μm).
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vivo is crucial for the successful reconstruction 
of damaged tissues or organs. Fortunately, pre- 
sent data indicates that hypoxic and serum-
free conditions did not induce excessive apop-
tosis of hUC-MSCs. Present results highlight 
the potential utility of hUC-MSCs for treatment 
of ischemic disease.

In conclusion, current results suggest that new 
culture conditions, including hypoxia and ser- 

um-free medium, yield significantly higher pro-
liferation rates and less apoptosis, while main-
taining the surface marker expression profile 
and multipotency. The safety and quality of 
transplanted MSCs should be significantly en- 
hanced to achieve clinical-grade culturing. The 
current study observed that StemPRO® MSC 
serum-free medium and hypoxia supported the 
growth and expansion of hUC-MSCs. This find-
ing may lead to clinical application. Present 

Figure 7. Expansion ability of the four groups. A: Growth curve at passage 3. B: MTT assay at passage 3. C: Cell cycle 
distribution at passage 3 (mean percentage ± SD (%)). D: Cell cycle distribution at passage 6 (mean percentage ± 
SD (%)).

Table 1. Cell cycle analysis of different subculture generations of hUC-MSCs cultured under different 
conditions assayed by flow cytometry (mean ± SD)

Group A Group B Group C Group D

Passage 3 Passage 6 Passage 3 Passage 6 Passage 3 Passage 6 Passage 3 Passage 6

G1 (%) 83.44±1.64 83.76±1.39 75.80±2.51 79.17±3.54 85.58±1.31 89.06±0.92 82.44±2.31 86.62±0.87

G2 (%) 5.53±1.35 6.92±0.67 3.75±0.59 5.72±1.53 8.01±1.47 5.53±0.61 5.83±1.50 6.80±0.41

S (%) 10.94±1.08 9.32±1.61 20.44±2.39 17.74±1.49 6.29±1.83 5.48±0.96 11.64±1.29 8.44±0.56
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Figure 8. Cell apoptosis of different subculture generations of hUC-MSCs cultured under different conditions.
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data brings researchers one step closer to the 
development and approval of safer clinical cell 
therapies. Additional preclinical and clinical sa- 
fety and efficacy studies are necessary, how-
ever, before the potential of this culture condi-
tion can be fully realized.

Conclusion

Taken together, current data suggests that hy- 
poxic and serum-free culture conditions do not 
influence the major properties of hUC-MSCs. 
Under hypoxic and serum-free conditions, hUC-
MSCs showed higher proliferation rates. How- 
ever, apoptosis rates did not increase. The- 
refore, the availability of optimized in vitro con-
ditions, including hypoxia and serum-free me- 
dia, for hUC-MSC manipulations may have sub-
stantial scientific and clinical impact. Thus, 
standardization of culture expansion techni- 
ques in defined, hypoxic, and serum-free cul-
ture conditions is a priority required for the 
accurate characterization of hUC-MSCs as can-
didates for clinical cell therapy application. 
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