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Abstract 

Background  The selection of suitable culture medium is critical for achieving good clinical outcomes in cell therapy. 
To support the commercial application of stem cell therapy, customized culture media not only need to promote 
stem cell proliferation, but also need to save costs and meet industrial requirements for inter-batch consistency, 
efficacy, and biosafety. In this study, we developed a series of serum-free media (SFM) and elucidated the effects 
between different SFM, as well as between SFM and serum-containing meida (SCM), on human umbilical cord mes-
enchymal stem cells (hUC-MSCs) phenotype and function. We analyze and emphasize from the perspectives of clini-
cal and commercial application why research on customized culture media is critical for the success of enterprises 
developing novel cellular therapeutics.

Methods  We cultured hUC-MSCs with identical cell seeding densities in different formulations of SFM and SCM 
until passage 10 and examined the changes in cell phenotype and function. We analyzed the results with the com-
mercial application requirments of the cellular therapy industry to assess the potential impact of customized cul-
ture media on inter-batch consistency, efficacy, stability, biosafety, and cost-effectiveness of industrial-scale cell 
production.

Results  hUC-MSCs cultured in SCM and SFM exhibit consistent cell morphology and surface molecule expression, 
but hUC-MSCs cultured in SFM demonstrate higher activity, superior proliferative capacity, and greater stability. 
Furthermore, hUC-MSCs cultured in different SFM exhibit differences in cell activity, proliferative capacity, senescent 
rate, and S/M ratio of cell cycle, while maintaining a normal karyotype after long-term in vitro cultivation. Moreover, 
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Background
Mesenchymal Stem/Stromal Cells (MSCs) have been well 
demonstrated by numerous in  vivo studies to possess 
potential clinical applications for various diseases due to 
their role in immunoregulation, anti-inflammatory, and 
multipotent differentiation potential [1–5]. To facilitate 
the rapid translation and implementation of this novel 
therapy, countries worldwide are prioritizing and sup-
porting the clinical application of MSCs as a key area for 
development [6, 7]. Currently, there are more than 1200 
registered MSCs clinical trials and over 60,000 publica-
tions on MSCs [8, 9]. With breakthroughs in the poten-
tial mechanisms and therapeutic strategies of MSCs in 
treating various diseases, the cell therapy industry is 
expected to bring significant market value in the foresee-
able future, while also assisting humanity in achieving 
better health outcomes [10, 11].

Cell culture media specifically designed to support 
the growth of MSCs are critical for the clinical appli-
cation of MSCs [12, 13]. They provide the necessary 
nutrients for cell growth, create a suitable environ-
ment, and shape the phenotype and function of the 
cells [14, 15].The majority of MSCs products use a 
combination of cluster of differentiation (CD) mark-
ers, trilineage differentiation potential, and cell mor-
phology as identification criteria for MSCs [16–19]. 
According to International Society for Cellular Therapy 
(ISCT) in 2006, the MSCs should express high CD90, 
CD73, and CD105 (≥ 95%) while lacking expression of 
CD45, CD34, CD14, CD19, and HLA-DR (≤ 2%) mark-
ers [20]. However, while many MSCs cultured in  vitro 
using general-purpose media meet these criteria, they 
may not be sufficient to define MSCs products used for 
clinical disease therapy. On one hand, media that only 
support lower cell passage numbers may not align with 
the goal of large-scale clinical MSCs production [21]. 
On the other hand, MSCs produced in different media 
may exhibit variations in activity, functionality, and 
other characteristics [22]. These differences could have 
significant implications for the development of MSCs 
products and may even determine the outcomes of sub-
sequent disease treatments. Considering that cultured 

MSCs will be applied in clinical disease therapy rather 
than scientific research, customized high-quality media 
should meet the requirements for inter-batch consist-
ency, efficacy, passage stability, biological safety, and 
cost-effectiveness in industrial-scale cell production.

Despite the limitations of using SCM for ex  vivo 
MSCs expansion for clinical trials, including potential 
risks such as unknown viral contamination, immuno-
logical reactions, and affecting cell batch stability, many 
companies still employ this xenogenic additive [23–25]. 
Compared to SCM, SFM offer greater advantages in 
cultivating clinical-grade MSCs because it lack xeno-
geneic components and ensure stable quality [26, 27]. 
However, whether SFM can stably support long-term 
MSCs growth compared to SCM, and whether MSCs 
cultured in different SFM exhibit different characteris-
tics, lack systematic research.

In this study, we evaluated the impact of different types 
and formulations of culture media on inter-batch consist-
ency, cost-effectiveness, passability stability, biological 
safety, and efficacy required for industrial scale cell pro-
duction. By systematically comparing the biological char-
acteristics and functionalities of hUC-MSCs in different 
culture media, this study aimed to assist MSCs product 
developers gain a deeper understanding of why the selec-
tion and optimization of disease based culture media sig-
nificantly impact the development of clinical applications 
of MSCs. The results indicated that while hUC-MSCs 
cultured in different types and formulations of culture 
media all meet the ISCT criteria for MSC identification, 
variations exist in cell phenotype and function, which 
may influence the therapeutic outcomes of subsequent 
diseases. Considering the differences in disease mecha-
nisms, these findings suggested that appropriate culture 
media should be chosen based on the specific type of 
disease being treated, rather than solely relying on classi-
cal MSC identification methods such as cell morphology, 
surface markers, and differentiation potential. Besides, 
optimizing culture conditions for specific diseases during 
the preclinical stage of MSCs product development can 
effectively reduce both the time and costs of the project, 
thereby facilitating the commercial application of MSCs 

we found that hUC-MSCs cultured in different media exhibit variations in paracrine capacity and in their support 
of hematopoietic stem cell (HSC) self-renewal.

Conclusion  Considering the substantial funding and time required for cell-based drug development, our results 
underscore the importances of comprehensively optimizing the composition of medium for the specific disease 
prior to conducting clinical trials of cell-based therapies. The criteria for selecting culture medium should be based 
on the requirements of the target disease for cellular function. In addition, we provide a way to formulate different 
customized SFM, which is beneficial for the development of cell therapy industry.

Keywords  Stem cell therapy, SFM, hUC-MSCs
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products. This approach enables the development of 
MSCs products tailored to specific diseases.

Methods
Media preparation
The formulation and quality control of different SFM 
and SCM were illustrated in Table  1. All media were 
prepared under Good Manufacturing Practice (GMP) 
conditions, followed by testing for pH, osmolarity, 
endotoxin, fungi and bacteria. SFM were foumulated 
by basal media, such as α-MEM (PM150421, PRO-
CELL) or UltraCULTURE Serum-free media (BP12-
725F, LONZA), supplemented with serum substitutes 
of non-xenogeneic origin and other additives. SCM 
were foumulated by classical α-MEM or RPMI-1640 
supplemented with 10% fetal bovine serum (FBS).

Isolation and culture of hUC‑MSCs
Informed consent was obtained from all individuals 
prior to the collection of fresh umbilical cord (UC) from 
full-term births. The fresh UC was washed with inject-
able sodium chloride to clear its surface and remove 
residual blood within the cord. The veins and arteries 
were removed using forceps, and Wharton’s jelly was 
isolated, then cut into small pieces measuring 1–2 mm2. 
The Wharton’s jelly was placed into centrifuge tubes 
and supplemented with pre-prepared complete culture 
medium. After thorough mixing, the cells were seeded 
into T75 culture flasks. Half of the culture medium was 
refreshed every 5 days based on the cell growth status 
until reaching 80% confluency, at which point passaging 
was performed.

When passaging was required, cells were rinsed with 
PBS and then treated with 0.05% trypsin (25200072, 
Gibco) at 37 °C for the specified duration. The harvested 
hUC-MSCs were expanded to the 10th passage at a 

Table 1  The formulation and quality control of SFM and SCM

Formulation Quality control

Components Company Catalog number Concentration PH Oamolarity 
(mOamol kg-l)

Endotoxi 
(EU/m l

Fungi Bactera

SFM1 α-MEM Procell PM 150421 94 vol% 7.46 ± 0.46 301 ± 5 < 2 Negative Negative

Recombinant human 
insulin

Yuanye Biotech 11061-68-0 10 mg/L

Recombinant human 
transferrin

Yuanye Biotech S23602 5.5 mg/L

Recombinant human 
transforming growth 
factor-β1

PeproTech AF10021C 0.005 mg/L

Sodium selenite Nanjing Reagent 10102-18-8 0.0067 mg/L

L-glutamine Procel PB180420 1 vol%

Human platelet lysate Sexton PL-NH-100 5 vol%

SFM2 α-MEM Procell PM150421 94 vol% 7.56 ± 0.66 300 ± 8 < 2 Negative Negative

L-glutamine Procel PB180420 1 vol%

Human platelet lysate Sexton PL-NH-100 5 vol%

SFM3 α-MEM Procell PM150421 94 vol% 7.88 ± 0.52 297 ± 6 < 2 Negative Negative

L-glutamine Procel PB180420 1 vol%

UtraGRO™-Advanced HELIOS HPCFDCRL50 5 vol%

SFM4 UltraCULTURE Serum 
-free Medium

LONZA BP12-725F 97 vol% 7.32 ± 0.78 304 ± 5 < 2 Negative Negative

GlutMAX-I Procell PB180420 1 vol%

Ultroser G Serum 
Substitute

PALL 15950-017 2 vol%

SCM1 α-MEM Procell PM150421 89 vol% 7.47 ± 0.42 293 ± 9 < 2 Negative Negative

L-glutamine Procel PB180420 1 vol%

FBS BI 04-001-1ACS 10 vol%

SCM2 RPMI-1640 Procel PM150110 89 vol% 7.43 ± 0.55 289 ± 9 < 2 Negative Negative

L-glutamine Procel PB180420 1 vol%

FBS BI 04-001-1ACS 10 vol%
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density of 6000–7000 cells/cm2 in the respective culture 
medium, and physiological and functional parameters of 
cells at different passages were investigated.

Analysis of cell morphology, size, activity, quantity, 
and doubling time
hUC-MSCs were cultured in customized SFM and 
SCM to corresponding passages, and cell viability was 
assessed using trypan blue staining (15250-061, Gibco). 
When cells reached approximately 80% confluency at the 
respective passages, optical microscopy was employed 
to record cell morphology. At indicated passages, cell 
morphology was also analyzed by the aspect ratio of cell 
length to width (L : W). The population doubling time 
(PDT) was evaluated using the following formula: PDT 
= T * [lg2/(lgNt−lgN0)], where T represents the culture 
time, N0 denotes the initial cell number after seeding, 
and Nt signifies the cell number after t hours of culture. 
The cumulative total cell count at different passages for 
cells cultured in customized medium was calculated by 
multiplying the initial cell number of 1 * 105 cells by the 
average expansion factor observed for each passage.

Analysis of cell cryopreservation and recovery
The hUC-MSCs from passages 4 (P4) and 9 (P9) were 
harvested by trypsinization, washed, and centrifuged. 
Subsequently, the cells were resuspended in complete 
culture medium supplemented with 20% CryoPur-D 
(CD-100, OriGen). Then the cells were gradually cooled 
to −80  °C using a programmed cooling protocol before 
being transferred to liquid nitrogen for long-term stor-
age. After 3 to 6 months of cryopreservation, cells were 
thawed at 37  °C and used for subsequent experiments. 
Cell viability, multiple increase, and PDT were recorded 
before and after cryopreservation.

Flow cytometry analysis of hUC‑MSCs phenotype and cell 
cycle
hUC-MSCs from P5 and P10 were harvested by trypsi-
nization and utilized for cell surface marker staining 
(anti-CD14-APC-eFlour506: 47-0149-42, eBioscience; 
anti-CD19-PE-Cyanine5.5: 35-0198-42, eBioscience; 
anti-CD34-APC: 17-0349-42, eBioscience; anti-CD45-
PE-Cyanine7: 25-0459-42, eBioscience; anti-HLADR-
eFluor506: 69-9956-42, eBioscience; anti-CD73-FITC: 
11-0739-42, eBioscience; anti-CD90-PE: 12-0909-42, 
eBioscience; anti-CD105-eFluor450: 48-1057-42, eBio-
science). Data analysis was conducted using CytoFlex 
(Beckman Coulter). For cell cycle analysis, cells were 
fixed in 70% pre-chilled ethanol for 12  h, followed by 
centrifugation, cell washing, and subsequent staining 
with propidium iodide (PI) staining solution prepared 

according to the instructions of the kit (C1052, Beyotime 
Biotechnology) for 30 min.

Analysis of the differentiation potential of hUC‑MSCs 
into three lineages
The hUC-MSCs were differentiated towards osteogenic 
(HUXUC-90021, Cyagen), adipogenic (HUXUC-90031, 
Cyagen), and chondrogenic (HUXUC-90041, Cyagen) 
lineages using Cyagen’s differentiation kits.

For osteogenic differentiation, hUC-MSCs of P4 and P9 
were seeded at a density of 6000 cells/cm2 in 6-wells pre-
coated with 0.1% gelatin and cultured with their respec-
tive culture medium. When the cell confluence reached 
70%, change the culture medium to osteogenic induction 
medium (HUXUC-90021, Cyagen). In parallel, undiffer-
entiated MSCs were cultured in their respective complete 
medium as negative controls. The medium was changed 
every 3 days. After 21 days of differentiation, cells were 
washed with PBS, fixed in 4% Polyformaldehyde (PFA) 
for 30 min, washed with PBS, and then stained with 2% 
Alizarin Red S solution for 10  min. After washing with 
PBS, the images of osteogenesis staining were captured 
under a microscope.

For adipogenic differentiation, hUC-MSCs of P4 and 
P9 were seeded at a density of 6000 cells/cm2 in 6-wells 
pre-coated with 0.1% gelatin and cultured with their 
respective culture medium. When the cell confluence 
reached 100%, change the culture medium to adipogene-
sis induction medium (HUXUC-90031, Cyagen). Replace 
the medium every 3–4 days for 28 days. In parallel, undif-
ferentiated MSCs were cultured in their respective com-
plete medium as negative controls. After adipogenic 
induction, cells were washed with PBS, fixed in 4% PFA 
for 30 min, washed with PBS, and then stained with Oil 
Red O for 30 min. After washing with PBS, the images of 
adipogenesis staining were captured under a microscope.

For chondrogenic differentiation, hUC-MSCs of P4 and 
P9 were seeded at a density of 5 * 105 into 15 mL centri-
fuge tubes with 0.5 ml chondrogenic induction medium 
(HUXUC-90041, Cyagen). After centrifugation at 200 g, 
loosen the tube lids slightly to allow for gas exchange. 
After 24  h, cell aggregates formed clusters. Gently tap 
the bottom of the centrifuge tube to dislodge the spheres 
from the bottom and allow them to grow in suspen-
sion. Replace the culture medium every 2 days. After 
14 days of culture, the cell spheroids were collected and 
fixed in 4% PFA, dehydrated using 30% sucrose, embed-
ded in optimal cutting temperature compound (OCT, a 
water-soluble mixture of polyethylene glycol and poly-
vinyl alcohol) (4583, SAKURA), rapidly frozen with liq-
uid nitrogen, and then sectioned. The sections were then 
further stained with Alcian Blue. Undifferentiated MSCs 
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were cultured in their respective complete medium as 
negative controls.

Senescence of hUC‑MSCs analysis
When cells reached the indicated passages, the senes-
cence status of hUC-MSCs was assessed and analyzed 
using the β-galactosidase detection kit (C0602, Beyotime 
Biotechnology). Briefly, 3 * 104 cells were seeded into 
12-well plates and cultured for 3 days in the customized 
SFM and SCM. After removing the culture medium, cells 
were washed once with PBS and fixed with 1 ml of fixa-
tion solution at room temperature for 15  min. Follow-
ing fixation solution removal, cells were washed three 
times with PBS and stained with β-galactosidase staining 
solution prepared according to the kit instructions. The 
culture plates were sealed with plastic wrap to prevent 
evaporation and then placed in a 37  °C incubator over-
night. Cell senescence status was observed under an opti-
cal microscope.

Analyzing the growth kinetics of hUC‑MSCs
P5 and P10 hUC-MSCs were used to analyze the growth 
kinetics. Briefly, cells from passages P4 or P9 were har-
vested by trypsin digestion and seeded at a density of 1.5 
* 103 cells per well into a 24-well plate. At predetermined 
time points, cell proliferation was assessed by trypan 
blue staining (15250-061, Gibco) and cell counts were 
recorded to generate cell proliferation curves. The popu-
lation proliferative level of logarithmic growth phase cells 
(PPL) was calculated using the following formula: PPL 
= (Nt−N0)/T, where Nt represents the cell count at the 
onset of stable growth, N0 denotes the cell count at the 
initiation of exponential growth, and T represents the 
time interval from N0 to Nt.

Chromosome karyotype analysis
To assess the possibility of chromosomal abnormalities, 
P5 and P10 passages of hUC-MSCs cultured in SCM1, 
SFM1, and SFM2 medium were subjected to chromo-
some G-banding analysis using Metafer (ZEISS). The 
hUC-MSCs were treated with colchicine (ST1173, Beyo-
time Biotechnology) for 4 h, followed by cell harvesting, 
treatment with hypotonic solution (0.075mol/L KCl) for 
30 min, and fixation. The fixed cells were dropped onto 
preheated slides, baked at 60  °C for 24  h, subjected to 
trypsin treatment, and stained with Giemsa (C0133, Bey-
otime Biotechnology).

In vitro tumorigenicity assay
P5 and P10 passages of hUC-MSCs cultured in the speci-
fied medium were utilized to evaluate the tumorigenic-
ity. When cell confluency reached 80%, hUC-MSCs were 
mixed 1:1 with 0.7% agarose (VETEC-V900510, Sigma) 

and seeded at a density of 1 * 104 cells per well in 6-well 
plates previously embedded with 0.6% agarose. The cells 
were cultured for 4 weeks. After 4 weeks of culture, cells 
were washed with PBS and then fixed with 4% paraform-
aldehyde. Subsequently, cells were stained with 0.005% 
crystal violet (C0121, Beyotime Biotechnology) and 
washed with tap water until the agarose became trans-
parent. H1299 and A5499 cells were used as positive con-
trol. The well without cells was used as blank control.

Secretory profile analysis of hUC‑MSCs
To determine the secretory profile of hUC-MSCs, P4 and 
P9 hUC-MSCs were seeded at 6000 cells/cm2 into 12-well 
plates and cultured in their respective media (SCM1, 
SCM2, SFM1, and SFM3) until reaching 80–90% conflu-
ence. After washing with PBS, the medium was removed 
and replaced with α-MEM. After 36  h of culture, the 
supernatants from different hUC-MSCs groups were 
collected, centrifuged at 500  g for 10  min, and 1200  g 
for 10  min before being used for cytokines detection. 
The cytokine secretion profiles of hUC-MSCs were ana-
lyzed using the Bio-Plex Pro Human Cytokine Screening 
Panel (12007283, BIO-RAD). This assay measured 48 fac-
tors, including MIP-1α, M-CSF, MIF, SCF, IL-17A, IL-7, 
IL-13, G-CSF, TRAIL, IL-4, MCP-3, Basic FGF, IL-5, LIF, 
MIG, IL-2, IL-2α, IL-1Rα, CTACK, IFN-α2, IL-16, IL-18, 
PDGF-BB, VEGF, IL-15, TNF-α, IL-1β, IL-12p40, IL-
12p70, IL-3, TNF-β, HGF, β-NGF, IL-1α, IL-10, SCGF-β, 
IL-9, MIP-1β, RANTES, Eotaxin, SDF-1α, IP-10, GM-
CSF, IFN-γ, IL-8, IL-6, GRO-α and MCP-1.

Cobblestone area forming cell (CAFC) assay
P5 and P10 hUC-MSCs cultured in SCM1, SCM2, SFM1, 
and SFM3 were used as feeder cells, and their support 
for HSC self-renewal was assessed by CAFC assays. The 
MS-5 murine fibroblast cell line was used as a control in 
the experiment [28]. P4 and P9 hUC-MSCs were seeded 
at 6000 cells/cm2 into 24-well plates pretreated with 0.1% 
gelatin solution for 1  h and cultured in their respective 
medium until reaching 80–90% confluence. Once conflu-
ence was reached, the cells were irradiated with 20 Gy to 
inhibit cell growth. After irradiation, the cells were care-
fully washed and maintained in their respective medium 
for 2 days before being used as feeder cells for CAFC 
assays. 2000 CD34+ HSC from UCB were resuspended in 
MyeloCult™ medium (05150, STEMCELL Technologies) 
with 350 ng/mL hydrocortisone (07925, STEMCELL 
Technologies) and seeded onto irradiated feeder cells in 
24-well plates, with two wells per group, and incubated 
at 37 °C and 5% CO2 for 14 days. Cultures were half-fed 
once a week, and CAFC were visualized using a phase-
contrast microscope (ECLIPSE Ti2-E, NIKON CORPO-
RATION) and counted if at least 5 cobblestone-like cells 
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were able to migrate beneath the feeder cells [28, 29]. At 
the end of the experiment, the total number of nucleated 
cells derived from UCB were assessed using trypan blue 
staining, and the proportion of CD34+ cells was analyzed 
by flow cytometry.

Detection of fungal and bacterial contamination
The fungal and bacterial tests were conducted using 
the sterile examination method outlined in part 1101 
of the 2020 edition of the Chinese Pharmacopoeia, and 
detections were performed using the detection kits 
(BZW12013 and BZW12012, Nanjing Lezhen Biotech) 
according to the manufacturer’s instructions.

Measurement of endotoxin
The endotoxin test was conducted using the method 
specified in part 1101 of the 2020 edition of the Chinese 
Pharmacopoeia, and detection was performed using 
Endotoxin Detection Kit (BK-T04, Zhangjiang Bokang 
Marine Biological) according to the manufacturer’s 
instructions.

Virological testing
P5 and P10 of hUC-MSCs were sent to Da’an gene 
located in Guangzhou for virological testing to evalu-
ate the biosafety of the produced cells. Human immu-
nodeficiency virus (HIV), cytomegalovirus (CMV), 
human hepatitis B virus (HBV), human hepatitis C virus 
(HCV), epstein–Barr virus (EBV), and human papilloma 

virus (HPV) were detected by the methods described in 
Table 2.

2.15 Statistical analysis
All data are presented as the mean ± SEM of at least three 
independent experiments. The statistical significance of 
differences between groups was determined by Student’s 
t-test. Analyses and graphs were generated using Graph-
Pad Prism version 8.0.2. For all statistical analyses, P < 
0.05 indicated a statistically significant difference.

Results
SCM can support cell growth while maintaining cellular 
biological characteristics
To study the impacts of different types of culture media 
on hUC-MSCs biological characteristics, we first cul-
tured cells in SCM, observed their morphology and activ-
ity across passages, and evaluated marker expression and 
differentiation potential at passages 5 and 10. Consist-
ent with other research groups [30–32], cells cultured in 
medium containing 10% FBS exhibited spindle-shaped 
morphology (Fig.  1A). When expanded in SCM, the 
activity of hUC-MSCs is maintained between 85% and 
95%, and the PDT is maintained between 25 h and 32 h 
(Fig.  1B). Flow cytometry analysis revealed that hUC-
MSCs at passages 5 and 10 showed high expression (≥ 
95%) of CD73, CD90, and CD105, while lacked expres-
sion (≤ 2%) of CD34, CD45, CD14, CD19, and HLA-DR 
surface molecules, which is consistent with the definition 
of MSCs by ISCT (Fig. 1C). Induction differentiation of 

Table 2  Safety standards of hUC-MSC

Safety standards of hUC-MSC

Items Methods Quality standards Results

Human immunodeficiency virus (HIV) qualitative detection Nested PCR fluorescence method Negative Negative

Human immunodeficiency virus (HIV) quantitative detection Nested PCR fluorescence method < 100 IU/mL < 100 IU/mL

Cytomegalovirus (CMV) qualitative detection PCR Negative Negative

Cytomegalovirus (CMV) quantitative detection FQ-PCR < 500 copies/mL < 500 copies/mL

Human hepatitis B virus (HBV) qualitative detection PCR Negative Negative

Human hepatitis B virus (HBV) quantitative detection FQ-PCR < 100 IU/mL < 100 IU/mL

Human hepatitis C virus (HCV) qualitative detection PCR Negative Negative

Human hepatitis C virus (HCV) quantitative detection FQ-PCR <50 IU/mL < 50 IU/mL

Epstein-Barr virus (EBV) qualitative detection PCR Negative Negative

Epstein-Barr virus (EBV) quantitative detection FQ-PCR < 500 copies/mL < 500 copies/mL

Human papilloma virus (HPV) quantitative detection FQ-PCR < 500 copies/mL <500 copies/mL

Endotoxin test Endopoint colorimetric assay < 0.25 EU/mL < 0.25 EU/mL

Mycoplasma detection Culture method Negative Negative

Sterility testing Culture method Negative Negative

Karyotype analysis G-band method 46XX or 46XY 46XX or 46XY

Tumorigenicity test Soft agar clone formation experiment Negative Negative
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hUC-MSCs at passages 5 and 10 revealed that cells have 
the potential to differentiate into osteogenic, adipogenic, 
and chondrogenic lineages (Fig. 1D).

SFM effectively support the serial passaging of hUC‑MSCs 
while maintaining their biological characteristics 
from passages 2 to 10
Due to the xenogeneic components in FBS, hUC-MSCs 
cultured in SCM pose potential risks of contamination 
and immune reactions when used for clinical treatment 
of diseases [24]. To address this, we developed a for-
mulation of SFM (SFM1) using platelet lysate and other 
additives as a substitute for animal serum and evaluated 
the impacts of SFM1 on cell phenotype and function 
(Table  1). We found that hUC-MSCs cultured in SFM1 
exhibited consistent cellular morphology, surface mole-
cues expression, and differentiation potential with the 
criteria defined by ISCT (Fig.  2A-2D). hUC-MSCs cul-
tured in SFM1 exhibited a spindle-shaped growth pat-
tern from passages 2 to 10 (Fig. 2A). When expanded in 
SFM1, the activity of hUC-MSCs is maintained between 
90% and 98%, and the PDT is maintained between 20 h 

and 27 h (Fig. 2B). Flow cytometry analysis revealed that 
hUC-MSCs at passages 5 and 10 showed high expression 
(≥95%) of CD73, CD90, and CD105, while lacked expres-
sion (≤ 2%) of CD34, CD45, CD14, CD19, and HLA-DR 
surface molecules (Fig. 2C). hUC-MSCs at passages 5 and 
10 have the potential to differentiate into osteogenic, adi-
pogenic, and chondrogenic lineages (Fig. 2D).

SFM offer greater benefits for clinical‑grade industrial‑scale 
production of hUC‑MSCs compared to SCM
For large-scale production of clinical-grade hUC-MSCs, 
it is necessary to optimize cell manufacturing processes 
to meet the demands of industrial-scale cell produc-
tion for inter-batch consistency, cost-effectiveness, pas-
sage stability, biological safety, and efficacy. Maximizing 
the yield of hUC-MSCs within a given timeframe or 
obtaining a greater quantity of highly active hUC-MSCs 
at comparable costs is a central goal in optimizing cell 
production processes. This endeavor will empower pro-
ducers in the field of cell therapy to gain a substantial 
competitive advantages.

Fig. 1  SCM support hUC-MSCs while maintaining cellular characteristics. hUC-MSCs were cultured in SCM to indicated passages. A Cell 
morphology was assessed by optical microscopy. B Cell viability and PDT were assessed at different passages. C Levels of indicated surface markers 
of hUC-MSCs from P5 and P10 were determined by FACS. D The differentiation potential of hUC-MSCs into three lineages were assessed at P5 
and P10. hUC-MSCs cultured without osteogenic, chondrogenic, or adipogenic differentiation stimuli were used as negative control and shown 
in the figure inserts. Results shown in B are expressed as means ± SEM. Data shown in A-D are representative of at least three separate experiments.
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We developed SFM1 and compared the differences 
among SFM1 and two SCM (SCM1 and SCM2) in terms 
of cell viability, multiple increase, cell doubling time, 
and cellular senescence from passage 2 to passage 10. 
We found that using 5% platelet lysate in SFM1 yielded 
higher quantity hUC-MSCs compared to two SCM 
requiring 10% FBS, providing a cost advantage (Fig. 3A). 
More importantly, by comparing the activity differences 
between cells cultured in SFM1 and two SCM across 
different passages, we discovered that cells cultured in 
SFM1 exhibited higher activity than those in two SCM 
(Fig.  3B). In terms of cell passage stability, we observed 
that although the cell viability gradually decreased with 
increasing passages in both SFM1 and two SCM, SFM1-
cultured cells exhibited smaller fluctuations in cell activ-
ity between different passages, indicating higher stability 
compared to two SCM cultivation (Fig. 3B). Consistently, 
SFM1-cultured cells exhibited shorter PDT and smaller 
variations in doubling time between different passages 
(Fig. 3C).

Furthermore, we conducted β-galactosidase stain-
ing experiments to compare the cellular senescence 

between SFM1 and two SCM cultured cells at different 
passages. The results revealed that SFM1-cultured cells 
exhibited slower rates of cellular senescence (Fig. 3D). 
Interestingly, we found that while cells cultured in both 
SFM1 and two SCM exhibited tri-lineage differentiation 
potential, alizarin red staining experiments indicated 
that cells cultured in SFM1 displayed superior osteo-
genic differentiation potential at passage 10 compared 
to two SCM groups (Fig.  3E). These results suggested 
that utilizing customized SFM1 for cell culture enables 
the production of a higher quantity of cells with better 
activity and quality within the same timeframe, which 
highlights the greater potential value of SFM in produc-
ing clinical-grade hUC-MSCs. Considering the differ-
ences in osteogenic differentiation potential between 
cells cultured in SFM1 and two SCM, it is important to 
optimize the culture media formulation based on the 
specific disease being treated in order to achieve the 
best therapeutic outcomes.

Fig. 2  SFM1 support hUC-MSCs while maintaining cellular characteristics. hUC-MSCs were cultured in SFM1 to indicated passages. A Cell 
morphology was assessed by optical microscopy. B Cell viability and PDT were assessed at different passages. C Levels of indicated surface markers 
of hUC-MSCs from P5 and P10 were determined by FACS. D The differentiation potential of hUC-MSCs into three lineages were assessed at P5 
and P10. hUC-MSCs cultured without osteogenic, chondrogenic, or adipogenic differentiation stimuli were used as negative control and shown 
in the figure inserts. Results shown in B are expressed as means ± SEM. Data shown in A-D are representative of at least three separate experiments.
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The phenotype and biosafety detection of hUC‑MSCs 
cultured in different SFM
Subsequently, we developed four different formula-
tions of hUC-MSCs and investigated the effects of these 

media on cell phenotype and biosafety. Under the optical 
microscope, hUC-MSCs exhibited spindle-shaped mor-
phology in all four media, with cells cultured in SFM1 
showing a more slender shape compared to those in 

Fig. 3  SFM1 offer greater benefits for clinical-grade industrial-scale hUC-MSCs production compared to SCM. hUC-MSCs were cultured in SFM1 
and two SCM to corresponding passages. A-C Cell number, cell viability, and PDT were assessed using at indicated passages. D The senescence 
status of hUC-MSCs was assessed and analyzed by using β-galactosidase staining. The β-gal-positive cells are indicated by the red arrows. E 
The differentiation potential of SFM1 and two SCM cultured hUC-MSCs into three lineages were assessed at P5 and P10. hUC-MSCs cultured 
without osteogenic, chondrogenic, or adipogenic differentiation stimuli were used as negative control and shown in the figure inserts. Results 
shown in B-D are expressed as means ± SEM. Data shown in A-E are representative of at least three separate experiments. ***p < 0.001; ****p < 
0.0001.
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SFM2, SFM3 and SFM4 (Fig.  4A). Consistent with this, 
when evaluating the differences between hUC-MSCs cul-
tured in different media using the ratio of cell length to 
width (L: W), hUC-MSCs cultured in SFM1 were signifi-
cantly better than those cultured in SCM and other SFM 
(Fig. 4B). Surface molecular identification confirmed that 
hUC-MSCs cultured in all four SFM are MSCs, and they 
exhibited multilineage differentiation potential at both P5 
and P10 (Fig. 4C and D). Quantitative analysis of differ-
entiated cells revealed that hUC-MSCs cultured in SFM1 
exhibited significantly enhanced osteogenic differentia-
tion at passage 10 compared to those in SFM2, SFM3, 
and SFM4 (Fig.  4C). The endotoxin and sterility tests 
conducted on hUC-MSCs cultured in the four SFM all 
yielded negative results (Table 2). Virological testing con-
ducted on hUC-MSCs cultured in SFM at passages 5 and 
10 revealed no viral contamination (Table  2). Soft agar 
cloning experiments revealed that hUC-MSCs cultured 
in all SFM at passages 5 and 10 did not form colonies, 
while positive control H1299 and A549 cells did, indicat-
ing that hUC-MSCs cultured in these SFM have no tum-
origenic risk (Fig. 4E and Supplementary Fig. S1). These 
results suggested that the phenotype and biosafety of all 
the SFM cultured hUC-MSCs meet the requirements of 
cell therapy industry. Additionally, SFM1 outperforms 
other media in terms of cell morphology and osteogenic 
differentiation capacity, indicating that SFM1 holds 
greater commercial application potential in the future.

The phenotype and function of hUC‑MSCs differ 
depending on the different SFM
To further investigate the differences in phenotype and 
function of hUC-MSCs cultured in various SFM and 
SCM, we cultured hUC-MSCs with identical cell seeding 
densities in different SFM and SCM until passage 10 and 
examined the changes in cell viability, proliferation rates, 
and senescence levels. We found that the cell viabilities 
maintained at 90%~98% across the four SFM, with SFM1 
exhibiting a higher average level than other SFM and 
SCM groups (Fig.  5A). Additionally, the PDT of SFM1 
cultured hUC-MSCs was significantly lower than other 
SFM and SCM (Fig. 5B). Despite the proportion of senes-
cent cells gradually increased with passages in all culture 
media, SFM1 cultured hUC-MSCs exhibited the lowest 

proportion of senescent cells (Fig. 5C and Supplementary 
Fig.  S2). By analyzing and comparing the proliferation 
curves of cells at passages 5 and 10, we found that hUC-
MSC in SFM1 exhibited better PPL than others (Supple-
mentary Fig.  S3 and Fig.  5D). Consistently, the analysis 
of the cell cycle in P5 and P10 generations reveals that 
the proportions of S and G2/M stages of hUC-MSCs 
cultured in SFM1 were higher than other groups (Sup-
plementary Fig. S4 and Fig. 5E). Chromosome karyotype 
analysis revealed no chromosomal aberrations in hUC-
MSCs cultured in SCM1, SFM1 and SFM2 at passages 
5 and 10 (Fig.  5F). We also observed that cells cultured 
in SCM1 medium required prolonged treatment with 
enzyme trypsin during passage compared to other cul-
ture media (Fig. 5G).

Considering that the paracrine function is one of 
the main mechanisms of therapeutic action of MSCs, 
we used liquid chip technology to further assess the 
cytokines profiles released by P5 and P10 hUC-MSCs 
cultured in different media (SCM1, SCM2, SFM1 and 
SFM3). From the results of the heat map (Fig.  6A), we 
found that the cytokine secretion profile of SCM2 cul-
tured hUC-MSCs exhibited lower similarity to the other 
groups, which was consistent with the differences in cell 
proliferation capacity and cell senescent rates across the 
groups. Interestingly, we found that among the eight 
sample groups, hUC-MSCs cultured in SFM1 showed the 
greatest similarity in cytokine secretion profiles between 
P5 and P10, with most cytokines being highly expressed, 
whereas the other groups did not exhibit this pattern. 
This indicated that the medium plays a significant role 
in supporting the long-term maintenance of cytokine 
secretion by the cells (Fig.  6A). After investigating and 
analyzing the role of each factor in detail, we categorized 
the cytokine profiles into five major groups: angiogen-
esis, pro-inflammatory (Pro-), anti-inflammatory (Anti-), 
recruitment and multi-function (Multi-) (Fig. 6B and C). 
Comparative analysis revealed that at P5 stage, the SFM1 
and SCM1 groups showed greater similarity and the 
highest levels of secreted factors, while at P10 stage, the 
SFM1 and SFM3 groups displayed more similarity and 
had the highest levels of secreted factors.

Many studies have reported that MSCs play a signifi-
cant role in promoting the recovery of hematopoietic 

(See figure on next page.)
Fig. 4  The phenotype and biosafety detection of hUC-MSCs cultured in different SFM. hUC-MSCs were cultured in different SFM and SCM 
to corresponding passages. A Cell morphology was assessed by optical microscopy , and B analyzed by the aspect ratio of cell length to width 
(L : W). C The differentiation potential of customized different SFM cultured hUC-MSCs into three lineages were assessed at P5 and P10. D Levels 
of indicated surface markers of hUC-MSCs from P5 and P10 were determined by FACS. E P5 and P10 passages of hUC-MSCs cultured in different 
customized SFM were utilized to evaluate the tumorigenicity. Results shown in B and D are expressed as means ± SEM. Data shown in A-E are 
representative of at least three separate experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Fig. 4  (See legend on previous page.)
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function [33–35]. When MSCs are infused together 
with HSC, they can markedly accelerate the restora-
tion of hematopoietic function in patients, with safety 
and fewer adverse reactions. We used CAFC assay to 
assess whether there are differences in the hematopoi-
etic function and self-renewal ability of HSC cultured 
with different feeder cells [28]. At day 14, we found that 
a CD34+ cell population was maintained in the cul-
ture, with a proportion ranging from 18.89 to 52.68% 
(Fig. 7A and B). Regarding this CD34+ cell population, 
differences were observed when hUC-MSCs cultured in 
different media were used as feeder layers, regardless of 
whether P5 or P10 cells were used. Counting and analy-
sis of cobblestone-like cells revealed that hUC-MSCs, 
regardless of the culture medium, all of them allowed 
the formation of CAFC by UCB derived HSC (Fig. 7C 
and D). After 14 days of co-culture with different 
groups of hUC-MSCs, the number of HSC increased 
by 39.8 to 110.7 times compared to the initial seeding 
number, which is higher than the control group (MS-
5) (Fig.  7E). Additionally, we observed that UCB cells 
expanded more on P6 cells than on P9 cells, regardless 
of the culture media used for the feeder cells (Fig. 7F). 
Moreover, we found that when hUC-MSCs cultured in 
SFM1 were used as feeder cells, UCB cells maintained 
the highest proportion of the CD34+ population and 
achieved higher expansion fold (Fig.  7B and E), but 
formed the lowest number of CAFC (Fig. 7C).

We simultaneously compared the changes of hUC-
MSCs in cell viability, multiple increase and PDT after 
cryopreservation and revival in SFM and SCM. The 
results demonstrated that cryopreservation and subse-
quent revival procedures resulted in decreased cell viabil-
ity and expansion fold, along with extended PDT in both 
P5 and P10 generations of cells, with a more pronounced 
impact observed in P10 generation cells compared to P5 
generation cells (Supplementary Fig.  S5A–E). Although 
cell viability gradually recovered after 1–2 passages, the 
extent of recovery was associated with the pre-freeze cell 
state and the culture medium used. We observed that the 
post-thaw recovery process led to increased PDT and 
decreased expansion fold for cells cultured in different 
media, cells cultured in SFM1 gradually recovered to pre-
cryopreservation levels after 1–2 passages (Supplemen-
tary Fig. S5C).

The above results further demonstrate that although 
different culture media can cultivate MSCs that ful-
fills the ISCT definition based on cell morphology, sur-
face molecules expression, and trilineage differentiation 
potential, MSCs cultured in different media exhibit dif-
ferences in cell viability, proliferation time, trilineage 
differentiation potential, senescence rate, population 
expansion capacity, paracrine fuction, and support for 
HSC self-renewal. These results suggested that during 
large-scale production of clinical-grade hUC-MSCs, SFM 
offer several advantages over SCM in terms of batch-to-
batch consistency, cost-effectiveness, passage stability, 
and biological safety. Considering the differences in cell 
morphology, senescence rate, differentiation potential, 
paracrine function and support for HSC self-renewal 
of hUC-MSCs cultured in different SFM and SCM, the 
choice of culture media may indeed play a critical role 
in determining whether hUC-MSCs can achieve optimal 
therapeutic effects in future commercial applications and 
disease treatments.

Discussion
Currently, preclinical studies have found that hUC-MSCs 
may be explored in various challenging and serious dis-
eases such as diabetes, liver failure, systemic lupus ery-
thematosus, and osteoarthritis [36–40]. The cell culture 
medium is the key material in cell production, determin-
ing the fundamental functions of the cells [12, 41]. Tra-
ditional expansion of MSCs using medium containing 
FBS increases the clinical application risks [24, 42]. Using 
SFM to produce clinical-grade hUC-MSCs is becoming 
the prevailing trend in industrial development [27, 43, 
44].

Other groups have previously reported that different 
components in culture media promote MSCs prolifera-
tion [45–49]. These studies mainly focused on whether 
different formulations of media could cultivate MSCs 
that meet the standards in terms of cell morphology, 
surface molecular markers, and trilinear differentiation 
potential. However, there is limited research conducted 
from the perspective of cell therapy industry to assess 
whether cells cultured in different formulations of media 
meet the requirements of industrial-scale cell produc-
tion. The commercial application of cell therapy is largely 
determined by whether the cultured cells can meet the 

Fig. 5  The effects of customized SFM on the phenotype and function of hUC-MSCs. hUC-MSCs were cultured in SFM and SCM to corresponding 
passages. A, B Cell viability and PDT were assessed at different passages. C The senescence status of hUC-MSCs was assessed and analyzed by using 
β-galactosidase staining. D The PPL and E cell cycle of hUC-MSCs were determined at passages 5 and 10. F Chromosome karyotype of hUC-MSCs 
were analyzed at indicated passages. G Comparison of cell digestion time in customized media. Results shown in A-E are expressed as means ± 
SEM. Data shown in A-G are representative of at least three separate experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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requirements of inter-batch consistency, efficacy, stabil-
ity, biosafety, and cost-effectiveness. Therefore, we devel-
oped a series of SFM and SCM to elucidate the effects of 
different media on hUC-MSCs phenotype and function. 
By comparing and analyzing the commercial application 
requirements of the cell therapy industry with the effects 
of the different culture media on cell phenotype and 
function, our results demonstrated that customized cul-
ture media significantly impact the inter-batch consist-
ency, efficacy, stability, biosafety, and cost-effectiveness 
required for industrial-scale cell production.

Considering that cultured MSCs will be applied in clin-
ical disease therapy rather than scientific research, media 
containing FBS are restricted due to the presence of 
xenogeneic compositions. Consistent with many studies 
[50–52], our study found that replacing FBS with plate-
let lysate to develop SFM resulted in better effects on cell 
phenotype and function compared to SCM indicating 
that platelet lysate is one of the best alternatives to FBS. It 
is noteworthy that hUC-MSCs cultured in SFM2, SFM3, 
and SFM4 exhibited differences in cell viability, PDT, and 
cellular senescence rate, indicating that different brands 
of platelet lysates used in SFM could have distinct effects 
on cell phenotype and function. Additionally, many stud-
ies have demonstrated that different factors have vary-
ing effects on cell growth and function [53–56]. In this 
study, comparing the effects of SFM1 and SFM2 on hUC-
MSCs phenotype and function revealed that additives 
play a crucial role in shaping cell phenotype and function. 
These results suggested that establishing a customized 
SFM research platform is highly valuable for cell produc-
tion companies to accelerate the commercial application 
of cell-based therapies.

The method for preparing SFM that we have developed 
could serve as a platform for the clinical-grade produc-
tion of UC-MSCs in the future. By incorporating human 
platelet lysate and other additives to completely replace 
xenogeneic serum, a range of SFM can be obtained to 
generate therapeutic hUC-MSCs tailored for optimal 
efficacy in specific diseases. Interestingly, through com-
parative analysis of the formulations among different 
SFM and their respective impacts on cellular phenotype 
and function, we observed significant influences from 
the basal culture medium, human platelet lysate, and 
other additives. This underscores their collective role in 

shaping cellular characteristics and functionalities. These 
results underscore the necessity for comprehensive opti-
mization of culture media components specific to each 
disease prior to conducting clinical trials of cell-based 
therapies.

A substantial amount of MSCs resources is required 
when utilized for disease treatment [57, 58]. To obtain 
cost-effective clinical-grade hUC-MSCs, it is essential to 
optimize the entire production process to yield a greater 
quantity of high-quality cells within the same timeframe. 
In this study, we developed a platform to create series 
of SFM by substituting serum with platelet lysate and 
other additives, which are cost-equivalent or even lower 
priced than SCM. hUC-MSCs cultured in the four for-
mulations of SFM were successfully expanded up to the 
10th passage, indicating that the SFM obtained through 
this platform effectively supports cell growth. The cost 
of culturing cells using SFM is comparable to SCM, but 
the yield of hUC-MSCs cultured in SFM1 is more than 
100 times higher than that in SCM after ten passages. 
Therefore, cost-benefit analysis reveals that our labora-
tory-developed SFM formulation platform supports a 
transition from SCM to SFM for cell culture. The various 
SFM formulations in this study demonstrate superior or 
comparable support for cell growth compared to SCM, 
indicating that the approach of formulating SFM in this 
research can lead to the development of a broader range 
of SFM formulations. This provides a specific techni-
cal method for optimizing production processes in the 
future, ultimately enabling the production of more cost-
effective clinical-grade hUC-MSCs.

Several studies have reported functional differences 
among MSCs sourced from different tissues, highlight-
ing potential variations in clinical applications [59–63]. 
The selection of MSCs from different tissue sources 
for the same disease may result in differences in ther-
apeutic efficacy. However, there is a lack of research 
investigating whether cells cultured in different media 
formulations exhibit differences in therapeutic efficacy 
for diseases. Although many studies, including our 
own, have found that SFM can provide adequate nutri-
tions to generate MSC meeting ISCT standards [22, 
64–67], these studies lack systematic studies on the 
differences in phenotype and function of cells cultured 
in different media. All these differentiated functions in 

(See figure on next page.)
Fig. 6  The cytokine secretion profiles of hUC-MSCs cultured with different types and compositions of culture media. The culture supernatants 
of P5 and P10 hUC-MSCs cultured with SFM and SCM were used for liquid chip analysis. A Heatmap analysis of the similarity in cytokine secretion 
profiles among different groups of hUC-MSCs. B-C Comparative analysis of the pattern changes in 48 cytokines between P5 and P10 hUC-MSCs 
across different groups. The data from the liquid chip are normalized to standard normal distribution. The scale represent the expression values 
of the factors after standardization (the redder the color, the higher the expression value; the bluer the color, the lower the expression value).
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Fig. 6  (See legend on previous page.)
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hUC-MSCs could play a crucial role in the efficacy of 
subsequent disease treatments, thus warranting careful 
consideration. To our knowledge, this is the first study 
aimed at industrial-scale production of clinical-grade 
hUC-MSCs, evaluating the impact of various SFM and 
SCM on the phenotype and function of hUC-MSCs, 
thus exploring the importance of media selection for 
the commercial applicaiton of cell therapy industry. 
The differences observed in various biological indica-
tors among hUC-MSCs cultured in different SFM pose 

greater challenges in selecting the appropriate media 
for producing clinical-grade hUC-MSCs.

Liquid chip analysis revealed substantial differences 
in factors secreted by hUC-MSCs cultured in different 
media, indicating a close relationship between cell func-
tion and the selected culture medium. Additionally, the 
significant differences in cytokine secretion between dif-
ferent passages of cells produced in the same medium 
suggest that when developing cell-based therapeutics, the 
choice of medium must be carefully integrated with the 

Fig. 7  The impact of hUC-MSCs cultured with different media on the self-renewal and CAFC formation abilities of HSC. P5 and P10 hUC-MSCs 
cultured with SFM and SCM were used as feeder cells for CAFC assays. A The representative images of the expression of CD34 on UCB cells 
before and after co-culture with feeder cells. B Statistical diagram of the proportion of CD34+ UCB cells after 14 days of co-culture with feeder cells. 
C Analysis of CAFC numbers after 14 days of co-culture between UCB cells and feeder cells. D The representative image of CAFC. The cobblestone 
areas are indicated by the white circles. E The expansion fold of UCB cells after co-culture with feeder cells for 14 days. F Comparative analysis 
of the impact of P5 and P10 feeder layer cells on the expansion of UCB cells. Results shown in B, C, E and F are expressed as means ± SEM. Data 
shown in A-F are representative of at least three separate experiments. *p < 0.05; **p < 0.01; ***p < 0.001
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overall stem cell production process. Further research is 
needed to determine whether using cells of different pas-
sages for new drug development affects clinical treatment 
outcomes.

The ability of hUC-MSCs to promote HSC self-renewal 
suggested that hUC-MSCs could play a positive role in 
clinical HSC transplantation therapies. In the experi-
ment, we observed that hUC-MSCs cultured in SFM1 as 
feeder cells resulted in the highest proportion of CD34+ 
UCB cells and higher expansion, yet the lowest number 
of CAFC. This suggested that hUC-MSCs in SFM1 are 
more conducive to UCB cell proliferation rather than 
CAFC formation. The differences in the ability of MSCs 
cultured in different media to support HSC proliferation 
and CAFC formation suggested that careful selection of 
culture medium is crucial when producing MSCs for clin-
ical use in HSC transplantation, as certain medium may 
yield MSCs that better maintain the original state of HSC 
and promote their expansion, thereby enhancing trans-
plantation success and long-term hematopoietic recon-
stitution. The differences in support for HSC self-renewal 
between P5 and P10 hUC-MSCs further underscored the 
importance of optimizing stem cell production processes 
in clinical disease treatments. However, more research is 
needed to determine the impact of production processes 
on the efficacy of cell-based therapies.

Our results suggested that for the production of hUC-
MSCs intended for clinical therapy, media selection 
should not only focus on whether the media can cultivate 
MSCs meeting minimum standards by cell morphology, 
surface molecues and trilineage differentiation potential. 
Rather, it is crucial to prioritize selecting the appropri-
ate media based on the future intended use of the MSCs 
through systematic research, aiming to optimize the effi-
cacy of the cells for specific disease treatments.

Compared to cells cultured in SCM and other SFM, 
hUC-MSCs in SFM1 maintain basic biological charac-
teristics after long-term in  vitro culture, exhibiting a 
thinner, smaller morphology and size, slower aging rate 
and superior osteogenic differentiation and proliferation 
capabilities. These findings are consistent with those of 
some research groups but differ from others, which may 
be attributed to variations in the growth factors added to 
the media by different research groups [46, 68–71]. These 
results suggested that compared to SCM, hUC-MSCs 
cultured through SFM exhibit higher stability across dif-
ferent generations.

In this study, hUC-MSCs cultured in SFM at passages 
5 and 10 exhibited high expression levels of CD73, 
CD90, and CD105 (≥95%), along with low expression 
levels of CD34, CD45, CD14, CD19, and HLA-DR 
(≤2%), indicating that hUC-MSC cultured with SFM 
can meet the minimum key markers defined by ISCT 

in high generations. The cell activity and PDT of hUC-
MSC cultured in SFM were significantly better than 
those cultured in SCM at higher passages, indicating 
that the stability between passages of hUC-MSC cul-
tured in SFM was higher than that of cells cultured in 
SCM, further demonstrate that the quality of SFM cul-
tured cells is better.

We found that cryopreservation and subsequent revival 
procedures will lead to a decreased post-revival viabil-
ity, proliferation, and increased doubling time in both 
P5 and P10 generations of cells, which suggested that 
cryopreservation and revival processes have a signifi-
cant impact on the development of cellular drugs. We 
also observed that despite the reduction in cell doubling 
time upon revival following cryopreservation, cells cul-
tured in SFM1 gradually recover to pre-cryopreservation 
levels after 1–2 passages. All these results indicate that 
the development of cell drugs cannot be achieved with-
out the support of high-quality culture media and cryo-
preservation solutions.

Biological safety assessment is one of the primary con-
cerns in industrial hUC-MSCs production, particularly 
for cells cultured long-term in vitro, focusing on aspects 
such as cellular senescence, chromosomal stability, tumo-
rigenicity, and microbial contamination. In this study, 
using SFM to culture cells did not accelerate the senes-
cence of hUC-MSCs compared to SCM. Interestingly, 
as the culture duration increases, different SFM formu-
lations exhibited varying rates of cellular senescence, 
with cells cultured in SFM1 displaying the slowest rate, 
which suggested that additives added to the the media 
could retard cellular senescence and provide valuable 
insights for future improvements in cell processing tech-
niques. To obtain clinical-grade hUC-MSCs for future 
cell therapy, the cell manufacturing process, including 
donor screening, cell isolation, batch production, cryo-
preservation and thawing, requires rigorous monitoring 
to ensure biological safety, including detection of fungal 
and bacterial contamination, endotoxins, and pathogenic 
viruses. In this study, all four SFM-cultured hUC-MSCs 
showed negative results for fungal, endotoxin, and ste-
rility testing. PCR testing of P5 and P10 generations of 
hUC-MSCs cultured in SFM revealed no contamination 
with HIV, cytomegalovirus, hepatitis B virus, hepatitis 
C virus, Epstein-Barr virus and human papilloma virus. 
Besides, soft agar cloning experiments revealed that 
hUC-MSCs cultured in the four SFM at passages 5 and 
10 did not form colonies, while the positive control A549 
and H1299 cells formed colonies. Furthermore, we found 
that prolonged cell culture to passage 10 did not induce 
chromosomal aberrations in hUC-MSCs. These results 
demonstrate that hUC-MSCs cultured in SFM are bio-
logically safe.



Page 18 of 21Zhao et al. Stem Cell Research & Therapy          (2024) 15:327 

Currently, there is no clear consensus on the maximum 
passages acceptable for clinical use of hUC-MSCs. In our 
study, if hUC-MSCs were cultured in SFM1 to 5 passage, 
a 40 cm long umbilical cord is expected to yield approxi-
mately 1 * 1012 cells, consuming approximately 2000 liters 
of culture media (20  ml media/T175 cell culture flask). 
If each infusion requires 5 * 107 cells, the hUC-MSCs 
cultured in SFM1 would be sufficient for approximately 
20000-times infusion.

It should be noted that although our research pointed 
out that the impact of different formulations of culture 
media on cell phenotype function may affect the thera-
peutic effect of subsequent diseases, more research and 
evidence are needed to explain what formulations should 
be used for different diseases. Determining the relation-
ship between the compositions of the culture medium 
and cell function may promote the development of the 
cell therapy industry. Additionally, our findings highlight 
the importance of integrating culture medium selection 
with the overall stem cell production process and under-
score the need for further research to determine how 
the production process impact the efficacy of cell-based 
therapies. From the perspective of the long-term devel-
opment of the cell therapy industry, pharmaceutical com-
panies that master the core culture media formulations 
will possess stronger core competitiveness, thereby help-
ing them gain a competitive advantage in the field of cell 
therapy.

Conclusions
In this study, we developed a strategy to obtain SFM 
and used it to formulate four SFM. We emphasize that, 
to the best of our knowledge, this is the first systematic 
comparison from an industrial perspective to evaluate 
the consistency of different culture media in producing 
clinical-grade hUC-MSCs. We propose that the clini-
cal applicaiton of hUC-MSCs requires careful selection 
of culture media. One passible effective approach is to 
screen and select suitable culture media based on the 
characteristics of the specific disease being targeted for 
treatment. Developers of clinical applications for hUC-
MSCs can also utilize the stratage outlined in this study 
to establish their customized SFM research platform to 
investigate and obtain hUC-MSCs targeted specific dis-
eases. This represents a significant step forward in pro-
moting the implementation of stem cell therapy from 
scientific reasearch to large-scale industry application.
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