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Isolation and Characterization of Mesenchymal 
Stem Cells Derived from Human Umbilical 

Cord Blood Mononuclear Cells
Chih-Yang Chang1, Po-Han Chen2, Chia-Jung Li2, Shang-Chieh Lu2, Yu-Chun Lin3, 

Po-Huang Lee3, Ying-Hsien Kao2

Objectives: Human umbilical cord blood-derived mononuclear cells (UCB-MNCs) have been 
widely used for the isolation and development of hematopoietic and mesenchymal stem cells 
(MSCs). This study aimed to establish a research-grade human UCB-MNC bank at E-Da Hospital 
and to characterize the multipotent differentiation capacity of the isolated cells after ex vivo 
expansion.
Methods: Human UCB-MNCs were isolated from donor mothers using gradient density 
centrifugation. After ex vivo expansion, adherent cells were tested for MSC surface markers 
by flow cytometry and their ability to undergo adipogenesis, chondrogenesis, osteogenesis, and 
hepatogenesis.
Results: Despite a low percentage of MNCs from UCB being adherent, the adherent cells grown 
in MSC expansion medium showed typical mesenchymal morphology and a rapid growth rate. 
After cryopreservation and thawing, the cells still displayed high viability. No difference was 
noted between cells stored using either cryopreservation technique. Flow cytometry demonstrated 
that all isolated adherent UCB-MNCs expressed MSC-characteristic surface antigens, including 
CD45, CD73, CD90, and CD105, without hematopoietic markers. Moreover, gene expression and 
phenotypic analyses showed that isolated adherent UCB-MNCs were capable of being induced 
for adipogenesis, chondrogenesis, osteogenesis, and hepatogenesis. These results support the 
conclusion that the adherent UCB-MNCs are multipotent MSCs suitable for cell transplantation.
Conclusions: We have established a research-grade UCB cell bank with standardized protocols 
for the isolation and cryopreservation of UCB-MNCs. The multipotency of isolated UCB-MSCs 
suggests their applicability in further pre-clinical studies and in the development of clinical 
therapeutic strategies at E-Da Hospital.

Key words: adipogenesis, chondrogenesis, osteogenesis, hepatogenesis, umbilical cord blood-
derived mononuclear cells

E-Da Medical Journal 2016;3(2):1-13

1



Materials and Methods

Human subjects
Human UCB samples were obtained 

from twenty mother donors (less than 40 years 
of age) in the Department of Obstetrics and 
Gynecology, E-Da Hospital, with informed 
consent (IRB approval no. EMRP-099-058 and 
EMRP16101N). Donor sera were screened for 
HBsAg, HIV, VDRL before enrollment and all 
test results were negative.

Isolation and ex vivo expansion of UCB-
MNCs

UCB-MNCs were obtained from 40 
mL of UCB with citrate phosphate dextrose 
(Sigma-Aldrich, St. Louis, MO) as antico-
agulant and underwent density gradient 
centrifugation through Ficoll-Paque (1.077 g/
cm3; Amersham-Pharmacia, Piscataway, NJ) 
according to the manufacturer’s instructions. 
MNC fractions were washed with phosphate-
buffered saline (PBS), counted using trypan 
blue exclusion staining, and plated onto fibro-
nectin-coated tissue culture flasks (Becton 
Dickinson) in MSC expansion medium. The 
expansion medium consists of Iscove modi-

Introduction

There have been global ethical concerns 
about the use of embryonic stem cells.1 

Nevertheless, recent research raises the possi-
bility of deriving pluripotent stem cells from 
somatic cells using epigenetic reprogram-
ming approaches.2,3 Somatic stem cells have 
been shown to reside in various tissues such 
as bone marrow, brain, liver, skeletal muscle, 
and the dermis.3 In addition, human umbilical 
cord blood (UCB) has long been widely used 
for the isolation of mononuclear cells (MNCs) 
and further development of hematopoietic stem 
cells.4 The UCB-derived MNCs (UCB-MNCs) 
contain adequate progenitor cells with char-
acteristics different from those of adult bone 
marrow or peripheral blood stem cells. During 
the past two decades, human UCB units have 
been donated worldwide, and stored for use by 
unrelated patients with hematologic malignan-
cies and/or bone marrow disorders, who have 
no matched donors.5 Cord blood units have also 
been stored privately for personal use as well 
as for the purpose of autologous transplants. 
Recent advances in stem cell research support 
the notion that UCB cells are a more primi-
tive population than adult marrow cells, with 
several distinct advantages over other adult 
stem cell sources. UCB cells have longer telo-
meres, higher proliferation potential, a reduced 
risk of viral contamination, a reduced risk of 
graft-versus-host disease during allogeneic 
grafts, and a better tolerance for human leuko-
cyte antigen mismatches compared to bone 
marrow.6 The main advantages of UCB cells 
are that they can be collected non-invasively, 
easily characterized, and easily banked.7 Thus, 
UCB is a very powerful and readily accessible 
cell source for allogeneic or autologous cell 
transplantation. Furthermore, ex vivo expan-
sion and processing of UCB-derived MNCs 
can give rise to adherent mesenchymal stem 
cells (MSCs) that exhibit the capacity for 

multilineage differentiation.8 They have been 
demonstrated to be pluripotent and able to 
differentiate into specific functional cell types 
present in adult organisms, including chondro-
cytes, osteocytes, adipocytes, myocytes, and 
neurons.9 These capabilities strongly suggest 
that UCB-MNCs are potentially useful for 
the treatment of non-hematopoietic diseases. 
In light of the need for developing both basic 
research and personalized cell-based therapeu-
tics at E-Da Hospital, this study set forth to 
establish standard protocols for the isolation 
and cryopreservation of human UCB-MNCs. 
To guarantee the clinical applicability of 
UCB-MNCs, the adherent cells were isolated, 
expanded ex vivo, and validated as multipotent 
MSCs.
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fied Dulbecco medium (IMDM; Life Tech-
nologies/Gibco, Grand Island, NY) and 20% 
fetal bovine serum (FBS; Hyclone, Logan, 
UT) supplemented with 10 ng/mL recombinant 
human bFGF (Peprotech, Rocky Hill, NJ), 100 
U penicillin, 100 U streptomycin, and 2 mM 
L-glutamine (Life Technologies/Gibco). Cells 
were allowed to adhere overnight and nonad-
herent cells were washed out with medium 
changes. For long-term maintenance and cellu-
lar expansion, adherent cells reaching approxi-
mately 60-70% confluence were passaged with 
1X TrypLE solution (Life Technologies/Gibco) 
and replated at 1:4 under the same culture 
conditions.

Cryopreservation of human UCB-MNCs
All isolated UCB-MNCs were suspended 

in two commercially available cold preser-
vation solutions, including Synth-a-Freeze® 
(Life Technologies/Gibco) and CellBanker II® 
(Zenoaq, Nippon Zynyaku Kogyo Co., Japan) 
cell cryopreservation media, respectively. The 
cells were then cryopreserved for at least 3 
months using either uncontrolled-rate isopro-
pylalcohol freezing (IPA) or controlled-rate 
freezing (CRF) method.10 For IPA cryopreser-
vation, isolated UCB-MNCs were suspended at 
1.0 × 107 cells/mL in cryo-media and frozen in 
a Cryo -1˚C/min freezing container (Nalgene, 
USA). After overnight in a -70˚C freezer, cells 
were stored in vapor phase of liquid nitrogen 
tank for at least 3 months. For CRF method, 
cells were frozen using a rate-controlled 
freezer (Kryo 360-1.7, Planer PLC, Middle-
sex, UK) using program as follows: 1˚C/min 
to -4˚C, 20˚C/min to -45˚C, 10˚C/min to -10˚C, 
1˚C/min to -40˚C and 10˚C/min to -100˚C. The 
frozen cells were immediately transferred 
into vapor phase of a liquid nitrogen tank and 
cryopreserved for at least 3 months. For cell 
thawing, the cryopreserved cells were rapidly 
thawed in a 37˚C water bath and diluted with 
10 volumes of IMDM expansion medium. 
After resuspension in fresh medium, cell 

number and viability were measured by the 
trypan blue exclusion method or replated for ex 
vivo expansion.

Flow cytometry analysis
The MSC phenotype of isolated adher-

ent UCB-MNCs were characterized by using 
a commercially available kit for human MSC 
analysis (StemflowTM, BD Biosciences, San 
Jose, CA). In brief, the adherent cells at second 
passage were trypsinized and stained with 
fluorochome-conjugated antibodies according 
to manufacturer’s instruction. The antibod-
ies used for MSC-expressing markers included 
CD44 PE, CD73 APC, CD90 FITC, and 
CD105 PerCP-Cy5.5, while an antibody cock-
tail against CD45/CD34/CD11b/CD19/HLA-DR 
PE was used for MSC negative expression 
markers. Isotype-identical monoclonal antibod-
ies served as controls. The percentages of CD 
markers were measured in a flow cytometer 
(AccuriTM, BD Biosciences) with initial gating 
to rule out dead cells and debris.

In vitro MSC characterization
To test the robustness and in vitro differ-

entiating capacities of expanded UCB-MNCs, 
the adherent cells were treated with induc-
tion medium and subjected to measurements 
for differentiation markers as previously 
described.11,12 To induce adipogenic differen-
tiation, adherent UCB-MNCs at third passage 
(plated at a density of 3 × 103 cells/cm2) were 
treated with adipogenic medium for 3 consecu-
tive weeks. The adipogenic induction medium 
consisted of IMDM supplemented with 10% 
FBS, 0.5 mM 3-isobutyl-1-methylxanthine 
(IBMX; Sigma-Aldrich), 0.1 mM indometha-
cin (Sigma-Aldrich), and 1 µM hydrocorti-
sone (Sigma-Aldrich). Medium changes were 
carried out twice weekly and specimens for 
differentiation induction were assessed at 
weekly intervals.

To induce osteogenic differentiation, the 
expanded cells at third- to fifth-passage were 
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treated with osteogenic medium for 3 consecu-
tive weeks and medium was changed twice 
weekly. The osteogenic induction medium 
consisted of IMDM supplemented with 10 mM 
β-glycerol phosphate (Sigma-Aldrich), 0.1 μM 
dexamethasone (Sigma-Aldrich), and 0.2 mM 
ascorbic acid (Sigma-Aldrich). The osteoblas-
tic phenotype was measured by expression of 
osteoblastic marker genes, including Runx2,  
osteopontin and osteocalcin, while the miner-
alized matrix was visualized by Alizarin red 
staining.

To induce chondrogenic differentia-
tion, the cells at third- to fifth-passage were 
transferred into 15-mL polypropylene eppen-
dorf tubes and centrifuged at 1000 rpm for 5 
min. The pelleted micromass containing 1 × 
106 cells at the tube bottom was then treated 
with serum-free chondrogenic medium for 3 
consecutive weeks. The chondrogenic induc-
tion medium consisted of high-glucose DMEM 
(Gibco) supplemented with 0.1 μM dexameth-
asone, 100 μg/mL sodium pyruvate (Gibco), 
40 μg/mL proline (Sigma-Aldrich), 50 μg/mL 

ascorbic acid, 10 ng/mL TGF-β1 (Peprotech), 
and 50 mg/mL ITS+ premix (BD Biosciences). 
At weekly intervals, mRNA levels of syndecan 
and perlecan, two marker genes for chondro-
cytes, were quantified by real-time PCR.

Hepatogenic differentiation
To induce hepatogenic differentiation in 

vitro, the adherent cells at third passage were 
grown at 50% confluency and treated with 
two-stage induction of hepatogenesis as previ-
ously described.11,12 The differentiation induc-
tion medium consisted of IMDM supplemented 
with 20 ng/mL HGF (Peprotech), 0.5 μM 
dexamethasone, and 50 mg/mL ITS+ premix. 
After 2 weeks, cells were changed to matu-
ration medium consisting of IMDM supple-
mented with 20 ng/mL oncostatin M (Pepro-
tech), 0.5 μM dexamethasone, and 50 mg/mL 
ITS+ premix. Medium changes were carried 
out twice weekly and samples were collected 
at weekly intervals for hepatogenesis assess-
ment. Morphological alteration was digitally 
documented under inverted microscope (Axio-

Table 1.  Primers used for PCR detection

Target genes Genbank
accession no.

Primer sequence (5’→3’) Amplicon size 
(bp)

PPAR-γ NM_005037.5 S: CAGTGATATCGACCAGCTGAA
A: CCCATCATTAAGGAATTCATGTC

180

Runx2 NM_001015051.3 S: ACCTATCACAGAGCAATTAAAG
A: GTGCAGAGTTCAGGGAG

187

Osteocalcin NM_199173.4 S: CTATCGGCGCTTCTACG
A: CCTCTTCTGGAGTTTATTTGG

181

Osteopontin NM_000582.2 S: GGCAGACACAGCATCGTCGGG
A: ACTTGGAAGGGTCTGTGGGGCT

273

Syndecan NM_001006946.1 S: GAAGGACGAAGGCAGCTA
A: GTTCTTCAAGGAAGAGGCAA

162

Perlecan NM_001291860.1 S: AGCTATGTGAATGCAATGG
A: ATGTTCTCTGGGTTGGT

187

α-Fetoprotein NM_001134.2 S: TGCAGCCAAAGTGAAGAGGGAAGA
A: CATAGCGAGCAGCCCAAAGAAGAA

217

TAT NM_000353.2 S: TGAGCAGTCTGTCCACTGCCT
A: ATGTGAATGAGGAGGATCTGAG

359

Albumin NM_000477.5 S: TGCTTGAATGTGCTGATGACAGGG
A: AAGGCAAGTCAGCAGGCATCTCATC

162

TAT: Tyrosine aminotransferase; S: Sense primer; A: Anti-sense primer
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Results

Isolation and ex vivo expansion of human 
UCB-MNCs

Human UCB-MNCs were isolated from 
20 donor mothers, cryopreserved, and stored 
for at least one month. The UCB-MNCs were 
then thawed and tested in a cell viability assay. 

In this study, only three lines of isolated UCB-
MNCs showed adherent cell colonies and typi-
cal MSC-like morphology (Fig. 1). The rapid 
growth rate of the adherent cells remained for 
at least five passages in vitro. Unfortunately, 
the isolation rate of adherent and prolifera-
tive UCB-MNCs was lower than anticipated. 
Although we isolated adherent cells from 45% 
of donor samples (9 out of 20) on fibronectin-
coated dishes, only 15% of donor samples 
(3 out of 20) continued to expand ex vivo for 
further analyses.

Cyropreservation efficiency of UCB-MNCs
We sought to evaluate and compare the 

cryopreservation efficiency of UCB-MNCs 

Fig. 1 Morphology of adherent mononuclear cells 
derived from human umbilical cord blood 
(UCB-MNCs). After 7 days of cultivation on 
fibronectin-coated culture dishes, human UCB-
MNCs adhered onto dishes and continued to form 
colonies. Sample images of colonies are shown at 
(A) low magnification and (B) high magnification. 
Scale bars are 100 μm.

A

B

vert 200, Carl Zeiss, Germany) at weekly inter-
vals. Morphometrical analysis on percentage 
of transdifferentiated cells was calculated by 
using ImageJ software (NIH, USA).

Reverse transcription and qPCR analysis
Total RNA was extracted from differ-

entiated cells using Trizol solution (Invitro-
gen, Gaithersburg, MD). Two micrograms of 
total RNA was used for reverse transcription 
reaction, followed by conventional and qPCR 
analyses as previously described.13 The gene-
specific primers listed in Table 1 were synthe-
sized according to a previous study11 with 
partial modification.

Western blotting
Total protein extracts from differentiated 

cells were obtained by lysing the cells in ice-
cold RIPA buffer in the presence of a cock-
tail of protease inhibitors (Roche, Molecular 
Biochemicals, Mannheim, Germany). Protein 
content was quantified using a bicinchonic acid 
(BCA) protein assay kit (Pierce Biotechnol-
ogy, Rockford, IL, USA) and an equal amount 
of total protein for each lane was subjected to 
SDS-PAGE, followed by immunodetection as 
previously described.13

Statistical analysis
All data are presented as mean ± stan-

dard deviation (s.d.). Differences between 
groups of independent samples were assessed 
by Student’s t-test for paired and unpaired data 
when appropriate. Significance is declared 
when p value is less than 0.05.
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when different preservation solutions and 
freezing procedures were used. Samples 
from the primary isolated UCB-MNCs were 
preserved in one of two commercially available 
solutions (anonymously presented as products 
A and B) at the same cell density, frozen using 
one of two procedures (i.e., IPA and CRF), 
respectively, and subsequently stored in liquid 
nitrogen. After at least one month of storage, 
the cells were thawed and immediately tested 
for viability. As shown in Table 2, the aver-
aged viability of freshly isolated UCB-MNCs 
was 94.3 ± 2.6% before cold preservation. 
The comparative analysis revealed that after 
thawing there was no difference in viability 
between the cells preserved with the two solu-
tions. Although significant loss of viability was 

A B C

D E F

Fig. 2 Expression of mesenchymal stem cell surface markers on adherent mononuclear cells derived from human 
umbilical cord blood (UCB-MNCs). Primary adherent UCB-MNCs at their third passage were stained 
with monoclonal antibodies and subjected to flow cytometry  for counting based on their surface antigens. 
Representative data of UCB-MNCs derived from Donor 2 are shown in a dot plot  (A). Histogram profiles 
from Donor 2 for the positive expression of CD44 (B), CD73 (C), CD90 (D), CD105 (E). or the negative 
expression of the hematopoietic lineage markers CD45/CD34/CD11b/CD19/HLA-DR (F) are shown.

Table 2.  Evaluation on cell viability of isolated human 
umbilical cord blood mononuclear cells (UCB-
MNCs) before and after cryopreservation (CP).

Cell 
viability 
(before 

CP)

Cell viability 
(after CP)

IPA method CRF method
Solution A Solution B Solution A Solution B

94.3 ± 
2.6

80.9 ± 
2.5a

82.0 ± 
3.6a

87.3 ±
 2.3a,b

88.1 ± 
1.7a,b

Isolated human UCB-MNCs were immediately 
cryopreserved in  two commercia l ly  avai lable 
cryopreservation solutions (anonymously shown as 
solution A and solution B) using both uncontrolled-rate 
isopropyl alcohol (IPA) and controlled-rate freezing 
(CRF) methods. Cell viability of freshly isolated cells 
and those stored in liquid nitrogen for at least 3 months 
was determined by using trypan blue dye exclusion 
assay. Data are expressed as mean ± s.d. 
a p < 0.05 compared before CP; b p < 0.05 compared 
with IPA methods in the same CP solution.
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noted for cells under every condition, greater 
preservation efficiency was achieved using the 
CRF method than the IPA method (Table 2).

Detection of MSC markers by flow cytom-
etry

We next examined whether the isolated 
adherent UCB-MNCs express surface anti-
gens characteristic of MSC. Cells at their third 
passage of growth were subjected to immunos-
taining for cluster of differentiation (CD) mark-
ers and analyzed by flow cytometry. Figure 2 
shows representative CD marker histograms 
of adherent UCB-MNCs isolated from Donor 
2. The histograms clearly show that UCB-
MNCs express all MSC-characteristic mark-
ers, including CD44, CD73, CD90, and CD105. 
The percentage expression of MSC-character-
istic markers for three lines of isolated adher-
ent UCB-MNCs is shown in Table 3. It is 
notable that although less than 90% of isolated 
UCB-MNCs were CD90 positive, only 0.72% 
of cells displayed the CD45/CD34/CD11b/
CD19/HLA-DR antigenicity characteristic of 
hematopoietic cell types, implying little to no 
contamination with hematopoietic progeni-
tor cells. This result strongly suggests that the  
isolated adherent UCB-MNCs are MSCs.

In vitro induction of adipogenesis
To characterize the adipogenic differen-

tiation capacity of isolated UCB-MNCs, the 
cells were cultured in induction medium for 

three weeks. Morphological changes and the 
intracellular formation of neutral lipid vacuoles 
were noticeable after one week of induction. 
Neutral lipid droplets were seen under phase-
contrast microscope after 4 days of induction 
(Fig. 3A), while the lipid droplets in the cells 
after 7 days of induction were prominently 
stained by Oil-Red O staining (Fig. 3B). More-
over, analysis by qPCR (Fig. 3C) and west-
ern blot (Fig. 3D) revealed that expression of 
peroxisome proliferator-activator receptor-γ 
(PPAR-γ), an adipocyte-specific marker, was 
significantly increased in cells following 7 days 
of induction. These results demonstrate that the 
adherent UCB-MNCs can be induced to differ-
etiate into adipocytes.

In vitro induction of osteogenesis
The isolated UCB-MNCs were treated 

with an osteogenic induction medium to test 
their ability to differentiate into osteoblasts. 
Following incubation under serum-free osteo-
genic conditions, cell morphology gradually 
became flattened and broadened. The induced 
cells showed matrix mineralization and 
calcium deposition, as revealed by Alizarin red 
staining (Fig. 3E). Analysis of transcript levels 
in these cells by qPCR showed significantly 
elevated expression of three osteoblast specific 
genes, runx2, osteopontin and osteocalcin (Fig. 
3F). Therefore, these results demonstrate that 
isolated UCB-MNCs can be induced to differ-
entiate into osteoblasts.

Table 3.  Flow cytometry characterization by detecting mesenchymal stem cell(MSC) CD marker expression in 
isolated adherent human umbilical cord blood mononuclear cells (UCB-MNCs).

Specimens CD marker positivity (%)
CD44 CD73 CD90 CD105 CD45/CD34/CD11b/CD19/HLA-DR

Donor 1 88.5 70.6 85.6 87.4 0.66
Donor 2 91.6 76.7 82.2 92.6 0.72
Donor 3 82.8 84.5 74.8 82.3 1.53
Average 87.6 ± 4.5 77.3 ± 6.9 80.9 ± 5.5 87.4 ± 5.2 0.97 ± 0.48

Primary human adherent UCB-MNCs at third passage were stained with monoclonal detecting antibodies and 
subjected to flow cytometrical detection for MSC-specific surface antigens, including CD44, CD73, CD90, and 
CD105. CD45/CD34/CD11b/CD19/HLA-DR are markers for hematopoietic stem cells. Averaged positivity data are 
expressed as mean ± s.d.
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In vitro induction of chondrogenesis
To test their chondrogenic potential, 

the adherent UCB-MNCs were subjected to 

pelleted culture in a serum-free chondrogenic 
medium for three weeks. Intriguingly, a round-
shape micromass was observed after 7 days of 

B

Fig. 3 In vitro differentiation induction of adherent mononuclear cells derived from human umbilical cord blood 
(UCB-MNCs). (A-D) Primary adherent UCB-MNCs were grown in adipogenic induction medium for 2 weeks. 
After 4 days of culture, abundant vacuole-like structures (indicated by arrows) were seen in the cytoplasm 
under phase contrast microscope (A). Perinuclear localization of neutral lipid droplets (indicated by arrows) 
was visualized by Oil-Red O staining in cells after 7 days of adipogenic induction (B). PPAR-γ expression 
was evlauated by qPCR (C) and PPAR-γ protein level was evaluated by western blot (D). (E-F) UCB-MNCs 
were grown in osteogenic induction medium for 3 weeks, subjected to Alizarin red staining for matrix 
mineralization (E), and subjected to qPCR analysis of osteoblast-specific gene expression (runx2, osteocalcin 
and osteopontin) (F). (G-H) Chondrogenesis was induced for 7 days. An image shows formation of a round 
micromass characteristic of chondrogenesis seen after 7 days of induction (right tube, dashed circle), but 
absent at day sero (left tube) (G). qPCR analysis of syndecan and perlecan mRNA levels in the micromass are 
shown (H). All quantitative data are expressed as mean ± s.d. * indicates p < 0.05 compared with the zero 
time-point control.

C

D

E F

H

A

G
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induction (Fig. 3G). Moreover, mRNA levels of 
both syndecan and perlecan, two chondrocyte-
specific genes, were significantly increased 
following 7 days of induction and thereafter 
(Fig. 3H). These observations indicate that 
adherent UCB-MNCs can be induced to differ-
entiate into chondrocytes.

In vitro induction of hepatogenesis
UCB-MNCs have been previously 

reported to differentiate into endodermal cell 
types such as hepatocytes.11 Therefore, we next 
tested the hepatogenic differentiation poten-
tial of our isolated adherent UCB-MNCs by 
repeating the published protocol. Briefly, the 

induction protocol includes 2 weeks of induc-
tion and 2 weeks of maturation.11 After 1 
week of hepatogenic induction, changes in 
cell morphology, such as cell flattening and 
enlargement, were discernible (Fig. 4). The 
differentiating cells assumed  a round shape 
after 2 weeks, and were heavily vacuolated 
after 3 weeks. Morphometric analysis indicated 
that 16.8 ± 1.6% and 27.5 ± 5.4% of initially 
seeded cells had a matured hepatocyte-like 
phenotype after 3 and 4 weeks of induced 
differentiation, respectively. More intriguingly, 
a minor portion of the differentiated cells 
displayed binuclear morphology, which is one 
characteristic of adult hepatocytes. Molecu-

Fig. 4 Hepatocyte-like morphology of the adherent mononuclear cells derived from human umbilical cord blood 
(UCB-MNCs) following hepatogenic induction. Primary adherent UCB-MNCs at their fifth passage were 
grown in two-stage hepatogenic media for 4 weeks. After 1 week, cell f lattening and enlargement were 
discernible by phase-contrast microscopy. After 2 weeks, differentiating cells became rounded. After 3 weeks, 
the dilated cytoplasm was filled with vacuolated ultrastructures. After 4 weeks of induction, differentiated 
cells displayed binuclear morphology, which is characteristic of adult hepatocytes. Insets show typical 
morphology of differentiated cells. Scale bars represent 50 μm.
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Discussion

A

B

C

ing α-fetoprotein (AFP), albumin (ALB), and 
tyrosine aminotransferase (TAT), was signifi-
cantly increased. Furthermore, western blot 
analysis demonstrated that ALB, a maturation 
marker for functional hepatocytes, was signifi-
cantly induced by hepatogenic treatment (Fig. 
5C). Both the morphologic and molecular find-
ings support the conclusion that isolated human 
UCB-MNCs have the ability to differentiate 
into hepatocyte-like cells.

This study was conducted to establish 
protocols for isolation, cryopreservation, ex 
vivo expansion, and characterization of human 
UCB-MNCs. We reported a limited isola-
tion efficiency of adherent UCB-MNCs from 
20 mother donors. Only 45% of UCB-MNC 
samples were adherent and around 15% of 
samples could be expanded ex vivo for further 
characterization as MSCs. Consistent with our 
results, Barilani et al. recently reported their 
9-year experience that nearly one out of two 
UCB units retains the potential to give rise 
to MSC colonies, while only 46% of clones 
can be cultured up to passage eight, but one-
fourth of those can reach higher passages.14 
Using magnetically activated cell sorting 
with CD271 as the enrichment factor, Attar et 
al. observed that CD271-positive UCB cells 
did not show outgrowth ex vivo, but a 54.5% 
isolation rate of MSCs was still obtained from 
non-enriched UCB cells.15 Similarly, Vasaghi 
and co-workers did not observe outgrowth of 
MSC-like cells using the same bFGF-supple-
mented medium, but achieved a 40% isola-
tion rate of MSCs using a commercial Mesen-
Cult proliferation kit.16 Besides, Pievani et al. 
reported a low isolation rate of adherent UCB-
MNCs using expansion medium with 20% 
FBS supplementation.17 In addition to using the 
bFGF-supplemented media for the isolation of 
adherent MSCs from UCB-MNCs, there are 
other opportunities to modify and improve 

Fig. 5 Induction of hepatogenic maker genes in adherent 
mononuclear cells derived from human umbilical 
cord blood (UCB-MNCs). Primary adherent 
UCB-MNCs at their third passage were grown in 
hepatogenic media for 2 or 4 weeks. Total RNA 
was extracted and subjected to RT-PCR (A) and 
qPCR (B) for detection of α-fetoprotein (AFP), 
albumin (ALB), and tyrosine aminotransferase 
(TAT) gene expression. ALB protein content in 
induced hepatocyte-like cells was measured by 
western blot (C). Data are expressed as mean ± 
s.d. * indicates p <0.05 compared with the zero 
time-point control.

lar detection using RT-PCR (Fig. 5A) and 
qPCR (Fig. 5B) confirmed that expression of 
hepatocyte-specific functional genes includ-
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our protocol for ex vivo MSC expansion. For 
instance, hypoxic culture conditions (under 
1-5% oxygen tension) were recently shown to 
facilitate proliferation and maintain the undif-
ferentiated state of UCB-MSCs.18 This modi-
fied protocol is being tested in our laboratory 
to verify the improved efficiency of ex vivo 
MSC expansion.

In the context of cryopreservation effi-
ciency, two commercially available cryo-
preservation solutions and two freezing meth-
ods were tested on UCB-MNCs in the current 
study. We did not note any difference in preser-
vative ability between the two cryopreserva-
tion solutions, but found that the CRF method 
was clearly superior to the IPA freezing proce-
dure. Undoubtedly, the programmable freez-
ing procedures in the CRF method provided 
maximal protection of cellular structure and 
function, mainly due to lower crystallization of 
buffer salts under well-controlled temperature 
conditions. However, it is noteworthy that the 
instrumentation and the 15-20 L for each run 
of procedures make CRF more expensive than 
IPA. Our data provide a useful technical refer-
ence for clinical cost-benefit evaluation.

The International Society for Cellular 
Therapy (ISCT) has proposed a minimal set of 
three standard criteria to be used universally 
for defining a multipotent MSC.19 MSCs must 
have plastic adherence, express a set of specific 
surface antigens, and be capable of adipogene-
sis, osteogenesis, and chondrogenesis. In terms 
of surface antigen expression, the phenotype 
of multipotent MSCs is defined as, at a mini-
mum, the co-expression of the surface antigens 
CD105, CD73, and CD90 (> 95% positive) in 
the absence of hematopoietic lineage markers 
CD45, CD34, CD14 or CD11b, CD79α or CD19, 
and HLA-DR (< 2% positive).20 In the present 
study, were characterized the isolated adher-
ent UCB-MNCs by analyzing their expression 
of surface CD markers using flow cytometry. 
We used a screening kit for MSC identifica-
tion, and demonstrated that the isolated adher-

ent UCB-MNCs expressed all the CD markers 
characteristic of MSCs. Conversely, the expres-
sion rate for a set of negative markers was 
lower than 1%, strongly supporting the conclu-
sion that these isolated cells are MSCs and 
are potentially useful for cell therapies. UCB 
contains a heterogeneous population of stem/
progenitor cells expressing a range of surface 
antigens not limited to the above-mentioned 
CD markers, but including other relevant mark-
ers such as CD29, CD34, CD45, and CD133.21 
Previous attempts have been made to sort 
UCB cells in order to purify a pluripotent cell 
population based on surface markers. CD34 
is the marker of choice in progenitor selection 
strategies. It is limited to early hematopoi-
etic progenitors and can be used as a surro-
gate marker for engraftment potential of both 
peripheral and cord blood stem cell collec-
tions.22,23 In addition, co-expression of CD34 
and CD45 is widely used to identify hemato-
poietic progenitor cells in UCB.24 Better under-
standing of the expression profiles of CD34, 
CD45, and CD133 surface antigens in isolated 
UCB-MNCs is crucial for the development of 
UCB transplantation.

To address the third ISCT-proposed 
criteria, we demonstrated the multi-lineage 
differentiation capacity of the UCB-MNCs 
isolated in this study. We showed that our 
UCB-MNCs were capable of adipogenesis, 
osteogenesis, and chondrogenesis. In addi-
tion to three mesenchymal cell types, UCB-
MSCs can reportedly differentiate into endo-
dermal lineage cells, including functional 
hepatocyte-like cells11,12  and neuronal cells 
from the ectodermal lineage.25 The present 
study reproducibly demonstrated the hepato-
genic differentiation capacity of the isolated 
adherent UCB-MSCs, using morphologic and 
molecular evidence. The potential functional-
ity of the differentiated hepatocyte-like cells 
generated here was supported by a remarkable 
increase in albumin expression after two weeks 
of hepatogenic induction. These data reflect 
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