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Abstract Human umbilical cord mesenchymal stem

cells (hUCMSCs) are considered to be an ideal replace-

ment for bone marrow MSCs. However, up to date, there

is no convenient and efficient method for hUCMSC

isolation and culture. The present study was carried out

to explore the modified enzyme digestion for hUCMSC

in vitro. Conventional enzyme digestion, modified

enzyme digestion, and tissue explant were used on

hUCMSCs to compare their efficiencies of isolation and

culture, to observe primary cell growth and cell

subculture. The results show that the cells cultured using

the tissue explant method had a longer culture cycle

(P \0.01) and lower yield of primary cells per centi-

metre of umbilical cord (P \0.01) compared with the

two enzyme digestion methods. Subculture adherence

and cell doubling took significantly less time with the

tissue explant method (P \0.05) than with the conven-

tional enzyme digestion method; however, there was no

significant difference between the tissue explant method

and the modified enzyme digestion method (P [0.05).

Comparing two enzyme digestion methods, the modified

method yielded more cells than did the conventional

method (P\0.01), and primary cell adherence took

significantly less time with the modified method than

with the conventional method (P\0.05). Cell cycle

analysis of the third-generation hUCMSCs cultured by

modified enzyme digestion method indicated that most

cells were quiescent. Immunofluorescence staining

showed that these cells expressed MSC markers CD44

and CD90. And Von Kossa and oil red O staining

detection showed that they could be differentiated into
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osteoblasts and adipocytes with induction medium

in vitro. This study suggests that hUCMSC isolation

and culture using 0.2 % collagenase II at 37 �C for

digestion of 16–20 h is an effective and simple modified

enzyme digestion method.

Keywords Mesenchymal stem cell �Umbilical cord �
Culture � Isolation � Modified enzyme digestion

Introduction

Mesenchymal stem cells (MSCs) are a type of adult stem

cells with significant self-renewal ability and multilin-

eage differentiation capacity. Under certain induction

conditions, they can differentiate into various cell

lineages, such as osteoblasts, chondrocytes, muscle cells,

and adipocytes (Pittenger et al. 1999). MSCs were first

discovered in bone marrow and were later widely studied

and used in tissue engineering and cell therapy (Kortes-

idis et al. 2005). However, the isolation of MSCs from

bone marrow is an invasive procedure that is painful for

patients; additionally, the ability of cells to differentiate

declines with increasing patient age (Baxter et al. 2004).

These problems have limited the clinical applications of

bone marrow MSCs (Lavik and Langer 2004). Compared

to bone marrow MSCs, human umbilical cord mesen-

chymal stem cells (hUCMSCs) have many advantages,

such as a wide variety of sources, easy acquisition, high

proliferation ability, low immunogenicity, and fewer

bioethics issues involved in their use (Baksh et al. 2007).

Therefore, hUCMSCs are considered to be an ideal

replacement for bone marrow MSCs. The optimization of

the in vitro isolation and culture of hUCMSCs and the

examination of their biological properties are important

prerequisites for their application. Currently, there are

many methods of hUCMSC isolation and culture, but

none of them are stable, highly efficient, or convenient;

they all are associated with problems, such as a low yield

of primary cells or a long culture cycle, and thus, they are

insufficient for supporting large-scale clinical applica-

tions. The purpose of this study is to establish a

convenient and efficient method for hUCMSC isolation

and culture. Conventional enzyme digestion, a modified

enzyme digestion, and tissue explant were used on

hUCMSCs to compare their efficiencies of isolation and

culture, to observe primary cell growth, and to optimize

the enzyme digestion protocol, providing an experimen-

tal foundation for further hUCMSC applications.

Materials and methods

Reagents and samples

Fresh umbilical cords were obtained from healthy full-

term neonates after cesarean section in the First Hospital

Affiliated to the General Hospital of PLA: about

15–20 cm per umbilical cord. Informed consent was

obtained from women delivering full-term infants before

collecting umbilical cord. Type II and type IV collage-

nase (Worthington, Lakewood, NJ, USA), Trypsin–

EDTA and FBS (Gibco - Life Technologies, Carlsbad,

CA, USA), and an inverted microscope and photo

acquisition system (Leica, DMI6000, Wetzlar, German)

were used in the present study. Primary antibodies to

CD44, CD90, CK31 and CD45, and secondary antibod-

ies conjugated to fluorescein isothiocyanate (FITC) were

purchased from Abcam (Cambridge, UK).

Primary MSC isolation and culture

Umbilical cord tissue was removed from a sterile 0.9 %

sodium chloride solution with Penicillin (200 units/ml)–

Streptomycin (200 lg/ml) in a laminar flow clean bench

and washed twice with PBS. A 10 cm umbilical cord

was cut into three equal pieces. Each piece was cut into

small pieces of about 1 cm in length, the pieces were

washed thoroughly to remove blood and blood clots, and

the umbilical arteries, veins, and umbilical cord adven-

titia were removed to obtain Wharton’s jelly. Then,

Wharton’s jelly was dissected into small pieces of

approximate 1 mm3 and used to isolate and culture

primary hUCMSCs by three methods, including the

tissue explant method, the conventional enzyme diges-

tion method, and a modified enzyme digestion method.

In this study, six independent human umbilical cords

were processed using three isolation methods. The

detailed protocols are as follows:

(1) Conventional enzyme digestion method: pieces of

tissue of approximately 1 mm3 in size were

transferred into 0.1 % collagenase IV and digested

at 37 �C for 16–18 h until Wharton’s jelly was

completely digested. This was followed by centri-

fugation at 2,500 rpm for 5 min. After the super-

natant was removed, the pellet was resuspended

with 0.1 % trypsin and further digested for 30 min

at 37 �C. The digestion reaction was stopped by

adding DMEM with 10 % FBS. After thorough
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re-suspension, the mixture was filtered through a

74 lm cell strainer. The filtrate was centrifuged at

1,500 rpm for 10 min, washed with PBS, and

centrifuged twice. Cells were then completely

resuspended and transferred into a 10 cm culture

dish to be incubated at 37 �C under 5 % CO2 and

saturated humidity.

(2) Modified enzyme digestion method: the Whar-

ton’s jelly was transferred to a 0.2 % collagenase

II solution and digested at 37 �C for 16–20 h

until it was completely digested. The enzyme

digestion was terminated as above, and the

reaction solution was filtered and centrifuged

for primary cell culturing (the data on optimiza-

tion of collagenase II concentration and diges-

tion time for the modified enzyme digestion

method are provided in supplementary material).

(3) Tissue explant method: Properly cut tissue pieces

were inserted into 10 cm tissue culture dishes at

0.5 cm intervals. Complete medium (Dulbecco’s

modified Eagle’s medium (DMEM) supple-

mented with 10% (vol/vol) fetal bovine serum

(FBS), penicillin (100 units/ml), and streptomycin

(100lg /ml)) was added, and tissues were cultured

under 5 % CO2 and saturated humidity at 37 �C.

Five milliliters of complete medium was added

4 h later for a prolonged period of culture, and the

media was changed every 3–4 days.

Primary cell adherence and growth were observed

under an inverted phase contrast microscope. The timing

of cell confluence for all methods of enzyme digestion,

and cell adherence for the two enzyme digestion methods

was recorded. Trypan blue staining was used to calculate

the amount of primary cells cultured and the amount of

cells collected from each 1 cm-long umbilical cord

fragment. A total cell count was accomplished using a

haemocytometer chamber after staining the cells with

0.4 % trypan blue. The cells that were not stained with

trypan blue were considered viable cells.

Cell Subculture

When primary cells that had been cultured using the

above three methods reached 90 % confluence, they were

treated with 0.25 % trypsin (with 0.02 % EDTA), were

collected, and were resuspended to make the 1 9 105

cells/ml cell suspension. Ten millilitres of cell suspension

were cultured in a 75 cm flask and then sub-cultured. The

time frame for cell adherence and the doubling time was

observed and recorded for all three methods.

Cell cycle analysis and immunofluorescence staining

Third-generation UCMSCs that were cultured by an

improved enzyme digestion method were selected and

treated with 0.25 % trypsin (with 0.02 % EDTA).

Then, cells were collected and resuspended to make a

1 9 106 cells/ml cell suspension, which was subjected

to flow cytometry for cell cycle analysis. The cell

suspension was placed on a coverslip in a cell culture

dish and maintained in culture. Two days later, after

the cells on the coverslip were fixed, FITC-labelled

anti-CD31, CD44, CD45, or CD90 antibodies were

added followed by an incubation at 37 �C for 1h. Cells

were then washed with PBS and counterstained with

DAPI. The antigen expressions of CD31, CD44, CD45

and CD90 were observed under a fluorescence

microscope.

Differentiation capability studies

The differentiation of third-generation hUCMSCs that

were cultured by modified enzyme digestion method

was assessed. The cells were cultured in a complete

medium which contained either adipogenic (0.5 lM

isobutyl-methylxanthine, 1 lM dexamethasone,

10 lM insulin, and 200 lM indomethacin) or osteo-

genic (0.1 lM dexamethasone, 10 lM b-glycerophos-

phate, and 50 lM ascorbate-phosphate) reagents. As a

negative control, cells were cultured in a complete

medium deprived of the differentiation factors. All

regents were from Sigma-Aldrich (St. Louis, MO,

USA). Two weeks later, intracellular lipid accumula-

tion was visualised using Oil-Red-O staining, and

osteogenic differentiation was assessed by the exam-

ination of Von Kossa staining (Karahuseyinoglu et al.

2007).

Statistical analysis

Statistical analysis was performed with SPSS 10.0

statistics software (SPSS Inc. Chicago, IL, USA). Data

are presented as mean ± SD and Student t test was

used for statistical analysis. A value of P \ 0.05 was

considered statistically significant.
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Results

Cell morphology observation

After 4–5 days, cultures that had been treated by the

tissue explant method showed rod-like and irregularly

shaped cells growing out of the tissue in a dispersed

pattern. After around 15 days in culture, fibroblast-like

cells could be found around the tissue explants, with the

cell density decreasing with increasing distance from

the centre of the explants. Tissue explants were then

removed, the medium was changed, and the cells were

kept in culture. After 22–28 days, cells reached 90 %

confluence, and the cell morphology was relatively

homogeneous (Fig. 1a–b). For the cells that had been

isolated by the conventional enzyme digestion method,

spindle-like or polygonal fibroblast-like cells could be

observed, growing in a dispersed pattern after 3 days in

culture. After 14–18 days in culture, the cells were

approximately 90 % confluent and had large morpho-

logical differences (Fig. 1c–d). For the cells that had

been isolated by the modified enzyme digestion

method, short rod-like and polygonal fibroblast-like

cells could be observed after 1 day in culture. Cells

were 90 % confluent after 9–12 days in culture and

were morphologically diverse (Fig. 1e–f). At the third

subculture, cells from both enzyme digestion methods

and the tissue explant methods were spindle-like and

showed no significant differences in morphology

(Fig. 2).

Fig. 1 Morphological characteristics of hUCMSCs isolated and

cultured with both enzyme digestion methods and the tissue

explant method under an inverted phase contrast microscope

(9100). a primary cells isolated with the tissue explant method at

5 days of culture. b primary cells isolated with the tissue explant

method at 24 days of culture. c primary cells isolated with the

conventional enzyme digestion method at 4 days of culture.

d primary cells isolated with the conventional enzyme digestion

method at 16 days of culture. e primary cells isolated with the

modified enzyme digestion method at 2 days of culture. f primary

cells isolated with the modified enzyme digestion method at

9 days of culture
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Cell culture efficiency analysis

Cell confluence and adherence were observed under

an inverted phase contrast microscope for the timing

of these events and for cell counting. Comparing the

efficiencies of the three isolation methods, we found

that the cells isolated using the tissue explant method

had a significantly longer culture cycle (P \ 0.01) and

lower yield of primary cells per centimetre of umbil-

ical cord (P \ 0.01) than did cells isolated using the

two enzyme digestion methods (Table 1). Subculture

adherence and cell doubling took significantly less

time with the tissue explant method (P \ 0.05) and the

modified enzyme digestion method (P \ 0.05) than

with the conventional enzyme digestion method;

however, there was no significant difference between

the tissue explant method and the modified enzyme

digestion method (P [ 0.05) (Table 1). Comparing

the two enzyme digestion methods, the modified

method yielded significantly more cells than did the

conventional method (P \ 0.01), and primary cell

adherence took significantly less time with the mod-

ified method than with the conventional method

(P \ 0.05) (Table 2).

Fig. 2 Morphological characteristics of the third-generation

hUCMSCs under inverted phase contrast microscope (9100).

a primary cells isolated with the tissue explant method at 5 days

of culture. b primary cells isolated with the modified enzyme

digestion method at 5 days of culture

Table 1 Comparison of hUCMSCs isolation and culture with

tissue explant and both enzyme digestion methods

Groups PCCT

(days)

PCN

(105/cm)

SAT (h) SCDT (h)

TE 24.8 ± 4.0 6.3 ± 1.7 3.0 ± 1.0 39.0 ± 7.8

CED 16.3 ± 1.7b 11.0 ± 1.8b 7.3 ± 1.5a 69.5 ± 8.5b

MED 10.3 ± 1.3b,d 12.1 ± 2.0b 4.2 ± 1.7c 41.3 ± 7.5d

TE tissue explant, CED conventional enzyme digestion, MED modified

enzyme digestion, PCCT primary cell confluency time, PCN primary

cell number, SAT subculture adherence time, SCDT subculture cell

doubling time

Data are expressed as mean ± SEM (n = 6), aP\0.05 versus TE,
bP \ 0.01 versus TE, cP \ 0.05 versus CED, dP\0.01 versus CED

Table 2 Comparison of hUCMSCs isolation and culture with

both enzyme digestion methods

Groups Enzyme

digestion time

(h)

Collected

nuclear cells

(106/cm)

Primary cell

adherence time

(h)

CED 17.0 ± 1.0 26.5 ± 3.1 35.5 ± 11.7

MED 18.7 ± 2.1 52.3 ± 6.3a 18.8 ± 3.8b

TE tissue explant, CED conventional enzyme digestion, MED

modified enzyme digestion

Data are expressed as mean ± SEM (n = 6), aP \ 0.01 versus

CED, bP\0.05 versus CED

Fig. 3 Cell cycle analysis of the third-generation of confluent

hUCMSCs isolated with the modified enzyme digestion method
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Cell cycle analysis and immunofluorescence

staining

Cell cycle analysis of the third-generation hUCMSCs

showed that 85.99 % cells were in the G0-G1 phase

and 14.01 % were in the S ? G2 ? M phase, indi-

cating that most cells were quiescent, matching the

self-renewal property of stem cells (Fig. 3).

Immunofluorescence staining showed that the

fibroblast-like cells obtained from cord tissue

expressed mesenchymal stem cell markers CD44 and

CD90 but not the endothelial cell antigen CD31 or the

hematopoietic cell antigen CD45 (Fig. 4).

Differentiation of hUCMSCs into adipocytes

and osteocytes

With adipogenic supplementation, part of the MSCs

contained numerous Oil-Red-O-positive lipid droplets

at the end of the second week, (Fig. 5a). Similarly, the

part of the cells became Von Kossa positive which

were induced with osteogenic medium (Fig. 5c). Non-

treated control cultures did not show spontaneous

adipocyte or osteoblast formation at the end of the

second week (Fig. 5b, d).

Discussion

MSCs have a distinct self-renewal ability and differ-

entiation potential. Whether they are cultured in vitro

or in vivo, they can differentiate into osteoblasts,

chondrocytes, adipocytes, myoblasts, and neuronal

cells, suggesting their extensive clinical application

potential. MSCs exist in a variety of tissues, such as

bone marrow, periosteum, thymus, skin, adipose,

muscle, umbilical cord, and umbilical cord blood

(Schneider et al. 2010; Chamberlain et al. 2007). From

the perspective of embryo development, the umbilical

cord is the structure in which stem cells develop and

migrate, and umbilical cord stromal cells have been

found among populations of embryonic stem cells

(Thomson and Odorico 2000). The gelatinous con-

nective tissue around the umbilical cord, called

Wharton’s jelly, is a continuous skeleton formed by

interwoven collagen and small fibres (Vizza et al.

1995), and it contains a large number of myofibro-

blast-like mesenchymal cells (Kobayashi et al. 1998).

However, in the cord blood, the number of MSCs was

very small, and thus, their growth rate in culture was

slow and the success in culture was very low (Lee et al.

2004). These studies suggest that umbilical cord tissue

may become a new source of MSCs. In addition,

hUCMSCs are considered to be the ideal alternative to

bone marrow mesenchymal stem cells (Baksh et al.

2007; Karahuseyinoglu et al. 2007).

Currently, there are two types of methods for

hUCMSC isolation and culture: tissue explant and

enzyme digestion. However, the tissue explant method

has low separation efficiency, and the enzyme diges-

tion method has many varying protocols, none of

which are stable and efficient. In this study, we have

compared the conventional tissue explant method (Ma

et al. 2005; Qiao et al. 2008), the conventional enzyme

digestion method (Wang et al. 2004; Seshareddy et al.

2008; Tong et al. 2011) and a modified enzyme

Fig. 4 Identification of cell

antigen markers of the third-

generation of hUCMSCs

isolated by the modified

enzyme digestion method

(9100).

Immunofluorescence

staining showed positive

expression for CD44 and

CD90, negative expression

for CD45 and CD31. The

nucleus was stained blue

with DAPI
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digestion method. Our results showed that the tissue

explant method led to a significantly longer culture

cycle and lower yield of primary cells than did the

enzyme digestion method (P \ 0.01). However, this

method was characterized by a significantly shorter

adherence and doubling times in culture than observed

for the conventional enzyme digestion method

(P \ 0.05); there is no significant difference in these

factors between the tissue explant method and the

modified enzyme digestion method. Comparing the

two enzyme digestion methods, significantly more

cells were collected using the modified method than

using the conventional method (P \ 0.01). The mod-

ified method was also characterized by significantly

shorter adherence and incubation times in primary

culture and subculture than observed for the conven-

tional method (P \ 0.05). An analysis of these results

showed that enzyme digestion was more efficient for

cell isolation and culturing, while adherence and

proliferation after subculturing were more efficient

with the tissue explant method, indicating that cell

viability was better with this method than with the

conventional enzyme digestion method. Therefore,

the advantages of tissue explant are that there is no

need of digestive enzymes, no damage of the vitality

of cells (Conconi et al. 2006), and a low cost of

cultivation. Enzymes may degrade the cell membrane,

which makes the cells lose their ability to adhere

stably or at all, resulting in further damage to these

cells. Therefore, it is important to control the use

of enzymes and their dosages and digestion times. The

results of this study show that primary cells cultured

using the modified enzyme digestion method showed

no difference in subculture adherence or doubling

times compared to the tissue explant method; this

indicates that using the modified enzyme digestion

method does not affect cell viability but results in a

higher culture efficiency than the conventional

enzyme digestion and tissue explant methods.

In this study the enzyme digestion method was

modified by replacing the conventional 0.1 % collage-

nase IV plus trypsin with a single 0.2 % collagenase II

digestion for 18 h, which significantly improved the

culture efficiency. After 10 days, primary cells could

already be collected. This indicates that the concentra-

tion and type of the enzyme are very critical, especially

Fig. 5 Multi-lineage differentiation potential of third-genera-

tion hUCMSCs isolated by the modified enzyme digestion

method (9100). a Results of Oil-Red-O staining in cell cultures

grown for 2 weeks in adipogenic medium. Part of the cells

contained numerous Oil-Red-O-positive lipid droplets. b Con-

trol group cells grown in the regular medium, no cells contained

Oil-Red-O-positive lipid droplets. c Result of Von Kossa

staining in cell cultures grown for 2 weeks in osteogenic

medium. Part of the hUCMSCs became Von Kossa positive.

d Control group cells grown in the regular medium, hUCMSCs

were Von Kossa negative
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when collagenase and other enzymes are used in

combination, which may result in the destruction of cell

membranes and subsequently reduce the adhesion

ability and culture efficiency of isolated hUCMSCs.

In view of type IV collagen as main component of

collagen in Wharton’s jelly of human umbilical cord,

Collagenase IV may play a role in digestion of

Wharton’s jelly (Can and Karahuseyinoglu 2007).

However, Wharton’s jelly of human umbilical cord is

known to contain hyaluronic acid and sulphated

glycosaminoglycans immobilized in an insoluble

microfibril network. Collagenase II is stronger for its

clostripain activity, which is more efficient in solubi-

lizing the UC microfibrils than other types of collage-

nase (Meyer et al. 1983). Previous study suggest that

degradation of the extracellular matrix and disintegra-

tion of cell membranes may have caused cellular

damage through the use of trypsin alone for a long

period, because some cells are sensitive to exposure to

trypsin but not to collagenase (Oyama et al. 1990).

Therefore, in this study, we only applied collagenase II

for digestion of Wharton’s jelly of human umbilical

cord in the modified enzyme digestion method.

In preliminary experiments, we isolated, cultured,

and identified hUCMSCs by the tissue explant method

(Han et al. 2011). In these experiments, we cultured

primary hUCMSCs obtained by the tissue explant and

modified enzyme digestion methods, subcultured to

the third generation until confluent state, and found no

difference in cell morphology for these two methods.

Flow cytometry and immunofluorescence staining of

third-generation cells isolated by the modified enzyme

digestion method showed 85.99 % of the cells in the

quiescent stage with the self-renewal characteristics of

stem cells. These cells were positive for cell surface

antigens CD90 and CD44 and negative for antigens

CD45 and CD31, and they could be differentiated into

osteoblasts and adipocytes in vitro, therefore, multi-

lineage differentiation capacity was confirmed by

induced adipogenesis and osteogenesis. These results

indicate that cells isolated by the modified enzyme

digestion method have the characteristics of mesen-

chymal stem cells (Dominici et al. 2006).

In summary, in this study we have isolated

hUCMSCs from Wharton’s jelly using the enzyme

digestion methods and the tissue explant method and

examined their isolation and culture efficiencies and

effectiveness. Results showed that the umbilical cord

is rich in MSCs and that the cells are highly

proliferative. By comparing the efficiency and cell

growth of cells derived with three isolation methods of

hUCMSCs, we optimized an effective and simple

modified enzyme digestion method—that is, 0.2 %

collagenase II at 37 �C for digestion of 16–20 h.

Therefore, this study laid the foundation for the next

step in the research and large-scale clinical applica-

tions of hUCMSCs.
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