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Abstract The in vitro suitable action distance between umbilical cord blood-derived
hematopoietic stem/progenitor cells and its feeder cell, human adipose-derived stem
cells, during their co-culture, was investigated through a novel transwell co-culture
protocol, in which the distance between the two culture chambers where each cell
type is growing can be adjusted from 10 to 450 μm. The total cell number was
determined with a hemacytometer, and the cell morphology was observed under an
inverted microscope each day. After 7 days of co-culture, the fold-expansion, surface
antigen expression of CD34+ and CFU-GM assay of the hematopoietic mononuclear
cells (MNCs) were analyzed. The results showed that there was an optimal communi-
cation distance at around 350 μm between both types of stem cells during their in vitro
co-culture. By using this distance, the UCB-MNCs and CD34+ cells were expanded by
15.1±0.2 and 5.0±0.1-fold, respectively. It can therefore be concluded that the optimal
action distance between stem cells and their supportive cells, when cultured together for
7 days, is of around 350 μm.
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Introduction

The in vitro cultures of hematopoietic stem cells/progenitor cells (HS/PCs) can be divided
into two kinds according to whether they are supported by stormal cells or not. There are
current clinical practices that have accepted expanded HSCs with stroma as acceptable [1],
and in fact, many studies have implicated the benefits of MSCs as a stroma support in
facilitating both in vitro and in vivo hematopoiesis [2–5]. As the knowledge of the in vivo
hematopoiesis process increases and the in vitro expansion study of HS/PCs develops, it is
discovered that the co-culture protocol of stromal cells and HS/PCs obviously surpasses the
non-stromal cell culture protocol [6, 7]. During the co-culture process, the contact style of
two different cells can be divided into direct contact, cell villi indirect contact and a certain
distance's non-contact [8, 9].

Amongst them, in direct contact co-culture system, it is very difficult to separate HS/PCs from
stromal cells completely, thus, this direct contact co-culture protocol faces difficulties of purifying
the cells and the security problems of immune rejection [10]. In 1999, Kawada et al. [11]
proposed a method called “adjusted transwell” for the first time, which could both co-culture
stromal cells with HS/PCs and prevent them from polluting the HS/PCs, leading a close indirect
contact of the two cells. After that, Tagagi [12, 13] studied the effect of pore membrane's
aperture on hematopoietic progenitor cell. The result showed that when the aperture was
smaller than 0.4 μm, the stromal cells would not be able to transfer to the supine surface. This
indirect contact co-culture, only having paracrine and no juxtacrine, results in the best culture
outcome. In uncontact co-culture also only paracrine works, yet the effect is not as well, which
demonstrates that the distance between the cells should not be too far. But in present transwell
protocol, the distance of the co-cultured two cells is fixed and cannot be further changed.

Therefore, in order to explore the proper co-culture distance in vitro of the HS/PCs and
its feeder cells, human adipose-derived stem cells (ADSCs), this study co-cultures them
within a novel-adjusted transwell co-culture system which can alter the interaction distance
of the two cells via alter the sidewall height of pore plate from 10 to 450 μm.

Materials and Methods

Cells

Umbilical cord blood (UCB) was obtained from the umbilical vein after full-term vaginal
delivery with the informed consents of the parents. UCB was collected in bags containing
heparin and processed within 24 h. After separation with the Ficoll-Hypaque (1.077 g/mL)
method, the low-density mononuclear cells (MNCs) were washed in IMEM supplemented
with 50 IU penicillin/mL and 50 μg streptomycin/mL. The cells were cultured overnight for
co-culture use.

The ADSCs were separated from subcutaneous normal adipose issues of surgery patients
(aged from 16 to 60) via our improved method [14] using co-digestion with 0.25% Trypsin
(Sigma) and 0.1% collagenase (Sigma). After that, the below liquid containing
mononuclear cells was diverted into a centrifuge tube, and DMEM (high-glucose)
containing 10% FBS (Gibco) was added into this tube to terminate the digestion process.
Following this, the left adipose tissues were digested for two to approximately three times
again according to the above method. Then, the collected cells were resuspended and
cultured in an incubator with 37 °C, 5% CO2. The culture media were changed every
2 days. Cells over 11th passage were used for experiment.
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Adjustment and Determination of the Action Distance Between Two Kinds of Cells

The distances between transwell film and the bottom of 6-pore plate, ranged from 10 to
450 μm, measuring by a high-precision vernier caliper, were changed via grinding the
sidewall of the pore plate carefully adopting 100, 150, 280, and 600 mesh sandpapers,
respectively.

Co-culture of MNCS and ADSCs

The ADSCs were seeded into a pretreated 6-well plate at 2×105 cells per milliliter, the
transwell chamber was inserted into the pore plate when majority of cells were confluent.
After this, the MNCs were seeded into the chamber at 1×106 cells per milliliter. The
experiment was composed of 12 groups, the UCB-MNCs cultured alone in the first group
were regarded as control group, and the second group was direct co-culture group, i.e., co-
culture two kinds of cells directly. In respect to other ten groups, we designed indirect
contact co-culture with different cellular action distance ranging from 10 to 450 μm. During
7 days of culture, the cell number was counted each day to detect the expansion of MNCs.
The expansion fold of the MNCs, CD34+ cells and CFU-GM under different culture
conditions were also compared and analyzed after 7 days of culture.

Flow Cytometry Analysis of CD34+ Cells

For flow cytometry, approximately 106 freshly separated cells or expanded hematopoietic
cells were washed once in PBS and afterwards resuspended in 100 μL flow cytometry
buffer (0.1% sodium azide in PBS) and stained with 10 μL anti-CD34-PE or anti-CD34-
FITC (BD Pharmingen) and incubated at 4 °C in the dark for 20 min. Isotype and positive
controls of both antibodies were also prepared. The cells were then washed twice with PBS
and finally resuspended in 1 mL flow cytometry buffer. Finally, the samples were analyzed
with a FACSCalibur. At least 20,000 events were acquired per sample and analyzed using
CellQuest Pro.

Colony-Formation Capability Assay

IMDM containing 0.9% methyl cellulose, 10% horse serum, 10% FBS, and 5×10−5 mol/L
2-mercaptoethanol were used as culture medium of CFU-GM colony. Besides, this medium
also contained cytokines including 8 ng/mL SCF, 3.735 ng/mL FL, 3.735 ng/mL TPO,
2.56 ng/mL IL-3, 1.665 ng/mL G-CSF, and 1.065 ng/mL GM-CSF. After 7 days of culture
in a humidified environment at 37 °C and 5% CO2, the colonies consisting of 50 or more
cells were counted under an inverted microscope.

Multilineage Differentiation Potential of Expanded ADSCs

After co-culture with MNCs, ADSCs were induced to differentiate into osteoblasts,
chondrocytes, and adipocytes to detect whether they still remained multilineage
differentiation capacity. ADSCs were seeded into a 24-well plate at 1×105 cells per
milliliter and cultured in IMDM until they reached 80% of confluence. Then, osteogenic
differentiation was induced by incubating them with IMDM consisting of 10% FBS,
10 mM β-glycerophosphate, 50 μM vitamin C, and 0.1 μM dexamethasone, and detected
by ALP staining after 1 and 2 weeks of induction and von Kossa staining after 3 weeks of
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induction, respectively. Chondrogenic differentiation was induced by IMDM consisting of
0.1 μM dexamethasone, 50 μg/mL vitamin C, 100 μg/mL sodium pyruvate, 10 ng/mL
transform growth factor (TFG-β3), 500 ng/mL bone morphogenetic protein (BMP-6), and
50 mg/mL ITS+, and detected by toluidine blue staining after 1, 2 and 3 weeks of induction,
respectively. Adipogenic differentiation was induced by IMDM including 10% FBS,
0.1 mM 3-isobutyl-1-methyl xanthine, 1 μM dexamethasone, 0.2 μM indomethacin, and
10 μM insulin, and assayed with oil red staining after 1, 2 and 3 weeks of induction,
respectively [15, 16].

Statistic Analysis

All the experiments should be repeated for three times. The statistics were showed as mean±SD
to determine the level of significance with t test, analyzed by Origin7.0 software.

Results

Expansion of Mononuclear Cells

The co-cultures of two kinds of cells with ten different distances were investigated in this
research. The expansion fold of MNCs with time was showed in Fig. 1a and Table 1;
meanwhile, the relationship between the expansion fold and cellular distance was showed
in Fig. 1b. Table 1 demonstrated that the distance between two different stem cells had a
significant effect on the expansion of mononuclear cells. The expansion fold of MNCs
increased with the increase of cell distances initially, and then it reached to 15.1±0.2-fold
when the cell distance was around 350 μm, which achieved the top value. After that, it
decreased with the increasing action distance.

Expansion of CD34+ Cells

The relationship between expansion fold of CD34+ cells and cellular action distance was
showed in Fig. 2a. It demonstrated that the expansion fold of CD34+ cells fluctuated
obviously when the cell distance increased. There was a highest expansion, 5.0±0.1-fold,
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Fig. 1 Expansion of mononuclear cells co-cultured with ADSCs with time and different cellular distance. a
Effect of culture time on the expansion of mononuclear cells at different distances. b Effect of distance
between co-cultured cells on mononuclear cells' expansion, on the seventh day
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when the cell distance reached to 350 μm. After that, it decreased with the increasing action
distance.

GFU-GM Colony Culture

The relationship between GFU-GM expansion fold and cellular distance was showed in
Fig. 2b. When the co-culture distance was 350 μm, the expansion of mononuclear GFU-
GM colony reached to 8.5±0.5-fold, while the expansion at other cell distances was not so
well. It indicated that the HS/PCs, co-cultured with ADSCs at a cell distance of 350 μm,
were superior in terms of remaining its original state and multiplication capacity than that at
other cellular distances.

The MNCs co-cultured with ADSCs using this novel-developed transwell system could
achieve the highest expansion at a distance of 350 μm. This is mainly because under this
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Fig. 2 Effects of distances between two co-cultured cells on the expansion folds of CD34+ cells and CFU-
GM. a Expansion folds of CD34+ cells at different distances between cells on the seventh day. b Expansion
folds of CFU-GM at different distances between cells

Table 1 Expansion fold of nucleated and CD34+ cells

Culture
fashion

Day 0 Day 7

MNCs expansion
fold

CD34+ content
(%)

MNCs expansion
fold

CD34+ content
(%)

CD34+ expansion
fold

Control group 1 1.2 6.2±0.3 0.6 3.1±0.2

Direct co-culture 1 1.2 7.5±0.3 0.5 3.1±0.1

10 μm 1 1.2 6.5±0.3 0.5 2.7±0.1

50 μm 1 1.2 7.0±0.2 0.5 2.9±0.1

100 μm 1 1.2 7.5±0.3 0.6 3.8±0.2

150 μm 1 1.2 8.5±1.5 0.4 2.8±0.3

200 μm 1 1.2 8.9±0.3 0.5 3.7±0.1

250 μm 1 1.2 10.5±0.3 0.4 3.5±0.1

300 μm 1 1.2 11.3±0.1 0.4 3.8±0.3

350 μm 1 1.2 15.1±0.2 0.4 5.0±0.1

400 μm 1 1.2 9.3±0.2 0.4 3.1±0.1

450 μm 1 1.2 8.3±0.2 0.4 2.8±0.1
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distance, two kinds of stem cells both carried out cellular signal transmission including
paracrine and juxtacrine, in which paracrine played a more important role. At this distance,
slight nutrient for the MNCs was absorbed by ADSCs, and thus, the remaining nutrient was
still enough for cell consumption of MNCs. At other cell distances, either the ADSCs
fought for the nutrient with mononuclear cells, or the signal transmission between cells was
not so ideal, paracrine reduced while juxtacrine abounded, which therefore resulted in a
worse expansion.

Surface Antigen of Co-culture Cells

ADSC is a group of cells without unique phenotype; it expresses various kinds of
surface markers, and up to now, there is no unique surface marker that could identify it
alone. At present, markers of CD29+, CD34−, CD44+, CD45−, and CD166+ were usually
adopted to identify ADSCs. The surface markers of expanded ADSC analyzed using flow
cytometry was shown in Fig. 3. The expressions of CD29 (member of integrin family),
CD44 (receptor of fibronectin and hyaluronate), and CD166 were positive, while the
expressions of CD34 (hematopoietic stem/progenitor cells and endothelial cells were
positive) and CD45 (surface antigen of hematopoietic cells) were negative. It, therefore,

CD34/0.6%CD29/52.9%   

CD105/82.3%  

CD13/99.4%   

CD44/34.3%   CD45/0.5% CD73/97.2%

CD166/65.8%  HLA-DR/0.6%

Fig. 3 Fluorescence-activated cell shorter analysis of CD13, CD29, CD34, CD44, CD45, CD73, CD105,
CD166, and HLA-DR expression
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demonstrated that the ADSCs were undifferentiated stem cells distinguished from
hematopoietic cells.

Induced Differentiation Results of ADSCs

ADSC is a stem cell with multi-lineage differentiation potential, which can differentiate into
osteoblasts, cartilage cells, adipose cells, nerve cells, and so on, under proper induced
condition. In order to confirm the multi-lineage differentiation potential of co-cultured
ADSCs, the harvested ADSCs were induced to differentiate into osteoblasts, chondrocytes,
and adipocytes. Figure 4(OD) showed that osteogenic differentiation was confirmed by the
increased alkaline phosphatase (ALP) expression by histochemical staining after 1 and
2 weeks of induction, respectively; the cytoplasm presented black. The ALP expression
demonstrated that the osteoblasts induced from ADSCs achieved mature status, and it
indicated the calcification. After 3 weeks of induction, ADSCs showed obvious calcium
deposition and calcified nodules by von Kossa staining, which confirmed that the
osteoblasts differentiated from ADSCs got preferably capability of osteogenesis.
Figure 4(CD) showed that after 1, 2 and 3 weeks of chondrogenic induction, large amount
of mucopolysaccharide-rich extracellular matrix appeared around ADSCs after toluidine
blue staining, indicating the features of chondrocytes. This demonstrated that majority of

One week Two weeks

OD    

CD    

AD    

A                     B C

D                     E F

G H I 

Three weeks 

Fig. 4 Multi-differentiation potential assays of expanded human-derivedADSCs.OD osteogenic differentiation,
CD chondrogenic differentiation, AD adipogenic differentiation. a, b ALP staining for osteogenic
differentiation, a 1 week and b 2 weeks; c Von Kossa staining for osteogenic differentiation, 3 weeks; d–f
Toluidine blue staining for chondrogenic differentiation, d 1 week, e 2 weeks, and f 3 weeks; g–i Oil red
staining for adipogenic differentiation, g 1 week, h 2 weeks, and i 3 weeks; a–i ×100

782 Appl Biochem Biotechnol (2011) 165:776–784



ADSCs could be induced into chondrocytes after determined time of induction.
Figure 4(AD) showed that after 1, 2 and 3 weeks of adipogenic induction, respectively,
large quantity of red lipid droplets appeared inside the cells by oil red staining, which
demonstrated that a large number of cells could be induced into adipocytes.

Taking the results from flow cytometry and multilineage differentiation assay into
account, it demonstrated that ADSCs could not only support the in vitro expansion of UCB-
MNCs but also remain its phenotype and stemness at a suitable co-culture cell distance
within this novel co-culture system.

Discussion and Conclusion

Recent studies keep proving that HS/PCs plays a significant role [17, 18] in the clinical
treatment of blood diseases (hemophthisis, etc.) in the hematopoietic reconstitution of patients
with cancer (leukemia, etc.) after high-dose chemotherapy and radiation therapy, and in the
gene treatment, immunotherapy, among which UCB-MNCs gradually become hotspots
because of its advantages [19, 20]. However, the problem which hindered the wide application
of UCB-MNCs is the limited resource of stem cells, which is far from meeting the clinical
need. Thus, the in vitro expansion of UCB-MNCs has become a most effective method.

Although many studies [21, 22] try to add in various known growth factors to imitate the
nourishing function of stromal cells, but people still do not understand the interaction
mechanism between stromal cells and hematopoietic stem/progenitor cells, and many kinds
of cell factors still have not been identified. However, as knowledge develops, the idea [23,
24] that simulating microenvironment in vivo could be the most suitable method has
gradually been realized. In vivo microenvironment, stromal cells and hematopoietic cells
coexist, and stromal cells play an important role in supporting the expansion of hematopoietic
cells and regulating haematogenesis via secreting growth factors, extracellular matrix, and
interacting with hematopoietic cells [25]. Thus, the co-culture of stromal cells and HS/PCs is
obviously far more advantaged than that in the absence of stromal cells [6, 7].

Basing on realizing the co-culture of two kinds of cells, direct contact, indirect contact,
and non-contact co-culture have also been investigated [9, 26–30]. Most studies adopt the
methods in which stromal cells directly contact with hematopoietic cells, which can lead to
a large scale of expansion of CD34+ cells, but the direct contact co-culture is not beneficial
to clinical application. As for the indirect contact and non-contact methods, which is better
that has not been decided yet. For these methods, the most important difference of indirect
contact and non-contact co-culture is that the different effective cell distance between
stromal cells and MNCs, thus the influence of cell distance on cell expansion could be of
much significance.

Conclusion

In summary, we adopted a modified transwell culture system to co-culture UCB-MNCs and
human ADSCs under different cell distance for 7 days, and observed the in vitro expansion
characteristics of UCB-MNCs. By contrast, under cell distance of 350 μm, the expansions
of MNCs, CD34+ cells, and CFU-GM colony were 15.1±0.2, 5.0±0.1, and 8.5±0.5-fold,
respectively, which was obviously more superior to other cell distances. It was, therefore,
concluded that the optimal cellular distance for co-culture of UCB-MNCs and human
ADSCs was of around 350 μm.

Appl Biochem Biotechnol (2011) 165:776–784 783



Acknowledgments This work was supported by The National Natural Sciences Foundation of China
(30670525, 30700181), the Fundamental Research Funds for the Central Universities (DUT11SM09), and
Doctoral Fund of Ministry of Education of China (20070141055).

References

1. Tung, S. S., Parmar, S., Robinson, S. N., et al. (2010). Best Practice and Research Clinical
Haematology, 23(2), 245–257.

2. De Toni, F., Poglio, S., Ben Youcef, A., et al. (2011). Stem Cells and Development. doi:10.1089/
scd.2011.0044.

3. Jiang, S., Zagozdzon, R., Jorda, M. A., et al. (2010). Journal of Biological Chemistry, 285(46), 35471–
35478.

4. Duohui, J., Ana-Violeta, F., Nael, A., et al. (2010). Haematologica, 95(4), 542–550.
5. Hayashi, N., Takahashi, K., Abe, Y., et al. (2009). Life Sciences, 84(17–18), 598–605.
6. Dexter, T. M., Allen, T. D., & Lajtha, L. G. (1977). Journal of Cellular Physiology, 91, 335–344.
7. Chute, J. P., Fung, J., Muramoto, G., et al. (2004). Experimental Hematology, 32, 308–317.
8. Kedong, S., Xiubo, F., Tianqing, L., et al. (2010). Journal of Materials Science: Materials in Medicine,

21(12), 3183–3193.
9. Song, K. D., Yin, Y. Q., Lv, C., et al. (2009). Asia-Pacific Journal of Chemical Engineering.

doi:10.1002/apj.507.
10. Mukhopadhyay, A., Madhusudhan, T., & Kumar, R. (2004). Advances in Biochemical Engineering/

Biotechnology, 86, 215–253.
11. Kawada, H., Ando, K., Tsuji, T., et al. (1999). Experimental Hematology, 27, 904–915.
12. Takagi, M., Horii, K., & Yoshida, T. (2003). Journal of Artificial Organs, 6, 130–137.
13. Takagi, M. (2005). Journal of Bioscience and Bioengineering, 99, 189–196.
14. Liu, Y., Liu, T. Q., Fan, X. B., et al. (2008). Journal of Chemical Engineering of Chinese Universities,

22(3), 471–477.
15. Zhu, Y. X., Liu, T. Q., Song, K. D., et al. (2008). Cell Biochemistry and Function, 26(6), 664–675.
16. Zhu, Y. X., Liu, T. Q., Song, K. D., et al. (2009). Biotechnology Journal, 8, 1198–1209.
17. Nielsen, L. K. (1999). Annual Review of Biomedical Engineering, 1, 129–152.
18. Sengupta, A., Arnett, J., Dunn, S., et al. (2010). Blood, 116(1), 81–84.
19. Tanavde, V. M., Malehorn, M. T., Lumkul, R., et al. (2002). Experimental Hematology, 30, 816–823.
20. Fløisand, Y., & Sioud, M. (2010). Methods in Molecular Biology, 629, 507–523.
21. Chi, P., Chen, Y., Zhang, L., et al. (2010). Nature, 467(7317), 849–853.
22. Pusic, I., & DiPersio, J. F. (2010). Current Opinion in Hematology, 17(4), 319–326.
23. Zhao, G. F., Song, K. D., Liu, T. Q., et al. (2008). Tissue Engineering. Part A, 14(5), 843.
24. Song, K. D., Zhao, G. F., Liu, T. Q., et al. (2009). Biotechnology Letters, 31, 923–928.
25. Noll, T., Jelinek, N., Schmidt, S., et al. (2002). Advances in Biochemical Engineering/Biotechnology, 74,

111–128.
26. Yanai, N., Matsui, N., Matsuda, K. I., et al. (1999). Experimental Hematology, 27, 1087–1096.
27. Li, W. M., Johnson, S. A., Shelley, W. C., et al. (2003). Blood, 102, 4345–4353.
28. Koh, S. H., Choi, H. S., Park, E. S., et al. (2005). Biochemical and Biophysical Research

Communications, 329, 1039–1045.
29. Rawat, V. P., Arseni, N., Ahmed, F., et al. (2010). Proceedings of the National Academy of Sciences, 107

(39), 16946–16951.
30. Chitteti, B. R., Cheng, Y. H., Streicher, D. A., et al. (2010). Journal of Cellular Biochemistry, 111(2),

284–294.

784 Appl Biochem Biotechnol (2011) 165:776–784

http://dx.doi.org/10.1089/scd.2011.0044
http://dx.doi.org/10.1089/scd.2011.0044
http://dx.doi.org/10.1002/apj.507

	Investigation...
	Abstract
	Introduction
	Materials and Methods
	Cells
	Adjustment and Determination of the Action Distance Between Two Kinds of Cells
	Co-culture of MNCS and ADSCs
	Flow Cytometry Analysis of CD34+ Cells
	Colony-Formation Capability Assay
	Multilineage Differentiation Potential of Expanded ADSCs
	Statistic Analysis

	Results
	Expansion of Mononuclear Cells
	Expansion of CD34+ Cells
	GFU-GM Colony Culture
	Surface Antigen of Co-culture Cells
	Induced Differentiation Results of ADSCs

	Discussion and Conclusion
	Conclusion
	References


