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Abstract
Objectives: For reasons of provision of highly-
specific surface area and three-dimensional culture,
microcarrier culture (MC) has garnered great interest
for its potential to expand anchorage-dependent stem
cells. This study utilizes MC for in vitro expansion
of human bone marrow mesenchymal stem cells
(BMMSCs) and analyses its effects on BMMSC
proliferation and differentiation.
Materials and methods: Effects of semi-continuous
MC compared to control plate culture (PC) and serial
bead-to-bead transfer MC (MC bead-T) on human
BMMSCs were investigated. Cell population growth
kinetics, cell phenotypes and differentiation potential
of cells were assayed.
Results: Maximum cell density and overall fold
increase in cell population growth were similar
between PCs and MCs with similar starting condi-
tions, but lag period of BMMSC growth differed
substantially between the two; moreover, MC cells
exhibited reduced granularity and higher CXCR4
expression. Differentiation of BMMSCs into osteo-
genic and adipogenic lineages was enhanced after
3 days in MC. However, MC bead-T resulted in
changes in cell granularity and lower osteogenic and
adipogenic differentiation potential.
Conclusions: In comparison to PC, MC supported
expansion of BMMSCs in an up-scalable three-

dimensional culture system using a semi-continuous
process, increasing potential for stem cell homing
ability and osteogenic and adipogenic differentiation.

Introduction

Bone marrow mesenchymal stem cells (BMMSCs) have
been recognized to constitute a powerful tool in regenera-
tive medicine due to their multi-lineage differentiation
ability (1,2) and their capacity for tissue repair (3–5).
However, as a successful cell treatment requires at least
109 functional cells per human adult patient (6,7), human
BMMSC therapies would not be a viable option without a
practical and up-scalable bioprocess that allows expansion
and recovery of high-quality cells.

Extended expansion of mesenchymal stem cells
(MSCs) in two-dimensional plate culture (PC) does not
produce sufficient numbers of cells for therapeutic appli-
cations and leads to their senescence and loss of multipo-
tency (8–10). Recently, microcarriers in a suspension
culture system have been shown to facilitate expansion of
MSCs, that require attachment, and to provide an environ-
ment that can be easily controlled and monitored (11–13).

MSCs can attach and proliferate on Cytodex 1, a gen-
eral-purpose non-biodegradable microcarrier for anchor-
age-dependent cell lines (11). However, highly efficient
separation of the cells from Cytodex 1 after enzyme treat-
ment is difficult to achieve and Cytodex 1 cannot be
degraded by the human body (14). Thus, biodegradable
substances such as gelatin-based CultiSpher microcarriers
have elicited more interest and have been extensively
studied for MSC culture (13,15).

Recently, multipotency of rat MSCs has been shown
to be preserved in cultures with Cultispher-S
(8 · 105 beads ⁄g) microcarriers using semi-continuous
(13) or bead-to-bead transfer (15) process. In comparison
with Cultispher-S, CultiSpher-G (1 · 106 beads ⁄g) pro-
vides a higher specific surface area (surface area per
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gram) and it is composed of cross-linked porcine gelatin.
These microcarriers can be dissolved with trypsin-EDTA
or collagenase and almost all cells grown on them can be
recovered for cell transplantation or tissue engineering
(14).

The aim of this study was to analyse different charac-
teristics of human BMMSCs after CultiSpher-G microcar-
rier culture (MC) and enzyme treatment compared to
human BMMSCs maintained in PC. We investigated
influence of MC on cell proliferation, morphology, popu-
lation size, surface marker expression and differentiation
potential of human BMMSCs.

Materials and methods

Control plate culture

Phenotypic characteristics of human BMMSCs main-
tained in PC have been described previously (4,16). Here,
cells between passages 10 and 12 were used for all experi-
ments. For control PCs, BMMSCs were seeded at three
initial cell densities (6.7 · 103, 1.1 · 104 and
2.2 · 104 cells ⁄ cm2) in six-well plates (BD FalconTM;
BD Biosciences, Mississauga, ON, Canada) with
BMMSC expansion medium (16) for 7 days (Table 1).
Beginning on day 3, medium would be completely chan-
ged every 3 days. All cultures were maintained at 37 �C
in a humidified 5% CO2 incubator.

Microcarrier culture

For MCs, 100- and 500-ml spinner flasks (Bellco Glass
Inc., Vineland, NJ, USA) were siliconized with Sigmacote
(Sigma, St Louis, MO, USA). CultiSpher-G (130–380 lm
in diameter; HyClone, Logan, UT, USA) was weighed,
hydrated and sterilized by autoclaving as recommended
by the manufacturer (15 min, 121 �C), to obtain final
concentrations designated for each culture condition.

Microcarriers were equilibrated in culture medium over-
night prior to cell addition to maximize cell attachment
(data not shown).

BMMSCs were added to 50 ml expansion medium in
100-ml spinner flasks at the two seeding densities and
microcarrier densities, as indicated in Table 1, for 7 days.
Cultures were stirred intermittently (25 rpm for 30 min,
followed by a 10-min rest) using an external magnetic stir-
ring system (Bell-ennium� 5-Position Digital Display
Magnetic Stirrer, Bellco Glass) for 2 h to improve cell
attachment (data not shown). After this period, cultures
were stirred constantly at 25 rpm. Starting on day 3, med-
ium changes were performed every 3 days. Before chang-
ing the medium, microcarriers were allowed to settle for
5 min; 50% supernatant was then discarded and new med-
ium was added. All cultures were maintained at 37 �C in a
humidified, 5% CO2 incubator.

The semi-continuous MC method was compared to a
serial bead-to-bead transfer method (MC bead-T) to exam-
ine cellular characteristics of BMMSCs maintained by a
feeding regime for a total of nine days. BMMSCs were
added to 50 ml of expansion medium in 100-ml spinner
flasks at initial cell density of 5.0 · 104 cells ⁄ml and mi-
crocarrier concentration of 3.0 mg ⁄ml (final initial cell
density around 1.1 · 104 cells ⁄ cm2), see Table 1. Starting
on day 3, equal amounts of expansion medium with
3.0 mg ⁄ml microcarrier were added every 3 days. When
volume of medium was larger than 100 ml, MC of
BMMSCs was transferred to a 500-ml spinner flask. Sche-
matic diagram of the three culture processes is shown in
Fig. 1.

To monitor location and proliferation of cells on
microcarriers, 0.5-ml samples were removed from MCs,
rinsed in PBS, fixed for 10 min in 10% formalin at 25 �C
and stained by using Hoechst 33342 dye (Invitrogen-
Molecular Probes, Carlsbad, CA, USA) in the dark for
2 min to detect nuclei. Samples were then rinsed three
times in PBS to eliminate background fluorescence, trans-

Table 1. Initial cell density and available
surface area for the control plate and
microcarrier culture conditions

Culture type Fed CG ⁄ml

Initial cell density
Medium
volume (ml)

Available
area (cm2)104 cells ⁄ml 104 cells ⁄ cm2

PC – – 10.66 2.22 2 9.6
5.33 1.11
3.22 0.67

MC – 3.0 10.00 2.22 50 �225
5.00 1.11

5.0 5.00 0.67 50 �375
MC Bead-T 0 3.0 5.00 1.11 50 �225

1 7.35 ± 1.89 1.63 ± 0.42 100 �450
2 7.20 ± 0.82 1.60 ± 0.18 200 �900

CG, CultiSpher-G; MC, microcarrier culture; PC, plate culture.
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ferred to slides and visualized immediately by a fluores-
cence microscope (IX70; Olympus, Tokyo, Japan).

Analysis of cell population growth kinetics

For daily cell count of PCs, cells were detached with
trypsin-EDTA (Invitrogen-Gibco, Carlsbad, CA, USA)
using a cell scraper (BD Biosciences). For daily cell count
of MCs, 1.0-ml samples were removed from the spinner
flask and allowed to settle for 5 min. Supernatant was
removed and the culture was rinsed twice in PBS; cells
were incubated in trypsin-EDTA (1 ml) for 10–15 min at
37 �C to dissolve the microcarriers. They were then
counted in triplicate using a haemocytometer. Cell viabil-
ity was measured by trypan blue (Sigma) exclusion.

Cell population growth rate, which is the reciprocal of
generation time, was calculated by number of cell dou-
blings per unit time during the specified time interval (16).
In this study, calculated maximal cell population growth
rate (lmax) represents growth rate of the exponential phase
during the culture process and average growth rate (lavg)
represents number of doublings per unit time before death
phase.

Supernatant samples were collected throughout cell
growth kinetics experiments. After centrifugation, glucose
and lactate concentrations in supernatant were measured
directly using a glucose ⁄ lactate analyser (Model YSI 2700;
Yellow. Springs Instrument Co., Yellow Springs, OH,
USA). Glucose and lactate concentrations were used for
calculation of yield of lactate from glucose (YLac ⁄ Glc) by
the following equation: YLac ⁄ Glc = DLactate ⁄DGlucose,
where DGlucose is change in glucose over the time period,
and DLactate is the change in lactate over the time period.

Cell size, granularity and surface markers

To study their morphology and cell population (including
cell size, granularity, and surface antigen phenotype),
BMMSCs were detached by trypsinization for 10 min,
stained with anti-human CXC chemokine receptor 4 fluo-
rescein isothiocyanate (FITC)-conjugated antibodies
(CXCR4; R&D Systems, Minneapolis, MN, USA) and
analysed using flow cytometry (Cytomics FC500; Beck-
man Coulter, Fullerton, CA, USA). BMMSCs stained with
anti-mouse IgG antibodies FITC-conjugated (Dako, Car-
pinteria, CA, USA) were used as negative control. Cell
size and granularity of BMMSCs from the different cul-
ture types were analysed using CytomicsCXP software
(Beckman Coulter) at days 0, 3 and 6. Variations in sur-
face marker density (CXCR4) of PC, MC and MC bead-T
were analysed using CytomicsCXP software on days 0, 6
and 9.

Osteogenic and adipogenic differentiation

Osteogenesis and adipogenesis were induced by estab-
lished protocols previously described (16). Cells recov-
ered from PCs and MCs on day 3 and from MCs bead-T
on day 6 were replated on to 35-mm dishes (BD Bio-
sciences) at initial cell density of 104 cells ⁄ cm2. Osteo-
genic differentiation potential of BMMSCs was evaluated
by measuring alkaline phosphatase (ALP) activity on days
3, 7 and 14. Adipogenic differentiation potential of
BMMSCs was evaluated by Oil red O staining and Nile
Red flow cytometry, measuring accumulation of lipid
vesicles on days 3 and 7. ALP staining and Oil red O
staining were carried out as described previously (16).

Figure 1. Three culturing conditions used to grow bone marrow mesenchymal stem cells (BMMSCs). Culture protocols are shown for control
plate culture (PC), microcarrier culture (MC) and MC with serial bead-to-bead transfer (MC bead-T). Characterization of BMMSCs recovered from PC,
MC and MC bead-Twas performed before cell death phase of the cultures.
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Quantification of ALP activity

Cells were detached by trypsinization for 10 min, resus-
pended in deionized water and vortexed for 10 min to
disrupt cell membranes. ALP activity was then assayed
using an ALP liquicolor kit (HUMAN GmbH, Wiesba-
den, Germany) in a 37 �C water bath. Absorbance of
p-nitrophenol product was measured at 405 nm using a
spectrophotometer (GE Healthcare Bio-Sciences Corp.,
Piscataway, NJ, USA). Specific ALP activity was expressed
in U ⁄ l ⁄ cell.

Nile Red flow cytometry

To determine percentage of BMMSCs in each sample
that had undergone adipogenic differentiation, 105 cells
were detached by trypsinization for 10 min and stained
using Nile Red fluorescent dye (Sigma, 0.5 lg Nile Red
in 1 ml of 3:1 glycerol ⁄water mixture) for 5 min. Undif-
ferentiated BMMSCs from PCs were also stained with
Nile Red fluorescent dye to serve as negative control.
Percentage of BMMSCs that had undergone adipo-
genic differentiation was analysed using CytomicsCXP
software.

Total RNA isolation and semi-quantitative reverse
transcriptase-polymerase chain reaction

Isolation of total RNA, cDNA synthesis and amplification
reactions were carried out as described previously (17,18).
To analyse differences in expression levels of osteogene-
sis-related and adipogenesis-related genes in differentiated
BMMSCs, cells from PCs and MCs were replated on to

35-mm dishes at initial density of 104 cells ⁄ cm2 and were
treated with osteogenic medium for 7 or 14 days, or with
adipogenic medium for 3 or 7 days. The cDNA was
amplified by PCR with gene-specific primers, as listed in
Table 2. Genes amplified included osteopontin (OPN),
parathyroid hormone receptor type 1 (PTH-R1), ALP, core
binding factor a1 (cbfa1), CCAAT ⁄enhancer-binding pro-
tein a (C ⁄EBPa), proliferator-activated receptor c2
(PPARc2) and b-actin. To determine levels of mRNA
expression, band intensities were analysed using ImageJ
software (ImageJ 1.40g, National Institutes of Health,
Bethesda, MD, USA). Gene expression levels were
normalized to b-actin, which was amplified as internal
control.

Statistical analyses

Statistical analyses of cell proliferation, cell population,
surface marker density, ALP activity and gene expression
level for each group were carried out using Microsoft
Excel data analysis program for t-test analysis; P-value
<0.05 was considered statistically significant. Experi-
ments were performed at least twice. Results are
expressed as the mean ± SD (n = 3).

Results

Comparison of cell population growth kinetics and
metabolic parameters from different human BMMSC
culturing conditions

To study cell populations of BMMSCs and their growth in
MC, cells were seeded at three different culture conditions

Table 2. Primers used for RT-PCR
Gene name Primer sequence Product (bp)

b-actin F: 5¢-CGCCAACCGCGAGAAGAT-3¢ 168
R: 5¢-CGTCACCGGAGTCCATCA-3¢

ALP F: 5¢-TGGAGCTTCAGAAGCTCAACACCA-3¢ 454
R: 5¢-ATCTCGTTGTCTGAGTACCAGTCC-3¢

cbfa1 F: 5¢-CTCACTACCACACCTACCTG-3¢ 320
R: 5¢-TCAATATGGTCGCCAAACAGATTC-3¢

OPN F: 5¢-CATCTCAGAAGCAGAATCTCC-3¢ 313
R: 5¢-CCATAAACCACACTATCACCTC-3¢

PTH-R1 F: 5¢-CACAGCCTCATCTTCATGG-3¢ 357
R: 5¢-GCATCTCATAGTGCATCTGG-3¢

C ⁄ EBPa F: 5¢-GTCGGTGGACAAGAACAGC-3¢ 234
R: 5¢-ATGGCCTTGACCAAGGAGC-3¢

PPARc2 F: 5¢-GCTGTTATGGGTGAAACTCTG-3¢ 351
R: 5¢-ATAAGGTGGAGATGCAGGCTC-3¢

ALP, alkaline phosphatase; C ⁄ EBPa, CAAT ⁄enhancer-binding protein a; cbfa1, core binding factor
alpha 1; F, forward; OPN, osteopontin; PPARc2, proliferator-activated receptor c2; PTH-R1,
parathyroid hormone receptor type 1; R, reverse.
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(Table 1). Optically sectioned gelatin beads from cultures
on days 1, 3 and 6 were visualized using Hoechst staining.
Surface-adherent cells were present on day 1 and their
numbers increased by day 6, based on the macroporous
structures (Fig. 2a).

Initially, proliferation of BMMSCs appeared to be
affected by stirring and the three-dimensional environ-
ment from MC, but there were no significant differences
in cell densities observed on day 6 (Table 3). Lag phase of
BMMSC population growth was substantially different
between PC and MC growth conditions (Fig. 2b). When
cells were plated at initial density of 2.2 · 104 cells ⁄ cm2,
cell density of MCs did not increase by day 2; however,
density of PCs increased to 4 · 105 cells ⁄ cm2 over the
same time (Fig. 2b). The longer lag period of BMMSCs
in MC resulted in lower average growth rates as compared
to PCs, but maximal population growth rate in MCs was
higher than that in PCs with the same initial cell density
during log phase (Table 3). Three different initial cell

densities of 2.2 · 104, 1.1 · 104 and 6.6 · 103 cells ⁄ cm2

resulted in fold increases in MCs of 2.84, 4.85 and 6.94
respectively, and similar fold increases in PCs of 2.42,
4.77 and 7.99 respectively (Table 3).

As surface area of microcarriers limits cell expansion,
we tested serial bead-to-bead transfer in which fresh beads
were added when cells become �60% confluent during
the log phase. Viable cell density of MC bead-T derived
BMMSCs did not differ much before day 3 (Fig. 2c) as
compared to cells grown in PC or MC. Cell density
decreased from 3.2–3.0 · 104 to 1.6–1.5 · 104 cells ⁄ cm2

upon addition of fresh medium and microcarriers on day
3. An additional lag period of about 1 day was observed
after each feeding. After isolating cells from PCs, MCs or
MC bead-T by trypsin-EDTA, greater than 92% of cells
remained viable as assessed by trypan blue staining, at
most time points (Fig. 2b,c). This is in agreement with
low frequency of cell death observed after cell retrieval by
trypsin-EDTA.

(a) (b)

(c)

Figure 2. Cell proliferation of BMMSCs grown in MC as compared to cells grown in PC by semi-continuous method. (a) Proliferation of
BMMSCs from MCs grown in semi-continuous culture for 7 days at different initial cell densities (top, in cells ⁄ml) and CultiSpher-G concentrations
(bottom, in g ⁄ l), then stained using Hoechst 33342 dye. Scale bar = 500 lm. (b) Growth kinetics of BMMSCs comparing PCs and MCs with different
initial cell densities of 2.22 · 104, 1.11 · 104 and 6.7 · 103 cells ⁄ cm2 (n = 3). Data presented in semi-log linear charts by Double-Y plot that includes
viable cell density (block lines) and cell viability (blue lines). (c) Viable cell density of BMMSCs in MC bead-T as compared to cells grown in PC and
MC at initial cell density of 1.11 · 104 cells ⁄ cm2. Data displayed in linear chart by Double-Y plot that includes viable cell density (block lines) and cell
viability (blue lines).
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To monitor cell metabolism, glucose and lactate con-
sumption were measured. Yield of lactate from glucose
(YLac ⁄ Glc) is associated with inefficient metabolism of glu-
cose (Table 3). During the semi-continuous method of
culture, yield of lactate from glucose was in the order of
1.04–1.32 g ⁄g for PC and 0.97–1.14 g ⁄g for MC catego-
ries. These differences were not statistically significant
except for the group with initial cell density of
1.1 · 104 cells ⁄ cm2 (P < 0.05). Yield of lactate from glu-
cose increased with initial cell density. Slightly higher
YLac ⁄ Glc yields were obtained from PC as compared to
MC when cells were plated at the same initial cell density.
For initial cell density of 1.1 · 104 cells ⁄ cm2 and with
bead-to-bead transfer, YLac ⁄ Glc yields of 0.68–1.49 were
obtained at each feeding. Although higher YLac ⁄ Glc was
obtained after the second feeding, total YLac ⁄ Glc for this
method (0.96 ± 0.02) was still lower than that of the other
groups.

Effects of MC on cell morphology, cell population and
immunophenotype

BMMSCs are mostly spindle-shaped while grown at a
low density (19). Their morphology after 3 days of PC or
MC, or after 6 days of MC bead-T was similar (Fig. 3a).
On day 3, there were no significant changes in morphol-
ogy of BMMSCs from MCs as compared to those from
PCs, but some non-spindle-shaped cells (red arrows,
Fig. 3a) were observed in PC; these were rarely observed
after 3 days in stirred MC with semi-continuous method.
However, non-spindle-shaped cells were observed after
day 6 in MC bead-T (red arrows, Fig. 3a). We hypothesize
that some BMMSCs reached confluency on old beads,
resulting in these non-spindle-shaped cells.

BMMSCs grown under different culture conditions
were assayed for size and granularity by their forward
and side scatter properties on flow cytometry. In PCs at
day 3, there were two populations of BMMSCs: A divi-
sion and B division (Fig. 3b). Percentage of A division
was increased and percentage of B division was reduced
after 3 days in MC (Table 4). Although the percentage
of A division in PCs and MCs both increased after
6 days in culture (when cells reached confluence), differ-
ences in the percentage of A division and B division in
PCs and MCs were still significant (P-value < 0.05). In
addition, there was a concomitant decrease in percentage
of granular cells (C2 plus C4 division) over time
(Table 4). However, after 3 days in MC, percentage of
small and agranular cells (C3 division) was significantly
higher than that of cells in PC (P-value <0.005). After
6 days in MC bead-T, percentage of granular cells (C2
plus C4 division) was higher than that in PC (day 3) and
MC (day 6), but percentage of A division in MC bead-T
was significantly lower than that in PC or MC at day 6
(Table 4). Our data suggest that cell size and cell popula-
tion of BMMSCs varied depending on the different cul-
ture conditions.

BMMSCs were allowed to recover at different inter-
vals after PC and MC, and they were then assayed for sur-
face markers using FITC-coupled antibodies against
human CXCR4, by flow cytometry (Fig. 3c). Expression
levels of CXCR4 on BMMSCs from PCs and MCs stea-
dily decreased over the course of the 6-day culture period,
but BMMSCs from MCs maintained significantly higher
CXCR4 density levels and higher ratios of CXCR4-posi-
tive cells (CXCR4+: 95.4 ± 6.4%; X-Mean: 44.5 ± 3.7)
than did those from PCs (CXCR4+: 86.9 ± 0.5%;
X-Mean: 12.9 ± 1.9) at day 3 (log phase; Fig. 3c,

Table 3. Growth kinetics and metabolic parameters obtained from PCs and MCs at day 6 and MC Bead-T at day 9

Culture type Fed

Initial cell density Maximal cell density

lavg
a (h)1) lmax

b (h)1) YLac ⁄ Glc
c

Fold
increase104 cells ⁄ml 104 cells ⁄ cm2 104 cells ⁄ml 104 cells ⁄ cm2

PC – 10.66 2.22 25.77 ± 0.29 5.16 ± 0.59 0.047 ± 0.001 0.025 ± 0.009 1.04 ± 0.03 2.42
5.33 1.11 25.44 ± 0.29 5.09 ± 0.59 0.038 ± 0.001 0.027 ± 0.002 1.18 ± 0.04 4.77
3.22 0.67 25.59 ± 2.23 5.33 ± 0.47 0.020 ± 0.001 0.036 ± 0.003 1.32 ± 0.05 7.99

MC – 10.00 2.22 26.90 ± 3.61 5.98 ± 0.80 0.012 ± 0.002 0.034 ± 0.001 0.97 ± 0.06 2.84
5.00 1.11 24.20 ± 0.94 5.38 ± 0.21 0.016 ± 0.001 0.033 ± 0.009 1.02 ± 0.05 4.85
5.00 0.67 34.70 ± 3.16 4.63 ± 0.42 0.019 ± 0.004 0.041 ± 0.001 1.14 ± 0.16 6.94

MC Bead-T 0 5.00 1.11 14.70 ± 3.78 3.27 ± 0.84 0.022 ± 0.004 0.043 ± 0.014 0.68 ± 0.02 2.95
1 7.35 ± 1.89 1.63 ± 0.42 14.40 ± 1.65 3.20 ± 0.37 0.013 ± 0.005 0.028 ± 0.013 0.80 ± 0.03 5.79
2 7.20 ± 0.82 1.60 ± 0.18 13.90 ± 0.79 3.09 ± 0.17 0.015 ± 0.003 0.023 ± 0.002 1.49 ± 0.12 11.18

CG, CultiSpher-G; MC, microcarrier culture; PC, plate culture.
aAverage growth rate (lavg) represents the number of doublings per unit time before the death phase.
bMaximal growth rate (lmax) represents the growth rate during the log phase.
cYLac ⁄ Glc indicates the yield of lactate from glucose using the following equation: YLac=Glc ¼ DLactate=DGlucose.
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Table 4). BMMSCs in MC for 3 days did not, however,
show significant changes in other surface markers includ-
ing CD13, CD14, CD29, CD34, CD44, CD45, CD49b,
CD49d, CD73, CD90, CD105, HLA-ABC and HLA-DR
(data not shown). At day 6, BMMSCs from MCs bead-T
maintained significantly higher levels of CXCR4 expres-
sion as compared to BMMSCs from PCs or MCs, but
intensity of CXCR4 expression density and ratio of
CXCR4-positive cells in MCs bead-T were lower than
those found at day 0 (Table 4).

Comparison of osteogenic differentiation potential of
BMMSCs derived by different culturing conditions

Cells of PC (day 3), MC (day 3), and MC bead-T (day 6)
were replated on to 35-mm dishes under osteogenic or adi-
pogenic conditions to examine the effect of microcarriers
on BMMSC differentiation potential. For osteogenic dif-
ferentiation, BMMSCs plated at density of 104 cells ⁄ cm2

were induced under osteogenic conditions for 14 days.
During this period, BMMSCs exhibited dramatic change

(a) (b) (c)

Figure 3. Effects of different cell culture methods on morphology and surface marker density of BMMSCs. (a) Photomicrographs of BMMSCs
recovered from PCs and MCs at day 3 and from MCs bead-T at day 6 and replated on to 35-mm dishes for one day (red arrows, non-spindle-shaped
cells). (b) Change in cell size and cell population of BMMSCs grown under the different culture conditions analysed by flow cytometry using forward
scatter (FS) versus side scatter (SS) density plots. The density plots were divided into A division (red ring) and B division (green ring) based on two pop-
ulations of BMMSCs present in PCs at day 3 or into C1–C4 divisions based on major populations of BMMSCs in MCs at day 3. Density level threshold,
50 cells, and density levels of 1–5 indicated by colour (blue to red). (c) Variation of surface marker density (CXCR4) of BMMSCs from different culture
protocols shown in histogram plots derived from flow cytometry at days 0 (blue), 3 (red), 6 (green) and 9 (purple). Black-line histogram indicates back-
ground signal; coloured histograms represent positive reactivity with the CXCR4 antibody.
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in cell morphology and displayed significant increase in
ALP activity, which was confirmed by ALP staining
(Fig. 4a) and quantified by spectrophotometry (Fig. 4b).
ALP is required in the mineralization process and hydro-
lyses phosphate-containing substrates to increase local
phosphate concentration (20). During the osteogenic per-
iod, some cells appeared to be ALP positive and activity
of ALP-positive cells from MCs was significantly higher
than that from PCs at day 14, but activity of ALP-positive
cells from MC bead-T was slightly lower than that from
PCs and significantly lower than that from MCs (Fig. 4b).

Comparison of adipogenic differentiation potential of
BMMSCs derived from different culturing conditions

To evaluate adipogenic potential, we plated BMMSCs at
density of 104 cells ⁄ cm2 and induced them under adipo-
genic conditions for 7 days. At days 3 and 7 post induc-
tion, cells from PC, MC and MC bead-T exhibited varying

degrees of adipogenesis based on changes in visible accu-
mulation of neutral lipid vacuoles observed by Oil red O
staining and quantified by Nile Red flow cytometry
(Fig. 5). In contrast to cells from PCs (39.2%), BMMSCs
from MCs yielded 83.6% adipocytes that contained lipid
droplets at day 3, indicating high level of adipogenic
potential. BMMSCs recovered from MCs bead-T yielded
32.8% adipocytes (day 3) and 46.5% (day 7), which was
lower than the number of adipocytes in BMMSCs recov-
ered from PCs and MCs.

Osteogenic and adipogenic gene expression in BMMSCs
from MC and PC

BMMSCs were recovered from PC and MC (day 3) and
then cultured in osteogenic medium. At days 7 and l4,
total RNAwas isolated and then used for semi-quantitative
reverse transcriptase-polymerase chain reaction (RT-PCR)
analysis of osteogenesis-related genes (Fig. 6a,c). On

(a) (b)

Figure 4. Osteogenic differentiation potential of BMMSCs recovered from PC, MC and MC bead-T. (a) Photomicrographs of ALP activity of
BMMSCs grown under different culture conditions as shown by ALP staining. Scale bar = 500 lm. (b) Quantification of specific ALP activity shown
by spectrophotometry (O.D. = 405 nm). Results represented as mean ± SD of triplicate cultures from one representative experiment. *P < 0.05;
†P < 0.01.

Table 4. The effects of different cell culturing methods on BMMSC cell population and CXCR4 expression level

Characteristic Day 0

Day 3 Day 6 Day 9

PC MC PC MC MC Bead-T MC Bead-T

A division 82.5 ± 1.4% 78.5 ± 7.3% 90.5 ± 2.8%† 64.2 ± 1.0% 78.8 ± 1.2%‡ 83.9 ± 0.3%‡ 80.0 ± 1.8%
B division 13.3 ± 1.3% 18.4 ± 6.1% 7.7 ± 2.7%* 33.6 ± 1.3% 21.2 ± 0.7%‡ 8.5 ± 1.0%‡ 14.1 ± 0.6%
C3 division 81.6 ± 1.4% 85.1 ± 1.0% 95.6 ± 0.1%‡ 91.6 ± 6.5% 94.1 ± 4.0% 74.0 ± 1.6%* 82.8 ± 3.2%
CXCR4+ 99.2 ± 0.2% 86.9 ± 0.5% 95.4 ± 6.4%‡ 44.1 ± 3.4% 44.0 ± 3.0% 95.7 ± 1.2%‡ 79.4 ± 2.1%
X-Mean 47.4 ± 0.6 12.9 ± 1.9 44.5 ± 3.7* 5.8 ± 0.2 5.81 ± 0.1 41.1 ± 1.0‡ 7.4 ± 0.6

Cell population and CXCR4 expression level of BMMSC from MC or MC Bead-Twas compared with that from PC for t-test analysis.
X-Mean: mean fluorescence (FITC) intensity of CXCR4-positive cells.
*P < 0.05, †P < 0.01, ‡P < 0.005.

� 2010 Blackwell Publishing Ltd, Cell Proliferation, 43, 445–456.

452 L.-Y. Sun et al.



day 7, expressions of PTH-R1, ALP, cbfa1, and OPN in
BMMSCs from PC were up-regulated. At day 7,
BMMSCs from MC showed a similar expression pattern,
albeit with a significantly higher level of expression for
PTH-R1. On day 14, expressions of PTH-R1, ALP and
OPN in cells from PC were further up-regulated and
expression of PTH-R1 in cells from MC was still signifi-
cantly higher than that from PC.

BMMSCs were recovered from PC and MC (day 3)
and then cultured in adipogenic medium. At days 3 and 7,
total RNA was isolated and then used for semi-quantita-
tive RT-PCR analysis of adipogenesis-related genes
(Fig. 6b,d). On day 3, expressions of C ⁄EBPa and
PPARc2 in cells from PC and MC were up-regulated, but
expressions of C ⁄EBPa in cells from MC were in the
order of 3-fold higher than that in cells from PC. On day
7, expressions of C ⁄EBPa and PPARc2 in cells from PC
and MC were further up-regulated, but expression of
PPARc2 in cells from MC was about 2-fold higher than
that in cells from PC.

Discussion

MSCs can retain multipotency and proliferate rapidly at
relatively low densities (21–23), but extended expansion

of MSCs with low cell densities in two-dimensional PC
does not produce sufficient numbers of cells for therapeu-
tic applications. Thus, we used different seeding densities
and different CultiSpher-G concentrations to examine cul-
ture parameters for optimal expansion of BMMSCs in
MC. Cell population kinetics of BMMSC growth in MC
differed from their growth kinetics in PC. In PC, BMMSC
expansion began with a 1-day lag phase and then entered
log phase of exponential growth, although growth rates of
cells in the three different seeding densities were almost
identical during the lag phase. In contrast, length of lag
phase was inversely proportional to initial seeding density
for MC. This phenomenon resulted in lower average
growth rate for BMMSCs expanded in MCs, as compared
to those in PCs. With the same seeding densities, maxi-
mum growth rate was higher in MC, although maximum
cell density and fold increase at the end of the experiment
were similar between the two groups.

Accumulation of lactate is associated with inefficient
glucose metabolism (24). To prevent cell growth inhibi-
tion by accumulation of metabolites such as lactate and ⁄or
deficiency in nutrients such as glucose, feeding regimen
should be optimized (25,26). In our study, a slightly
higher YLac ⁄ Glc of 1.04–1.32 g ⁄g was obtained from PC
as compared to YLac ⁄ Glc of 0.97–1.14 g ⁄g from MC,

Figure 5. Adipogenic differentiation potential of BMMSCs recovered from PC, MC and MC bead-T. Photomicrographs of lipid spheres in
BMMSCs grown in the different culture conditions as shown by Oil red O staining. Scale bar = 500 lm. Quantification of adipo-differentiated
BMMSCs (A division) in the different culture types, expressed as percentage of total cells, as derived from Nile Red flow cytometry. Open histogram
indicates background signal (undifferentiated BMMSCs stained by Nile Red); blue histogram indicates staining for Nile Red.
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(a)

(b)

(c)

(d)

Figure 6. Effect of MC on osteogenic and adi-
pogenic gene expression in BMMSCs. Electro-
phoresis of reverse transcriptase-polymerase
chain reaction (RT-PCR) products of (a) osteo-
differentiated and (b) adipo-differentiated
BMMSCs. BMMSC lane indicates undifferenti-
ated BMMSCs from PC (day 3). To examine
changes in expression of (c) osteogenic and (d)
adipogenic genes with time respectively, cells
were harvested on indicated days and subjected
to semi-quantitative RT-PCR followed by aga-
rose gel electrophoresis and ethidium bromide
staining. b-actin was amplified as internal con-
trol. RT-PCR amplification products quantified
and values represent fold change relative to day 7
of PC (osteogenesis) or day 3 of PC (adipogene-
sis). Data points represent mean value ± SD
(n = 3). *P < 0.05. †P < 0.01. ‡P < 0.005.
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suggesting that BMMSCs cultured in stirred MC have a
higher rate of oxidative phosphorylation than do cells
grown in plate culture. Additionally, lower initial cell den-
sity resulted in higher YLac ⁄ Glc. In agreement with this,
higher YLac ⁄ Glc from MC bead-T was obtained after the
second feeding, which may suggest that adaptation of
BMMSCs to these conditions caused higher metabolic
stress.

Increased expression of stromal cell-derived factor-1
by ischaemic myocardium attracts CXCR4 positive bone
marrow-derived stem cells (27). In addition, higher
CXCR4 expression in MSCs after transduction with retro-
viral vector containing CXCR4 increases cell migration
toward stromal cell-derived factor-1 (28). Culturing MSCs
for more than two passages results in reduced expression
of adhesion molecules as well as loss of chemokine recep-
tors including CXCR4 (29,30). In our analysis, BMMSCs
cultured in PC and MC showed reduced levels of CXCR4
expression over time. This result confirms previous
studies that showed down-regulation of CXCR4 expres-
sion during in vitro culture processes (29,30). Although
reduced, BMMSCs from MCs had higher expression
levels of CXCR4 than those from PCs at day 6. This
result suggests that the MC process promotes culture of
BMMSCs and also helps to maintain CXCR4 expression,
which is involved in homing ability of stem cells.

Recently, up-scalability of MSCs in MC has been
expanded with (serial) bead-to-bead transfer (15,31).
Based on use of bead-to-bead transfer, the available sur-
face area for cell population growth can be extended and
culturing of anchorage-dependent cells can be prolonged
as free cells from old beads colonize fresh beads (32). In
our study, use of bead-to-bead transfer did, however,
result in MSC confluence on old beads (data not shown)
and the percentage of granular cells (C2 plus C4 division)
was higher than that observed in PC or MC. However,
activity of ALP-positive cells (BMMSC-derived osteo-
blasts) and percentage of cells containing lipid droplets
(BMMSC-derived adipocytes) in differentiated BMMSCs
from MCs bead-T were lower than for those from PCs and
were also significantly lower than for those from MCs. In
comparison with PC or MC bead-T, MC using a semi-con-
tinuous process enhanced both osteogenic and adipogenic
differentiation of BMMSC.

MSCs are heterogeneous in morphology (22,33,34),
and differentiation potential of MSCs may vary depending
on their source (35) or variable culture conditions includ-
ing differences in initial cell density (19,36). In BMMSC
cultures, large cells are considered to be mature MSCs
and smaller cells as recycling stem cells (22). Recycling
stem cells replicate and give rise to mature MSCs, which
become the predominant cell type as cultures approach
senescence (23). In our study, BMMSCs recovered from

PCs at day 3 displayed a variety of cell morphologies,
whereas BMMSCs recovered from MCs at day 3 were
much more homogeneous in size (Fig. 3a). By analysing
cell size and granularity, we infer that MC increased per-
centage of small and agranular cells in the total BMMSC
culture (Fig. 3b, C3 division), but MC also selectively
reduced the subpopulation of very small and agranular
cells among total BMMSC culture (Fig. 3b, B division).
These different subpopulations of cells may account for
differences between osteogenic and adipogenic differenti-
ation potential among cells from PC and MC at day 3 and
from MC bead-T at day 9.

In conclusion, stirred MC systems of CultiSpher-G
provide higher specific surface area, ease of monitoring,
and ability to scale-up human BMMSC culture without
loss of differentiation potential. To achieve more homo-
geneous morphology and better differentiation potential
for BMMSCs, semi-continuous MC of BMMSCs may be
more beneficial than PC or MC bead-T methods.
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