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Abstract Bone marrow derived stem cells (BMSC)

have paved way to clinical approaches for its utiliza-

tion in a variety of diseases due to its ease of isolation

combined with its multilineage differentiation capac-

ity. However, the applicability of BMSC is not

successful due to the lesser number of nucleated cells

obtained from large samples. Hence, culture expan-

sion of BMSC is a prerequisite, as high numbers of

stem cells are needed to meet the standards of clinical

advancement. There are attempts on optimizing cul-

ture condition for large scale production of BMSC. It

was believed that, prolonged culture of BMSC is

difficult since they tend to lose their characteristics and

differentiation potential. Hence, our study aims to

determine whether BMSCs could retain its prolifera-

tive and differentiation capacity in prolonged in vitro

culture by a comparative study on extensive culturing

of BMSC with the following four media, DMEM LG

(DMEM-Low Glucose), DMEM KO (DMEM-Knock

Out), Alpha MEM (Alpha Minimal Essential Med-

ium), DMEM F 12. We found that two samples among

the three cultured tend to lose their property in long

term culturing. Besides, we also found that DMEM

LG and Alpha MEM were the optimal media for in

vitro culturing of BMSC. Overall, it was concluded

that BMSC can be cultured until passage 15 without

losing its characteristics. However, its potency beyond

passage 15 has to be further elucidated for utilization

of the ex vivo expanded BMSC for subsequent cellular

therapies.

Keywords Bone marrow � Long term culture �
Mesenchymal stem cells � Proliferation �
Differentiation

Introduction

Regardless of the discovery of stem cells from various

tissues and body fluids (Gargett et al. 2009; In’t Anker

et al. 2003; Jones et al. 2004; Seo et al. 2004), stem

cells derived from bone marrow had been potentially

considered as a primeval source for treating a wide

horizon of diseases (Deda et al. 2008; Kumar et al.

2009). A disclosure of the existence of bone marrow

derived stem cells (BMSC) and its significant research

interest from its prehistoric origin has opened way to

their large application in clinical approaches. Despite

being a preliminary source, bone marrow derived stem

cells were not ideal in attempting curative therapies.
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The first and foremost of all disadvantages put forward

is the low frequency of nucleated cells obtained from

large quantity of sample (Rebelatto et al. 2008). The

second important disadvantage of BMSC is that the

proliferation and differentiation capacity of MSC

declines with age, reducing their therapeutic potential

(Stolzing et al. 2008). Additionally, low frequency of

mesenchymal stem cell creates a threat for cell

migration and engraftment (Kuethe et al. 2004;

Wagner et al. 2005; Hendrikx et al. 2006).

Hence, extensive expansion of BMSC ex vivo

becomes a prerequisite to obviate the aforesaid diffi-

culties to obtain sufficient cell number required for

human cell based therapies. The use of MSCs for

clinical approaches in many fields of medicine first

requires the bio-safety of these ex vivo expanded cells

and it has to be carefully investigated through appro-

priate and sensitive tests. Furthermore, as MSCs

possess a greater propensity for ex vivo expansion,

the International Society for Cellular Therapy (ISCT)

reported that extensively passaged cells may be

controlled for a normal karyotype to reduce the

probability of chromosomal abnormalities, including

potentially transforming events (Dominici et al. 2006).

There have been attempts in lieu of these aforesaid

features in optimizing culture conditions for BMSC

that could be beneficial for clinical and therapeutic

applications. Despite these attempts, there are several

uncertainties related to the malignant transformation of

adult human BMSC in extensive proliferative condi-

tion. Literary evidence reported that BMSC are not

susceptible to malignant transformation and remain

appropriate for therapeutic approaches (Bernardo et al.

2007). However, there are reports suggesting loss of

stem cell characteristics, increase in telomerase activity

and malignant transformation under prolonged cultur-

ing of BMSC (Pal et al. 2008; Miura et al. 2006).

Furthermore, there is paucity of reports on optimi-

zation of culture media for prolonged culturing of

BMSC. Consequently, optimization of culture condi-

tion, retention of proliferative and differentiation

ability, maintenance of normal karyotype are most

crucial in order to overcome these challenges for their

use in clinical trials. Hence, the aim of this study is to

unravel the existing uncertainties by potentially ascer-

taining whether bone marrow could proliferate and

differentiate in prolonged culturing in vitro using

different media: DMEM LG, Alpha MEM, DMEM

F12 and DMEM KO. Furthermore, this research aims

to optimize the appropriate media for prolonged culture

of bone marrow derived mesenchymal stem cells.

Materials and methods

Bone marrow donors

Bone marrow cells were harvested from patients

undergoing experimental cell therapy for spinal cord

injury according to the reviewed and accepted proto-

col from Lifeline multispecialty hospital, Chennai,

India. Written informed consent was obtained prior to

sample collection in accordance with the requirements

of the ethical committee. 20 ml of the sample was

aspirated from the iliac crest region of 3 subjects

(n = 3, 2 men and a woman) of age group 23–50 with

a mean BMI of 24.7 ± 2.6 kg/m2. The samples were

processed within 2 h.

Cell isolation and culture

Mononuclear cells were isolated from bone marrow

aspirate by density gradient centrifugation using Ficoll

PaqueTM. Erythrocytes present in the cell fraction were

lysed using 0.7 % NH4Cl solution for 5 min at room

temperature. The cells were subjected to further centri-

fugation and the pellet recovered was resuspended in

PBS. Single cell suspension was further enumerated and

evaluated for its cell viability using Trypan Blue staining.

Cells were plated at a density of 3.4 9 104/cm2 in T-25

flasks (Nunc, Roskilde, Denmark) and cultured in four

different media: DMEM-LG (Invitrogen, Bangalore,

India), a-MEM (Invitrogen), DMEM-F12 (Invitrogen),

and in DMEM–KO (Invitrogen), each was supplemented

with 10 % FBS (Invitrogen) and 1 % antibiotic–anti-

mycotic solution (Invitrogen). The cells were maintained

for 2–4 days before first medium change. Standard

culture conditions of 37 �C, 5 % CO2 and 95 %

humidity were maintained and 70–80 % confluency

was obtained. The primary culture was subcultured until

passage 20 with medium change twice every week.

Flowcytometric characterization

About 1 9 106 cells were treated with fluorochrome

conjugated antibodies such as CD 34-PE, CD 31-

FITC, HLA-DR-PERCP, CD 44-FITC, CD 73-PE, CD

29-PE, CD 166-PE, CD 54-PERCP (BD Biosciences,
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Gurgaon, India); CD 90-PERCP, CD 105-APC, CD

117-APC and CD 49d-PE (e-Biosciences, San Diego,

CA, USA). The cells were labelled by incubating in

dark for 20 min at 37 �C. The incubated cells were

washed thrice with wash flow buffer (phosphate buffer

supplemented with 2 % (v/v), FBS (Sigma Aldrich,

Bangalore, India) and 0.1 % (w/v) sodium azide, NaN3

(Sigma Aldrich) and resuspended in BD FACS flow.

BD FACS-DIVA Software was used for data acqui-

sition and analysis.

Growth curve analysis

The growth curves were plotted to evaluate the growth

characteristics of the isolated cell population in four

different media (DMEM-LG, a-MEM, DMEM-F12

and in DMEM –KO, each supplemented with 10 %

FBS and 1 % antibiotic–antimycotic solution). The

growth characterization of bone marrow derived MSCs

at P3 and P20 was carried out in a 12 well plate in

duplicates with a seeding density of 3 9 105 cells per

plate at day 0. The cells were harvested by trypsiniza-

tion (0.25 %Trypsin–EDTA), viability was tested by

trypan blue exclusion method (viability [ 90 %) and

enumerated. The growth of the cells was calculated

until day 10 on a daily basis. As a result, the cells

obtained at each day until day 10 were plotted on a log-

linear scale. The growth curve symbolizes the expo-

nential raise from day 1 till day 5 and existence of a

lengthy stationary phase, with a very small lag phase.

Evaluation of population doubling time (PDT)

The population doubling time was calculated from the

growth curve obtained. At the end of the exponential

phase of the log-linear scale of growth curve, the

population doubling time of the cells was calculated

using the formula:

PDT ¼ Days of exponential phase

log N2� log N1ð Þ= log 2

where, N1 was the number of cells at the beginning of

the exponential growth and N2 was the number of cells

at the end of the exponential growth.

Multilineage differentiation

BMSCs were differentiated into osteogenic and

adipogenic lineages to confirm their multilineage

differentiation potential. The cultured BMSCs of

70–80 % confluence were isolated at passage 3 and

passage 20 and induced into osteogenic and adipo-

genic lineages using specific induction media.

Osteogenic differentiation

Sub-confluent cultures (70–80 %) of P3 and P20 cells

were isolated by trypsinization (0.25 % Trypsin–

EDTA solution) and approximately 3 9 104 cells

were seeded into culture flasks and cultured in the

growth medium at optimal culture condition. At

80–90 % confluence the growth medium was replaced

with four different osteogenic induction media

(DMEM-LG, a-MEM, DMEM-F12 and DMEM–KO

each of which was supplemented with 10 % FBS, 1 %

antibiotic, 0.1 lM dexamethasone (Sigma-Aldrich),

10 mM b-glycerophosphate (Sigma-Aldrich) and

2 mM ascorbic acid (Sigma-Aldrich)). Osteogenic

differentiation was evident from day 15 with the

nodule formation and refractile calcium deposit for-

mation in the cultured cells, which were further

confirmed by von Kossa and Alizarin Red staining.

Von Kossa staining was performed on 10 % forma-

lin fixed cells. The cells were then treated with 1 %

silver nitrate (Sigma-Aldrich) and illuminated with UV

for 45 min. The illuminated cells were then washed and

treated with 5 % sodium thiophosphate (Sigma-

Aldrich). The treated cells were rinsed in distilled

water and stained using Nuclear Fast Red (Sigma-

Aldrich) for 1 min. The stained cells were then washed

and imaged. Osteoblast calcium deposits were also

stained using alizarin red. Alizarin red staining was

done on 70 % ethanol fixed cells. The fixed cells were

then washed and stained with alizarin red stain (Sigma-

Aldrich) working solution and incubated for 30 min at

room temperature. The stained specimens were then

washed and imaged under microscope.

Adipogenic differentiation

Adipogenic differentiation was induced on an 80–90 %

confluent culture by replacing the growth medium with

adipogenic induction media (DMEM-LG, a-MEM,

DMEM-F12 and DMEM–KO, each of which was

supplemented with 10 % FBS, 1 % antibiotic, 1 lM

dexamethasone (Sigma-Aldrich), 0.5 mM isobutyl

methyl xanthine (Sigma-Aldrich), 10 lg insulin

(Sigma-Aldrich) and 200 lM indomethacin (Sigma-
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Aldrich). Lipid vacuole accumulation occurs within

2 weeks and was evident from day 12 of culture in

adipogenic medium. It was further confirmed by Oil-

Red-O staining.

The adipocytes obtained upon differentiation were

fixed using 10 % formalin. The fixed cells were

washed with 60 % isopropanol and dried. The dried

cells were then treated with 1 ml of Oil-O-Red

(Sigma-Aldrich) working solution and incubated for

10 min. The stained cells were washed and imaged

under microscope using DigiProView software.

Karyotyping

The BMSCs cultured in DMEM LG and DMEM KO

were karyotyped at late passage to verify the mainte-

nance of chromosomal normality. Standard Giemsa

staining procedure was performed; the chromosome

preparations were obtained from 70 to 80 % confluent

cells. The cells were treated with Colcemid solution

(KaryoMax-Colcemid, Invitrogen) to stop microtubule

formation. The mitotic arrested cells were then

harvested using 0.25 % trypsin–EDTA. The extracted

cells were then immersed in 75 mmol/l KCl for 30 min

at room temperature and were obtained by centrifuga-

tion. The supernatant was replaced with fixative

(methanol: acetic acid, 3:1) and the suspension was

spread over slides for observation and imaging. At least

20 metaphase spreads were analyzed. The karyotypes

were imaged using Nikon-Eclipse-90i microscope

(Nikon) using cytovision software.

Statistical analysis

All quantitative data are represented as mean ± standard

error mean (SEM). The statistical analysis was carried

out using the software, statistical package for social

science, SPSS 15.0 (SPSS Inc., Chicago, IL, USA). The

statistical significance was assessed by One Way

Analysis of Variance (ANOVA) along with Duncan

multiple range test. In all comparisons, p value\0.01 and

\0.05 was considered statistically significant.

Results

Cell culture

The bone marrow derived stem cells (3.4 9 104 cells)

were isolated and expanded in four different media

(DMEM-LG, DMEM-F12, DMEM–KO and a-MEM)

based on their adherence and found to maintain

fibroblastic morphology throughout extensive culture

(until P20) (Fig. 1a, b). However, it was found that

only one sample out of the three could reach P20.

Remaining samples could not grow beyond P15.

Immunophenotyping

From the immunophenotypic analysis of early-P3

(Fig. 2a) and late-P20 passage (Fig. 2b) characteris-

tics, we found that the mesenchymal stem cell markers

(CD 90, CD 105, and CD 73) and certain cell adhesion

molecules (CD 29, CD 44 and CD 166) were

remarkably expressed throughout prolonged culture.

On the other hand, the markers such as CD 34 and

HLADR remained sparse, thereby providing evidence

for retention of expression profile even in prolonged

culture. However, a variation was observed through-

out culturing in the expression profile of CD 117, CD

54 and CD 49d with respect to different media (Table

S1). The statistical significance of the cell surface

Fig. 1 Morphology of cultured human bone marrow derived MSC. The morphology of cultured human Bone marrow derived MSCs at

early passage-P3 (a) and late passage-P20 (b)
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Fig. 2 Immunophenotypic analysis of cell surface markers of

bone marrow derived MSC. Immunophenotypic expression

profile of cell surface markers: CD73, CD90, CD105, CD49d,

CD117, CD166, CD31, CD54, CD29, CD34, CD44 and HLA-

DR of bone marrow derived MSC analysed using flowcytometry

at early passage-P3 (a) and late passage-P20 (b)
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marker expression was computed at both early (P3)

and late (P15) passages (Fig. 3).

Multi-lineage differentiation

The plasticity of adherent MSCs derived from bone

marrow was assessed by osteogenic and adipogenic

differentiation of both early (P3) and late (P20) passages

in the aforesaid media. Osteogenic differentiation was

confirmed by staining the intracellular calcium deposits

using von Kossa (Fig. 4a–j) and Alizarin red (Fig. 4k–t)

staining on day 21. Adipocyte differentiation was

evident from the 12th day by the appearance of

intracellular lipid vacuoles and was further confirmed

by Oil Red O (Fig. 5a–j) staining on day 18. Non-

induced MSCs served as control for staining.

Evaluation of growth curve and PDT

Growth characteristics of BMSCs (n = 3) were ana-

lyzed at early (P3) and late (P20) passages in DMEM-

LG, a-MEM, DMEM-F12 and DMEM–KO media each

supplemented with 10 % FBS and 1 % antibiotic. The

growth of cells was calculated until day 10 on a daily

basis (Fig. 6a, b). The growth curve symbolized

exponential rise from day 2 till day 6 and existence of

a lengthy stationary phase, with short lag phase.

Population doubling time (PDT) was found to be lowest

(3.04 days) in DMEM-LG and DMEM KO, intermedi-

ate (3.12 days) in DMEM-F12 and highest (3.57 days)

in a-MEM for early passage. However, decrease in

proliferation rate was seen at late passage with a PDT

highest (7.4 days) in a-MEM, intermediate (6.38 and

5.34 days) in DMEM KO and DMEM F12, respectively,

and lowest (3.51 days) in DMEM-LG (Fig. 7).

Karyotyping

The structural and numerical normality of chromo-

somes in the cultured BMSCs was analysed by

standard Giemsa staining method in DMEM LG and

DMEM KO at late (P20) passage. GTG banding

(Fig. 8a, b) confirmed the stability of chromosomes, as

no anomaly was recorded in both allosomes and

autosomes even at later passages.

Discussion

Being in the regenerative medicine epoch for

treatment of degenerative diseases, it is important

Fig. 3 Statistical comparison of cell surface marker expression. Early passage (P3); late passage (P15); statistical significance:

* p \ 0.05, ** p \ 0.01
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to address the inconclusive tribulations associated

with the culture and proliferation of stem cells.

Repair and regenerative potential together with

tissue homing property of BMSC makes them pros-

pective candidate for regenerative therapy (Gimble

et al. 2003; Okura et al. 2009; Aggarwal and

Pittenger 2005; Le Blanc et al. 2003; Majumdar

et al. 2003). But, unclear experimental information

on the grounds of upscaling and stemness mainte-

nance along extensive culture conditions limits their

Fig. 4 Osteogenic differentiation of bone marrow derived

MSC. Confirmation of osteogenesis using von Kossa staining

at early-P3 (a–e) and late passages-P20 (f–j) control: a, f;
DMEM-LG: b, g; ALPHA-MEM: c, h; DMEM-F12: d, i;

DMEM-KO: e, j) Alizarin Red staining at early-P3 (k–o) and

late passages-P20 (p–t) control: k, p; DMEM-LG: l, q; ALPHA-

MEM: m, r; DMEM-F12: n, s; DMEM-KO: o, t
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Fig. 5 Adipogenic

differentiation of bone

marrow derived MSC.

Confirmation of

adipogenesis using Oil Red

O staining at early-P3

(a–e) and late passages-P20

(f–j) control: a, f; DMEM-

LG: b, g; ALPHA-MEM:

c, h; DMEM-F12: d,

i; DMEM-KO: e, j)
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clinical applicability. From our current study, it was

found that bone marrow can be extensively cultured

without losing its stem cell characteristics until P15.

This was identified through its retention in mor-

phology, expression profile, capacity to differentiate

and normal karyotype analyzed at prolonged culturing.

Our finding was in consistent with the work of

Bernardo et al. (2007). On the other hand, our

results were in contradictory to certain accumulated

evidences which reported that BMSC could not

withstand its characteristics for longer passages as

they tend to increase its telomerase activity and

undergo transformation (Pal et al. 2008; Miura et al.

2006).

However, we found that only one sample reached

P20 and the remaining samples could not be

passaged beyond P15, thereby providing evidence

that bone marrow can be extensively cultured

without losing its potency until P15. Evaluation of

BMSC culture in different basal media led us to

conclude DMEM LG and DMEM KO are suitable

for the expansion of BMSC at early passages.

However, unlike DMEM LG, DMEM KO produced

a decrease in its proliferative potency at late

passages, which was evident from the growth curve

and population doubling time. Furthermore, from

growth curve and PDT it was found that DMEM

F12 and Alpha MEM are not suitable media for ex

vivo expansion of BMSC.

In conclusion, from this study, we identified that

sufficient number of bone marrow derived mesenchy-

mal stem cells can be obtained through prolonged in

vitro culture without losing their stemness and differ-

entiation ability. Furthermore, the study revealed a

normal karyotype of BMSC even at prolonged cultur-

ing; thereby elucidating the fact that BMSC had not

undergone malignant transformation. Besides, from

the results obtained, we found that DMEM LG served

as an appropriate culture medium for prolonged

culturing of BMSC. It can be identified thus, that

lower glucose concentration might serve as most

appropriate for extensive culturing of BMSC in vitro.

However, although Alpha MEM, having the lower

concentration of glucose, it does not serve as an

appropriate medium in our study, when growth curve

and PDT were considered. This can be a potential area

of future research pursuit to exactly identify the

difference in culture condition among these two

media. Moreover, although all three samples could

grow until P15, only one sample could reach P20.

Hence, extensive work elucidating the stemness

maintenance of BMSC cultures will provide incred-

ible applications for cell based therapies in regener-

ative regimes.

Fig. 6 Growth curve of bone marrow derived MSC. Growth

curve analysis of bone marrow derived MSC at early passage-P3

(a) and late passage-P20 (b) with respect to different media: LG

(Low Glucose medium), MEM (Minimal Essential Medium),

F12 (F12 medium), and KO (Knock Out medium)

Fig. 7 Population doubling time analysis of Bone marrow

derived MSC. Population doubling time analysis of bone

marrow derived MSC at early-P3 and late -P20 passage with

respect to different media: DMEM-LG, a-MEM, DMEM-F12

and DMEM–KO
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