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Applications of bone marrow-derived mesenchymal stem 
cells in gene therapy have been hampered by the low effi-
ciency of gene transfer to these cells. In current transduc-
tion protocols, retrovirus particles with foreign genes 
make only limited contact with their target cells by passive 
diffusion and have short life spans, thereby limiting the 
chances of viral infection. We theorized that mechanically 
agitating the virus-containing cell suspensions would in-
crease the movement of viruses and target cells, resulting 
in increase of contact between them. Application of our 
mechanical agitation for transduction process has in-
creased the absorption of retrovirus particles more than 
five times compared to the previous static method without 
changing cell growth rate and viability. The addition of a 
mechanical agitation step increased transduction effi-
ciency to 42%, higher than that of any other previously-
known static transduction protocol.  
 
 
INTRODUCTION 
 
Mesenchymal stem cells are the progenitor cells of connective 
tissues such as bone, cartilage, hematopoiesis-supporting 
stroma, and adipocytes (Ahmed et al., 2007; Chamberlain et al., 
2007). It has also been shown that mesenchymal stem cells 
can differentiate into cells of non-connective tissues such as 
neurons and muscle (Schultz and Lucas, 2006; Yang et al., 
2006; Yoo et al., 2008). This multipotency and self-renewability 
have suggested their use as genetic vehicles for ex vivo gene 
therapy intended to achieve reliable, high-level, long-term, tissue-
specific and regulated expression of foreign genes (Daga et al., 
2002; Koda et al., 2007; Lee et al., 2008; Rose et al., 2003). 

One of the technical challenges in using mesenchymal stem 
cells for ex vivo gene therapy is to increase the efficiency of 
foreign gene transfer. Typical efficiencies of gene delivery to 
mesenchymal stem cells are 5-10%, achieved by either elec-
troporation or transfection (Cai et al., 2002; Ding et al., 1999; 
Eiges et al., 2001; Lakshmipathy et al., 2004; Peister et al., 
2004). The transduction efficiency of mesenchymal stem cell 
using adenovirus was 90% at multiplicity of infection (MOI) of 
50 (Liu et al., 2008). However, the cells infected with adenovi-
rus were transiently transducted cells. Transduction through 

retroviral vector-based gene delivery systems was developed to 
overcome this obstacle and shown up to 50% transduction 
efficiency (Ding et al., 1999; Ma et al., 2003; Zaehres et al., 
2005). Recently, primary CD34+ peripheral blood stem cells, 
K562, were shown to have transduction efficiency as high as 
90% at MOI of above 20 (Olga et al., 2003). However, those 
cells might be at a higher risk for malignant transformation be-
cause the frequency of insertional mutagenesis may directly 
correlate with the number of integrated vector copies. Moreover, 
complicated procedures such as concentration of the virus, 
repetitive infection, or superior selection are needed to accom-
plish this level of foreign gene transfer efficiency. Developing 
new method to obtain the highest possible transduction effi-
ciency using lowest MOI might be the key for the success of 
future applications. 

In current transduction protocols, virus particles passively dif-
fuse through the liquid culture medium to reach their target cells 
which are layered on the bottom of a culture dish (Chuck and 
Palsson, 1996). The contact between viruses and target cells is 
limited in these methods. Increasing the chance of contact 
between virus particles and their target cells would increase the 
chance of gene transfer, thereby promoting transduction effi-
ciency. One simple way to increase contact between viruses 
and target cells is through mechanical agitation. Shaking of 
virus-containing cell suspensions will increase the movement of 
viruses and target cells, resulting in more frequent contact be-
tween them. Suspended target cells have a better chance of 
making physical contact with virus particles than adherent tar-
get cells because of the possibility for three-dimensional con-
tact between cells and viruses. Based on this hypothesis, we 
developed a new experimental method for retroviral transduc-
tion of primary cells. 
 
MATERIALS AND METHODS 
 
Cell isolation 
Rat mesenchymal stem cells were isolated by flushing the fe-
murs of two-month-old female SD rats (Damool Bioscience Co., 
Korea) with phosphate-buffered saline (PBS). Pure rat mesen-
chymal stem cells were isolated from the rat bone marrow cul-
ture by their plastic-adherent properties, counted and plated in 
T-75 culture flasks at 2 × 105 cells/cm2 in DMEM/High glucose 
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(Hyclone, USA) with 10% FBS (Hyclone), 2 mM L-glutamin 
(Invitrogen, USA), 100 μg/ml streptomycin, and 100 U/ml peni-
cillin (Sigma, USA). Non-adherent cells were removed through 
a medium change after 24 h, and adherent cells were then 
cultured, replacing the medium every three days. The quality of 
the rat mesenchymal stem cells used in these experiments was 
confirmed by testing for mesenchymal stem cell lineage markers 
by staining with anti-integrin β1 and anti-CD54 using a standard 
protocol (Prockop, 1997). When the cells reached 80% conflu-
ence, the cultures were digested with TrypLE Express (Invitro-
gen), and cells were then seeded at 8 × 103 cells/cm2 in a T-75 
flask to be used either for gene transduction or for further culture 
and subculture. Cells from the fourth through eighth passages 
were used for all of the retroviral transduction experiments. 
 
Phenotypic assay 
Isolated rat mesenchymal stem cells were characterized using 
a rat mesenchymal stem cell characterization kit (Millipore, 
USA). For immunostaining, the rat mesenchymal stem cells 
were plated on a 10 mm diameter coverslip at a density of 2 × 
105 cells/cm2. After one day, the coverslip was fixed with 4% 
paraformaldehyde for 20 min and blocked with 5% goat serum 
and 0.3% Triton X-100 in PBS for 2 h. After blocking, the cov-
erslip was double-stained with rabbit anti-integrin β1 (CD29) at 
a dilution of 1:500 and mouse anti-fibronectin at a dilution of 
1:1,500. Hematopoietic cell surface markers (CD14 and CD45) 
were also used for staining at a dilution of 1:1,000 and 1:100, 
respectively. After staining the coverslip with primary antibody 
for 2 h, Alexa fluor 568-conjugated goat anti-rabbit IgG and 
Alexa fluor 488-conjugated goat anti-mouse IgG at a dilution of 
1:500 (Invitrogen) were stained for visualization (Prockop, 
1997). For Hoechst 33342 (Invitrogen) counterstaining, slides 
were incubated with Hoechst 33342 (1 μg/ml) after incubation 
with the secondary antibody for 10 min. Fluorescence was 
visualized using a Carl Zeiss LSM510 Meta microscope. 
 
Plasmid manipulation 
The pCAG-EGFP expression vector (Addgene, USA) was cho-
sen as the source of the gene encoding for enhanced green 
fluorescent protein (EGFP). The EGFP gene was subcloned into 
the pMSCVneo retroviral vector (Clontech, USA), generating a 
retroviral vector pMSCVneo-EGFP, in which the expression of 
EGFP is controlled by the promoter in the LTR and a neomycin 
resistance gene encoding for neomycin phosphotransferase is 
controlled by the SV40 promoter. pMSCVneo-EGFP was ampli-
fied in DH5α E. coli (RBC, Taiwan) and purified using the Nu-
cleobond plasmid midi kit (Macheret-nagel, Germany). 
 
Virus production 
The retroviral vector encoding EGFP was prepared by trans-
fecting the EGFP-expressing retroviral plasmid pMSCVneo-
EGFP into the packaging cell line PT67 (Clontech) using Li-
pofectamine 2,000 (Invitrogen). The retrovirus-packaging cells 
were cultured in DMEM/High glucose (Hyclone) containing 
10% fetal bovine serum (FBS) (Hyclone), 100 μg/ml streptomy-
cin, 100 U/ml penicillin (Sigma), 2 mM L-glutamine (Invitrogen) 
and 6 μg/ml G418 (Sigma). At 80% confluence, the media was 
removed and the packaging cells were cultured further in fresh 
DMEM with 10% FBS, streptomycin, penicillin, and L-glutamine 
at the aforementioned concentrations. After two weeks of selec-
tion, 20 stable clones were chosen and transferred to individual 
wells. After determining viral titers by infecting NIH 3T3 cells 
and calculating the number of colonies expressing EGFP, two 
clones were chosen. The medium containing retrovirus (Retro-
EGFP) was collected from a selective PT67 clone, filtered 

through a 0.45 μm cellulose acetate filter (Millipore) and stored 
at -70°C until use. All transductions were performed at MOI of 
4.0. 
 
Virus-cell binding and immunofluorescence assays 
The amount of virus bound on the cell surface was quantified by 
indirect immunofluorescence using a 1,420 multilabel counter 
(Perkin-Elmer, Finland) described previously (Kwon et al., 2003). 
Briefly, 1 ml of virus was mixed with rat mesenchymal stem 
cells (2 × 104 cells) under various speeds of mechanical agita-
tion (0, 20, 40, 80, 100 rpm) or without shaking, and the cells 
were collected every 10 min for 1 h. The cells were then centri-
fuged at 16,000 × g for 15 s, the supernatant was discarded, 
and the cells were washed once with 1 ml of ice-cold wash 
buffer (PBS containing 10% goat serum). The cells were re-
suspended in 250 μl of mouse monoclonal antibody 10A1 
(Santa Cruz) and incubated at 4°C for 1 h. They were then 
washed again with 1 ml of cold wash buffer and resuspended in 
100 μl of wash buffer containing 0.5 μg of Alexa fluor 488-
conjugated goat anti-mouse IgG (Invitrogen) for 30 min at 4°C. 
After a final wash, they were fixed in 300 μl of 4% paraformal-
dehyde in PBS. The fluorescence intensity of the cells was 
analyzed on a 1,420 multilabel counter (Perkin-Elmer). 
 
Optimum mechanical agitation conditions 
The effect of mechanical agitation in cytotoxicity and cell prolif-
eration was determined by measuring the reduction of MTT [3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] to 
formazan. The plate containing rat mesenchymal stem cells, 2 
× 104 cells, was mechanically agitated on a rocker (SLS4, 
Seoulin, Korea) at 0, 20, 40, 80, 100 rpm at 37°C in 5% CO2 for 
1 h or 4 d for test about cell proliferation. After incubation, the 
cells in 96-well plates were washed twice with PBS, and MTT 
(100 μg/0.1 ml of complete medium) was added to each well. 
The cells were incubated at 37°C for 2 h, and DMSO (100 μl 
was added to dissolve the formazan crystals. The absorbance 
rate of each well optical density (OD value) was measured at 
540 nm using E-MAX micro-well reader (Molecular Devices, 
USA). 
 
Mechanically agitated transduction 
For transduction of the retrovirus into rat mesenchymal stem 
cells, pure rat mesenchymal stem cells were trypsinized (0.1 
ml/cm2) for 3 min at 37°C. Trypsin was inactivated by the addi-
tion of growth medium (DMEM) containing 10% FBS. The cell 
suspension was adjusted to contain 5 × 105 cells/ml. A 1 ml 
aliquot of the trypsinized rat mesenchymal stem cells was di-
rectly mixed with 1 ml virus stock in the presence of 6 μg/ml 
polybrene (Calbiochem, USA) and seeded in a six-well plate 
(Falcon, USA). The plate containing the mixture of rat mesen-
chymal stem cells and virus was mechanically agitated on a 
rocker (SLS4, Seoulin, Korea) at 20 rpm for 50 min while incu-
bating at 37°C under 5% CO2. After mechanical agitation of the 
mixture of rat mesenchymal stem cells and virus, the plate was 
incubated at 37°C under 5% CO2 for 24 h and the supernatant 
containing virus particles was replaced with fresh growth me-
dium. After an 86 h incubation, EGFP fluorescence in the 
transduced rat mesenchymal stem cells was observed with a 
fluorescence microscope (TE2000-S, Nikon, Japan). 
 
Detection of transduction efficiency 
For quantitative flow cytometry studies by fluorescence-
activated cell sorting using a FACSCalibur instrument (Becton 
Dickinson, USA), cells were harvested with TrypLE Express 
(Invitrogen) and resuspended in PBS containing 2 mM EDTA  
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Fig. 1. Fluorescence microscope images of rat mesenchymal stem 

cells. The cells were stained with two antibodies for extracellular ma-

trix molecules then with anti-integrin β1 (CD29) and anti-fibronectin 

antibodies. Alexa fluor 568-conjugated goat anti-rabbit IgG and Alexa 

fluor 488-conjugated goat anti-mouse IgG secondary antibodies 

bound to these primary antibodies, allowing for the identification of rat 

mesenchymal stem cells (A). Hematopoietic cell surface markers 

(anti-CD14 and CD45) were stained as a negative control (B). The 

cell nuclei were visualized with Hoechst stain (blue). Images were 

captured using a confocal microscope (LSM510, Carl Zeiss). 
 
 
and 5% bovine serum albumin to be analyzed. Untransduced 
cells were used to evaluate the percentage of positive cells. 
 
Multilineage differentiation assay 
Transduced rat mesenchymal stem cells were plated in 24-well 
plates to determine whether the transduced mesenchymal 
stem cells (2 × 105 cells) maintained their multipotentiality. The 
wells were incubated for three weeks in either commercial os-
teogenic medium (Lonza, Switzerland) or adipogenic medium 
(Millipore) to induce differentiation into osteocytes and adipo-
cytes, respectively. The medium was replaced every three days 
for 20 d. To confirm osteogenic differentiation, cells were 
washed with PBS, fixed in 100% ice-cold methanol for 10 min, 
and stained for 15 min with 1 ml of Alizarin red on a shaker at 
room temperature. Cells were then washed with water five 
times. To confirm adipocyte differentiation, cells in adipogenic 
medium were washed with PBS and fixed for 1 h with 10% 
formalin. Cells were stained for 15 min with a diluted Oil red-O 
solution. 
 
Statistical analyses  
All of the experimental data were obtained in triplicate and are 
presented as means ± standard deviations. Statistical compari-
son by analysis of variance was done at a significance level (P) 
of < 0.05 based on Student’s t-test. 
 
RESULTS 
 
Characterization of rat mesenchymal stem cells 
The rat mesenchymal stem cells had elongated fibroblast-like 
morphologies and reached confluence in T-75 flasks after seven 
days. The cells also stained positive with the cell-surface markers 
integrin β1 (CD29) and fibronectin but not with hematopoietic cell 
surface markers (CD14 and CD45) (Fig. 1). These observations 
indicate that the cultured cells were typical mesenchymal stem 
cells. 
 
Effect of mechanical agitation on virus-cell binding 
We measured the proportion of viruses bound to cells to con-
firm whether this mechanical agitation process affected virus 
adsorption to cells. Virus adsorption was analyzed using an 
indirect immunofluorescence assay which quantified the num- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Effect of mechanical agitation on virus-cell binding. After rat 

mesenchymal stem cells were mixed with the virus at different rpm 

for different times, the amount of virus bound to the cell surfaces 

was quantified by indirect immunofluorescence using a 1420 multi-

label counter. Time course profiles of the virus-cell binding ratio are 

plotted. Triplicate data were taken, with standard deviations shown 

by the bars. 

 
 
ber of viral particles bound to cells. As expected, the amount of 
virus on the cells transduced with 20 rpm mechanical agitation 
for 50 min was nearly five times higher than the amount of virus 
on rat mesenchymal stem cells that were not agitated during 
transduction (Fig. 2). This result could not exclude the possibil-
ity that mechanical agitation also enhanced penetration of the 
virus into the cell or the reverse transcription step in cytoplasm. 
However, mechanical agitation increased the chance of trans-
duction because penetration and subsequent steps were en-
hanced by virus adsorption to the cell. 
 
Growth kinetics and cytotoxicity of rat mesenchymal stem 
cells agitated on a rocker 
To optimize transduction conditions, the mesenchymal stem 
cells were agitated on a rocker under several different condi-
tions - adhered cells, suspended cells, or cells rocked at 0, 20, 
40, 80 or 100 rpm. Target cells should be in the exponential 
growth phase to get maximum retroviral transduction efficiency, 
as retroviruses can only transduce actively dividing cells. Also, 
the growth rate should be tested to determine whether the me-
chanical agitation could stimulate the growth of rat mesenchy-
mal stem cells to get correct transduction efficiency. The spe-
cific growth rate (µ) of rat mesenchymal stem cells can be cal-
culated from the equation X = X0µt, where X is the cell number 
at an arbitrary time t and X0 is the initial cell density. 

According to our MTT results, mechanical agitation does not 
affect the viability of adhered rat mesenchymal stem cells. 
However, the viability of suspended rat mesenchymal stem 
cells decreased above 80 rpm, but was as high as 98% after 
the 20 rpm mechanical agitation step. So even though me-
chanical agitation seemed to inhibit the growth rate of rat mes-
enchymal stem cells, the specific growth rate (µ) corrected for 
cell viability was not changed (Fig. 3). 
 
Transduction efficiency by mechanical agitation 
As expected, fluorescence microscope images of the rat mes-
enchymal stem cells transduced with Retro-EGFP showed that 
this suspended cell transduction method with 20 rpm mechani-
cal agitation for 50 min allowed high transduction efficiency of 
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rat mesenchymal stem cells (Fig. 4). 

The exact transduction efficiency of rat mesenchymal stem 
cells was measured by FACSCalibur. Since a viral target cell 
monolayer such as that grown on a surface in a culture flask is 
subject only to flows parallel to the solid surface, the penetra-
tion distance of the virus will depend on the monolayer’s thick-
ness. This hydrodynamic limitation was overcome by the agita-
tion method established in this study. To increase the chances 
of direct contact between the viruses and the target cells, rat 
mesenchymal stem cells were detached from the flask and 
suspended in the incubation media. The cells were suspended 
just before transduction, and then the suspended cells were 
incubated with virus particles under optimum conditions, as 
mentioned above. As expected, our method including simulta-
neous mechanical agitation of viruses with suspended cells 
showed the highest transduction efficiency, up to 42%, about 
2.5 fold higher than the efficiency of the static method (Fig. 5). 

However, the transduction efficiency did not increase in propor-
tion to the fraction of viruses adsorbing to cells. 
 
Differentiation of transduced rat mesenchymal stem cells 
As indicated in Fig. 6, the transduced rat mesenchymal stem 
cells differentiated into osteocytes and adipocytes. No differ-
ence was observed between transduced and control rat mes-
enchymal stem cells either in the osteogenic or adipogenic 
media. The results suggest that rat mesenchymal stem cells 
are multipotent even after application of this mechanical agita-
tion method. 
 
DISCUSSION 
 
Recently, retroviral vectors have often been used for gene 
transfer into humans and animals for gene therapy and the 
establishment of transgenic animals because these viral vec-

Fig. 3. Effect of mechanical agitation on

growth kinetics of rat mesenchymal stem

cells. To measure cell viability, cells (2 ×

10
4
 cells/well on 96-well plates) were

cultured for 24 h after mechanical agita-

tion for 50 min (A). To measure growth

kinetics, the number of cells (X) was

determined at 0, 1, 2, 3 and 4 days after

inoculation (2 × 10
4
 cells/well on 96-well

plates). µ was determined from each

slope for a least square linear fit of ln

(X/X0) to t (B) and numerical representa-

tions of the cell viability and growth rate

are shown (C). Control cells were cul-

tured without mechanical agitation. Cell

viability and growth rate were measured

by MTT assay. 

Fig. 4. Fluorescence microscope 

images of rat mesenchymal stem 

cells. After 86 h, transduced rat 

mesenchymal stem cells were 

observed for EGFP fluorescence 

with a fluorescence microscope 

(TE2000-S, Nikon); (A, B) phase 

contrast and fluorescence im-

age of adherent rat mesenchy-

mal stem cells transduced using 

the static method; (C, D) phase 

contrast and fluorescence im-

age of adherent rat mesenchy-

mal stem cells transduced with 

20 rpm mechanical agitation for 

50 min; (E, F) phase contrast 

and fluorescence image of sus-

pended rat mesenchymal stem 

cells transduced with 20 rpm 

mechanical agitation for 50 min.
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% EGFP (+) cells 17 ± 2.7 30 ± 1.4 43 ± 2.5 
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Fig. 6. Microscopic images of rat mesenchymal stem cells trans-

duced with EGFP retrovirus. Transduction of rat mesenchymal 

stem cells with our protocol (A, B) (100× and 400× magnification); 

Alizarin Red S staining of rat mesenchymal stem cells transduced 

with the Retro-EGFP (C) and normal rat mesenchymal stem cells 

(E) on day 20 after osteocyte induction. Microscope images of Oil-

Red-O staining of rat mesenchymal stem cells transduced with the 

Retro-EGFP (D) and normal rat mesenchymal stem cells (F) on day 

20 after adipocyte induction. 

tors show a high efficiency of gene transfer and a stable inte-
gration of the transgene into the host genome. For gene trans-
fer, the establishment of an easy and efficient procedure for 
transduction with high efficiency is important. In static protocols, 
the viral particles make contact with the cells by undergoing 
Brownian movements and passively diffusing through the cell 
culture media (Chuck and Palsson, 1996; Chuck et al., 1996). 
This Brownian-limited motion is one of the main obstacles to 
transduction. This new protocol was developed on the hy-
pothesis that the efficiency of retroviral transduction would be 
increased if virus particles had increased contact with the target 
cells. A mechanical agitation step was implemented during the 
incubation of viruses with target cells to increase the chance of 
physical contact between viruses and cells. This simple addi-
tion of a mechanical agitation step overcame the limitations on 
time and distance for capture imposed by Brownian motion. 

In conclusion, this mechanical agitation method led to the 
higher transduction efficiency than that of any current static 
transduction method. It was effective even at low viral concen-
tration, eliminating many of the concerns associated with the 
production of high-titer virus stock. The method can potentially 
be applied to a variety of other transduction protocols with slight 
adjustments to agitation time and speed. This protocol will con-
tribute to various ex vivo gene therapies and in vitro gene trans-
fer experiments for primary cells. 
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