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ABSTRACT 
 

Packed-bed bioreactors provide larger surface area to volume ratio compared to the static culture on flasks. Therefore, these 

systems offer ideal production environment for large-scale culture of mesenchymal stem cells (MSCs), but the effect of fluid 

dynamics on the cell-behavior of MSCs is not fully elucidated. In this study, packed-bed perfusion reactor loaded with different 

size of polymethyl methacrylate carriers was used to apply different rates of shear stress and drug forces at constant flow rate. 

The cell viability, cell-expansion, apoptosis and protein secretion levels were analyzed for both unmodified and Vascular 

Endothelial Growth Factor-positive (VEGF+) MSCs. The superficial stress was estimated to between 0.21-0.25 N/m2. The 

results showed that the shear stress reduced the VEGF secretion, and Caspase-3 was activated at high drag force, which cause 

the reduction of the cell numbers in the bioreactor. The reduction of cytoskeletal actin structures seemed to play the central role 

in this adverse effect of the non-planar shear stress.  The expression reduction of VEGF might also have critical impacts on the 

tissue engineering applications, in which the formation of vascular construct is essential. 
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1. INTRODUCTION 
 

The large selection of bioreactor designs is available for the production of biochemicals. Due to the 

fragile nature of adult stem cells under dynamic flow conditions, alternative systems have been 

developed to the continuous stirred or air-lift reactors, like as the perfusion bioreactors [1]. These types 

of bioreactors enable the continuous flow of medium through the system and eliminate the transport 

limitations of both flow and mass. Perfusion bioreactors are the system of choice in bone tissue 

engineering in vitro mostly because of their mechanical stimulus to cell expansion and to differentiate 

stem cells to particular tissue cells [2, 3]. Fluid shear forces in these systems cause mechanical 

stimulation of the culture and has been shown to enhance the expression of the osteoblastic phenotype 

in MSCs [4]. However, the shear stress within the packed bed bioreactor has been also reported to affect 

adversely the stemness of stem cells [5, 6]. 
 

MSCs are the cells of choice in many applications of regenerative medicine [7]. In addition to their 

characteristics of in vitro expansion and differentiation into other mesenchymal cells, they also involve 

in the regulation of immune system. To supply the cell requirement in regenerative medicine, packed 

bed bioreactor designs have been proposed for the expansion of MSCs [5], and a tubular perfusion 

bioreactor system was used to increase the glycosaminoglycan production [8]. Their multi-

characteristics could be attributed to their secretion of a number of soluble bioactive molecules, like 

cytokines and growth factors [9]. 
 

In most of the studies analyzing the effect of the shear-stress, the selected design of the culture system 

provides planar flow to the surface [10, 11]. These parallel-plate flow chambers enable researchers 

calculate the shear-stress rate easily, but neglect the other flow parameters in packed-bed column and in 

other 3D-scaffolds, like the drag force effect [6].  Similarly, most of the blood vessels have curled and 

twisted structures in the tissues.  
 

Cell adhesion plays an important role in the cell behaviour, and affected by the hydrodynamic forces 

created by fluidic flows. Drug force is another concept of the fluid hydrodynamic forces beside the shear-
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stress. In fact, drag force is the primary coupling force between the fluid and particulate phases, and 

therefore, it is quite important in a fluidized packed bed column [12]. In a larger set-up, the effect of drug 

force might be neglectable. However, the developement of microfluidic systems also caused the needs for 

detailed understanding for biomechanical mechanism including the issue of drug force [13]. 
 

Thus many other factors should be considered for the measurement like the drag force effect. In this 

study, it was aimed to analyze the effect of shear stress and drag force on the VEGF secretion by non-

encapsulated MSCs. For this purpose, both rat bone marrow derived MSCs (rBM-MSCs) and VEGF 

gene transferred rBM-MSCs were used to culture on collagen coated polymethyl methacrylate (PMMA) 

beads, packed in a column. The amount of VEGF secretion and the cell viabilities were compared.   
 

2. MATERIALS AND METHODS 
 

2.1. Cell Culture 
 

The study protocol was approved by the local ethical committee under protocol no. [KOU-HADYEK 

6/5-2011]. rBM-MSCs used in this study was isolated and characterized in our previous study [14]. 

Briefly, MSCs were isolated from the bone marrow aspirates by gradient centrifugation (Ficoll-

histopaque gradient, 1.077 g/mL). The isolated cells were cultured in the culture media; L-DMEM 

(Thermo, Gibco, Paisley, UK) supplemented with 10% FBS and 1% antibiotics (Thermo, Gibco) at 

37°C in a humid atmosphere containing 5% CO2.  
 

2.2. Co-transfection of rBM-MSCs with VEGF and GFP Genes 

 

VEGF gene was obtained kindly from Dr. Duran Ustek, Department of Genetics, Institute of 

Experimental Medicine, Istanbul University [15]. The gene was ligated to the downstream of CMV 

promoter of pGFP vector (Clontech, Palo Alto, CA) deleting the GFP gene on the plasmid. The constructed 

plasmid was named as pVEGF. After isolation with EndoFree plasmid isolation maxi kit (Qiagen, Hilden, 

Germany), the plasmid mix of pVEGF/pGFP (10:1) were transfected by electroporation (Neon Transfection 

System, Invitrogen, Carlsbad, CA) with respect to the instructions provided by manufacturer. The 

transfection parameters for rBM-MSCs were 990V/40ms/2 pulse. After 48 h of culture in DMEM-medium 

with 10% FBS, the transformed cells were selected with respect to their resistance against 400 µg/mL 

G418 (Roche, Mannheim, Germany) under standard culture conditions. 

 

2.3. Collagen Coating of Beads 
 

PMMA beads, in shape of polygonal spheres, were supplied commercially from market in three different 

sizes; 2.5 mm, 3 mm and 4 mm (, stands for diameter of the bead). The surface of beads was 

first washed 2 times with distilled water, 3 times with 70% ethanol, and 2 times with PBS (Thermo, 

Gibco), consecutively. The beads were dried under laminar flow cabin, and coated with 5 µg/cm2 of Rat 

Tail Collagen (Type I) (BD Biosciences, San Jose, CA) coating solution for 1 h at room temperature 

under constant rotation at 100 rpm. The beads were washed with PBS once, air dried and stored at 4ºC 

until use. The coating efficiency was estimated by BCA protein assay kit (Sigma-Aldrich, St Louis, 

MO). The effect of flow on collagen coating was analyzed by incubating the coated beads without cell 

for 3 days in the perfusion system, and the remaining collagen was measured. 
  

2.4. Cell Seeding on Beads and Cell Counting 
 

The collagen coated beads were embedded in standard culture medium in 6-well culture plate (BD 

Bioscience), and 106 cells/well were seeded following with gently mixing a few times. The cells were 

cultured for 48 h to allow attachment. The attached cells on the surface of beads were checked by staining 

with hematoxylin, followed with the examination under light microscope. The number of the cells attached 

on the surface of the beads was estimated by WST-1 Assay (Roche, Mannheim, Germany). After the 
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removal of culture medium, 100 µL of 10% WST-1 (in serum-free medium) was added to the cells. The 

plates were pre-read immediately on a plate reader at 450 nm to obtain a background count. After 

incubation at 37°C for 3 h, the color intensity of plates was determined for any changes. The number of 

cells was estimated by using standard chart prepared for this cell line with known number of cells. 

 

2.5. Flow Perfusion Bioreactor Setup 
 

The system included a media reservoir, multi-channel peristaltic pump, and a packed bed column with 

heating jacket. The column (culture chamber), reservoir and pump are connected to each other in series. 

The media was kept warm at 37°C on heating plate while the media was aerated (gas composition of 

5% CO2 and 95% air) at the rate of 70 mL/min (0.1 MPa, 20°C). The flow is controlled by peristaltic 

pump (Ismatec, ISM834, Wertheim-Mondfeld, Germany) at constant flow rate of 1.633 mm/s. The 2 

mL columns were filled with beads as tight as possible. During operation the column was kept at 

constant temperature at 37°C by heating jacket (MI-IBC, Tokai hit, Shizuoka, Japan). 
 

2.6. Estimation of Shear Stress Profiles 
 

The Reynold’s number (Re) (1) for each experimental set-up was estimated from the relation given for 

packed bed columns [16]: 

𝑅𝑒 =
4

6
(

1

1 − ɛ
) (

D(ɛν)


) (1) 

, where  is void fraction in column; D is diameter,  is velocity,  is density and  is viscosity. The 

viscosity of fluid (μ) was taken to be 10-3 Pa.s [6].The system was operated under constant flow rate at 

1.633 mm/s. In the system, beads with three different sizes were employed so that every column of each 

set-up was operated with different contact (wetted) area. Flow variations in the direction transverse to 

the flow were assumed to be negligible. The friction factor (f) was calculated according to the Ergun’s 

equation (2) in the column: 

𝑓 =
150

𝑅𝑒
+ 1.75 (2) 

The shear stress ()was estimated by following equation  (3): 

𝜏 = 𝑓 (
𝐷

𝐿𝜌𝜈2

𝜀3

1 − 𝜀
)

−1

 (3) 

, where L is length of column. The Schmidt Number (Sc) was estimated by following equation (4) given 

by Geankoplis [16]: 

𝑆𝑐 =
𝜇

𝜌 𝐷𝑚
 (4) 

, where Dm stands for molecular diffusivity. The molecular diffusivity was taken to be 7.8-8.6 10-4 

m2/s [17]. 
 

2.7. Quantification of VEGF by ELISA 
 

Secretion of VEGF (Invitrogen, Life Technologies, Carlsbad, CA) was determined in culture media by 

ELISA according to the manufacturer’s recommendations. The minimum detectable dose was 5 pg/mL 

for VEGF. All these experiments were repeated at least thrice. Absorbance differences were measured 

by UV-visible spectrophotometer (VersaMax microplate reader, Molecular Devices, Sunnyvale, CA, 

USA). 
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2.8. Immunostaining 
 

Samples were fixed in ice-cold methanol for 10 min and treated with 0.025% Triton X-100 (Merck, 

Darmstadt, Germany) for permeabilization. Cells were incubated with 1.5% blocking serum solution 

(Santa Cruz Biotechnology, Heidelberg, Germany) for 30 min at 37 ºC, and incubated overnight at 4ºC 

with the primary antibodies after washing with PBS. Samples were incubated with appropriate 

secondary antibodies for 25 min and covered with mounting medium containing DAPI (Santa Cruz 

Biotechnology). The mounted cells were immediately examined under fluorescence microscope (Leica 

DMI 4000B, Wetzlar, Germany). The antibodies for VEGF, alpha smooth muscle actin (ASMA) and 

active Caspase3 were supplied from Santa Cruz Biotechnology. 
 

2.9. Statistics 
 

All experiments were performed in triplicates. Data are reported as means ± standard deviation. All 

statistical analyses were performed using SPSS 10.0 (SPSS Inc., Chicago, IL, USA). Data were analyzed 

using one-way ANOVA or paired t-test. Differences between the experimental and control groups were 

regarded as statistically significant when P<0.05. 
 

3. RESULTS 

 

3.1. Ectopic Expression of VEGF 
 

The VEGF synthesis in cells was determined by immunohistochemical stainings (Figure 1). The 

measurement showed the VEGF secretion of 52.3 pg/mL ±5.7, whereas the untransformed rBM-MSCs 

could secrete higher amount of VEGF, 578.4 pg/mL ±5.3, in static culture. 
 

 
 

Figure 1. Immunohistochemical staining of secreted VEGF by rBM-MSCs transfected with pVEGF. Scale bar, 50 µm. 

 

3.2. Effect of Flow on Collagen Coating and Attached Cells 
 

The culture conditions and setting were optimized for perfusion bioreactor. The flow rate was adjusted 

for the system by keeping the Re below 10.0 to sustain the laminar flow in packed bed column (Table 

1). After 3 days of operation, the cellular adhesion and viability were assessed (Figure 2). Three types 

of beads in identical composition but in different sizes were used to assess the different shear stress rates 

only in columns. The total surface areas of columns with small to large beads were 5.89 cm2, 5.65 cm2 

and 6.53 cm2 (except the inner wall), respectively. The flow rate of the system was adjusted to 1.633 

mm/s to obtain laminar flows in three columns (10.0>Re). The shear stress on the beads was estimated 

between 0.20-0.25 N/m2 (2.0-2.5 dyn/cm2).  
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Table 1. Effect of flow on collagen coating and cell number 

 

Bead Size  

(mm) 
NRe Drag Force (N) 

Collagen Coating 

(mg/cm2) 

Attached Cells 

(# cells/cm2) 

    Normal VEGF+ 
2.5 3.10 4.86 x 10-6 1.14±0.05 15812±4070 11068±781 

3.0 3.80 5.89 x 10-6 1.19±0.03 9698±2387 4511±37 
4.0 5.57 11.13 x 10-6 0.29±0.03 4301±892 4801±7 

 

The collagen coating was significantly decreased under the effect of flow (Table 1). With respect to the 

results, the reduction of collagen coating could not be correlated with the rate of the shear-stress. Rather 

shear stress, the drag force could have an effect on the diminution of coating. The unitless constant 

Schmidt Number (Sc) was calculated for the process to be Sc<1.0 (1.16-1.28  10-3), which indicated 

that molecular diffusion is significant as momentum transport in all columns.  

 

The same experiment was repeated for the beads with cells to determine the number of attached cells 

after process. The flow caused wash-off the attached cells from the surface of the beads at different 

degrees. The number of the cells decreased with the decreasing amount of collagen coated on surface 

(Table 1). As the cells loosely attached on PMMA surface, the elimination of the protein coating from 

surface could result in reduction in the attached cell numbers. 
 

 
(a) 

 
(b) 

 

Figure 2. Attached cells on the surface of the collagen coated PMMA beads (2.5mm). The cells were stained with 

hematoxylin dye before (a) and after (b) culture in perfusion system for 3 days. (Original magnifications: A,X200; 

B, X100). 

 

3.3. VEGF Secretion under Shear Stress 
 

In the static culture (no shear stress), VEGF secretion was detected to be approximately 52.3 pg/mL, 

and 578.4 pg/mL in unmodified and VEGF transfected cell lines respectively. The ectopic expression 

of gene could trigger the control mechanism for VEGF expression that might cause the shut-down of its 

wild-type expression. The amount of secreted VEGF by the attached cells on beads was measured, and 

the data were normalized with the total cell number in each column (Table 2). The effect of shear stress 

was significant on the VEGF secretion in unmodified rBM-MSCs.  Compared to the level in static 

culture, VEGF secretion was decrease to 2.8-4.8%. At higher shear stress, the reduction of expression 

was higher (Table 2). This reduction was not observed in genetically modified cell line at the moderate 

stress level (0.2085 N/m2). However, the fall in the cytokine level was observed also at the higher shear 

stress (0.2470 N/m2). VEGF could not be detected in the process with the column packed with 4 mm 

beads. The low number of the cells attached on beads might result in the secretion of inadequate level of 

VEGF.  
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Table 2. Alteration of VEGF secretion in response to shear stress by normal and VEGF gene transfected stem cell lines 

 

Bead Size  

(mm) 

Shear Stress 

(N/m2) 

VEGF Secretion 

(pg/mL) 

  Normal VEGF+ 
2.5 0.2470 16.33±2.41 26.16±4.99 

3.0 0.2085 27.71±4.88 59.90±6.85 

4.0 0.2215 n.d. 1 n.d. 1 
1 n.d., not detectable 

 

3.4. Viability of Cells and Apoptosis 
 

The cell numbers attached on the surface of the beads were estimated by WST-1, which detected the 

metabolically active cells (Table 1). The detachment of cells from the bead surface was more significant 

in the culture with modified cell line. Independently of the cell line examined, the cell numbers on 

support were observed to decrease over the process. The lower number of cells could be attributed to 

increasing drag force, which functioned in the removal of collagen coating and the detachment of cells 

from surface. To observe whether the reduction was due to apoptosis, the cells were immunostained 

with active Caspase3 and ASMA (Figure 3). Before culture in flow, the cells showed no sign of 

apoptosis (Figure 3a). However, the culture in perfusion bioreactor caused the increase in the active 

Caspase3 levels in all columns. The expression of active Caspase3 was observed highest in the cells 

exerted with high drag force in 4 mm bead column (Figure 3d). In other two columns, a slight, but 

insignificant level of active Caspase3 elevation was detected. The shear stresses at these levels appeared 

to be not effective on apoptosis (Table 1; Figure 3 b,c). 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 3. Effect of shear stress on cell apoptosis. The cells on beads were stained with Caspase3 (green) and ASMA (red) 

antibodies before perfusion culture (a), and after 3 days culture on 2.5 mm (b), 3.0 mm (c) and 4.0 mm (d) 

beads. The nuclei were stained with DAPI (Blue). Scale bar, 50 µm. 
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4. DISCUSSION 
 

The expression of both endogenous and recombinant VEGF in rBM-MSCs was reduced under the effect 

of shear stress in perfusion bioreactor system. The stress was not applied on a planar system, like in 

most studies [10, 11], but uniform spherical support (collagen coated PMMA) was used to mimic the 

flow characteristics in 3-dimensional (3D) scaffolds in this study. A variety of bioreactor types has been 

using in tissue engineering, and they were proven to be applicable to 3D culture systems, which 

improves the tissue formation capacities of stem cells [18, 19]. MSCs are sensitive to external physical 

effects, and their differentiation into osteoblasts was improved by shear stress under appropriate 

perfusion conditions [20]. The mechanical stimulus by shear stress was noticed to be critical also for 

MSCs in endothelial differentiation [21, 22]. Although in those studies, the effect of the shear-stress was 

on favor to the cell expansion and differentiation, it affected unfavorably the cell cultures in this study. 

The cell behavior of a number of progenitor and stem cells was analyzed under different shear stress 

levels including embryonic stem cells (0–1 N/m2), endothelial progenitor cells (0.01–0.25 N/m2), 

mesenchymal stem cells (0.5–1.5 N/m2) [23]. Furthermore, the study by Kim et al. (2017) also revealed 

that adult stem cells respond distinctively to small differences in shear stress at the level of 0.0019 N/m2, 

0.0022 N/m2 and 0.0024 N/m2. The actin structures change in response to altered shear stress rate, and 

the generated signals cause to decrease the proliferation rate as the shear stress increases. The intensivity 

toward the shear stress response could be as low as 0.002 N/m2  [23]. The cell number reduction in this 

study might not only be explained by the effect of shear stress, but other forces, like drag force, might 

play an important role. 

 

As bioreactors are becoming increasingly important in developing constructs for tissue engineering and 

in vitro physiological model systems, the hydrodynamic characteristics of perfusion bioreactor 

configurations and its influence both on the cell microenvironment and in modulating morphogenesis 

should be defined cautiously [19, 24]. The main difference was the utilized packed bed column which 

developed significant level of drag force. A closed-loop perfusion bioreactor setup for bone tissue 

engineering was designed by inserting the polyuretan circular inserts into the chamber [25]. This system 

provides a large surface for cells to attach and to expand, while allowing large scale stem cell culture. 

Although, the effect of shear stress has not been investigated in that study, the beneficial effect of the 

design toward osteogenic differentiation has been clearly revealed. In another study, a shear stress of 

0.015 N/m2 has been also reported to up-regulate the osteogenic pathways in human bone marrow MSCs 

[5, 6] 

 

Shear stress is the friction force exerted on the cells and exists, where there is fluid flow. As the 

endothelial cells localized at the inner surface of the blood vessels, they constantly exposed to shear 

stress caused by blood flow at variable rates, and this physical effect was shown to be more effective in 

migration of endothelial cells than chemotaxis [26,27]. This stimulus was responded by loosening the 

cell-cell contact, activation of several signaling pathways and remodeling cytoskeleton structures in cells 

[28]. However, the expression of death-associated protein kinase (DAPK) was also reported to be 

regulated by the mechanical stimulus affecting cytokine-activated apoptosis [29]. In a microfluidic 

culture system, the effect of shear stress on human annulus fibrosus cells was evaluated [30]. As stated, 

a shear stress of 0.1 N/m2 caused an anabolic effect on collagen type-1 and -3, while the catabolic effects 

on the aggrecan were reported. On the other hand, 1.0 N/m2 had an improved anabolic effect on collagen 

type-1, but it has a catabolic effect on collagen type-3 and aggrecan. Although the applied force was 

lower than the physiological condition of tissue, the genes, which should involve in the tissue 

regeneration, were acted differently. That study supported the idea that shear stress plays a significant 

role in the niche of cell. In this study, the flow within the column packed with 4mm beads created 

moderate shear-stress, but significantly high level of drag force, which both induced the apoptosis in the 

cell (Figure 3d) and tear-off the collagen coating from the surface decreasing the cell adhesiveness. In 

both cases, the cell number reduction was observed affecting the lower VEGF production, although the 

shear-rate was not at highest level. 
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Another question about the stress effect might be the stem cells committed to differentiate under the 

effect of the shear-stress. VEGF is the main cytokine regulating angiogenesis in both wound healing 

and tumor development [31, 32]. In the study by Beckermann et al. (2008), the migration of MSCs to 

blood vessels lead to increase the secretion of VEGF and other growth factors, but very few or no 

differentiation was observed [33]. VEGF secretion was further enhanced by hypoxia in this model. In 

our reactor system, lower levels of shear-stress and flow rate were exerted to the cells, and cell 

differentiation did also not observed. The laminar shear stress was found to induce the 

Tie2/PI3K/Akt/eNOS and PI3k/Akt-SIRT1-Ac-H3 pathways and leads to improve the endothelial cell 

markers in early endothelial progenitor cells  [34-36]. Even a shear stress at 0.05 N/m2 is sufficient to 

phosphorylate beta-catenin, translocation into nucleus and inhibit the Wnt signaling, which and favor 

paracrine cardiovascular support of MSCs [37]. However, the effect of drag force was still not analyzed 

because of the system design. 

 

Here it was showed that shear stress significantly influenced the VEGF secretion both in normal and 

genetically engineered MSCs. As the gene expression is not regulated endogenously, the only effector 

determines the VEGF secretion rate was the protein transport cascade in the cytoplasma. The VEGF 

expression in unmodified rBM-MSCs was under the control of only its promoter. However, there were 

two kind of expression of VEGF: the one, which was under the control of its promoter as like in the 

unmodified MSCs, and the other one, which was expressed constitutively in the cell under the control 

of CMV promoter. Interestingly, the secretion was reduced at high shear stress level. The reduction in 

secretion might regulate at the post-transcriptional period. This is particularly important in the neo-

organogenesis applications, where adequate vascularization in 3D tissue constructs is desired for long-

term functioning after implantation [38]. Shear stress also augmented the expression of VEGF receptors 

[39] and VEGF [40] itself, but the expression of TGF-β1 was reduced and activating TGF-β1/SMAD 

pathway under certain shear stress [40,41]. In the study by Cui et al. (2012), endothelial progenitor cells 

were exposed to relatively high shear stresses (0.2-2.0 N/m2), and it was demonstrated that the higher 

the shear-stress in a flow chamber, the higher was the expression of endothelial markers (CD31 and 

vWF) [42]. However, the VEGF expression was decreased at higher shear stress rates in this study. The 

VEGF might show a different expression profile than CD31 or vWF, but the drag force effect could also 

play an important role in the expression profile on behalf of the shear stress in a 3D-culture system. 

 

The hypoxic condition in culture was shown to affect the half-life of the VEGF mRNA in cells [43]. 

This might partially clarify the VEGF level difference between the static culture and the bioreactor. The 

difference in the secretion by the MSCs on the beads might be still explained by the effect of the fluid 

shear stress on cells. The alteration in VEGF secretion could be explained by the effect of drag force on 

ion channels, which might be ‘pushed’ open due to the drag force. However, the single effect of drag 

force is not sufficient, and in addition to drag force, shear stress induced production of NO and Erk1/2 

inhibition might also alter the ion channel function directly or indirectly [44]. 

 

5. CONCLUSION  

 

The use of 3D bioreactors instead the static planar systems are essential to mimic the neo-organogenesis. 

The characterization of factors affecting the cell behavior in 3D culture systems is crucial in tissue 

engineering. In this study, VEGF secretion was observed to be reduced by rBM-MSCs under the effect 

of continuous shear stress in bioreactor, but the drag force might also be an important factor in the stem 

cell culture in packed bed bioreactors. The study results indicated that the VEGF secretion was effected 

by mechanical stimulus, which should be considered as one of the process parameters of the bioreactor 

operations in tissue engineering, considering both the shear-stress and the drag force exerted by the flow. 
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