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Background: Monolayer electrospun scaffolds have already been used in bone tissue engineering due to their high surface-tovolume ratio, interconnectivity, similarity to natural bone extracellular matrix (ECM), and simple production.
Objectives: The aim of this study was to evaluate the dynamic culture effect on osteogenic differentiation and mineralizationi
into a compact cellular multilayer nHA-PCL electrospun construct. The dynamic culture was compared with static culture.
Materials and Methods: The calcium content, alkaline phosphatase (ALP) activity and cell viability were investigated on
days 3 and 7.
Results: When the dynamic culture compared to static culture, the mineralization and ALP activity were increased in
dynamic culture. After 7 days, calcium contents were 41.24 and 20.44 μg.(cm3)-1, and also normalized ALP activity were
0.32 and 0.19 U.mg-1 in dynamic and static culture, respectively. Despite decreasing the cell viability until day 7, the scanning electron microscopy (SEM) results showed that, due to higher mineralization, a larger area of the construct was covered with calcium deposition in dynamic culture.
Conclusions: The dynamic flow could improve ALP activity and mineralization into the compact cellular multilayer construct
cultured in the perfusion bioreactor after 7 days. Fluid flow of media helped to facilitate the nutrients transportation into the
construct and created uniform cellular construct with high mineralization. This construct can be applied for bone tissue engineering.
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1. Background
Bone defects result in significant clinical problems,
and hence require sufficient effort to search for bone substitutes for clinical applications. There are several limitations, such as shortage in donor organs, and also host
immune responses in bone transplantation. To overcome
these obstacles, bone tissue engineering using scaffolds
and stem cells have become an attractive subject of
research in the past few years. Engineering of these cellular constructs may form a suitable alternative in bone
regeneration therapies (1-3).
Stem cells are very attractive for cell-based therapies owing to their self-renewal capacity and differentiation potential (4). Adipose-derived stem cells
(ASCs) are multipotent progenitor cells. ASCs can dif-

ferentiate into many types of cells (5). Due to
osteogenic differentiation, human ASCs (hASCs) can
be used as a promising cell source for bone regeneration (6).
The electrospinning technique has been used to
produce three-dimensional (3D) scaffolds, mimicking
the natural extracellular matrix (ECM) structure. It is a
simple and versatile method that can fabricate porous
nanofibrous structures with large surface-to-volume
ratio, interconnected pores and high porosity (7-9).
Briefly, a basic electrospinning system usually consists
of three major parts: a high voltage power supply, a
spinneret, and a grounded collector (usually a metal
screen, plate, or rotating mandrel). This process using
an electrical field produces non-woven fibers between
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nanometer and micrometer sizes in diameter (10-12).
Electrospun nanofibrous scaffolds can enhance cell
proliferation, osteogenic differentiation, and mineralization (13).
A wide range of natural and synthetic polymers has
been applied for electrospinning in bone tissue engineering (14). The chemical structure of natural bone is mainly composed of hydroxyapatite [Ca10(PO4)6(OH)2]
nanocrystals (nHA) and type I collagen fibrils (15, 16).
Generally, nHA as an important component has been
used in combination with several polymers, such as poly
(ε-caprolactane) (PCL), PCL.collagen-1 (Col), PCL.gelatin-1 (Gel), poly-L-lactic acid (PLLA).Col-1, and poly
(3-hydroxy-butyrate-co-3-hydroxyvalerate (PHBV) to
prepare the biomimetic nanofibrous scaffolds for bone
tissue engineering. Because of its osteoconductive and
osteoinductive properties of nHA (17), it can induce
secretion of the ECM in cells cultured on the scaffolds
containing nHA (18).
The electrospun scaffolds have been used for
bone tissue engineering, but a single layer of electrospun scaffold is not sufficient for deep bone defects.
This problem can be addressed by replacing the multilayer scaffolds. Static culture of cells on these multilayered scaffolds cannot provide sufficient cells.
Hence, dynamic culture of cells on these compressed
structures seems to be necessary; to better enhance cell
proliferation. Perfusion bioreactor systems can be
applied to improve the culture media circulation and
convective transport of nutrients to the cells, as well as
to produce more uniform tissues (19).
Both monolayer and multilayer electrospun scaffolds have been used for bone tissue engineering. For
instance,in a PluriXTM plug-flow bioreactor denselystacked layers that later used for subcutaneous mice
implantation, 30 individual PCL nanofibrous scaffolds
containing human stem cells, were incubated for 6
weeks and no compression between layers were noted
(20). In another study, the stacked multiple layers of
electrospun polydioxanone (PDO)-nHA were used to
evaluate the mineralization with simulated body fluid
(SBF) (21). Nevertheless, the osteogenic differentiation and mineralization in compact cellular constructs
have not been studied in the bioreactors. Bioreactors
provide efficient exchange of nutrients and produce
homogenous cellular constructs under dynamic medium flow (22).
Here and for the first, hASCs were cultured on a
compact multilayer construct of nHA-PCL electrospun
scaffolds with an average fiber diameter of 350 nm.
The culture was incubated in perfusion bioreactor. The
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dynamic result was compared with static samples on
day 3 and day 7. It was hypothesized that pressing the
scaffolds and dynamic culture have profound effects in
promoting osteogenic differentiation and mineralization.

2. Objectives
The aim of this study was evaluation of the effect
of fluid flow in osteogenic differentiation into the
compact multilayered electrospun scaffolds. The five
layers of nHA-PCL electrospun scaffolds used into the
perfusion bioreactors. The result of dynamic culture
compared with static culture.

3. Materials and Methods
3.1. Preparation of Electrospun Scaffolds
PCL (80 kD) (Sigma-Aldrich), nHA (<200 nm)
(Sigma-Aldrich), 99.5% N,N-dimethylformamide
(DMF) (Merck, Germany), and chloroform (Merck,
Germany) were used. Fabrication of nHA-PCL electrospun scaffolds was previously optimized (23).
Briefly, 0.082 g nHA was dispersed in 10 mL chloroform/DMF (85/15 v/v) and sonicated for 15 min at
22ºC. Chloroform/DMF/nHA dispersion was added to
1.5 g PCL and mixed using magnetic stirrer for 2 h.
The suspension was sonicated for 15 min to disperse
the nanoparticles in the polymer solution.
PCL/nHA scaffolds were produced using an electrospinning machine (Nano spinner TM, Iran). Two
syringes containing PCL/nHA suspension were fixed
vertically into a syringe pump at 20 cm distance from
the collector (aluminum rotating cylindrical drum).
Random fibers were prepared in 22 kV applied voltage, 0.5 mL.h-1 solution output rate, 600 rpm collector
speed, and 45° spray angle. The fabricated scaffolds
(100-120 μm in thickness) were treated with oxygen
gas plasma at 0.4 mbar pressure for 5 min (Diener
Electronics, Germany) to improve the surface
hydrophilicity.
3.2. Porosity and Pore Size
Various methods are being used to measure the
porosity and pore size of scaffolds. The total porosity
(Φ) of scaffolds is measured according to Eq. 1 (24):

Φ=1-ρs/ρt

(1)

Where ρs is the ratio of scaffold mass to its volume and ρt is total density of the components that contribute to fabricate the scaffold.
Iran J Biotech. 2016;14(2):e1382
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Scanning electron microscopy (SEM) images
were analyzed using Image J software to measure the
pore sizes. Sixty pores were randomly selected from
three different images with the same magnification to
measure the pore size.
3.3. Cell Culture and Seeding on the Scaffolds
hASCs were obtained commercially (Stem Cell
Technology Research Center, Iran). hASCs were cultured in low-glucose Dulbecco’s modified Eagle’s
medium (DMEM)-Glutamax (GIBCO) containing
10% fetal bovine serum (FBS) (GIBCO), 100 U.mL-1
penicillin (GIBCO), and 100 μg.mL-1 streptomycin
(GIBCO) (referred as DM10 medium). hASCs at passage 4 were used. The osteogenic medium containing
0.1 μM dexamethasone (Sigma-Aldrich, USA), 10
mM b-glycerophosphate (Sigma-Aldrich, USA), and
50 μM ascorbic acid 2-phosphate (Sigma-Aldrich,
USA) were used for the differentiation. The fabricated
nHA/PCL scaffolds were cut into circular disks (10
mm in diameter) and sterilized by immersion in 70%
filtered ethanol for 24 h. The disks were rinsed twice
with phosphate buffer saline (PBS) for 2 h, and were
soaked in DM10 medium for 15 min in 48-well plates.
The sterilized scaffolds were seeded with hASCs
(15000 cells/ scaffold) and incubated under 5% CO2
for 3 h to attach cells on the plasma treated side. DM10
medium up to 500 μL was slowly added to each well.
The seeded scaffolds were transferred to a humidified
incubator (37°C and 5% CO2) for 3 days to allow for
cell attachment to the scaffolds.
3.4. Construction of the Perfusion Bioreactor
The designed perfusion bioreactor system is
shown in (Figure 1). Each bioreactor was comprised of

two glass cylindrical chambers. The inner diameters of
lower and upper chambers were 1.15 and 1.05 cm,
respectively. In building the bioreactor and in addition
to the glass cylindrical chambers, 2 stainless steel
mesh supports to fix the scaffolds, a Teflon cylindrical
holder for placing under the scaffolds, two silicon Orings for sealing, and a Teflon cylindrical piece for
interconnecting the glass chambers were used. After
sterilizing the system inside the autoclave, the cellular
construct (containing 5 layers of scaffold) was placed
between two stainless steel mesh supports. The scaffolds were compressed to half of their thickness
because the upper cylindrical chamber was placed into
the lower chamber, and was twisted with PTFE piece
screw-like for sealing the bioreactor. The culture medium was then pumped from the reservoirs into the
bioreactors, and returned to the reservoirs by using a
multichannel peristaltic pump (Heidolph, Germany) at
a flow rate of 4.5 mL.min-1. The medium was changed
every 2-3 days. The constructs (compact stacked scaffolds) were harvested after 3 and 7 days for cell viability, alkaline phosphatase (ALP) activity, calcium content assay, and scanning electron microscopy (SEM).
For static samples, 5 layers of the cellular scaffolds
that cultured in 48 wells plate were harvested on day 3
and day 7 for estimation of ALP activity, calcium content and cell viability.
3.5. MTT Assay
The viability of cultured hASCs on nHA/PCL
scaffolds in the bioreactor was determined using MTT
(3-{4,5-dimethylthiazol-2yl}-2,5-diphenyl-2H-tetrazoliumbromide, Atocel, Austria) assay. After rinsing
the cellular scaffolds with serum-free medium, 50 μL
of MTT solution (5 mg.mL-1) was diluted 1:10 with

Figure 1. A: Direct perfusion bioreactors system, B: The schematic structure of bioreactor system in details
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DMEM and added to each well of 48-well plates.
Insoluble purple formazan granules were formed following the incubation at humidified incubator (37°C
and 5% CO2) for 4 h. Subsequently, the medium was
removed, and the purple formazan was dissolved in
DMSO (500 mL.well-1), and the absorbance of the
resulting solution was measured using an automatic
microplate reader (ELX 800, Bio-Tek) at 570 nm.
3.6. ALP Activity
The level of ALP activities of hASC cultured
under static and dynamic cultures were determined
after 3 and 7 days (n = 3). The cellular scaffolds were
rinsed with PBS, and the cell lysates were extracted
using cell lysis buffer containing protease inhibitor
cocktail, followed by centrifugation. Cell lysates (50
μL) were mixed with 100 μL pNPP (1 mg.mL-1), in 1
M diethanolamine buffer containing MgCl2 (0.5 mM,
pH 9.8). The absorbance of the prepared solution was
measured at 405 nm following incubation at 37°C for
30 min. Total protein content was determined using
BCA protein assay Kit (Thermo Scientific, USA), and
the ALP activities were normalized to the total protein
content.

70, 80, 90, and 100%). The layers of construct were
separated from each other following drying. The prepared samples were coated with a thin layer of gold for
SEM observation.
3.9. Statistical Analysis
The obtained data were analyzed using Student’s ttest, and the significant level was set at minimum Pvalue < 0.05. The results were expressed as mean ± SD,
n = 3.

4. Results

3.7. Calcium Deposition Assay
Calcium content of the constructs in bioreactors
and scaffolds in 48 wells plate (static samples) was
quantified using cresolphthalein complexone (CPC)
Kit (Pars Azmoon, Iran). Briefly, the constructs were
washed with calcium-free PBS, and 1 mL of 0.6 N
hydrochloric acid (HCl) added to the constructs for
calcium extraction. The samples were shaken at 250
rpm for 1 h. Finally, 20 μL of the solution was mixed
with 1 mL solution containing 0.06 mM 2-CPC, 7 mM
8-hydroxyquinoline, detergents, 0.8 M ethanolamine
(pH 10.7), and 20 mM HCl (pH 1.1). The absorbance
of the final solution was measured at 540 nm in a spectrophotometer (Agilent Technology, USA) followed
by incubation at 37°C for 30 min. The calcium content
of scaffolds (relating to nHA) before cell seeding was
measured and subtracted from the calcium content
results.

4.1. Scaffold Characterization and SEM Analysis
Before cell seeding, the structure of scaffold was
evaluated by measuring the pore size, porosity, and
mechanical properties. For measuring of porosity, the
scaffolds were cut into circles and 20 samples were
selected for density (ρs) measurment. Equation 1 was
used to calculate the total porosity. The average porosity
was 76.6±2.39% and the average pore size of 60 selected pores from three SEM images was 15.77±1.53 μm.
The mechanical properties of the used nHA-PCL electrospun scaffolds optimized by Doustgani et al. (23) had
strength and module values of 5.4±0.1 and 12.4±0.22
MPa, respectively.
As shown in (Figure 2), calcium deposition was
observed in multilayer cellular scaffolds cultured in
dynamic and static conditions (Figure 2A-F), even in
the middle layers after 7 days (Figure 2A,B). Still,
there were a lot of spaces without mineralization in
different parts of the cellular scaffolds cultured freely
in 48-well plates (monolayer in static condition)
(Figure 2E,F). While the cells were directly exposed to
nutrients and oxygen, mineralization was low on the
surface of the scaffolds. In the perfusion bioreactor, the
cellular scaffolds had a compact structure, and majority of the scaffolds’ surfaces were covered with the
mineralized matrix (Figure 2A-D and G,H). In comparison to the static state, more ECM was observed in
dynamic culture. The surface of middle scaffolds was
completely covered with the mineralized matrix
(Figure 2A-D).

3.8. Scanning Electron Microscopy (SEM)
The deposited calcium onto cellular scaffolds was
observed using a scanning electronic microscope
(Hitachi, Japan). The constructs were rinsed two times
with calcium-free PBS and fixed with 2.5% glutaraldehyde at 4ºC for 1 h. The samples were dehydrated by
ethanol in an increasing concentration gradient (50,

4.2. Cell Viability
The cell viability results of static and dynamic
cultures are presented in Figure 3. The low and high
cell viabilities were observed in dynamic and static
cultures, respectively. The optical density of dynamic
samples was slightly increased over time up to day 7.
The cell viability of static samples was noticeably
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risen (P-value < 0.05). There was a significant difference between static and dynamic cultures over time (Pvalue < 0.05).
4.3. Calcium Deposition on the Filaments of Scaffold
The mineralized matrix deposition was determined after 3 and 7 days. Figure 4 shows that calcium
content of the dynamic and static cultures were
increased during the culture time course. When compared to the dynamic culture condition, the calcium
deposition in compact stacked scaffolds was higher
than that of the cellular scaffolds at static condition.
Additionally, as a result of the lower P-values (< 0.05),
there was significant differences between two groups.

Figure 2. SEM images from the cellular scaffolds for calcium deposition after 7 days culture, A, B: The middle layers of the construct in dynamic culture; C, D: The layers were directly exposed
to the dynamic culture medium (upper and lower layers of the construct); E, F: Static culture of the monolayer cellular scaffolds; G:
Upper layer of the construct in large scale; H: Upper layer of the
construct in large scale; I: Static culture of the monolayer cellular
scaffolds in large scale; J: The electrospun scaffold before seeding;
K: Energy-dispersive X-ray (EDX) from sample A

Figure 3. The effect of dynamic culture (on a compact construct)
in the perfusion bioreactor and static culture on cell viability. The
higher cell viability was observed in static culture (only one layer)
condition compared with dynamic culture condition (significant
difference, P-value * < 0.002 and P-value ** < 0.001)
Iran J Biotech. 2016;14(2):e1382

4.4. ALP Activity of hASCs in Static and Dynamic
Culture
ALP activity is an early marker of osteoblastic
differentiation (25-26). ALP activity was determined
after 3 and 7 days, and it was normalized to total protein content per sample (Figure 5). ALP activity of the
dynamic culture clearly increased during the culture
time (P-value < 0.007). Furthermore, ALP activity of
the static culture inclined insignificantly from day 3 to
7. Additionally, after 3 and 7 days, the ALP activity
observed in the dynamic culture was clearly greater
than that of the static culture.

Figure 4. Calcium content of a compact construct in the perfusion
bioreactor, compared with the static culture (significant difference,
P-value * < 0.02 and P-value ** < 0.03)
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Figure 5. ALP activity of a compact cellular construct in the perfusion bioreactor compared with the static culture (significant difference, P-value * < 0.04 and P-value ** < 0.007)

5. Discussion
Electrospun scaffolds for bone tissue engineering
have attracted the attention of people in recent years.
Bone tissue scaffolds require a 3D structure with desirable mechanical properties and great thickness for
bone regeneration (27). Electrospun nanofibrous scaffolds are very thin layers (two-dimensional nonwoven)
(28, 29), which limits their application in bone tissue
engineering. But, preparation of multilayered structure
with uniform cell distribution can be efficient in bone
tissue engineering. Few studies have been examined
the multilayered electrospun scaffolds in dynamic culture condition for bone tissue engineering. For
instance, in a study conducted by Srouji (20), the layers were densely stacked into a PluriXTM plug-flow
bioreactor, without any mechanical pressure. By contrast, in the present study, an innovative approach has
been proposed for cell development on the electrospun
scaffolds in a novel type of perfusion bioreactor.
Calcification of the construct and ALP activity of the
cells were investigated in vitro on the compact cellular
electrospun scaffolds in a perfusion bioreactor.
The created mechanical stimulation in perfusion
bioreactors plays a significant role in nutrient
exchange in the thicker structures. These mechanical
forces (local strains and interstitial fluid velocities)
(30-31) facilitate cell maturation and osteogenic differentiation (32-33). Uniform cell distribution is yet
another advantage of the perfusion bioreactor in comparison with the static culture since the cell culture in
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static condition creates inhomogeneous cell distribution (34). The obtained results showed that the distribution of cells on the scaffolds in the bioreactor was
homogeneous (Figure 6A). This cell distribution was
visible because of purple MTT formazan crystals in
MTT assay that shows live cells in a construct (35). In
current study, formation of uniform purple MTT formazan crystals (uniform color) was observed in construct prepared in dynamic culture, as opposed to static culture with no uniform crystals. The size of the
scaffolds for both cell culture conditions was similar.
After 10 days (3 days for cell attachment on the scaffolds and 7 days for cell differentiation), scaffolds as a
whole were not covered with cells in static culture
(Figure 6B). It signifies that after cell seeding on the
scaffolds and culturing, migration of the cells in
dynamic culture was higher than static culture due to
the presence of fluid dynamic in the bioreactor. The
images were captured from the upper layer of the construct in the bioreactor (Figure 6A) and the cellular
scaffold in 48 wells plate (Figure 6B).
The dynamic culture condition provides an
osteogenic simulative environment for nHA-PCL cellular multilayer electrospun scaffolds. A comparison
between the SEM images of static and dynamic cultures revealed calcium deposition in the constructs of
dynamic culture, covering a large area of the scaffolds.
This may be due to the uniform distribution of cells in
the dynamic culture on the scaffold surface. The cells
migrate during the proliferation in vitro, but the presence of fluid flow can affect in the direction of movement and accelerate cells movement. Additionally, the
functionality of cells is influenced under shear stress
by stimulation in interacellur signaling pathways, may
include differentiation (or mineralization) (36). The
layers were tightly stuck together, and were not easily

Figure 6. The images of purple MTT formazan crystals formation
in cellular scaffolds cultured in A: dynamic and B: static culture
conditions
Iran J Biotech. 2016;14(2):e1382
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separated for SEM analysis after 7 days. During the
culture, cells secrete ECM and the layers would be
sticky together. At the begining of assembling the
bioreactor, the compression increases the attachment
of the layers. Moreover the morphology of mineralization is different when the static culture and dynamic
culture compared with each other. The layers in the
center of the construct were attached to the other layers, but the upper and lower layers of construct were
attached from one side. The morphology of calcium
deposits was different in central layer from the outer
layers. The cellular scaffolds from static culture were
freely placed in 48-well plates. In static culture, the
cells were spread on the scaffold with low mineralization (Figure 2I).
The flow rate regulation during the osteogenic
differentiation was difficult. Since the flow rate was
decreased with mineralization of the matrix over time.
Therefore, this is one of the challenges that it may
occur in perfusion bioreactors for bone tissue engineering. These results demonstrate that the fluid
dynamic forces promote the mineralization in a multilayer construct, even with small pore sizes and compact structures.
The results obtained here showed that the newly
designed perfusion bioreactor, increases ALP activity
and mineralization in the compact nHA-PCL cellular
multilayer electrospun scaffolds. In addition, lower
number of live cells in dynamic culture condition, as a
result of mechanical pressure and fluid dynamic on the
cellular construct was noted. Higher ALP activity and
mineralization were seen for high cellular monolayer
electrospun scaffold cultured in static condition. While
the monolayer cellular scaffolds were in direct contact
with culture medium in static culture, ALP activity and
mineralization was lower than cellular construct in
dynamic culture condition.
In some earlier reports, the cell number increases
in cellular scaffolds during culturing in the perfusion
medium. This increase is mainly dependent on the
flow rate of culture medium, and the scaffold type
(according to its pore size and porosity) (37). High and
low flow rates have also been used for various types of
scaffolds and demonstrated that they increase the differentiation and proliferation, respectively (38). The
available flow rate of culture medium depends on the
scaffold pore size and bioreactor type. Yeatts et al.
used a tubular perfusion system bioreactor for
osteogenic assessment of the suspended cellular
nanofibrous scaffolds (39). The flow rate of culture
medium was 1 mL.min-1. In another study, the flow
Iran J Biotech. 2016;14(2):e1382

rate of culture medium was 6.4 mL.min-1 in a
PluriXTM plug-flow bioreactor (20). In this research,
the compact multilayered nHA-PCL scaffolds as a
compact construct were placed in the direct perfusion
bioreactor for the first time. The flow rate of culture
medium was set at 4.5 mL.min-1. Furthermore, the
mineralized matrix can reduce cellular proliferation
(40-41). Therefore, the relatively high flow rate (4.5
mL.min-1) could promote osteogenation, but may not
lead to cell expansion. Owing to high flow rate, compressed structure and high mineralization not only may
inhibit cell expansion but also may decrease cell viability.

6. Conclusions
The present study investigated the dynamic culture of seeded hASCs on the nHA-PCL electrospun
scaffolds to evaluate the osteogenic differentiation and
mineralization. Measurements of ALP activity and calcium content revealed that dynamic culture provides a
favorable condition for differentiation of hASCs on
compressed cellular electrospun scaffolds. While the
exact mechanism of the effect of dynamic culture on
osteogenic differentiation remains to be understood,
shear stress created by fluid flow can promote
osteogenic differentiation of hASCs. Moreover, our
results suggested that even with low number of cells,
compressing the electrospun scaffolds in the perfusion
bioreactor could promote ALP activity and mineralization during the first 7 days. Furthermore, dynamic culture can produce uniform cell distribution in comparison to static culture, which is the great advantage in
bone tissue engineering. The development of
osteogenic differentiation of hMSCs in vitro prior to
therapeutic delivery, promote bone repair. Last but not
least, due to the successful osteogenic behavior of
these scaffolds in dynamic condition, the compressed
multilayer scaffolds with uniform cell distribution can
provide adequate and effective protection in deep
defects.
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