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Objective: Investigation of the suitability of electrospun Poly (e-caprolactone) (PCL)
nanofiber scaffold for the Vero cell culture.

Materials and Methods: Electrospinning was used for production of PCL nanofibers
scaffolds. Scanning electron microscopy (SEM), MTT assay, hematoxylin staining
and histology analysis were used to investigate the cell morphology, viability, attach-
ment and infilteration of the vero cells on the PCL nanofiber scaffolds.

Results: The results of the MTT assay, SEM images and hematoxylin staining
showed that Vero cells attach and spread on PCL nanofiber scaffolds. The prolifera-
tion of Vero cells is as well as that of control group, but histological analysis showed
the lack of cell infilteration into the scaffolds, which was found to be due to the small
diameters of the pores of nanofibrous scaffold.

Conclusion: The result of this study show that PCL nanofiber scaffolds are suitable
for cell culture, proliferation and attachment and Vero cells attach and proliferate on
PCL nanofiber scaffolds.
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Introduction

The current demands for transplant organs and tissues
are more than the supply and this gap will continue to
widen (1). Tissue engineering is a new approach to re-
construction and/or regeneration of lost or damaged tis-
sue (2). It is a multidisciplinary field that applies the
principles of engineering and the life science by com-
bining synthetic and living components in appropriate
configurations and environmental conditions (1, 3).
There are three key parameters in tissue engineering:
the cells, the scaffold and suitable condition for growing
cells in three-dimensional scaffolds (1, 3, 4). In the liv-
ing system, the extracellular (ECM) plays a pivotal role
in controlling cell behavior (5). The scaffolds play an
important role in tissue engineering by serving as a ma-
trix for cellular ingrowth, proliferation and new tissue
formation in the three dimensions (6). There are several
requirements in the design of ideal scaffold in tissue en-
gineering as follow:

1. High porosity and proper pore size. The pores of
scaffolds are very important for cell growth. The cells
adhere to the surface of the scaffolds, absorb nutrient
and remove metabolite through the pore. The diameter
of cells dictates the minimum pore size which varies
from one cell type to another and must be controlled
carefully. If the pores are too small the cells may not
infiltrate and if they are too large the cells may not ad-
here (1, 3, 7-9).

2. High surface area that encourage cell adhesion,
growth, migration and differentiation (3, 9).

3. The scaffold must be biodegradable. The degradation
rate must match regeneration rate of neotissue.

4. Biocompability is a key parameter for scaffold. It
should not be toxic to the cells both in bulk and de-
graded form (1, 3)

5. The scaffold should have sufficient mechanical prop-
erties to maintain neotissue.
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The scaffolds should mimic the structure and biologi-
cal function of native extracellular matrix as much as
possible (10). Collagen is a major natural extracellular
matrix component and has a fibrous structure with fiber
bundles varing in diameter from 50-500nm (3, 6, 10).
Therefore nanofiber scaffolds may serve as suitable en
vironment for cell attachment, proliferation and function
than traditional scaffolds (6, 11). The researches show
that nanoscale dimension influences the cell behaviors.
The cells attached and organized around the fibers with
diameters smaller than those of the cells (10). Polymeric
nanofibers can be processed by a number of techniques
such as drawing, template synthesis, phase separation,
self-assembly and electrospinning (3, 6, 12). Electro-
spinning is one of the most important techniques to
manufacture nano-fibers. An attractive feature of elec-
trospinning is the simplicity and inexpensive nature of
the setup (13). Electrospinning has several advantages;
it can produce continuous fibers; it can be applied to
a wide range of polymers; the thickness of mat can be
controlled by adjusting the collection time during the
electrospinning; the dimensions and surface morpholo-
gies of the electrospun fibers can be varied by altering
the solution properties and processing parameters (14).
The theory of electrospinning is based on electrostatic
force that acts on the polymer solution. In the electro-
spinning process a strong electrostatic field is applied
to a polymer solution. When the voltage surpasses a
threshold value, the electric forces overcome the sur-
face tension of solution and a charged jet of solution
is ejected toward a collecting material screen (15, 16).
PCL is a biodegradable, biocompatible polymer that has
been successfully electrospun; furthermore, it has been
shown to be capable of supporting a wide variety of cell
types (17-21).

The goal of this study was to investigate the ability of
electrospun Poly (e-caprolactone) nanofiber scaffold
for the Vero cell culture. It is the first time in Iran that
electrospun Poly (e-caprolactone) (PCL) nanofiber
scaffold has been used for tissue engineering applica-
tions.

Materials and Methods

Materials

Poly (e-caprolactone) with number average molecule
weight (Mw) 80,000 was purchased from Aldrich.
Methylene chloride (MC) and Dimethylformamide
(DMF) were purchased from Merck Co.

Dulbecco. Modified Eagle Medium (DMEM), Fetal
Calf Serum (FCS), Phosphate buffered saline (PBS),
and Trypsin-EDTA were purchased from Gibco and
the rest from Sigma.

Fabrication of PCL nanofiber scaffold

The polymer solution with concentration of 10wt%
was prepared by dissolving PCL in a mixture of MC/
DMF solvents with the ratio of 80/20 and stirred for
24hr at room temperature. The solution was electro-
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spun from a 12ml syringe with a needle diameter of
0.6mm. Upon applying a high voltage (12kV), a fluid
jet was ejected from the tip of the needle. As the jet
accelerated toward a target which was placed 20cm
from the syringe tip, the solvent evaporated and poly-
mer nanofibers were collected on an aluminium foil.
The polymer solutions were delivered via a syringe
pump to control the mass flow rate. The mass flow
rate of the solutions was 4ml/h. All electrospinnings
were carried out at room temperature. Fig 1 shows
schematic illustration of electrospinning set-up used
in this research.

Nanofibers-coated coverslips

To observe cell response to electrospun structures under
the light microscopy for cell attachment study, the poly-
mer solutions were electrospun directly onto coverslips.
Coverslips were cut into circle shapes with diameter of
1.2cm and placed upon the aluminium foil and electro-
spinning was performed as described above.

Target plate

Polymer solution

F-;£

Accurate pump

© ©
High voltage supply

Fig 1: Schematic of electrospinning setup

Nanofiber morphology studies

The morphology of electrospun PCL nanofibers was
observed by a scanning electron microscopy (SEM)
(Philips XL30). Before the observation, the scaffolds
were coated with gold using a sputter coating. The di-
ameter of the fibers was measured from the SEM pho-
tographs.

Preparation of nanofiber scaffolds for cell culture
The nanofiber scaffolds were exposed to UV radiation
for 30 min and then pre-wetted with 70% ethanol for
a period of 60min. After that, they were soaked into
Hank’s Buffered Salt Solution (HBSS) for 24h.

Cell culture

Vero cells with a diameter of 14-18um were cultured
in DMEM supplemented with 15% fetal calf serum
(FCS). After reaching sufficient confluence, the cells
were detached by trypsin and counted. Then the cells
were seeded onto tissue culture plate (TCP) as control
and PCL scaffolds that, placed in a 24-well plate with



the density of 1x10° cell per well and cultured with
DMEM containing 15% (FCS) supplement.

Cell morphology studies

The morphology of Vero cells on the PCL nanofiber
scaffolds was observed by Scanning Electron Microsco-
py (SEM). After 7 days cell seeding, samples were fixed
in 2.5% glutaraldehyde for 2h and then dehydrated with
a graded concentration (50-100% v/v) of ethanol. After
drying the samples, they were coated with gold using
sputter coating for the observation of cell morphology.

MTT assay

Cell proliferation on PCL nanofiber scaffolds and tissue
culture plate (TCP) was measured by 3-(4, 5-di-methyl-
thiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT)
solution (5mg/ml). After 4 days of cell seeding in 24-
well dish, the original medium was removed and 400
pl fresh medium and 40ul MTT solution were added to
each well. After 4-hour incubation at 37°C in 5% CO?2,
MTT solution from each well was carefully removed
and replaced by 250ul DMSO (Dimethyl Sulfoxide) for
each well. Then the absorbance of solution was meas-
ured at 490nm.

Cell attachment study

Live cell morphology and cell-attachment was studied
using staining with hematoxylin dye. After 4 days of
cell seeding, samples were fixed in 4% paraformalde-
hyde for 2hrs at room temperature and then stained with
hematoxylin for Smin. the samples were rinsed with
phosphate buffered saline (PBS) and dehydrated with a
graded concentration (50-100% v/v) of ethanol, then the
scaffold were observed with an invert microscope.

Histology

In order to investigate the cellular infiltration of na-
nofiber scaffolds, the samples were fixed in 4% parafor-
maldehyde for 2hr at room temperature after 4 days of
cell seeding and embedded in paraffin. The blocks were
sectioned using microtome. After staining with hema-
toxylin and eosin the samples were mounted and images
were obtained using a light microscopy.

Statistical analysis

All quantitative results were obtained from triplicate
samples. Statistical analysis was carried out using sin-
gle-factor analysis of variance (ANOVA). A value of
p<0.05 was considered to be statistically significant.

Results

Morphology of electrospun nanofiber

SEM micrograph of electrospun PCL nanofibers are
shown in fig 2A. Average fiber diameter was estimated
to be 418+164nm with diameter ranging from 200-
1000nm (Fig 2B).

Figure 3 shows the SEM micrographs of the inter—action
between cells and electrospun nanofibrous after 7 days.

Electrospinning of PCL as ECM

As can be seen, the cells have prolif—erated on the na-
nofibrous network and cov—ered the scaffold(Fig 3A).
Figure 3B reveals cell spreading on the nanofiber scaf-
fold.

Cell attachment

Hematoxylin staining was used to investigate cell at-
tachment on the nanofiber scaffold. Figures 4A-B show
the phase contrast light microscopy (PCLM) pictures of
vero cells on the nanofibers scaffolds and tissue-culture
plate (TCP) stained with hematoxylin respectively. As
can be seen from this figure, the attachment of cells on
the nanofiber scaffold is similar to that of the tissue cul-
ture plate.
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Fig 2: SEM image (A) Electrospun PCL nanofibers (magnifica-
tion: 3000), (B) fiber diameter distribution Cell-matrix interaction

Fig 3: Vero cells on the electrospun nanofibrous after 7 days of
culture
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Fig 4: Hematoxylin staining of the Vero cells on the A) na-
nofiber scaffolds, B) Tissue culture plate as control, magni-
fication: 200

Cell infilteration
Figure 5 shows the cross-section of scaffold seed—ed
with Vero cells after 7 days. The cells can not penetrate
into the scaffold.

MTT assay

MTT assay was used to compare the number of cells
in the nanofiber scaffold and tissue culture plate (TCP).
The MTT assay is based on the reduction of the yel-
low tetrazolium salt to purple formazen crystals by de-
hydrogenase enzymes secreted from the mitochondria
of metabolically active cells. The amount of purple for-
mazen crystals formed is proportional to the number of
viable cells. Figure 6 shows the viability graph of the
Vero cells cultured on the nanofiber scaffold and tissue
culture plate (TCP) as control.

Cells

Fig 5: Light micrograph of Cross-section of PCL nanofiber scaf-
fold cultured with Vero Cells 7 days after cell seeding, magnifica-
tion: 200
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Statistical analysis of data showed that the difference
between viable cells on the tissue culture plate (TCP)
and nanofiber scaffold is not significant.
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Fig 6: MTT results of Vero cells on the nanofiber scaffolds
TCP as control (*: p<0.05)

Discussion

Nanofibrous scaffolds have many advantages that make
them well suited for tissue engineering ap—plications.
Besides mimicking the architecture of natural extra-
cellular matrix, higher surface area to volume ratio of
nanofibers leads to more cellular attachment in com-
parison to larger fibers. In the present study, a nanofi-
brous matrix of PCL was produced via electrospinning.
Electrospinning has attracted great interest due to its
simplicity and ef—fectiveness in producing nanofibers.
In addition, in this method the fiber diameter and align-
ment and the thickness of scaffold are controllable. It
is pre—dicted that cell proliferation on the nanofibers
scaf—folds must be more than that on the tissue culture
plate due to nanoscale dimension and 3-dimension
structure of nanofibrous scaffolds. But the results of
MTT assay showed that the difference between prolif-
eration of cells in tissue culture plate and nano fibrous
scaffold is not statistically significant. Plasma treatment
generally is done on the tissue culture plate (TCP) to
create a more hydrophilic surface. In contrast, PCL na-
nofiber mat is hydro-phobic with a water contact angle
of 118°. Previous literature suggests that cellular adhe-
sion improves with hydrophilicity (22), with regards to
the improvement of cellular behavior on the hydrophilic
surface, it is not surprising that the cell proliferation on
the tissue culture plate (TCP) is comparable to nanofi-
brous scaffolds. The results of SEM images of Vero
cells on the nanofibers scaffold and hema-toxylin stain-
ing showed that cells tend to spread on the nanofibers
scaffold and nanofibers scaffold supports cell adhesion
and proliferation as well as tissue culture plate. How-
ever, as it is observed from the sectioning of cellular
sacfffolds, the Vero cells do not penetrate into scaffolds.
Similar re—sults were obtained with other cells such as
CHO, Fibroblast and P19 (data not shown). A value of
10im has been suggested as a necessary diameter for
cellular infiltration into scaffolds (23) but the pore di-
ameter of PCLnanofibrous scaffold is smaller. There-



fore, the cultured cells have difficulty penetrating into
the scaffold. The results of other researches show that
the cells can not penetrate onto the nanofiber scaffold
due to small size of the pores of nanofiber scaffold (23-
27). To overcome this problem, methods such as cell
electrospinning and fiber leaching have been proposed
(24, 25).

Therefore it is concluded that for applications that cells
must remain on the surface of nanofibers mat, the pre-
pared PCL nanofibers mat is a suitable candidate. For
example, in tissue engineering vascular grafts, thrombus
formation is a major problem. One of the effective ap-
proaches to prevent thrombus includes endothelial cells
seeding onto synthetic materials to render the surface
anti-thrombogenic because endothelial cells can release
factors to control thrombogenesis or fibrinolysis (24).
Therefore, it seems that in this case penetration of en-
dothelial cells into the scaffolds is unnecessary. The re-
sults of SEM micrographs, MTT assay and hematoxylin
staining suggest that electrospun PCL nanofibrous scaf-
fold is a promising candidate for tissue engi—neering
application. Previous works showed that PCL is capa-
ble to support a wide variety of cell types such as mus-
cle cells, Mesanchymal stem cell, glia, chondrocyte, etc
(17-21) and the results of this study confirm the suitabil-
ity of PCL nanofiber scaf—folds for tissue engineering
application.

Conclusion

In this study, electrospinning was used for the produc-
tion of PCL nanofibrous scaffold. PCL nanofiber scaf-
fold was used for the Vero cell culture. The results of
the MTT assay, SEM images and hematoxylin stain-
ing showed that electrospun PCL nanofibrous scaffold
is suitable for Vero cell culture, but the drawback of
nanofibrous scaffold is the lack of cell infilteration
into the scaffolds. It is due to small pore diameter of
nanofibrous scaffold. Current work is in progress to
develop a technique in electrospinning for optimizing
the pore size of nanofiber mat for tissue engineering
application.

Acknowledgment

We write to thanks the Royan Institute for funding and
supporting of this study and Isfahan University of Tech-
nology for preparation of the scaffolds and Electron mi-
croscopic images.

References

1. Shoufeng Y, Leong KF. The design of scaffolds for use
in tissue engineering.Part |I. Traditional factors. Tissue
Engineering, 2001; 7(6): 679-689

2. Bhattarai SR, Bhaattarai N, Yi HK, Hwang PH. Novel
biodegradable electrospun membrane:scaffold for tissue
engineering, Biomaterials, 2004; 25: 2595-2602

3. Peter XM. Scaffolds for tissue fabrication. Materialsto-
day, 2004; 30-40

4. Tejal AD. Micro and nanoscale structures for tissue
engineering constructs. Medical Engineering & Physics,

Electrospinning of PCL as ECM

2000; 22: 595-606
5. Xu C, Y Inai R, Kotaki M, Ramakrishna S. Aligned
biodegradable nanofibrous structure:a potential scaffold
for blood vessel engineering. Biomaterials. 2004; 25:
877-886
6. Smith LA. Nano-fibrous scaffolds for tissue engineer-
ing, Colloids and Surface B: Biointerfaces, 2004; 39:
125-131

7. Guixin S. Qing C. Changyong W. Ning L. Fabrica-
tion and biocompatibility of cell scaffolds of Poly (L-lactic
acid) and Poly (L-lactic-co-glycolic acid). Polymers For
Advanced Technologies, 2002; 13: 227-232
8. Buckley CT. Topics in Bio-Mechanical Engineering, P.
J. Prendergast and P. E McHugh (Eds), 2004; 147-166
9. Quynh PP, Upma S. Electrospinning of polymeric na-
nofibers for tissue engineering applications: A review.
Tissue engineering, 2006; 2(5): 1197-1211

10. Zuwei M, Masaya K. Potential of nanofiber matrix as
tissue-engineering scaffolds. Tissue engineering, 2005;
11(1/2): 101-109

11. Khil MS, Bhattarai SR, Kim HY, Kim SZ, Lee KH.
Novel fabricated matrix via electrospinning for tissue
engineering. J of Biomed Materials Res Part B: Applied
Biomaterials, 2004; 72(1): 117-124

12. Ramakrishna S, Fujihara K. An Introduction to Elec-
trospinning and nanofibers, World Scientific publishing,
2005; 199-206

13. Quynh PP, Upma S, Electrospinning of polymeric
nanofibers for tissue engineering applications: A review.
Tissue engineering, 2006; 2(5): 1197-1211

14. Zong X, Kim K, Fang D, Ran S, Hsiao B, Chu B.
Structure and process relationship of electrospun bioab-
sorbable nanofiber membranes. Polymer 2002; 43(16):
4403-4412

15. Zeng J, Chen X, Liang Q. Ultrafine fibers electro-
spun from biodegradable polymers. J of Applied Poly-
mer Science, 2003; 89: 1085-1092

16. Yarin AL, Koombhongse S, Renrker DH. Bending
insta bility in electrospinning of nanofibers. J App Phys-
ics, 2001; 90: 4836-4846

17. Kweon HY, Yoo MK, Park IK, Kim TH, Lee HC, Lee
HS. A novel degradable polycaprolactone networks for
tissue engineering. Biomaterials, 2003; 24: 801-808

18. Schnell E, Klinkhammer K, Balzer S, Brook G, Klee
D, Dalton P, et al. Guidance of glial cell migration and
axonal growth on electrospun nanofibers of poly-¢-
caprolactone and a collagen/poly-g-caprolactone blend”
Biomaterials, 2007; 28(19): 3012-3025

19. Li WJ, Richard T, Xiaoxue H, Laquerriere P, Tuan
R. Multilineage differentiation of human mesenchymal
stem cells in a three-dimensional nanofibrous scaffold.
Biomaterials, 2005; 26(25): 5158-5166
20. Venugopal J, Ma LL, Yong T, Ramakrishna S. In
vitro study of smooth muscle cells on polycaprolactone
and collagen nanofibrous matrices. Cell Biol Int, 2005;
29(10): 861-867
21. Kang X, Xie Y, Heather MP, Lee LJ, Martha AB. Adi-
pogenesis of murine embryonic stem cells in a three-
dimensional culture system using electrospun polymer
scaffolds. Biomaterials, 2007; 28(3): 450-458
22. Geunhyung K, Wandoo K. Highly porous 3D na-
nofiber scaffold using an electrospinning tegnique. J
of Biomed Material Res Part B: Applied Biomaterials,
2007; 81B(1): 104-110

183



Ghasemi-Mobarakeh et al.

23. Wei H, Zuwei M, Thomas Y, Seeram R. Fabrica-
tion of collagen-coated biodegradable polymer na-
nofibers mesh and its potential for endothelial cells
growth”,Biomaterials, 2005; 26: 7606-7615

24. Boland ED, Telemco TA, Simpson DG, Wnek GE,
Bowlin GL. Utilizing Acid Pretreatment and Electrospin-
ning to Improve Biocompatibility of Poly (Glycolic Acid)
for Tissue Engineering. J of Biomed Materials Res Part
B: Applied Biomaterials, 2004; 71B(1): 144-152

25. Quynh PP, Upma S, Antonios GM. Electrospun
poly(e-caprolactone) microfiber and multilayer nanofib-
er/microfiber scaffolds: characterization of scaffolds and

Yakhteh Medical Journal, Vol 10, No 3, Autumn 2008 184

measurement of cellular infilteration. Biomacromole-
cules, 2006; 7: 2796-2805

26. Chong EJ, Phan TT, Lim IJ, Zhang YZ, Bay BH, Ra-
makrishna S, et al. Evaluation of electrospun PCL/gela-
tin nanofibrous scaffold for wound healing and layered
dermal reconstitution. Acta Biomaterialia, 2007; 3(3):
321-330

27. Townsend-Nicholson AN, Jayasinghe S. Cell
Electrospinning: a Unique Biotechnique for Encap-
sulating Living Organisms for Generating Active Bio-
logical Microthreads/ Scaffolds. Biomacromolecules,
2006; 7(12): 3364 -3369




