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Abstract

Tissue engineering is a technique by which a live tissue can be re-constructed and one of its main goals is to associate cells
with biomaterials. Electrospinning is a technique that facilitates the production of nanofibers and is commonly used to develop
fibrous scaffolds to be used in tissue engineering. In the present study, a different approach for cell incorporation into fibrous
scaffolds was tested. Mesenchymal stem cells were extracted from the wall of the umbilical cord and mononuclear cells from
umbilical cord blood. Cells were re-suspended in a 10% polyvinyl alcohol solution and subjected to electrospinning for 30 min
under a voltage of 21 kV. Cell viability was assessed before and after the procedure by exclusion of dead cells using trypan
blue staining. Fiber diameter was observed by scanning electron microscopy and the presence of cells within the scaffolds was
analyzed by confocal laser scanning microscopy. After electrospinning, the viability of mesenchymal stem cells was reduced
from 88 to 19.6% and the viability of mononuclear cells from 99 to 8.38%. The loss of viability was possibly due to the high
viscosity of the polymer solution, which reduced the access to nutrients associated with electric and mechanical stress during
electrospinning. These results suggest that the incorporation of cells during fiber formation by electrospinning is a viable process
that needs more investigation in order to find ways to protect cells from damage.
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Introduction

Tissue engineering is a growing field with the potential to
regenerate damaged tissue (1-3). One of the mostimportant
goals in this area is to associate cells with biomaterials to
provide a scaffold on which they can anchor, migrate and
proliferate three-dimensionally. This approach has a great
potential for many tissues such as vessels (4,5), bone
(6,7), neural tissue (8,9), cartilage (10,11), and tendons/
ligaments (12,13).

Among the various types of materials used in tissue
engineering, scaffolds based on nanofibers produced by
electrospinning have been widely studied. This technique is
employed to produce nanofibers with a diameterin the range
of nanometers to micrometers by the use of electrostatic

forces. Many parameters are involved in the failure of the
final fiber, such as the applied voltage, tip-target distance,
feeding rate, concentration and viscosity of the polymer
solution, and temperature, among others (14,15).

Scaffolds produced by this method are porous and have
alarge surface-to-volume ratio. The mechanical properties
of the scaffolds provide enough space to accommodate
cells and an easy passage for nutrient intake and metabolic
waste exchange (14). It is believed that fibers formed by
electrospinning have the ability to mimic, in a limited way,
the natural extracellular matrix structure regarding vari-
ability of fiber diameter, topology, texture, and mechanical
properties (16).
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Mononuclear cells (MNCs) including lymphocytes,
monocytes and progenitor cells can be obtained from um-
bilical cord blood (UCB), together with a limited number of
stem cells such as hematopoietic stem cells and, in lower
quantities, mesenchymal stem cells (MSCs) (17-19). An-
other source of MSCs is the umbilical cord (UC) itself, which
provides more cells than umbilical cord blood (20). Due to
their ability for self-renewal and high proliferation capac-
ity, MSCs are candidates for cell therapies to regenerate
tissues and organs affected by various diseases, such as
neurologic, rheumatic, cardiac, and autoimmune diseases,
among others.

Although electrospun fibers of various polymers and dif-
ferent cell types have been brought into contact numerous
times, the fibers are typically electrospun first and cells are
seeded onto the material in a separate step (21-23). Due
to the limitations of cell mobility or scaffold properties, such
as low porosity, sometimes the thee-dimensional structure
cannot be completely filled by biological material, compro-
mising the structure and function of tissue formation.

In the present study, taking into consideration the pro-
cess of co-electrospinning, attention was focused on cell
incorporation into the scaffolds during nanofiber formation.
The polymer of choice was polyvinyl alcohol (PVA), due to
its low toxicity and high solubility in an aqueous medium.
The viability of MSCs and MNCs after electrospinning was
determined.

Material and Methods

Isolation and characterization of MSC and MNC

The study was approved by the Ethics Committee of
the Hospital Moinhos de Vento (Process No. CEP/IEP-
AHMV 2006/42) and the Universidade Federal do Rio
Grande do Sul (Process No. CEP/UFRGS 2006563) and
three samples each of UCB and UC were obtained from
the Centro Obstétrico do Hospital Moinhos de Vento after
the mothers gave written informed consent.

UCB samples were obtained by puncture of the umbili-
cal vein of the umbilical cords of neonates during normal
or cesarean delivery and collected into bags containing
citrate, phosphate, dextrose, and adenine (CPDA-1) as an
anticoagulant. UC samples were collected by cutting the
umbilical cord near the placenta following the procedure
described by Secco et al. (20) and were kept in a growth
medium (DMEM-low glucose, 10% fetal bovine serum, 2 U/
mL penicillin, 2 pg/mL streptomycin, and 44.8 ug/mL gen-
tamycin). Both the UCB and UC samples were transported
to the laboratory and processed within 24 h post-delivery.

Separation of the MNC fraction from UCB. UCB
samples were diluted 1:1 with PBS and MNCs were
isolated by density gradient centrifugation at 1200 g for
20 min at room temperature using Ficoll-Paque (Sigma,
USA) (24). MNCs were then washed twice with PBS and
counted in a Neubauer chamber using 4% Trypan blue
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for cell death exclusion.

MSC separation from UC. UC samples were incubated
in 0.1% collagenase type | (Sigma) at 37°C for 15-20 min.
Detached cells were then harvested after massage of the
UC with the aid of tweezers and centrifuged at 300 g for 10
min. Samples were re-suspended in a medium, seeded in
25-cm2 flasks and kept at 37°C in a humidified atmosphere
containing 5% CO2. Non-adherent cells were removed
after 24-h incubation; the culture medium was replaced
every 3-4 days.

MSC culture and characterization. Adherent cells
were cultured according to established norms (25,26) and
standard procedure of the laboratory (27). Passages were
performed when cells reached 80-90% confluence at a split
rate of 1:3. Cells used in the experiments were cultured
until the fourth passage.

Flow cytometry was performed using a FacsCalibur
instrument (Becton Dickinson, USA) equipped with an
argon-ion laser tuned at 488 nm and the data were ana-
lyzed using the CELLQuest software (Becton Dickinson).
The cells were incubated with antibodies for 30 min at 4°C
and were then washed with PBS. 7-Aminoactinomycin D
(7AAD; Molecular Probes, Inc., USA) at a final concentration
of 1 yg/mL was used to identify dead cells. The following
specific antibodies for the human antigens were purchased
from PharMingen/Becton Dickinson, USA): CD29/PE,
CD34/PE, CD44/FITC, CD45/FITC, CD9O/FITC, CD117/
PE, CD133/PE, CD146/FITC, CD184/PE, HLA-DR/FITC,
and Stro-1/FITC, as well as the isotype control antibodies
mouse IgG1,k/FITC and IgG1,k/PE. The gating strategy was
used in order to acquire 10,000 events corresponding to a
live MNC cluster. In this gate, the analysis was performed
to observe double labeling in this population using a com-
bination of the other antibodies.

Mesenchymal differentiation capacity was determined
as described by Meirelles and Nardi (28).

Adipogenic differentiation. MSCs (2.0 x 104 cells/cm?)
were cultured in Iscove’s medium supplemented with 20%
human plasma 0.1 uM dexamethasone, 0.44 mM insulin,
5 UM indomethacin, 5 uM rosiglitazone, and 10 pM/mL
sodium heparin. The medium was changed every 3 days.
Adipogenic potential was determined after 21 days by the
formation of intracellular lipid droplets demonstrated by oil
red O staining (Sigma-Aldrich Ltd., USA).

Osteogenic differentiation. Cells were seeded at a con-
centration of 2.0 x 104 cells/cm? and cultured in a medium
supplemented with 15 mM HEPES, 10% SFB, 10 mM
3-glycerophosphate, 10 nM dexamethasone, and 5 ug/
mL ascorbic acid 2-phosphate. The medium was changed
every 3 days. To evaluate the potential of osteogenic dif-
ferentiation, the cultures were washed with PBS and calcium
deposition was assessed by alizarin red S staining.

Chondrogenic differentiation. Cells at concentrations of
2.0 x 10% cells/cm? were cultured in a medium consisting
of 2,3-butanedione monoxime supplemented with 15 mM
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HEPES, 1.09 mM insulin, 10 ng/mL transforming growth
factor-B1 (TGF-B1), and 50 nM ascorbic acid-2 phosphate
(AsAP). The medium was changed every 3-4 days and
the cells were fixed on day 21 with 4% paraformaldehyde.
Chondrogenesis was indicated by the deposition of a matrix,
rich in glycosaminoglycan sulfate, stained by Alcian blue.

Preparation of PVA solution

An aqueous solution of 10% (w/w) was prepared by
mixing PVA (molecular weight: 3.44 x 108 g/mol + 6.0%)
in Milli-Q water and stirred at room temperature for 16 h to
obtain a homogeneous solution.

Preparation of the PVA-cell suspension

MSCs were trypsinized, washed and quantified us-
ing a Neubauer chamber. Both MSCs and MNCs were
re-suspended in a culture medium and an aliquot of 30
uL containing 1 x 108 cells was mixed with the PVA solu-
tion at a volume ratio of 1:12. The cells from the control
group were re-suspended in a growth medium in the same
proportions.

Electrospinning

Electrospinning was performed as described by Greiner
and Wendorff (3). The PVA-cell suspension was stored in
a 1-mL syringe with a hypodermic needle with an inner
diameter of 0.45 mm. The suspension was fed at a rate of
0.34 mL/h through a syringe placed 15 cm from the collector
plate and a voltage of 21 kV was applied. Room temperature
was 25°C and relative humidity 35-50%. Nanofibers were
collected on round glass coverslips placed on the ground
collector. Fiber production was carried out for 30 min and
all experiments were performed in triplicate.

Characterization of nanofibers

The morphology and diameter of the electrospun
nanofibers were determined using a scanning electron
microscope (SEM; JEOL - JSM 6060, JEOL Ltd., Japan).
Samples collected on glass coverslips were mounted on
an aluminum stub and sputter-coated with 15 nm carbon
for analysis. Three SEM micrographs of distinct areas from
each sample were used for analysis. Diameter analysis was
performed by measuring the diameter of 30 fibers in each
micrograph. The software used for the measurements and
statistical analysis was ImageJ 1.38X.

Cell viability analysis

Cell viability was analyzed in three experiments carried
out in triplicate in three distinct groups: 1) control: cells in
growth medium at room temperature; 2) PVA: cellsina PVA
solution at room temperature, and 3) electrospinning: cells
electrospun in PVA solution. Cell viability was evaluated in
all groups at the beginning of the experiments and after the
electrospinning procedure.

Scaffolds produced in the electrospinning group were
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transferred to a flask containing culture medium in order to
dissolve the fibers. The medium was added to the flasks
of the control groups (cells in growth medium and cells in
PVA solution) at the same proportion.

All samples were centrifuged at 300 g for 5 min at room
temperature and the supernatant was removed. Cells were
re-suspended in a medium and cell viability was determined
using 4% Trypan blue (Gibco, USA), in a 1:1 (v:v) ratio for
dead cell exclusion.

Cell incorporation into scaffolds during
electrospinning

The capacity of electrospinning to deliver cells among
the fibers was assessed by cell nucleus staining with 0.2
pug/mL 4,6-diamidino-2-phenylindole (DAPI) for 20 min. The
suspension was then washed with PBS and centrifuged at
300 g for 10 min. Fibers were collected on glass coverslips
for 30 min and images were obtained by confocal laser
scanning microscopy (Olympus FV-1000, Japan).

Statistical analysis

Cell viability was analyzed statistically using analysis
of variance (ANOVA). Statistical analyses of groups of
different cell types were performed by two-way ANOVA.
All analyses were followed by the post hoc Tukey test for
multiple comparisons when necessary. Data are reported
as means + SD and the level of significance was set at P
< 0.05. All statistical analyses were performed using the
Statistica® software package running on a compatible
personal computer.

Results

MSC characterization

The characterization of MSCs follows criteria as estab-
lished in the literature (25,26) and standard laboratory proce-
dures (27): 1) the cells were isolated for adherence in plastic
and then proliferated in vitro; 2) they showed differentiation in
adipocytes, osteoblasts and chondrocytes when submitted
to differentiation assays, and 3) the cells demonstrated posi-
tive immunophenotypic profile for mesenchymal stem cells:
CD90 (mesenchymal marker), CD29 and CD44 (adhesion
markers), and negative for hematopoietic markers: CD45,
CD34, CD117, and HLA-DR (data not shown).

Effects of PVA and electrospinning on cell viability

Fibers produced by electrospinning were smooth in
appearance and free of beads, with an average diameter
of 244 + 49 nm (Figure 1).

Exposure of the cells to a solution of 10% PVA for the
same amount of time as the electrospinning experiment
resulted in significant effects on the viability of both types
of cells. MNC viability was reduced from 99% in the con-
trol group to 80% when the cells were mixed with the PVA
solution. The experiments using MSCs showed a reduction

Braz J Med Biol Res 45(2) 2012



128

G. Zanatta et al.

Frequency distribution (%)

-

1hmn

18kU 2 iE, baa

30 A

- NN
(S B =]
R

10 -

o o,
L

351-400

101-150  151-200 201-250 251-300

Fiber diameter (nm)

301-350

Figure 1. A, Scanning electron micrographs of nanofibers produced by electrospinning using PVA solution at a concentration of 10 wt%
(w/v). B, Frequency of diameter distribution. Mean diameter 244 + 49 nm.
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Figure 2. Cell viability after 30 min of treatment. Control = cells
in culture medium; PVA = cells in 10% polyvinyl alcohol solution;
electrospinning = cells mixed with 10% PVA solution subjected to
electrospinning. MNC = mononuclear cells; MSC = mesenchymal
stem cells. Data are representative of three experiments carried
out in triplicate and reported as mean cell viability + SD. *P <
0.05 compared to control; #P < 0.05 compared to the PVA group
(ANOVA followed by the Tukey test).

of viability from 88% in the control group to 64% when the
cells were mixed with the PVA solution. Analyses of the cells
subjected to electrospinning showed a significant reduction
in viability in both types of cells: experiments using MSCs
showed 19.6% cell viability and experiments using MNCs
showed 8.38% cell viability (Figure 2).

Cell localization in scaffolds as the result of
electrospinning

Analysis of the distribution of MSC and MNC on the
nanofiber scaffolds was performed using confocal laser
scanning microscopy. The images suggested that the cells
were not encapsulated by the fibers, probably because of
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the small fiber diameter, but rather that they were placed
among the fibers, suggesting that they were distributed
three-dimensionally in the scaffolds (Figure 3).

Discussion

In the present study, the influence of the electrospin-
ning process and the solvent 10% PVA on MSC and MNC
viability was analyzed. Electrospinning was performed at
21 kV with a suspension of cells:PVA at aratio of 1:12 (v:v).
Using cells:PVA solution at a higher rate, fibers were not
formed and only drops were observed on the collector plate,
probably due to the reduction in polymer chain interaction
because of the low viscosity. When a higher proportion of
PVA solution was used, fibers were continuously produced,
but as the concentration of cells decreased, the analyses
of viability became hard to implement. These data agree
with a recent study performed by van Aalst et al. (2), in
which they used electrospinning to perform cell incorpora-
tion into nanofibers.

To assess cell viability after the electrospinning proce-
dure, two different groups of cells from distinct sources were
used. The first group was composed of MNCs, which are
a heterogeneous population of cells obtained from UCB.
These cells are of great interest for clinical procedures as
they provoke less rejection in transplants and are easy to
obtain without the need for along-term process of cultivation
or purification. Besides these advantages, it is known that
there are a small number of stem cells among the fraction of
MNCs (CD34+CD38- frequency = 0.05-0.08%) (29), which
are the cells responsible for the regeneration of damaged
areas in tissue engineering. The second group of cells
used was MSCs, isolated directly from the wall of the UC.
Although this population demands a long period for isola-
tion and cultivation, the use of a homogeneous population
of MSCs seems to be more appropriate for the success of
tissue engineering procedures. MSCs were collected from
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Figure 3. Images of confocal laser scanning microscopy showing cells among the fibers. A, Mononuclear cells. B, Mesenchymal stem
cells. Arrows indicate cell nuclei. Nuclei stained with DAPI solution.

the wall of the UC instead of the UCB, as the number of
these cells in the UC is greater than in UCB (20,30).

Cells from the second group were analyzed for the pres-
ence of surface markers by flow cytometry and showed a
classical profile of MSC markers (20,24,25). The antigens
CD146 (or Mel CAM) and Stro-1 are generally presentin a
small subset of MSCs (31). Only a small number of MSCs
were positive for CD146 and these cells were negative
for Stro-1.

Analyses performed after the cells underwent electro-
spinning showed a significant reduction in viability in both
groups of cells, with 19.6% viability for MSCs and 8.38%
viability for MNCs. In order to separate the toxic effect of
the PVA from the cell damage caused by the electrospin-
ning process, an experiment was performed to compare
cells exposed to normal nutrient conditions (control group)
and cells mixed in a solution of 10% PVA (PVA group). The
results showed a statistical difference between the group
of cells in the culture medium and the group of cells in
the PVA solution, but no differences related to the type of
cell used. The reduction of viability observed between the
control and PVA groups suggests that the PVA solution has
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