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Abstract The aim of this study was to obtain a better insight of how nano-fibrous scaffolds can
affect human mesenchymal stem cells responses. Therefore, in this study, using electrospinning
technique, poly(vinyl alcohol) (PVA) nano-fibers with two different patterns were prepared. In
the first structure, PVA nano-fibers were oriented randomly and in the second structure, nano-
fibers were electrospun in such a way that a special pattern was obtained. In order to enhance
their stability, scaffolds were cross-linked using glutaraldehyde vapor. RGD immobilization
was used to improve cell adhesion properties of the scaffolds. SEM micrographs demonstrated
that the cell adhesion was effectively enhanced after RGD immobilization and higher cell
densities were observed on RGD-modified scaffolds. Randomly oriented nano-fibers showed
better cell adhesion compared to patterned structure. Patterned structure also revealed slightly
lower cell viability compared to random nano-fibers. Finally, it was assumed that randomly
oriented nano-fibers provide a more favorable surface for cells.
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Introduction

In recent years, topographical strategies have been receiving increasing attention in the
development of tissue engineering scaffolds [1, 2]. It is accepted that the role of scaffolds is
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more than only providing mechanical support; but they act as intelligent surfaces capable of
providing chemical and topographical signals to guide cells [3]. Surface topography plays a key
role in modulating cell behaviors, such as cell adhesion and spreading, which can in turn
influence cell viability, morphology, and differentiation [4—6]. Therefore, recently a wide range
of studies have focused on the interaction of cells with model substrates in an effort to understand
the effect of scaffold surface topography on the behavior of adherent cells [1, 3, 7, §].

It has been demonstrated previously that cell adhesion is cooperatively regulated by the
surface topography and the presence of cell recognition ligands on the surface [4]. In order to
improve biological properties of synthetic polymers, cell adhesive proteins and polysaccha-
rides such as collagen, chitosan, silk fibroin, and RGD have been coated on the surface of
nano-fibrous matrices [9, 10]. However, immobilization of small RGD moieties on the
surface seems to be more advantageous than the protein-coating method for improving cell
adhesion behaviors, because the surface immobilization of cell-adhesive ligands provides
higher stability, non-immune response, and the ability of selective adhesion of a particular
cell type [11]. Surface-engineered nano-fibrous matrices have exhibited enhancement in cell
adhesion, spreading, and proliferation. They also showed high cell densities because of their
higher surface area-to-volume ratio than that in the unmodified substrates [9, 10]. From this
perspective, we immobilized RGD peptides to the surface of nano-fibrous scaffolds for
enhancing their cytocompatibility.

Cells in their native environment interact with extracellular matrix (ECM) components in
the nanometer size (50-500 nm diameter fibers) [2, 12]. It has long been hypothesized that in
order to design an ideal scaffold which can duplicate all of the essential intercellular
reactions and promote native intracellular responses, the natural ECM must be mimicked.
Thus, considerable attention has been directed toward nano-fibrous matrices due to their
ability to interact with cells in a manner that mimics the natural ECM. These nano-fibrous
scaffolds have several advantages such as large surface area, pore sizes ranging from several
to tens of micrometers, adjustable porosities up to more than 90 %, and controlled mechan-
ical properties [12—15].

Electrospinning, a facile, efficient, and inexpensive polymer-processing method, has been
proved as an effective way in creating nanometer-scale fibers. A wide variety of natural
materials such as chitosan [16], silk [17], collagen [18], gelatin [6], and a wide range of
synthetic polymers like poly(vinyl alcohol) (PVA), polycaprolactone (PCL), poly(L-lactic
acid), and co-polymers such as poly(lactic-co-glucolic acid) have been electrospun as tissue-
engineering scaffolds [19—22]. The resultant structure resembles the collagen fiber network
existing in the natural ECM. The electrospun fibers can be patterned by collecting the fibers
on different targets, creating surfaces endowed with topographical cues at the nanometer
scale. Surface patterning is an approach that has been studied over a number of years as a
method for improving some scaffold characteristics such as the ability of water retention and
guiding the behavior of cell attachment. There is abundant evidence that features like
grooves [23], pits [8], and pillars [3] have several effects on the function of different cells.
Wilkinson et al. suggested the use of materials with nano and micro metric patterns in
cellular engineering. They concluded that cells are profoundly affected by surface topogra-
phy and by patterned surface chemistry [23]. In one study, Anderson et al. fabricated two
different nano-structures and compared them with flat film control. Results showed that
nano-scale topography can affect the morphology and function of adherent cells [24]. Dalby
et al. investigated the response of osteoprogenitors to semi-ordered and random nano-
topographies. They found that nano-topography is an important factor in mesenchymal
differentiation and in the design of scaffolds [25]. In the next study, they demonstrated that
highly ordered nano-topographies produce low to negligible cellular adhesion and
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osteoblastic differentiation. On the other hand, cells on random nano-topographies exhibited
a more osteoblastic morphology [7]. In another study by Mikos et al., the spreading of rat
mesenchymal stem cells (MSCs) was promoted by nano-fibers, while cell attachment did not
seem to be enhanced [26]. In a recent study by He et al. regarding the effect of nano-fiber
diameter and pattern on stem cells, the best fiber diameter for cell viability and proliferation
was different for aligned and random nano-fibers. In the sample with aligned fibers, cell
viability and proliferation was best on 500 nm fibers, and reduced on smaller or larger fibers.
However, on random fibers cell viability and proliferation was best with the smallest
(350 nm) and largest (1,150 nm) diameter fibers [1].

As described above, numerous studies regarding the effect of scaffold surface topography on
adherent cells have been performed. In this case, features like grooves, ridges, pillars, etc. are
often created on the surface and properties such as cell adhesion, orientation, morphology,
proliferation, and differentiation are investigated on these engineered surfaces [2, 3, 24,27, 28].
In this study, nano-fibrous scaffolds are fabricated by electrospinning using different collectors.
PVA was used to fabricate three different substrate types: flat film (as a control), patterned, and
randomly oriented nano-fibers. PVA is a synthetic water-soluble polymer that has been studied
intensively because of its biocompatibility, non-toxicity, processability, and good chemical and
thermal stability [29, 30]. Furthermore, electrospinning of PVA has been studied extensively
due to its good fiber-forming properties and the use of water-based solvents in this process [10,
18]. The prepared substrates were cross-linked using glutaraldehyde (GTA) vapor to enhance
their water stability and RGD immobilized to improve their cell attachment properties. Finally,
human mesenchymal stem cells (hMSCs) were seeded onto the scaffolds to study their response
in terms of cell attachment, morphology, and viability.

Materials and Methods
Electrospinning Process

Poly(vinyl alcohol) (degree of hydrolysis 99 %, Mw=72,000) was obtained from Merck,
Germany. PVA solution of 12 wt% was prepared by dissolving 1.2 g of PVA powder in
10 ml distilled water with moderate stirring at 90 °C for 3 h. The PVA solution (2 ml) was
put into a 10-ml syringe with a stainless steel needle (19G, inner diameter, 0.3 mm) attached
at the open end. The polymer solution was fed into the syringe using a syringe pump (New
Eva Pump System Inc., USA) at a flow rate of 0.5 ml/h with an applied voltage of 15 kV
(Gamma High Research, USA). Randomly oriented nano-fibers were collected on a flat
collector plate wrapped with aluminum foil. Patterned nano-fibers were formed by replacing
the aluminum foil with a stainless steel mesh with pore diameter of 90 um. The fiber
collector was kept at a distance of 15 cm from the needle tip.

Film Preparation

Thin films of PVA were prepared by casting the solution into a polystyrene Petri dish. These films
were dried under atmospheric temperature for 3 days, following a vacuum at 50 °C for another day.

Morphology of Electrospun Scaffolds

The patterned and randomly oriented structures of the nano-fibrous scaffolds were con-
firmed by scanning electron microscopy (SEM, Philips XL-30). The samples were sputter
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<« Fig. 1 Scanning electron micrographs of randomly oriented (a and b) and patterned (¢, d, and e) PVA
electrospun nano-fibers at different magnifications: a and ¢ x1,000, b and d x2,000, e x200

coated with gold before scanning. The average fiber diameter of the electrospun nano-fibers
were measured by Adobe Photoshop 7.0 software from the SEM micrographs.

Cross-linking

The samples were subjected to cross-linking process in order to enhance their stability for
cell culture studies. All the specimens were cut into 1 cm” pieces and allowed to keep under
GTA vapor (25 % aqueous solution, Merck, Germany) for 120 h in a desiccator. The samples
were then vacuumed at 40 °C for 24 h followed by further heating at 50 °C for another 24 h.

RGD Immobilization

Cell adhesion ligand Arg-Gly-Asp (RGD, Sigma, Germany) was immobilized onto the
surface of the cross-linked specimens to enhance their cell attachment properties. The details
of this procedure have been described elsewhere [31]. Briefly, isocyanate groups were first
introduced onto the scaffold surface by placing the dried specimens in a flask with a toluene
solution containing 1 wt% hexamethylene diisocyanate (Merck, Germany). After purging
with nitrogen gas, the reaction mixture was gently stirred at 25 °C for 90 min. The scaffolds
with the introduced isocyanate groups were then immersed in RGD solution at room
temperature for 180 min to affect the covalent immobilization.

PBS Absorption

The known weight of specimens were placed in closed bottles containing 5 ml of phosphate
buffered saline (PBS, pH=7.4) and incubated in vitro at 37 °C for 24 h. The wet weight of
the specimens was determined by weighing them immediately after removing the specimens
from PBS and blotting with filter paper to absorb water on the scaffold surface. The water
uptake of the scaffolds in PBS was then calculated from the formula:

A(%) = [(WlfWo)/Wo} x 100

Where 4 is PBS absorption and W, and W, are the weights of scaffolds before and after
immersion in the medium, respectively.

Cell Culture of hMSCs

Adipose tissue taken from informed 23-year-old patient’s abdominal area was washed with
PBS containing antibiotics (1 % penicillin—streptomycin; Gibco). Tissue was transferred to a
tissue culture Petri dish and chopped to tiny pieces. Chopped tissues were then discharged to
a PBS containing tube and centrifuged at 1,400 rpm for 5 min. The red blood cells were
settled at the bottom and the adipose tissue floated at the top of the tube. The adipose tissue
was transferred to another tube containing 2 mg/ml collagenase (sigma) and incubated at
37 °C for 30 min. All digested tissues were discharged to another tube containing 5 ml
Dulbeccco’s Modified Eagle Medium (DMEM; Gibco) and centrifuged at 2,000 rpm for
5 min. The liquid fat and medium at the top of the tube were removed. DMEM containing
15 % fetal bovine serum (Gibco) was added to the pellet, mixed well, and transferred to a
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six-well plate. Cultures were maintained in a tissue culture incubator at 37 °C with 5 % CO,.
Mesenchymal stem cells were adhered to the surface and the red blood cells were suspended.
The first medium change was performed after 2 days to remove the hematopoietic and other
unattached cells, and twice a week thereafter. When the hMSCs reached 80-90 % conflu-
ence, they were trypsinized and passaged. In the third or fourth passage, hMSCs were
detached with 0.05 % trypsin containing 1 mM ethylenediaminetetraacetic acid (Sigma) and
counted. A density of 5x10% cell/specimen was seeded onto UV-sterilized electrospun
scaffolds and PVA film in a 24-well plate for MTT assay and SEM observation as follows.

MTT Assay

Cell viability was indicated through the reduction of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) into a formazan dye by living cells. At 3 and 7 days of cell
culture on each sample, they were rinsed with PBS to remove non-adhered cells. One
hundred microliters of MTT solution (0.5 mg/ml) was added to each well and incubated
for 4 h under the same conditions described. Thereafter, MTT was carefully removed and
100 pl of isopropanol was added under shaking to solubilize the formazan crystals formed.
The absorbance of the converted dye was recorded at 570 nm using a multiwell microplate
reader (Stat Fax 2100) and normalized to the control (tissue culture polystyrene plate, Nunc
Denmark) absorbance.

SEM Observations

A number of cells (5x10%) were cultured on each sample. After 3 days of culture, cellular
constructs were rinsed with PBS to remove non-adhered cells and subsequently fixed with
2.5 % GTA at 4 °C for 24 h. The samples were then dehydrated through a series of graded
ethanol solutions and air-dried overnight. Dry cellular constructs were sputter coated with
gold and observed with SEM.

Statistical Analysis

One-way analysis of variance, including a post hoc test for multiple comparisons, was used
to statistically evaluate the PBS absorption and cell viability values. All statistical analysis
were performed using IBM SPSS 16.0 software with the level of statistical significance set at
P<0.05. Each parameter was investigated on three samples (n=3).

Fig. 2 Morphology of randomly oriented PVA nano-fibers a before and b after cross-linking with GTA
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Results and Discussion
Morphology of Electrospun Nano-fibers

SEM micrographs revealed that highly uniform and smooth nano-fibers were formed
without the occurrence of bead defects with diameter of 180+93 nm. SEM analysis showed
a randomly oriented distribution of nano-fibers, when a flat collector plate was used. This is
expected owing to the chaotic motion of polymeric jets of solution during the
electrospinning process (Fig. la—b). However, when a stainless steel mesh was used as
collector, it was observed that the nano-fibers have gained the same structure of the stainless
steel mesh and have created a checkered pattern (Fig. le). The fibers appeared parallely
aligned and collapsed at the wire location (Fig. 1c). Also in the space between the wires, they
were almost aligned with a few fibers perpendicular to the alignment direction (Fig. 1d).

Figure 2 shows the SEM morphology of electrospun PVA nano-fibers before and after
cross-linking with GTA vapor. It demonstrates that the diameter of the fibers increased after
cross-linking, indicating that the fibers were swollen with water vapor present in the cross-
linking solution. Evidently, exposing the fibrous matrices in the chamber caused some fibers
to fuse to one another at touching points, a result of the partial dissolution of the fiber
segments when they came into contact with the moisture-rich GTA vapor. A similar
observation was reported for the cross-linking of the electrospun PVA fibers containing
sodium salicylate as the model drug with moist GTA vapor [32].

PBS Absorption

The water absorption property of a scaffold influences not only the maintenance of the
scaffold shape and form, but also affects the cells’ growth. Figure 3 shows the diagram of
PBS absorption of cross-linked PVA scaffolds with different surface topographies. The
patterned structure had the most value with PBS absorption of 321 % and the flat film
specimen had the least value with PBS absorption of 67 %. Due to the unique nano-fiber
morphology with high specific surface area, the electrospun PVA substrates could absorb
higher amounts of PBS compared to film structure (p<0.05) which is in accordance with the
literature [33]. On the other hand, when the nano-fibers are collected randomly, they have a
more compact structure compared to patterned nano-fibers and are intertwined irregularly;
therefore, they have less free space, resulting in a less PBS absorption (p<0.05).

400
350
300
250
200
150
100
:
0

Film Random Patterned

PBS absorption (%)

Fig. 3 PBS absorption of cross-linked scaffolds with different surface structures after 24 h
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Fig. 4 Viability of hMSCs on patterned and randomly oriented PVA nano-fibers and PVA film

Cell Viability

To investigate the effect of surface nano-fibrous topography on cell viability, hMSCs were
seeded onto each specimen. The MTT assay, a reliable standard test measuring cell meta-
bolic activity as an indirect evaluation of viable cell number, was carried out after 3 and
7 days of culture on the substrates.

Figure 4 shows the viability of hMSCs when seeded on different PVA surfaces. It can be
observed from the diagram that cell viability was slightly increased when seeded on PVA
nano-fibrous structures (randomly oriented and patterned) compared to PVA flat film
(»>0.05). This might be due to the large surface area of the nano-fibers available for cell
attachment. Bhattarai et al. [16] also reported a similar result when they seeded chondrocytes
on chitosan-PEO nano-fibrous and film substrates and observed that live cells on the nano-
fibrous scaffolds appeared to be substantially more than those on the cast film. A minor
increase in cell viability can also be seen on randomly oriented nano-fibers compared to
patterned structure, which is not significant (p>0.05). Despite small differences in cell
viability (p>0.05), the results showed that hMSCs are metabolically active in all the
engineered and non-engineered surfaces.

Fig. 5 SEM micrographs of hMSCs seeded on PVA nano-fibers a before and b after RGD immobilization
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Cell Adhesion on RGD-Modified Nano-fibers

Various cell recognizable ligands, such as RGD peptide, galactose, and hyaluronic acid, have
been grafted on the surface of porous scaffolds for tissue engineering [34, 35]. It has been
reported [31, 36-39] that the RGD sequence can promote attachment of cells because it can
be recognized by the adhesion receptors on the cell membrane. Thus, the affinity between
cells and materials should be improved with the immobilization of RGD, which can mimic
the natural ECM [40].

Figure 5 provides visual comparison of cell adhesion and density for PVA nano-fibers
before and after RGD immobilization. The number of cells attached to the surface was
significantly increased after RGD immobilization. After 3 days of incubation, cell morphol-
ogy on unmodified PVA nano-fibers was still round-shaped while cells on RGD-modified

Fig. 6 SEM micrographs of hMSCs seeded on the surface of PVA film (a and b), randomly oriented nano-
fibers (¢ and d) and patterned nano-fibers (e and f) after 3 days
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matrices started to show spreading behaviors. Initial cellular adhesion and spreading events,
which were initiated by the specific interaction between the immobilized ligands and cell
receptors, enable the seeded cells to better adhere and communicate.

Cell Morphology

Figure 6 represents the SEM micrographs of hMSCs cultured for 3 days on different PVA
scaffolds. As shown, the cell adhesion characteristics of nano-fibrous scaffolds were clearly
superior to that of PVA film after culturing for 3 days. For PVA thin film materials, the cells
had not adhered well or stretched, and were still considered as a ball-shaped cell (Fig. 6a);
while they had spread and adhered to the surface of electrospun PVA nano-fibers (Fig. 6¢
and e) and the number of cells attached to the surface of nano-fibrous structures (especially
randomly oriented nano-fibers) are significantly higher compared to PVA film. On the nano-
fibrous scaffolds, cells were integrated with the surrounding fibers and tended to join
together and form aggregates, indicating that nano-fibrous structures have a high biocom-
patibility. Guarino et al. [6] also performed a comparative study between PCL/gelatin films
and electrospun nano-fibers and obtained a similar trend. The results showed that on nano-
fibrous scaffolds, hMSCs were significantly flattened, and typically spread with a spindle or
star-like shape morphology; whereas, they had a more globular shape and less cell spreading
on PCL/gelatin films.

Figure 6b shows the anchoring of single cells to the hills and valleys of the PVA film
surface resulting from RGD immobilization. Compared to Fig. 6d, which is in the same
magnification, it can be observed that cells remained in a rounded and spherical shape on
PVA film while they were more spread and flattened on the surface of randomly oriented
nano-fibers. In case of patterned nano-fibrous scaffolds, it seems that after undergoing RGD
immobilization steps, the nano-fibers have lost their ordered pattern. The checkered structure
and the regular pattern that the nano-fibers had before placing them in aqueous solutions are
not observable in these figures (Fig. 6e and f). Therefore, no significant difference in cell
morphology was recognized between randomly oriented and patterned nano-fibrous scaf-
folds; although it appears that cells prefer to adhere to randomly oriented nano-fibers which
are in accordance with the results of cell viability by MTT assay.

Conclusions

In the present study, randomly oriented and patterned PVA nano-fibrous scaffolds with mean
fiber diameter of 180+£93 nm were successfully electrospun and their characteristics were
compared with flat PVA film. SEM micrographs showed that highly uniform and smooth
nano-fibers were formed without the occurrence of bead defects. After cross-linking with
GTA vapor for 120 h, the scaffolds could maintain mechanical properties when incubated in
PBS for 24 h. PBS absorption of nano-fibrous structures, no matter randomly oriented or
patterned, were significantly higher than PVA film due to highly porous architecture and
high surface area-to-volume ratio. Furthermore, patterned nano-fibers could absorb more
amounts of PBS compared to randomly oriented nano-fibers which can be attributed to the
more compact and intertwined structure of the latter. To improve the cell adhesion charac-
teristics, RGD cell adhesion ligand was immobilized onto the surface of the scaffolds prior to
cellular studies. SEM images revealed that cell adhesion was effectively enhanced after
RGD immobilization and higher cell densities were observed on RGD-modified scaffolds
compared to non-modified ones. Cells maintained a spherical morphology on the surface of
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PVA film but were induced to spread and flatten on the nano-fibrous scaffolds. No signif-
icant difference in cell morphology was observed between patterned and randomly oriented
nano-fibers. However, the number of cells attached to the randomly oriented nano-fibers
seemed to be higher than patterned nano-fibers. Patterned structure also revealed slightly
lower cell viability compared to random nano-fibers.

Eventually, to confirm that the function of cells are generally improved on electrospun
nano-fibrous scaffolds compared to film structures, which has been frequently reported [16,
41, 42], it was assumed that randomly oriented nano-fibers provide a more favorable surface
for cells to attach and proliferate, while the potential applications of patterned nano-fibers
need more specialized studies and experiments.
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