J Polym Res (2017) 24: 232
https://doi.org/10.1007/s10965-017-1388-z

@ CrossMark

ORIGINAL PAPER

Fabrication of polycaprolactone/zirconia nanofiber scaffolds

using electrospinning technique

V. G. Thakare' - P. A. Joshi® - R. R. Godse? - V. B. Bhatkar - P. A. Wadegaokar?” -

S. K. Omanwar'

Received: 31 January 2017 / Accepted: 5 November 2017 /Published online: 28 November 2017

© Springer Science+Business Media B.V., part of Springer Nature 2017

Abstract In the present study we have investigated the effect
of Zirconia (ZrO,) nanoparticles on the fiber morphology,
swelling, degradation activity and enhanced cell adhesion of
the electrospun polycaprolactone (PCL) non-woven nanofiber
scaffolds. The composite nanofibers scaffolds were obtained
with ZrO, weight contents varying in the range 6% to 30%.
The effect of the ZrO, nanoparticles concentration on the fiber
morphology was investigated using a Field effect scanning
electron microscopy (FE-SEM). We also investigated the deg-
radation and swelling activities of the fabricated material. The
results demonstrated better swelling with controlled degrada-
tion in comparison to the PCL scaffolds. Cell viability studies
proved the non toxic nature of the nanocomposite scaffolds.
Interestingly, the scaffolds with ZrO, nanoparticles showed
enhanced fibroblast proliferation and improved bioactivity of
the scaffolds. Further, this is the first report regarding the
ability of a biomaterial containing ZrO, nanoparticles to en-
hance cell adhesion and proliferation.
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Introduction

In recent year, tissue engineering offers a new approach to
regenerate diseased or damaged tissue such as bone [1, 2].
The rapidly growing research in tissue engineering area thus
provides a new promising approach for repair and regenera-
tion of bone tissue [3]. Biomaterials are required in tissue
engineering strategies for the fabrication of scaffolds to provide
a three-dimensional (3D) biocompatible support for cell attach-
ment, proliferation and differentiation [4, 5].Biomaterials for
bone tissue engineering should combine unique biocompatibil-
ity, bioresorbability and bioactivity with excellent mechanical
properties [6, 7]. Scaffolds made of such biomaterials have the
potential to induce bone regeneration and are able to degrade
after a certain period of implantation [4]. In comparison to
other forms of scaffolds, the nanofibrous scaffolds promote
cell adhesion, proliferation and differentiation more efficiently
due to having high surface to volume ratio and morphological
similarity to natural extracellular matrix (ECM) will allow the
diffusion of nutrient, metabolites and soluble factors until the
seeded cells can produce a new functional matrix and regener-
ate the desired tissue structures [8, 9]. A great deal of effort
has been put into the design of scaffolds and the concept has
evolved from inert biomaterials serving as structural sup-
port for cells in terms of tissue development [10].
However, there are several general characteristics consid-
ered the suitability of a scaffold for the use of tissue engineer-
ing [11, 12]. The very first requirement of any scaffold for
tissue engineering is that the material should be biocompati-
ble, cell must be adhere, function normally without eliciting
undesirable local or systemic responses such as rejection, in-
flammation or immune activation, in the host. Secondly, most
tissue engineering applications and tissue regeneration ap-
proaches require scaffolds that are fully biodegradable or ab-
sorbable. It is useful if the degradation rate of the scaffold
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matches the rate of tissue regeneration to optimize the transfer
of functions from the artificial matrices to native ECM on a
time dependent basis during tissue regeneration. Faster rates
of degradation of the scaffold may lead to a loss of tissue
integrity and function, while a degradation rate that is too slow
can result in barriers to transport or mechanical mismatches
such as stress shielding, resulting in long term failure of the
system. In addition, the scaffold architecture used for tissue
engineering is also important. Scaffolds should have an inter-
connected pore structure and high porosity to ensure the cell
penetration and diffusion of nutrient to cell within construct
and to EMC formed by these cells. Moreover, this structure is
desirable for locally sequestering and delivering bioactive
molecules, and providing space for tissue ingrowth.
Scaffolds should also be mechanically matched to the target
tissue. It should be reproducible, cost effective and scalable. In
order to realize the active role of artificial scaffolds in regulat-
ing the behavior of cells, the interface between the biomaterial
and the cells must be examined. There are also research efforts
in producing scaffolds from other oxide ceramics, notably
alumina, titania and zirconia. Although these are not biode-
gradable ceramics, they find application in ex vivo approaches
or in bioreactors. Bioceramic scaffolds exhibiting highly
porous structures are being fabricated (with different
degrees of success) by a variety of techniques, as
reviewed elsewhere [13].

Various technologies have been developed to fabricate
three-dimensional (3D) scaffolds [8], such as drawing,
Template synthesis, temperature induced phase separation,
self assembly and electrospinning [14] in which
electrospinning has been widely use for the fabrication of
nanofibers scaffolds. It is simple, elegant and versatile tech-
nology for producing ultrathin non-woven fibers with a diam-
eter ranging from nanometers to microns [9, 10]. Among dif-
ferent available scaffolds, those recently developed with
nanofibrous structures seem to be promising substrates for
tissue engineering applications due to their high structural
similarity to native extracellular matrix, continuous high sur-
face to volume ratio, high interconnected porosity and vari-
able pore size distribution [15, 16]. A variety of materials
including polymers, ceramics and their composites can be
electrospun into fibrous scaffolds [16]. However,
Polycaprolactone (PCL) is widely used in tissue engineering
to construct the scaffold. It has some advantages over other
polymer and is more stable in ambient conditions, less expen-
sive and readily available in large quantities. Yoshimoto et al.
reported that electrospun PCL scaffolds provide an environ-
ment that supports mineralized tissue formation and may be a
suitable candidate for the treatment of bone defects. The
shapeability of electrospun PCL scaffolds may also prove
useful in clinical applications and scaffolds produced by using
PCL matched the design very well, had compressive strength
and modulus value within the range of trabecular bone and

@ Springer

supported the in-growth of bone in an in vivo model [17]. PCL
is a slow-biodegrading polymer has been used for potential
applications in bone, cartilage repair [18]. This application of
PCL might be limited in the field of drug delivery or resorb-
able sutures due to its slow degradation and resorption kinetic,
but this slow degradation could be beneficial for bone tissue
engineering. It gives time for osteoblasts to build up the bony
tissue and in parallel to the bone regeneration the implant will
slowly degrade [19].

In recent year,Ceramics are increasingly used for biomed-
ical application [20] and previous studies have shown better
cell growth and enhanced cellular behavior on nanophase ce-
ramics that is titania, Zirconia and alumina as compared to
conventional (um size) ceramics [21, 22], in which zirconia
is considered to be one of the most used materials after titani-
um, especially in dentistry [23]. Zirconia was introduced
20 years ago to solve the problem of aluminum brittleness
and the consequent failure of orthopaedic implants [24]. It
has advantages over other ceramics because of its high me-
chanical strength and fracture toughness. Zirconia also finds
other clinical applications such as: arthroplasty [25], dental
crowns [26] hip and knee prostheses, hip joint heads, tempo-
rary supports, tibial plates [27]. At tissue level, Zirconia was
found to be as biocompatible as titanium. Cultured osteoblasts
proliferate and differentiate on zirconia without producing any
adverse reaction [28]. In vivo studies indicate that ZrO, im-
plants exhibit excellent osteointegration and zirconium-
related materials, such as zirconia ceramics and coatings, have
previously been used as bone implant materials [29]. Hence,
zirconia is considered a bio-inert ceramic because when im-
planted it only shows a morphological fixation with the sur-
rounding tissues without producing any chemical or biologi-
cal bonding [30, 31].

Therefore, we are focusing on the fabrication of PCL/ZrO,
nanofiber composites scaffolds using electrospining tech-
nique. Structure and morphology of PCL/ZrO, scaffolds were
investigated. Biological evaluation of these hybrid materials
was carried out by cytotoxicity investigation using 3T3 mouse
fibroblast cell line. The ability of the prepared scaffolds to
attach the cell and proliferation was investigated. Swelling
and in vitro degradation of prepared scaffolds was also
evaluated.

Materials and method

Materials

The polycaprolactone (MW = 80,000), MTT [3-(4,5-dimeth-
yl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide],
Dimethyl Sulphoxide and DAPI (2-(4-amidinophenyl)-1H -
indole-6-carboxamidine) used in this study were purchased
from Sigma Aldrich, St. Luis, USA. Dulbecco Modified
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Eagle’s Medium (DMEM) and fetal bovine serum (FBS) were
procured from Gibco, USA and Himedia, Mumbai, India re-
spectively. Acetone and ethanol were obtained from Merck,
Mumbeai, India. All the reagents used in this study were of
analytical grade quality.

Methods
Synthesis of zirconia (ZrO,) nanoparticles

ZrO, nanomaterial was prepared using well established mod-
ified solution combustion technique [32, 33]. During the re-
action the stoichiometric amounts of ingredients including all
precursor Zirconium nitrate (3.39 g), Ammonium nitrate
(6.4 g) (oxidizer) and Glycine (3 g) (fuel), calculated on the
basis of molar ratio and were thoroughly mixed in the agate
mortar by adding little amount of double distilled water
resulting in an aqueous homogeneous solution. Table 1 shows
the balanced molar ratios of precursors used in the synthesis
and corresponding chemical reactions. The solution was then
transferred into a china basin. The china basin was then kept
into preheated muffle furnace maintained at 450 °C. The so-
lution boils to foams and ignites to burn with the flame and a
voluminous foamy powder was obtained. The entire combus-
tion was over in 5 min. Following the combustion the
resulting fine powder was annealed in open air at 900 °C for
2 h and allowed to cool down at room temperature.

Electrospinning of PCL/ZrO; nanofibers scaffolds

The polymer solution of PCL at the concentration of 16% (w/
v) was prepared by dissolving the polymer into an organic
solvent mixture of acetone/ethanol (7/3 v/v). Pre-determined
amount of the ZrO, nanoparticle powders were added into
10 ml mixture of acetone/ethanol (7/3 v/v). This mixture
was sonicated for 20 min to disperse the zirconia nanoparti-
cles. Then, above powder was added into polymer solution
and stirred at 40 °C overnight. The mixture was further mag-
netically stirred for 15 min, followed by sonication for another
15 min to obtain the well-mixed PCL/ZrO, suspension. A
ZrO, nanoparticle powder was varying 6 wt%, 12 wt%,
20 wt%, 25 wt% and 30 wt% with PCL concentration and
made a separate PCL/ZrO, suspension. The PCL/ZrO, nano-
fibers composite scaffold was prepared by electrospinning
technique using above mixture suspension.

Briefly, the as-prepared suspension was added into a plastic
syringe equipped with a needle with an inner diameter of

1.2 mm. The syringe was then mounted onto a syringe pump
in which the needle was connected to a high voltage power
supply. Under 20 kV voltages, the fluid jet was injected out at
arate of 150 pl/h and the resultant nanofibers were collected
on an aluminum foil which was put at 17 cm distance down
from the needle. After electrospinning for 2 h at room temper-
ature, the PCL/ZrO, nanofibers scaffold was obtained. Pure
PCL nanofibers scaffold were also prepared as the control.
The PCL and PCL/ZrO,nanofibers scaffolds were dipped in
double distilled water to remove the residual solvent for 24 h.
Then, these scaffolds dried at room temperature and kept in
UV-Chamber for 2 days. Figure 1 shows the experimental
setup of electrospinning technique.

Cell viability studies

The viability of cells seeded on the scaffolds was determined
using MTT assay. MTT assay measures the reduction of the
tetrazolium component MTT by viable cells. Therefore, the
level of the reduction of MTT into formazan can reflect the
level of cell metabolism. 3T3 mouse fibroblast cells were
seeded in 96-multiwell plates at a density of 1.0 x 10> cells/
well. After 24 h of incubation, cells were treated with 200 pl
culture medium solutions containing PCL and PCL/
30wt%ZrO, scaffolds construct. Scaffolds cut into cube hav-
ing dimension 1 mm*1 mm*1 mm. After 48 h of incubation,
150 ul MTT (1 mg/ml in PBS) was added and again kept for
1 hat37 °C in a 5% CO, humidified atmosphere. The MTT
solution was then removed and 100 pl of Dimethyl
Sulphoxide (DMSO) was added to dissolve the formazan
crystals. Finally, the absorbance at 570 nm was measured
using the plate reader (Robonik). All data were averaged from
three parallel experiments.

Cell adhesion and proliferation

Cell adhesion and proliferation studies were evaluated using
3T3 mouse fibroblast cell line. 3T3 mouse fibroblast cells
were cultured in Dulbecco Modified Eagle’s Medium contain-
ing 10% fetal bovine serum and 1% antibiotics and
antimycotic solution in CO, incubator (37 °C, 5% CO,).
DMEM was replaced every two days. When 3T3 mouse fi-
broblast cells reached 80% confluence, they were trypsinized
and counted using a hemocytometer. Cells were seeded drop
wise onto the nanofiber scaffolds (1 x 10° cells/100 pl of me-
dium/scaffold), which fully absorbed the media in 6-well
plates, allowing cells to distribute throughout the scaffolds.

Table 1 The balanced molar ratio of precursors used in the synthesis and corresponding chemical reactions
Product Corresponding reaction with balanced molar ratios of precursors
710, Zr(NO3)4 + 4C,H5NO, + 8NH4NO3 — ZrO, + Gaseous products
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Taylor Cone

Syringe Pump — Fiber Scaffold

High Voltage —

Fig. 1 Experimental setup of electrospining technique

Subsequently the cell seeded scaffolds were incubated at
37 °C in a humidified CO, incubator under standard culturing
conditions for 1 to 7 days in order to allow the cells to adhere
onto the scaffolds.

Morphology studies of nanofibers scaffold

Cell morphological studies of nanofiber scaffold were inves-
tigated using DAPI stain which bound to DNA. For DAPI
staining, medium was removed from 6 well plates. The scaf-
fold was washed three times with PBS™ (Phosphate Buffer
Saline), followed by fixing them with 3.7% Formaldehyde
for 30 min. The formaldehyde was removed and washed the
scaffold three times for 5 min each in PBS™. The scaffolds
were permeabilized by immersion in 0.2% Triton X-100 for
5 min and washed three times for 5 min each in PBS* followed
by the incubation for 1-5 min at room temperature in DAPI
solution (dilute 1:5000 in PBS™). Again the scaffolds were
washed three times in PBS™.

FE-SEM morphological study of the scaffold

Morphology of cells on the nanofiber PCL and
PCL30wt%ZrO,scaffolds were evaluated for 5 and 7 days
after seeding. For FE-SEM analysis, the scaffolds were taken
out from the culture plate and rinsed gently with PBS, follow-
ed by fixing them with 4% Formaldehyde solution for 30 min.
They were dehydrated in graded ethanol solution (30-100%)
for 10 min each. Finally, they were air dried at room temper-
ature for overnight. Dry cellular constructs were coated with
gold sputter and observed under the FE-SEM.

Swelling studies

The Swelling studied of PCL and PCL/30wt%ZrO,nanofiber
scaffold were performed in PBS at pH 7.4 at 37 °C. Dryweight
of scaffolds was noted (Wd). Scaffolds were place in PBS
solution for 7 days. The scaffolds were removed each day to
remove absorbed water on the surface and wet weight was
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recorded (Ww). The ratio of swelling was determined using
the formula.

Ww—Wd

Swelli tio =
welling  ratio W

In vitro degradation studies

The degradation of PCL and PCL/30wt%ZrO,nanofiber scaf-
folds were studied in phosphate buffered saline solution. The
pH of solution was 7.4 at 37 °C. The scaffolds were immersed
in PBS and incubated for 5 weeks. After each week the scaf-
folds were washed in deionised water and dried. Initial weight
was noted as Wo and dry weight as Wd. The degradation of
scaffold was calculated by using the formula.

Wo—Wd

Degradation (%) = X100

Characterizations

The structural morphology of the composite scaffolds was
examined using Field Effect Scanning Electron Microscopy
(FESEM). Nanofiber scaffold samples were prepared by tak-
ing a thin section of the nanofiber scaffold. The section was
then gold sputter coated in and examined using scanning elec-
tron microscope (HITACHI S-4800). Powder X-ray
Diffraction analysis of sintered samples was carried out in
order to study the structural properties of Zirconia using a
rigaku diffractometer (XRD, miniflex rigaku), and then ana-
lyzed, using Ni-filtered CuK« radiation (A =0.1542 nm) in
the step scanning mode, with tube voltage of 40 kV and tube
current of 40 mA. The XRD patterns were recorded in the 26
range of 20 to 70°, with a step size of 0.02° and step duration
of 1 s. FTIR study was done using Shimadzu Fourier
Transform Infrared Spectrophotometer. The morphology of
the cells over the scaffold was studied under Inverted light
microscope (Magnus, Invitrogen) and Fluorescence
Microscopy (FLoid Cell Imaging system, Life Technologies,
Themofisher) using DAPI stain (Aex =395 nm, Aem=
461 nm).

Results and discussions
Characterization of ZrO, nanoparticles

It is well known that nano structured materials exhibited
unique physiochemical properties that are unseen in conven-
tional bulk materials. Nano-ZrQO, exhibits much better struc-
tural and biological properties as compared to normal ZrO,
powder, due to the small particle diameter which will result in
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better sintering ability [34, 35]. Nano- ZrO, particles can be
prepared by a variety of approaches, for example, wet chem-
ical/precipitation, Sol-gel [36, 37] methods. In the present
work combustion synthesis was employed. FE-SEM images
of nano ZrO,are as shown in Fig. 2a. It shows that homoge-
nous distribution of particles with spherical morphology. The
Fig. 2b shows the particles of average diameter 33.375 nm.
The formation and composition of crystalline of ZrO, nano-
particles are confirmed from Energy Dispersive X-ray (EDX)
analysis, Fig. 2d revealed that the Zr and O are the only ele-
ments in the sample with high purity and no other impurity.

X-ray Diffraction pattern (XRD) also revealed the pure
Zirconia phase with high crystallinity (Fig. 2c). It is well
match to ICCD data file number 01-078-1807. The particle
size of ZrO, materials was calculated using Scherrer equation
[38, 39].

K
D= Bcos®

Where A is the wavelength CuK « radiation, f3 is the full width
at the half maximum of ZrO, (211), 20 =31.373° reflections
which have the highest intensity among ZrO, peaks and © is
the diffraction angle. The mean crystalline size was found that
23 nm. Particle size is one of the crucial factors influencing the
integrity of the scaffolds [40].

Morphology of the nanofibers scaffolds

Analyzing the effect of ZrO, nanoparticles on the fiber mor-
phology and structure revealed the spider web structure of the
scaffolds. It may be observed from the micrographs that the

Fig. 2 a-b FE-SEM images of
the nano ZrO, particles at
different magnification (c-d) are
XRD patterns and energy-
dispersive X-ray spectrum (EDX)
of the of the nano ZrO,,
respectively

resulting PCL and PCL/ZrO,nanocomposite fiber scaffolds
are almost uniform in fiber morphology and are highly porous.
The effect of ZrO, nanoparticles of various concentrations, a
lower range of 6 wt%, and a higher range of 30 wt% does not
shows changed in fiber morphology. As can be seen from
Fig. 3 uniform and highly smooth nanofibers were formed
without the occurrence of bead defects for all materials.
Both the control PCL and PCL/ZrO, electrospun scaffolds
showed an interconnected and highly porous structure which
was composed of continuous nonwoven nanofibers.

FTIR analysis

Figure 4 shows the FT-IR spectra of polycaprolactone and
PCL/ZrO, nanofibers scaffold. FT-IR analysis of PCL/ZrO,
nanofibers scaffold revealed the incorporation of ZrO, into the
PCL matrix. FT-IR spectrum of neat PCL shows an intense
peak at 1728 cm ™', which is due to the presence of the ester
carbonyl group that corresponds to the -CO (stretching) in the
PCL polymer. The peaks at 2864 and 2941 cm ™ are related to
the C—H bond of saturated carbons. The PCL/ZrO, and
polycaprolactone presented the same spectra in the wave num-
ber range of 700-4000 cm ', while the peak located at 500—
700 cm ! is attributed to the stretching of the Zr-O bond
[41-43]. It is clearly seen in Fig. 4b.It means that Zirconia is
well incorporate in PCL polymer matrix. Figure 4b showed
additional Peak at 1629 cm™' belongs to the bending mode of
OH group while the sharp peak at 3570 cm ' denotes the OH
stretching vibrations. The absorptions at, 3535 cm™ ',
3508 cm ™' correspond to the vibration of stretching and de-
formation of the O-H bond due to the absorption of water and
coordination with water [44].

LJS“MMAA\AI.\MA\A
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Fig. 3 FE-SEM images to show
surface morphology of (a) PCL
(b) PCL/6Wt%Z1O, (¢) PCL/
12wt%ZrO, (d) PCL/
20wt%ZrO, (e) PCL/25Wt%ZrO,
(f) PCL/30wt%ZrO, nanofibers
scaffolds

Cytocompatibility studies

Mouse fibroblast cells (3T3) were incubated for 48 h in
standard growth medium at 37 °C in 5% CO,and 95%
air environment in the presence of PCL and PCL/
30wt%ZrO, scaffolds. The result from this study re-
vealed that cell viability was 71%, 72% and 73% for
control (00 w), PCL and PCL/ZrO, scaffolds as shown

in Fig. 5.The results suggest that there are no signifi-
cant (p>0.005) effect in the PCL/ZrO, scaffolds in
comparison to the control PCL scaffolds. This study
proved the nontoxic nature of composite scaffolds
against 3T3 mouse fibroblast cells. Hence it suggests
that cell viability is not affected by addition of nano
ZrO,. The cytocompatibility of ZrO, has already been
proved earlier [21].

Fig. 4 FTIR spectra of (a) PCL i
(b) PCL/30Wt%Z1O,

85 90

80

Transmittance [%]
70 75

65
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100+
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% cell viability

" Contol PCL PCL/30Wt%Zr0,
Concentration (ug/ml)

Fig. 5 Effect of PCL and PCL/30wt%ZrO, scaffolds on 3T3 mouse
fibroblast cells. Data is represented as Mean = SEM (n = 3)

Cell adhesion and proliferation studies of the nanofibers
scaffolds

The PCL/30wt%ZrO, nanofibers scaffold was selected for
further study and PCL scaffold was used as a control.

Fig. 6 Optical microscopy

PCL scaffold

Inverted Microscope images were used to study the attach-
ment, morphology and spreading of cells on the PCL/
30wt%ZrO,nanofibers scaffolds. Inverted Microscope images
of cells incubated for 2, 3, 5 and 7 days on the scaffolds
showed the cells attachment and spreading on the scaffolds
(Fig. 6). However, there was a difference in morphology and
spreading in a material dependent manner. After 3 days of
incubation cells (3T3) on the control scaffolds remained in
less number and localized, while cells were found to be mi-
grated towards the nanofiber scaffolds with a well spread mor-
phology and higher cell density. After the 7 day period of
incubation, cell attachment studies showed that the nanofiber
scaffold has increased cell attachment as compared to control
scaffolds. The higher attachment on nanofiber scaffolds may
be due to the increase in surface area. It is known that surface
topology could play a role in cell attachment on implants [45].
An increase in surface area allows maximum area for cell
attachment and nano surfaces have larger surface area to vol-
ume ratio [46]. The new composite nanofibers could provide

PCL/30wt%ZrO, scaffold

images of a culture of mouse
fibroblasts 3T3 cells in contact
with the PCL and PCL/
30wt%ZrO, nanofibers scaffold
(stars indicate fibroblast cells and
Arrows indicate scaffolds surface)

2 days

3 days

5 days

7 days
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Fig. 7 Fluorescence microscopy
images of a culture of mouse
fibroblasts 3T3 cells in contact
with the PCL and PCL/
30wt%ZrO, nanofibers scaffold
for 3 days (stars indicate
fibroblast cells and left-right
arrows indicate growth of
fibroblast cells on scaffolds
surface)

PCL scaffold

PCL/30wt%ZrO,
scaffold

better hydrophilicity (wettability) and improved biological
properties. Biologically, the incorporation of ceramic into the
synthetic components could promote cell-surface recognition
and also promote or control many aspects of cell physiology
such as adhesion, spreading, activation, migration, prolifera-
tion and differentiation. Due to the size of the nanofibers, such
effects are being augmented or made more effective because
of the high surface area for cells to access [47].

Cell morphology and proliferation studies
of the nanofibers scaffolds

DAPI staining was used to evaluate cell attachment and
proliferation by staining of cell nuclei. The 3T3 mouse
fibroblast cells were incubated on the scaffolds and exam-
ined under fluorescence microscope for 3, 5 and 7 days
(Figs. 7, 8, and 9). Fluorescence microscope images
showed that cells attached to the scaffolds with spindle
fibroblast-like morphology, a characteristic feature of 3T3
mouse fibroblast cells. The ideal scaffold should have abil-
ity to support the attachment of cells on its surface [48, 49].

After 3 days of cell seeding the cells were attached to the
scaffold and the morphology of cell was clearly observed on
the surface of scaffold (Fig. 7). The scaffolds substrate sup-
ports the cell attachment and proliferation after 5 days (Fig. 8).

Fig. 8 Fluorescence microscopy
images of a culture of mouse
fibroblasts 3T3 cells in contact
with the PCL and PCL/
30wt%ZrO, nanofibers scaffold
for 5 days (stars indicate
fibroblast cells and left-right
arrows indicate growth of
fibroblast cells on scaffolds
surface)

PCL scaffold

PCL/30Wt%ZrO, |

scaffold
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After seeding the same number of cells on scaffolds for 7 days
(Fig. 9), fluorescence micrographs showed that the majority of
the cells that had been grown on PCL and PCL/30wt%ZrO,
scaffolds showed the spindle morphology.

Comparatively, between the PCL nanofibers and the
PCL/30wt%ZrO, substrates, the number of cells that were
attached on the PCL/30wt%ZrO, nanofibrous substrates
was more than that of the cells attached on PCL scaffold
(Figs. 7 and 8). Comparing PCL and PCL/30wt%ZrO, scaf-
folds, the notable increase in the number of attached cells
was observed on the PCL/30wt%ZrO, scaffold after 7 day
cell culturing (Fig. 9). The blue and merge images clearly
indicated that cells were attached on the surface of scaffolds
and around the surface of scaffolds and increases in number
of cells after 7 days.

Morphology and surface chemistry of nanofibers scaffolds
used in tissue engineering and regenerative medicine have an
important impact on cell behaviors such as adhesion, prolifer-
ation, differentiation and cell-matrix interaction [50]. Cell af-
finity towards synthetic polymers is generally poor as a con-
sequence of their low hydrophilicity and lack of surface cell
recognition sites. The incorporation of nano ZrO, in synthetic
polymer i.e. chitin/chitosan scaffolds were found to have good
material characteristics and ideal pore size for tissue engineer-
ing and enhanced cell attachment as compared to polymer
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it i
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Fig. 9 Fluorescence microscopy
images of a culture of mouse
fibroblasts 3T3 cells in contact
with the PCL and PCL/
30wt%ZrO, nanofibers scaffold
for 7 days (stars indicate
fibroblast cells and left-right
arrows indicate growth of
fibroblast cells on scaffolds —
surface)

PCL scaffold

PCL/30wt%ZrO,
— scaffold

scaffolds [51].Above observation indicated more effective-
ness of surface chemistry of PCL/ZrO, scaffolds as compared
to PCL scaffold to promote proliferation of 3T3 mouse fibro-
blast cells on these substrates. These results confirmed that
PCL/ZrO, nanofibers support better cell attachment as com-
pared to the PCL nanofibers due to the addition of Zirconia
nanoparticles.

In vitro degradation studies

Degradation of the scaffolds is a very important parameter in
tissue engineering. Ideally the scaffolds should degrade as
new tissue formation takes place [1]. The in vitro degradation
of PCL and PCL/30wt%ZrO,nanofiber scaffold in PBS was
performed for a period of 4 weeks. The PCL scaffold showed
increased degradation (51%) as compare to PCL/
30wt%ZrO,scaffolds (49%) (Fig. 10) after 4th week. There
is gradual increase in degradation from 1 week to 4 weeks in

60+
-~ PCL

- -=- PCL/30Wt%ZrO,
.2
= 40
°
o
o
@
o 204
ES

0 T T T 1

0 7 14 21 28
Time (Days)

Fig. 10 Degradation of PCL and PCL/30wt%ZrO, scaffold

Merge

both scaffolds. Thus the material possesses controlled biodeg-
radation which is suitable for a biomaterial for tissue engineer-
ing applications.

Swelling studies

Swelling facilitates the infiltration of cells into the scaffolds in
a three-dimensional fashion, during in vitro cell culture as
already proved [52] where desirable swelling and increase in
pore size was found to facilitate cell attachment and growth in
a three-dimensional fashion. The increase in the pore size also
allows cells to avail the maximum internal surface of the scaf-
folds [53, 54]. Samples showing higher degree of swelling
will have a larger surface area/volume ratio thus allowing
the samples to have the maximum probability of cell growth
in a three-dimensional fashion [55, 56].

The increase in swelling also allows the samples to avail
nutrients from culture media more effectively [51]. The me-
chanical properties of the scaffolds are related to the swelling
of'the scaffolds. The swelling effect will lose the scaffold from
its implanted site and generate unnecessary stress on sur-
rounding tissues. The incorporation of nano ZrO, decreased
the swelling ability of nano composite scaffolds. This decrease
in swelling rate with the addition of nano ZrO, may be due to
their interaction with PCL and indicating that it had good
mechanical strength to support bone tissue in growth.
Blending has increased the ability of PCL to absorb water,
while retaining its unique characteristics, such as low degra-
dation rate and high mechanical strength [57]. Hence the
swelling rate of composite scaffolds (Fig. 11) such as PCL
can be controlled by the addition nano ZrO,.

@ Springer
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Fig. 11 Swelling data of (a) PCL and PCL/30wt%ZrO, scaffold
Morphology studies of the nanofibers scaffolds

FE-SEM observations of the cultured 3T3 mouse fibroblast
cells in electrospun PCL/30wt%ZrO,nanofibers scaffolds
show some differences in their morphology along the experi-
ment (Fig. 12). At 5 and 7 days of culture, samples from the
electrospun PCL nanofiber showed a round-shaped morphol-
ogy (12(A-B)), In Fig. 12c, referred to the 3T3 cultures at5
days with PCL/30wt%ZrO,nanofibers scaffolds showed round
shape morphology along with the incorporation of ZrO, parti-
cles on its surface with square shape. At day 7 there was more
incorporation of ZrO, particles on PCL surface and the shape
of particles were round off (Fig. 12d).Our interpretation of
these figures is that due to the secretion of ECM components

Fig. 12 FE-SEM images of a
culture of 3T3 mouse fibroblasts
cells in contact with the (a- 5 days
PCL, b- 7 days PCL) and

(e-5 days PCL/30wt%ZrO;,

d-7 days PCL/30wt%Z1O,)
nanofibers scaffold

@ Springer

by the 3T3 cells and consequent deposition may lead to a thin
film of cells entrapped in this matrix. Therefore, there are less
“visible” cells, as they are now part of the matrix. The Same
type of study demonstrating the secretion of ECM components
by the 3T3 cells was carried out by Silva et al. [58].

Conclusions

Nanofibers scaffolds designed for bone regeneration applica-
tions should essentially mimic the vital role of natural tissues.
However, the conventional scaffolds lack enough mechanical
strength due to higher degradation rate and small surface area
for cell growth. Nanofibers composite scaffolds can overcome
these limitations. Biodegradable PCL nanofibers composite
scaffolds incorporated with biocompatible Zirconia nanopar-
ticles were successfully fabricated by electrospinning of PCL
solution. The ZrO, was uniformly dispersed on the fiber sur-
faces for all concentration. These scaffolds were found to have
good material characteristics and porosity for tissue regenera-
tion. The scaffold also showed controlled swelling, degrada-
tion and enhanced bioactivity in comparison to the control
scaffolds. Cell viability studies proved the non-toxic nature
of these scaffolds. Finally, the fabricated scaffolds have shown
excellent fibroblast cell attachment and proliferation. Thus,
this material can be effectively used as tissue-engineering
scaffold.
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