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Abstract In this study, two techniques, namely elec-
trospinning and needle-punching processes, were used to
fabricate bioactive polycaprolactone/hydroxyapatite scaf-
folds with a final bilayer nano-/micro-fibrous porous
structure. A hybrid scaffold was fabricated to combine the
beneficial properties of nanofibers and microfibers and to
create a three-dimensional porous structure (which is usu-
ally very difficult to produce using electrospinning tech-
nology only). The first part of this work focused on
determining the conditions necessary to fabricate nano- and
micro-fibrous components of scaffold layers. A character-
ization of scaffold components, with respect to their mor-
phology, fiber diameter, pore size, wettability, chemical
composition and mechanical properties, was performed.
Then, the same process parameters were applied to produce
a hybrid bilayer scaffold by electrospinning the nanofibers
directly onto the micro-fibrous nonwovens obtained in a
traditional mechanical needle-punching process. In the
second part, the bioactive character of a hybrid nano-/
micro-fibrous scaffold in simulated body fluid (SBF) was
assessed. Spherical calcium phosphate was precipitated
onto the nano-/micro-fibrous scaffold surface proving its
bioactivity.

Introduction

A number of fabrication technologies have been applied to
produce an ideal scaffold for bone tissue engineering [1].
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Fiber-based structures represent a wide range of morpho-
logical and geometric possibilities that can be tailored for
each specific tissue engineering application [2, 3].
Recently, electrospinning of nanofibers has been widely
researched and numerous composite nanofibers, containing
bioactive molecules, have been prepared to match the
requirements for bone tissue scaffolds [4-6]. Current
developments include the fabrication of nanofibrous scaf-
folds which, due to their similarity to the extracellular
matrix (ECM), can provide chemical, mechanical and
biological signals to respond to the environmental stimuli
[7]. Several investigators have developed electrospun
scaffolds that combine degradable polymers such as
polycaprolactone (PCL) with nano-hydroxyapatite (n-
HAp) [8, 9]. Many studies have discovered that a com-
posite of PCL/n-HAp biomaterials generally favors cal-
cium phosphate mineralization followed by an osteogenic
differentiation process [10-12]. Several studies have
showed that, by introducing a bone-bioactive inorganic
component (n-HAp) into the PCL matrix, better interaction
and improved cell adhesion with the biological environ-
ment can be achieved [13]. It is well known that inter-
connected pores in tissue engineering scaffolds are
essential for cell growth, migration, vascularization, and
tissue formation [14]. Electrospinning is a process that can
generate a fibrous scaffold with high porosity, intercon-
nected pores, a large surface-area-to-volume ratio and a
variable fiber diameter [15]. However, the small pore size
of electrospun nanofibrous scaffolds may limit cellular
infiltration [16]. Pore size below cellular diameter cannot
allow cell migration within the structure [17]. Porosity and
thereby cell penetration could be enhanced in scaffolds by
using the strategy of creating a 3D nano-/micro-architec-
ture, where nanofibers are combined with microfibers [18—
22]. Nano-/micro-fibrous scaffolds have an innovative
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structure, inspired by an ECM that combines a nano-net-
work, aimed to promote cell adhesion, with a micro-fiber
mesh to generate the 3-D structure [23, 24]. Although
micro-fibrous scaffolds are not on the same size scale as
ECM components, they could potentially be advantageous
because they are composed of larger pores as compared to
nano-fibrous scaffolds [25]. Conventional textile technol-
ogies, which are simple and nontoxic (such as the needle-
punching technique), can generate highly porous, micro-
fibrous nonwovens with interconnected pores suitable for
tissue engineering scaffolds [26]. Moreover, modification
of fibers using bioactive ceramic particles can lead to the
development of new materials for the manufacturing of
implants which can establish direct chemical bonds with
bone tissue after implantation [27, 28]. A nano-fibrous
membrane in a bilayer scaffold can also act as a barrier
membrane which serves two functions: it is permeable to
nutrients yet, when coupled with a micro-fibrous scaffold,
allows for the proliferation of cells on both sides of the
barrier while at the same time preventing the unwanted
migration of cells across the barrier [29].

This study focused on producing bilayer hybrid nano-/
micro-fibrous composite scaffolds of poly(e-caprolactone)
modified with hydroxyapatite nanoparticles for tissue
engineering application. The first part of this work con-
centrated on determining the conditions necessary to pro-
duce nano- and micro-fibrous components of scaffold
layers. A characterization of scaffold components with
respect to their morphology, fiber diameter, pore size,
wettability, chemical composition, and mechanical prop-
erties was performed. Then, the same process parameters
were applied to produce a hybrid bilayer scaffold by
electrospinning nanofibers directly onto the micro-fibrous
nonwovens obtained in a traditional mechanical needle-
punching process. In the second part, the bioactive char-
acter of the hybrid nano-/micro-fibrous scaffold was
assessed.

Materials and methods
Scaffold fabrication
Nano-fibrous scaffolds

In this study, nano-fibrous scaffolds were produced by
electrospinning. Poly(e-caprolactone) from Sigma-Aldrich,
with an average molecular weight of 80 kDa, was dis-
solved into equal parts of chloroform and methanol
(POCH, Poland) at a concentration of 6 % (wt/vol). For the
composite scaffold, the PCL solution was mixed with
20 wt % of n-HAp (AGH, Cracow, Poland) [30]. The
solutions were loaded into a 10 mL plastic syringe with a
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stainless-steel blunt needle (diameter 0.7 mm). The needle
was connected to a high-voltage power supply which
generated a voltage of 30 kV. The flow rate of the solution
was 1.5 mL/h. The fibers were collected on a rotary drum
(diameter: 60 mm; length: 300 mm; rotation speed:
230 rpm; linear velocity: 0.72 m/s) wrapped with a piece
of silica-coated paper which was placed at a distance of
15 cm from the needle tip. The deposition was perform for
a duration of 3 h. Two types of electrospun scaffolds were
formed: (1) pure PCL (nPCL) and (2) PCL modified with
n-HAp (nPCL/n-HAp).

Micro-fibrous scaffolds

Micro-fibrous scaffolds were produced using a traditional
needle-punching process. Before scaffold fabrication, pure
PCL and composite PCL/n-HAp fibers were produced
using the melt spinning method, with a prototype labora-
tory spinning machine PROMA (Torun, Poland) as previ-
ously described [31]. In order to obtain composite fibers,
n-HAp powder (5 wt %) was premixed into the PCL
polymer before melting. This amount of n-HAp powder
was chosen based on previous studies in which the higher
concentration of nanoparticles resulted in a significant
decrease in the mechanical properties of the fibers [32].
The premixing process was applied in order to obtain
homogeneously mixed components. In the premixing pro-
cess, hydroxyapatite powder and polymer granulates were
premixed in the mixer and then fed into the extruder. The
extruder homogenized them and a masterbatch of PCL/n-
HAp was produced before the principal process of forming
fibers. Fibers were extruded from the melted components at
a temperature of 170 °C and were spun with a take-up
velocity of 247 m/min. The obtained fibers were then
carded using a laboratory carding machine and arranged in
a 2D sheet with a random fiber orientation. The fibers in the
web were then bonded together using a needle-punching
process. For both samples, the same amount of needling
and needling depth was used. Finally, two types of non-
woven scaffolds were obtained using this method: (1) pure
PCL (mPCL) and (2) PCL modified with n-HAp (mPCL/n-
HAp).

Hybrid nano/micro-fibrous scaffolds

Hybrid bilayer scaffolds consisting of a top nanofiber layer
and a bottom microfiber layer were obtained by electros-
pinning nPCL or nPCL/n-HAp nanofibers directly onto the
micro-fibrous mPCL or mPCL/n-HAp nonwoven scaffolds.
The same electrospinning process parameters for nanofi-
brous scaffold fabrication were applied to produce a hybrid
bilayer scaffolds. The nanofibers were collected on a rotary
drum wrapped with a mPCL or mPCL/n-HAp nonwovens.
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Two types of hybrid materials were obtained: (1) a non-
modified hybrid scaffold (H-PCL) and (2) a n-HAp modi-
fied hybrid scaffold (H-PCL/n-HAp).

Scaffold characterization

In order to determine the diameter and morphology of the
nano- and micro-fibrous materials, scaffold samples were
covered by a sputtered gold coating and analyzed by a
scanning electron microscope (JEOL JSM 5500). The
average diameter of the fibers was determined by per-
forming measurements on 60 fibers.

A capillary flow porometer (PMI, USA) was applied to
evaluate the pore size distribution of nano- and micro-
fibrous scaffolds. In a PMI porometer, a non-reacting gas
flows through a dry sample and then through the same
sample after it has been wet with isopropyl alcohol. The
change in flow rate is evaluated as a function of pressure
for both dry and wet processes [33]. Three samples from
each material were used. For each sample, the pore size
measurement was repeated three times.

Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR) was used to characterize the
nano- and micro-fibrous scaffolds. FTIR spectra were
recorded using the FTS Digilab 60 BioRad spectropho-
tometer (in the 400-4000 cm ™! range). All spectra were
acquired through the accumulation of 64 scans at a reso-
lution of 4 cm™". One sample from each material was used
in the study.

Water contact angles indicating the wetting ability of the
nano- and micro-fibrous scaffolds were measured using
drop shape analysis (DSA 10, KRUSS). A single droplet of
doubly distilled water (20 pL) was applied to the scaffold
surface and contact angle measurements were taken at
room temperature. Five measurements were done at dif-
ferent locations and the average value of the contact angle
was obtained using standard deviation.

The tensile properties of the nanofibrous, microfibrous,
and hybrid scaffolds were analyzed using a Zwick-Roell Z
2.5 testing machine at a cross-head speed of 10 mm/min.
The rectangular samples were 10 cm long and 2 cm wide.
At least three specimens were tested for each sample and
the mean values of tensile strength were reported. The
thickness of the scaffolds was determined using the
thickness gage TILMET 73. The thickness test was per-
formed on eight samples of each type of fibrous scaffolds.
The values of the average thickness were determined.

The adhesion tests were done using a Zwick-Roell Z 2.5
testing machine at a cross-head speed of 10 mm/min. The
rectangular samples were approximately 2.0 x 2.0 cm and
0.5 cm high. Double-sided tape was placed on the surface
of the compression plates and coated with a thin layer of
superglue. The samples were then placed between the

plates and the hybrid scaffold was compressed up to —30 N
and allowed to sit for 1 min to allow the glue to dry [21].
Then, the tensile test was performed until the two layers
were separated. Three specimens for each test were con-
sidered. The maximum load and average adhesion strength
were reported.

To determine the bioactivity of nano-/micro-fibrous
scaffolds, the effect of the presence of n-HAp particles in
the hybrid scaffold on apatite formation after immersion in
simulated body fluid (SBF) was evaluated. In comparison,
non-modified hybrid nano-/micro-fibrous scaffolds were
also analyzed. Hybrid scaffolds were incubated for 7 days
in 14 mL of 1.5x SBF (pH 7.4; 37 °C). The SBF was
prepared following Kokubo’s protocol [34]. The surface
morphology of the samples was examined by SEM.

All the data in this article has been presented as
mean =+ standard deviation and has been analyzed using
Student’s ¢ test for the calculation of the significance level
of the data. Differences were considered significant when
p < 0.05.

Results and discussion

Interconnected nano- and micro-fibrous nonwovens were
obtained using electrospinning and needle-punching pro-
cesses. SEM images revealed a beadless, porous structure
of the electrospun scaffolds (Fig. 1a, b). Some aggregated
n-HAp particles in the case of nPCL/n-HAp nanofibers
were observed. The fiber diameter histogram (Fig. 1c)
revealed that most of the fibers were between 300 and
850 nm with the highest frequency occurring in the
500 nm range for modified nPCL/n-HAp nanofibers and in
the 650 nm range for pure nPCL samples. It was found that
the addition of n-HAp particles into the PCL solution can
reduce the fiber diameter. It seems likely that the addition
of n-HAp into the PCL solution can cause an increase in
net charge density during electrospinning. An increase in
net charge should increase the electrostatic force within the
jet and result in higher stretching of the jet, hence the
decrease in fiber diameter. On the other hand, n-HAp
particles agglomerate easily, therefore, the measured fiber
diameter for both types of nanofibrous scaffolds will be in a
similar range (300-1150 nm). The SEM images of the
micro-fibrous scaffolds obtained using the needle-punching
process are shown in Fig. 1d and e. The mPCL and mPCL/
n-HAp fibers appeared randomly distributed without pref-
erential orientation. The fiber’s surface was affected by the
mechanical intertwining of the fibers by needles. In addi-
tion, in the case of the mPCL/n-HAp sample, n-HAp
agglomerates were seen on the fiber’s surface. The fiber’s
diameter distribution is presented in Fig. 1f. The diameter
of fibers varied from 20 to 80 pm for pure mPCL
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nonwoven and from 20 to 100 um for the modified mPCL/
n-HAp scaffold. The average diameter of the fibers was
37.6 £ 17.7 um for pure mPCL and 49.9 £ 21.7 um for
composite mPCL/n-HAp fibers.

Figure 2 shows the pore size distribution of the elec-
trospun nano-fibrous and needle-punched micro-fibrous
scaffolds. The results revealed a very narrow distribution
of pore size for nPCL and nPCL/n-HAp scaffolds cen-
tered at 1.2 and 2.0 pm, respectively (Fig. 2a). The
results obtained confirmed a general view that the elec-
trospinning technique allows one to obtain scaffolds with
a highly porous network of interconnected pores [35].
However, the average pore size in electrospun nanofi-
brous scaffolds is insufficient for bone tissue engineering
[17]. The relatively small pore size compared to the
cellular diameter (5-20 pm) could not allow cell migra-
tion within the scaffolds [19]. In the case of micro-fibrous
scaffolds, pore size distribution was much wider
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(Fig. 2b). The main pore fraction for n-HAp modified
micro-fibrous samples was in the range of 160-280 um,
smaller pores in the range of 20-60 pum were also pres-
ent. In the case of pure mPCL samples, major pore
fractions were in the range of 180-200 um and
200-400 pm.

Figure 3 shows FTIR spectra of nano- and micro-fibrous
scaffolds as well as of pure n-HAp powder. Several charac-
teristic bands of PCL were observed for both types of nano-
and micro-fibrous samples at 1727 cm™"' (C=O stretching),
1293 cm™!' (C-O and C—C stretching), 1240 cm™' (C—O-C
asymmetric stretching), and 1175 cm™' (C-O—-C symmetric
stretching) [36]. In the case of n-HAp modified scaffolds,
some bands characteristic of n-HAp were identified. Although
the main v3 PO,>~ stretching mode at about 1033 cm™" was
overlapped by the PCL spectrum, the v4 vibrational band was
detected for nPCL/n-HAp and mPCL/n-HAp samples at 605
and 566 cm™! [37]. The results confirmed a successful
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Fig. 3 FTIR spectra of fibrous
scaffolds: a nano-fibrous
scaffold fabricated by
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Fig. 4 The contact angle of nano- and micro-fibrous scaffolds. The
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incorporation of n-HAp particles both into the nano- and
micro-fibrous scaffold.

The contact angle measurement was performed in order
to understand the influence of n-HAp on micro- and nano-
fibrous scaffolds’ surfaces wetting ability. Water contact
angle values of the prepared scaffold are presented in
Fig. 4a. All fibrous scaffolds revealed contact angles of
over 100°, which means that water does not spread on the
surface of these materials due to their hydrophobic prop-
erties. In addition, the incorporation of n-HAp nanoparti-
cles within the nPCL nanofibrous scaffold (nPCL/n-HAp)
increased the hydrophobicity of its surface and the highest
value of the contact angle (about 135°) was observed using
nPCL/n-HAp samples. The static contact angle measured is
regulated by the surface chemistry and the surface rough-
ness of the sample. The smoother the surface, the smaller
the contact angle. The addition of n-HAp into the elec-
trospun scaffolds increase the surface roughness resulting
from the presence of extra crystallites on the fiber’s surface
and thus increases the contact angle. In the case of the
nonwovens prepared with the traditional needle-punching

2000 1500 1000 500
Wavenumber [cm]

technique, the addition of n-HAp has no effect on the
change of the contact angle value.

Representative stress—strain curves and average tensile
strengths of obtained nano-fibrous, micro-fibrous, and
hybrid scaffolds are shown in Fig. 5. Nano- and micro-
fibrous samples showed different tensile behavior (Fig. 5b,
d). The stress and strain values of micro-fibrous scaffolds
were lower compared to nano-fibrous scaffolds, indicating
an inferior deformability and flexibility. The addition of
n-HAp powder resulted in a decrease of mechanical
properties of obtained nano- and micro-fibrous scaffolds,
probably due to the agglomeration of n-HAp particles.
Inorganic nanoparticles generally agglomerate easily and
cannot be intermixed well. The addition of n-HAp particles
creates weak links in the PCL matrix. These weak links
become stress concentrators in a continuum matrix and
thus reduce the tensile strength of the composite fibers. The
tensile strength decrease ranges from 2.2 MPa for an
unmodified nano-fibrous scaffold to 1.3 MPa for a com-
posite nano-fibrous scaffold and, in the case of microfi-
brous scaffolds from 8.7 kPa, for an unmodified scaffold to
5.4 kPa for composite scaffold (Fig. 5a, c). It should be
noted that the higher porosity of micro-fibrous scaffolds is
responsible for their lower tensile strength.

Hybrid scaffolds were fabricated using the same process
parameters as those applied before for individual scaffold
components. The typical morphology of the hybrid nano-/
micro-fibrous scaffolds obtained is presented in Fig. 6.
Homogenous deposition of the randomly orientated nano-
fibrous layer on the micro-fibrous nonwovens was observed
in the case of both types of samples (n-HAp modified and
non-modified). A micro-fibrous 3D porous structure served
as a support for the nanofibrous mesh. The cross section
revealed that nanofibers formed a layer with the thickness
of about 115 pm.

In Fig. 7, the pore size distribution for both hybrid
materials is presented. The unmodified hybrid H-PCL
scaffolds show a bimodal distribution of pore sizes, cen-
tered around 3.0 pm and in the range of 20-58 um. In the
case of modified hybrid H-PCL/n-HAp, the main fraction
of pores is in the range of 26-32 pm. Capillary flow
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porometry assumes a cylindrical pore or capillary of
varying diameter through the thickness of the scaffold and
measures only its smallest diameter (throat diameter) [38].
The results indicate that, in hybrid bilayered scaffolds
composed of nano- and micro-fibers, it is possible to obtain
three types of pore size ranges: (1) pores larger than
200 pm (pores in which cells could grow), (2) smaller
pores dedicated to the diffusion of nutrients or/and
metabolites of bone-forming cells (2040 pm), and (3)
pores enabling better neovascularization and cell attach-
ment (2-5 pm).

The mechanical properties of the microfibrous scaffolds
were improved remarkably by introducing a nanofibrous
layer. The hybrid scaffolds had much higher tensile
strength than mPCL and mPCL/n-HAp scaffolds (Fig. Se,
f).

Figure 8a and b shows a representative curve of the
adhesion tests. The first linear part of the curve is the
recovery from the —30 N compression step. At around
0 N, the slope of the curve changed, corresponding to the
point where the scaffold was not compressed any more,
i.e., the start of the adhesion test. The load increased up to a
peak and then gradually decreased. At this stage, one of the

layers was completely separated from an adjacent layer.
Adhesion strength values and standard deviation associated
with H-PCL and H-PCL/n-HAp samples are shown in
Fig. 8c. The adhesion load was around 2 N for both types
of hybrid scaffolds. Non-modified H-PCL scaffolds had an
adhesion strength of 2.8 £ 0.8 kPa and modified H-PCL/
n-HAp scaffolds had an adhesion strength of 3.7 & 0.5 kPa.
There were no significant differences among the adhesion
strength values of H-PCL and H-PCL/n-HAp samples.

The bone-bonding ability of hybrid materials was
evaluated by examining the ability of apatite to form on its
surface in a SBF with ion concentrations nearly equal to
those of human blood plasma. The macroscopic images of
hybrid bilayer scaffolds after immersion in SBF for 7 days
are shown in Fig. 9. Obviously, no apatite-like materials
were precipitated within incubation of a pure (not modi-
fied) H-PCL hybrid scaffold (Fig. 9a, b). However, with
the introduction of n-HAp nanoparticles into the hybrid
H-PCL/n-HAp scaffold, the formation of calcium phos-
phate occurred and an apatite-like mineral layer completely
covered the surface of the sample (Fig. 9c, d). The surface
of apatite layer deposited by immersion in SBF was formed
by globular structures. Preliminary results showed that the
presence of n-HAp particles within the nano- and micro-
fibrous hybrid scaffold provokes the nucleation of calcium
phosphate in SBF.

In this study, bioactive hybrid scaffolds were fabricated
through direct spinning of nanofibers on micro-fibrous
nonwovens. Both scaffold layers were modified with
n-HAp in order to ensure the bioactive character of the final
hybrid scaffold. The presence of n-HAp was confirmed by
FTIR and SEM studies. The materials usually proposed for
bone tissue engineering made of ECM-mimicking nanofi-
brous electrospun mats cannot be used as 3D scaffolds due
to their very small pore size. It is well known that pore size
distribution, porosity, and pore interconnectivity are crucial
parameters for tissue engineering scaffolds as they provide
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Fig. 8 Representative curves of the adhesion tests of the H-PCL and H-PCL/n-HAp hybrid scaffolds (a, b), adhesion strength of hybrid scaffolds
(c). There were no significant differences among the H-PCL and H-PCL/n-HAp samples
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Fig. 9 Microstructure of
H-PCL (a, b) and H-PCL/n-
HAp (¢, d) scaffolds after
7 days of immersion in SBF

50 um

the optimal spatial and nutritional conditions for the cells
and determine the successful integration of the natural bone
tissue and the material, as well as enabling neovasculari-
zation and cell attachment. By combining nano-fibers with
micro-fibers, a new scaffold material with a 3D structure
and different pore size ranges was obtained. Such bilayer
material can be used to separate and allow for the inde-
pendent proliferation of two distinct tissue types: soft tissue
on one side and bone tissue on the other side. The bioactive
character of these hybrid scaffolds was confirmed by an
SBF mineralization study. After only 7 days, the hybrid
scaffold surface was already completely covered by apatite
deposits, proving the biocompatibility of these materials.

Conclusions

The main objective of this study was to obtain new hybrid
nano-/micro-fibrous materials which could be prospec-
tively applied as three-dimensional porous scaffolds for
bone tissue engineering purposes. In this study, it was
determined that the combined use of two techniques,
namely electrospinning and needle-punching processes,
could be beneficial for the fabrication of 3D bioactive
scaffolds with a desired pore size and a final nano-/micro-
fibrous structure. Such scaffolds can be successfully used
in the body to separate soft tissue from bone tissue in order
to allow for new bone growth.
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