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Abstract
Tissue engineering scaffolds as three-dimensional substrates may serve as ideal templates for tissue regeneration by simulating the
structure of the extracellular matrix (ECM). Many biodegradable synthetic polymers, either hydrophobic, like Poly-ε-caprolactone
(PCL), or hydrophilic, like Poly(Vinyl Alcohol) (PVA), are widely used as candidate bioactive materials for fabricating tissue
engineering scaffolds. However, a combination of good cytocompatibility of hydrophilic polymers with good biomechanical
performance of hydrophobic polymers could be beneficial for the in vivo performance of the scaffolds. In this study, we aimed to
fabricate biodegradable fibrous scaffolds by combining the properties of hydrophobic PCL with those of hydrophilic PVA and
evaluate their properties in comparison with pristine PCL scaffolds. Therefore, single-layered PCL scaffolds, sequential tri-layered
(PVA/PCL/PVA), and core-shell (PVA as shell and PCL as core) composite scaffolds were developed utilizing the
electrospinning technique. The material structural and biomechanical properties of the electrospun scaffolds, before and after their
hydrolytic degradation over a seven-month period following storage in phosphate-buffered saline (PBS) at 37 °C, were
comprehensively compared. In addition, human embryonic kidney cells (HEK-293) were cultured on the scaffolds to investigate
potential cell attachment, infiltration, and proliferation. The results demonstrated the long-term efficacy of core-shell biodegradable
fibrous scaffolds in comparison to single-layers PCL and tri-layers PVA/PCL/PVA, not only due to its superior morphological
characteristics and mechanical properties, but also due to its ability to promote homogeneous cell distribution and proliferation,
without any external chemical or physical stimuli.
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1 Introduction

Tissue engineering (TE) has emerged as a distinct field at
the intersection of biology, engineering, materials science,
and medicine, and has become an integral part of the
interdisciplinary landscape. In recent decades, biomaterial
science has become an essential field in TE and regenerative
medicine applications. The key issue in TE is the devel-
opment of 3D scaffolds close to the natural tissue archi-
tecture. This can be achieved by fabricating micro-/nano-
sized scaffolds that closely resemble extracellular matrix
(ECM) topographies [1, 2]. The ideal scaffold should offer
desirable architecture, adequate mechanical properties, sui-
table surface and internal topography, biocompatibility,
biodegradability, as well as supporting cell proliferation,
differentiation, and migration [3–5]. These properties and
features offered by TE scaffolds may overcome the limita-
tions of today’s artificial implants, as well of autografts and
allografts, reducing patient postoperative recovery periods,
and preventing the use of expensive therapies [6].

In the past three decades, several methodologies have
been developed for the fabrication of nanofibrous scaffolds,
including electrospinning (ESP), phase separation and self-
assembly technologies. Among them, ESP has become one
of the most studied fabrication techniques in tissue regen-
eration applications; it is a straightforward, cost-effective,
and scalable technique suitable for producing inter-
connected and highly porous fibrous scaffolds [7–9]. ESP is
a multiparametric technology for biomaterial fabrication. It
is directly depended on: (1) materials’ parameters (polymer
molecular weight (MW), MW distribution; (2) solution
properties (e.g., viscosity, surface tension, conductivity); (3)
process parameters (flow rate, applied voltage, distance
between the spinneret and collector, motion of collector);
(4) environmental parameters (temperature, humidity). By
selection of specific parameter set one can control the
morphology, the fiber diameter, and the porous architecture/
structure of the scaffold to enhance the cell adhesion,
attachment, proliferation, differentiation, and migration
in vivo [10–12]. According to recent studies, specific
characteristics of the electrospun scaffolds such as the
aligned direction of the fibers, seem to improve the
mechanical performance [13] or even, the precise control of
the pores and the size of the fibers can allow for the con-
trolled delivery of liposomal drugs [14]. These significant
adaptable characteristics make ESP particularly appropriate
for the development of biomimetic nanosized fibrous scaf-
folds, contributing to restore, maintain or improve tissue
functions [15, 16].

Over the years various biodegradable materials have
been used for the repair/replacement of tissues and many
kinds of research have been conducted to evaluate the
feasibility of using scaffolds made from these materials

[17–19]. Biodegradation is a term used to describe the
process of breakdown of a material by nature; however, in
case of TE and regenerative medicine, biodegradation is
focused on the biological process that occurs in vivo,
causing the gradual breakdown of materials [20]. Biode-
gradable polymers are used to construct implantable bio-
material scaffolds, as they are intended to provide a
temporary structure that initially supports physiological
function and host cell migration, leading subsequently in
new tissue regeneration which is mechanically strong
enough to withstand applied physiological forces without
the assistance of foreign material [21–24]. Their application
in biomedicine has gradually increased, with proven value
in the reconstruction of multi-tissue organs, tissue interfaces
and even structural tissues, including bone, cartilage, ten-
dons, ligaments, muscle, and even fibrous constructs for
neural, heart and vascular systems [25–30].

The most common materials applied in the production of
electrospun fibers are natural or synthetic polymers [31].
Naturally derived biomaterials have good biodegradability
and biocompatibility and make cell adhesion and pro-
liferation easier. However, there are still some problems in
their usage, such as poor mechanical properties, fast
degradation rate, etc. [32]. In contrast, synthetic biomater-
ials can provide better mechanical properties and a more
adjustable biodegradation rate, to leave enough space for
cells to regenerate proper tissues and organs [33]. In most
processes based on synthetic scaffolds, besides biomi-
micking of surface and mechanical properties, additional
post-processing steps such as external stimulation or addi-
tion of growth factors are often required for optimal cell-
scaffold interaction towards biocompatibility, mechanical
stability, and equalization of rates of biodegradation and
new tissue formation [34]. The selection of the appropriate
single or multi polymeric material to be electrospun into
fibrous scaffolds, is one of the strategies to address this
challenge, taking advantage of some of the physical char-
acteristics of individual polymers while gaining some new
functionality [35].

Among different attempts to fabricate polymeric scaf-
folds by ESP, the combination of hydrophobic and hydro-
philic polymers is extensively used. However, the
construction of composite materials either as layer-by-layer,
or even coaxial structures of hydrophilic-hydrophobic
polymer fibers is far from straightforward. The shell/coat-
ing layer plays a critical role in the design of fibrous scaf-
folds, influencing cell adhesion and biomolecules/drugs
release strategy. Two general design approaches have been
reported. In the first approach, a hydrophobic polymer is
preferred as the (external) shell/coating material due to its
slower degradation and/or corrosion, achieving sustained
and prolonged release rate of drugs or bioactive molecules
incorporated. However, hydrophobic polymers have been
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associated with low cell affinity, a disadvantage in TE
applications. Thus, balancing degradation rate and cell
affinity is usually achieved through hydrophobic/hydro-
philic polymer blends [36–39]. In the second design
approach, hydrophilic polymer is favored as (external) shell/
coating material, with the hydrophobic polymer placed in
internal 3D scaffold structure. This design approach is
chosen to maximize cell–fiber adhesion due to better
hydrophilicity and wettability of the shell/coating layer [40].

In this study, our main goal is to employ this technique
that utilizes both hydrophilic and hydrophobic polymers to
fabricate fibrous scaffolds. Specifically, Poly(Vinyl Alco-
hol) (PVA) is chosen as the external material to impart
hydrophilic properties to the scaffold [41], while Poly-ε-
caprolactone (PCL) is selected as the internal material to
ensure a sturdy structure and enhanced mechanical support
during degradation [42]. To conduct the study, three dif-
ferent electrospun fibrous scaffolds were fabricated,
including (1) pristine PCL structure as single-layer scaf-
folds, served as a reference structure, (2) consecutive tri-
layer composite scaffolds structured as PVA/PCL/PVA, and
(3) core-shell coaxial scaffolds (PVA as shell and PCL as
core). The scaffolds underwent comprehensive character-
ization, encompassing morphological analysis, surface
assessment, evaluation of mechanical and cell-contact bio-
logical properties. Additionally, a seven-month in vitro
degradation study was conducted on the electrospun scaf-
folds to assess the potential impact on material properties
and its implications for their suitability in TE applications.

Ultimately, the novelty of this study resides in the
amalgamation of these two polymers within the scaffold,
manifesting as both individual fibers and mixed coaxial
fibers, aiming to synergize their individual advantageous
characteristics, including mechanical strength, ductility, and
bioactivity. This innovative combination is designed to
promote enhanced cell adhesion and proliferation by aug-
menting hydrophilicity and surface cell-recognition sites,
thus offering unique properties beneficial for advanced tis-
sue engineering applications.

2 Materials and methods

2.1 Materials and Solution Preparation

PCL in the form of pellets with an average MW 80,000, and
PVA with an average MW 85,000–124,000 (87–89%
hydrolyzed) in the form of crystals were purchased from
Sigma-Aldrich, UK. Glacial acetic acid (≥99.8%, Honey-
well Fluka) and 2-distilled water were used as solvents.

PCL working solution was prepared by dissolving 20%
w/v PCL pellets in glacial acetic acid. The solution was
transferred in 20-ml cylindrical plastic vials and stirred with

a laboratory roller mixer for 24 hours under 40 °C to obtain
a transparent solution. The solution was subsequently left to
cool at room temperature (RT; ∼23 °C) and used within
2 days.

PVA water solution was prepared by dissolving 10% w/v
PVA crystals in 2-distilled water at 90 °C to a closed con-
tainer under stirring for 3 hours. Afterwards, the solution
was left to be cooled at room temperature (RT; ∼23 °C) and
stayed overnight under constant stirring.

Regarding the fabrication of the electrospun scaffolds
in this study, an in-house electrospinning setup was used
(Fig. 1a), the detailed description of which has been pub-
lished earlier [13, 14, 28]. Two type of stainless steel
metallic blunt needles were used: Simple industrial needles
of different sizes for the single- and tri-leaflet scaffolds (Fig.
1b), or specially designed needles, used for coaxial ESP, to
produce core-shell scaffolds (Fig. 1c). A schematic diagram
of the forming electrospun process of the scaffolds is pre-
sented within the graphical abstract.

2.2 Fabrication of single-layered scaffolds

The single-layered PCL scaffolds were fabricated via blend
electrospinning. For this, a 10-ml syringe with a plastic tube
extension and a stainless-steel blunt needle (20 Gauge) was
filled with PCL working solution, driven by a syringe pump
(New Era Pump Systems Inc. NE-1000) at a feed rate of
2 ml/h. Subsequently, a high DC voltage of 20 kV (Spell-
man SL300 DC power supply unit) was applied between the
metallic needle and a rotating aluminum cylindrical drum
(width 5 cm and diameter 10 cm) collector surface (earth),
placed at 22 cm distance. A specifically designed and con-
structed Arduino-driven (Arduino Mega 2560 Rev3 with
motor shield Rev3) was used to accurately control the
angular velocity of the drum [13]. The electrospinning
processes were performed at room conditions (RT; ∼23 °C,
∼50% humidity). After conducting preliminary experi-
ments, a rotational drum speed of 1300 rpm was found to
produce better fiber quality and alignment on the cylindrical
surface. The collector’s surface was covered with aluminum
foil to collect and easily detach the electrospun membranous
scaffold. The electrospinning process duration was 3 hours.

2.3 Fabrication of tri-layered scaffolds

To construct the tri-layered PVA/PCL/PVA scaffolds, a
blend electrospinning technique was employed. First, the
PVA external layer was electrospun, followed by the central
PCL layer, and then another external layer of PVA was
added. The PVA outer layers were created using a matching
spinning setup. A 10-ml syringe with a plastic tube exten-
sion and a 20 G (0.9 mm, inner diameter) stainless steel
blunt needle was filled with the PVA solution and driven by
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the syringe pump, at a feeding rate of 0.5 ml/h. A high DC
voltage of 20 kV was applied between the metallic needle
(+) and the metallic collector surface (earth) at 14 cm dis-
tance. The same rotating metallic drum was used as the
earthed collector plate. After preliminary experiments, to
achieve better fiber quality and alignment on the cylindrical
surface, a rotational drum speed of 1500 rpm was selected
for the electrospinning process of PVA. The electrospinning
processes were performed at room conditions (RT; ∼23 °C,
humidity ∼50%). The PCL internal layer was electrospun as
described in section 2.2. The whole blend electrospinning
process duration was 6 hours.

2.4 Fabrication of core-shell scaffolds

Core-shell scaffolds were fabricated via a coaxial electro-
spinning process. In the concentric spinner, the shell liquid
of PVA solution and the liquid core of PCL were supplied
by two different syringe pumps (New Era Pump Systems
Inc. NE-1000) to drive the fluids independently; the inner
and outer precursor working solutions, each from a 10-mL
syringe, inserted to the separated inputs of the coaxial
needle, driven to the nozzle through their respective capil-
laries and formed composite droplets. The coaxial fibers
were obtained using a specific coaxial needle: a central one
with 0.63/0.91 mm inner/outer diameter (20 Gauge) and a
peripheral 1.26/1.66 mm inner/outer diameter (16 Gauge).
The shell syringe pump supplied a steady flow of 0.5 mL/h
of the shell solution (PVA) while the core syringe pump fed
a consistent flow of 2 mL/h of the core solution (PCL) to the
corresponding tips of the needle. The same cylindrical
drum, rotated at a speed of 1260 rpm, was placed at dif-
ferent distances from the needle tip to check the drying of
the fibers before hitting the collector. A rectangular piece of
aluminum foil (5 cm width and 10 cm diameter) was cov-
ered on the drum to collect the electrospun micro- and nano-
fibers. After some initial optimization experiments, a set of
the electrostatic field at 20 kV (Spellman SL300 DC power
supply unit) and a distance 16 cm of the collector from the

needle tip was chosen. The electrospinning processes were
performed at room conditions (RT; ∼23 °C, humidity
∼50%). Coaxial electrospinning process was performed for
6 hours in total.

2.5 Assessments of scaffolding materials

The material evaluation of scaffolds involves examining
both the surface and internal morphology, quantifying their
hydrophobicity/hydrophilicity, determining their in vitro
degradation under various environmental conditions, and
conducting mechanical testing prior to and during the
degradation period.

2.5.1 Morphological studies

The morphology of the electrospun fibrous scaffolds was
observed by Scanning Electron Microscope (SEM) (JEOL
6300). Rectangular-shaped specimens were gold-sputtered
prior to SEM observation. Based on the SEM images, fiber
alignment was assessed and the fiber diameter, as well as
the pore size (distance between the fibers), was measured
using an image processing software (Image J, version 1.51n,
National Institutes of Health, USA). In addition, the core-
shell structure of the electrospun fibers was demonstrated by
use of Transmission Electron Microscope (TEM) (JEM-
2100, JEOL). The samples for the TEM observation were
prepared by directly depositing the coaxial fibers onto the
copper mesh coated with carbonic film.

2.5.2 Contact angle measurements

To determine the wettability of the scaffolds and possible
alterations associated with the electrospinning procedure
and fiber morphology and orientation, contact angle (C.A.)
measurements (sessile drop method) were performed at
room temperature using a contact angle meter (CAM 101,
KSV instruments Ltd.). The test liquid used was phosphate
buffer solution (PBS, pH 7.4). Images of droplets on the

Fig. 1 a Laboratory set up of the electrospinning technique b Different size needles from stainless steel to produce the micro-nano fibers (in red
circles are the needles used in this study during blend electrospinning) and c Coaxial stainless-steel needle to produce core-shell fibers
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freeze-dried scaffolds’ surface were captured immediately
after liquid contact. Six (6) specimens 10 × 10 mm from
each group of scaffolds were tested.

2.5.3 In vitro degradation assessment

For the degradation study, samples (n= 3) were cut from
the fiber sheet collected from the spinning drum into rec-
tangular specimens 10 × 10 mm, freeze-dried and weighed
one by one on a precision balance (Mettler Toledo AB204-
S), and then subsequently placed in sterile 2-mL microfuge
tubes (Thermo Fisher, UK) containing 2 mL PBS (pH 7.4).
All tubes were covered with a parafilm layer (Sigma-
Aldrich, UK) and held upright within plastic tube racks of
appropriate size. Racks were subsequently housed within an
automated rotary shaker chamber (100 rpm, 37 °C). The
degradation study was performed over a 7-month period,
with time points at 1, 6, 12 and 28 weeks. At each time
point, samples were removed using forceps and measure-
ments of water uptake and weight loss measurements were
carried out: At the end of each time point, the weight of the
swollen samples was measured after removing the excess
surface water with filter paper. Water uptake percentage of
the scaffolds was determined from the weight of wet sample
(Ww) and the initial weight of freeze-dried sample (Wi)
using the following Eq. (1). The reported water uptake was
considered as the average value of three samples from each
group of electrospun scaffolds.

Water uptakeð%Þ ¼ ðWw�WiÞ
Wi

� 100 ð1Þ

The weight loss of the scaffolds was determined from the
initial weight of freeze-dried (Wi) and weight of final
freeze-dried (Wf) sample at end of each time point using the
following equation:

Weight lossð%Þ ¼ ðWi�WfÞ
Wi

� 100 ð2Þ

The degradation process in PBS can impact many aspects
of polymeric scaffolds. The alkaline saline solution may
provide helpful information about how these biodegradable
scaffolds could perform in vivo in terms of their morphol-
ogy, fiber diameter and pore size changes. To investigate
these scaffolds’ structural behavior changes under degra-
dation process conditions, SEM imaging of electrospun
fibers was performed.

2.5.4 Mechanical characterization

The mechanical properties of the electrospun fibrous scaf-
folds were measured with a bench type miniature tensile
tester (MiniMat 2000, Rheometric Scientific Inc.) equipped
with a 200 N load cell, at a constant rate of 10 mm/min until

failure at room conditions (RT; ∼23 °C, humidity ∼50%).
Rectangular specimens 20 × 5 mm were cut (longitudinally)
along the directional axis of the fibers, i.e., parallel to the
perimeter of the drum. Five (5) samples from each group of
scaffolds were mechanically tested before and after their
in vitro exposure to phosphate buffer solution (PBS, pH
7.4). According to the procedure followed in section 2.5.3,
the degraded samples for each group of scaffolds were
carefully selected from plastic tubes containing 5 mL PBS
(pH 7.4). Each plastic tube contained five (5) rectangular
specimens (20 × 5 mm) from each group of scaffolds and
each one represented a different time point of degradation
(1, 6, 12 and 28 weeks). The degraded samples were sub-
jected to mechanical tests after drying at room temperature
(RT; ∼23 °C) for 24 hours. Stress-strain curves were
obtained for each sample and the Young’s modulus, ulti-
mate tensile strength, and maximum strain at failure (%)
were calculated before (time zero – week 0) and at each
time point of biodegradation (1, 6, 12 and 28 weeks).

2.6 In vitro biological evaluation of scaffolds

2.6.1 Cell culture

In this study, we used the human embryonic kidney cell line
HEK-293 as our cell model. Derived from human
embryonic kidney tissue, these cells exhibit robust growth
characteristics, ease of culture, and ability to express exo-
genous genes, making them suitable for a wide range of
experimental purposes [43, 44]. HEK-293 human embryo-
nic kidney cell line was purchased from the American Type
Culture Collection (Manassas, VA, USA). The cells were
cultured in Dulbecco Modified Eagle’s Medium (DMEM,
Sigma-Aldrich, France) supplemented with L-glutamine,
4500 mg/L glucose, 110 mg/L sodium pyruvate, 10% fetal
bovine serum (FBS), 50 U/mL penicillin and 50 mg/mL
streptomycin. They were incubated at 37 °C in a humidified
atmosphere of 5% CO2.

2.6.2 Biocompatibility test

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) cell viability assay method was used to evaluate the
biocompatibility of the tissue engineering scaffolding mate-
rials. The method is based on the absorbance of the dissolved
MTT formazan crystals formed in living cells, which is
proportional to the number of viable cells. The electrospun
scaffold specimens, after sterilization with 75% ethanol for
6 hours and exposure to ultraviolet light (UV) for 30 min,
were put in empty Polystyrene (PS) 24 well plates and
washed once with phosphate-buffered saline (PBS) and once
with DMEM full medium. Cells were next dropwise seeded
at a density of 2 × 104 cells/well in 200 μl growth medium.
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Once the cells were seeded, they were placed in the 37 °C
incubator and allowed to attach for 2 hours. The scaffolds
were then covered with 0.5 ml cell growth medium. Speci-
fically, cells were seeded and allowed to attach on well plates
of PS (control, n= 4) and onto scaffolds (treatment, n= 4)
from each electrospun group (single-layered, tri-layered,
core-shell scaffolds) for 24 and 48 hours. After incubation, a
calculation of cell viability was followed. In each well, we
added 20 μl of the MTT solution (5 mg/ml) in a final volume
of 200 μl PBS and incubated for 4 hours (to form formazan
crystals). Metabolically active cells reacted with tetrazolium
salt in the MTT reagent to produce a soluble formazan dye.
Formazan crystals were solubilized by the addition of 200 μl
of acidified isopropanol (0.04 N HCl in isopropanol) fol-
lowed by stirring. Absorbance (A) measurement was done at
570 nm (wavelength) on a Multiscan EX plate reader (Micro
Plate Reader, MK3, Thermo Lab Systems, USA). The per-
centage of viable cells was then calculated based on the
following formula (3):

Cell viabilityð%Þ ¼ ðA570 sample� A570 backgroundÞ
ðA570 control� A570 backgroundÞ � 100

ð3Þ

where A570 background was the optical density (OD) at
570 nm of MTT without cells.

2.6.3 Assessment of cell morphology and proliferation

To investigate morphology, attachment, and distribution of
the cultured ΗΕΚ-293 cells on the scaffolds, an inverted
optical microscope (Nikon Diaphot, Tokyo, Japan), a
Scanning Electron Microscope (SEM) (JEOL 6300), and a
ZOE fluorescent cell imager (Biorad) were used.

Circular scaffolds (0.9 mm) were introduced into wells of
24 well plates and sterilized by Ultraviolet (UV) radiation for
20min before being washed once with phosphate-buffered
saline (PBS) and once with DMEM full medium. Cells were
next dropwise seeded at a density of 104 cells/well in 200 μL
growth medium. Once the cells were seeded, they were
placed in the 37 °C incubator and allowed to attach for
2 hours. The scaffolds were then covered with 0.5mL cell
growth medium and incubated for 1, 3 and 7 days.

The observation of adhered cells on the surfaces of fibers
was evaluated by SEM on the 7th day of the culture. The
fibrous scaffolds were washed twice with PBS and HEK-293
cells and fixed with 2.5% (v/v) glutaraldehyde in 0.1M PBS
(pH 7.4) for 30 min at ambient conditions. The samples were
washed again twice with 0.1M PBS (pH 7.4) for the
removal of unreacted glutaraldehyde. The cells were dehy-
drated with varying concentrations of ethanol (30, 50, 70,
90, and 100%) (Sigma-Aldrich, France) for 5 min in each
solution. Finally, the cells cultured on the scaffolds were

sputter coated with gold (thickness 3 nm), after drying with
Hexamethyldisilazane (HMDS) (Sigma-Aldrich, France).

Cells were also visualized via fluorescence microscopy
after 1, 3 and 7 days of growth. Plates were removed from
the incubator and rinsed three times in PBS to remove excess
media. The cells were fixed using 4% (v/v) paraformalde-
hyde (Electron Microscopy Sciences), permeabilized using
0.1% Triton-X 100 (Sigma-Aldrich), and then immuno-
stained with 4΄,6-diamidino-2-phenylindole (DAPI) (Life
Technologies, USA) and Alexa Fluor® 488 Phalloidin (Life
Technologies, USA) for A-T regions of the nucleus and
cytoskeleton (F-Actin) visualization respectively, according
to the manufacturer’s protocols. Fluorescence microscopy
analysis of the cultured and stained cells within scaffolds was
carried out using ZOE fluorescent cell imager (Biorad).

2.7 Statistical analysis

All data are reported as the mean ± standard deviation (SD)
of n samples for each experimental group. Group compar-
isons were conducted using one-way analysis of variance
(ANOVA) to assess statistical significance. Differences
between groups were considered significant when p < 0.05.
The statistical analyses were performed using SPSS Statis-
tical Software Package (Version 25.0, IBM Corp.,
Armonk, NY).

3 Results

3.1 Electrospun scaffolds morphology

Figure 2 displays representative SEM images of fiber
morphology of the scaffolds fabricated in this study via
blend single-layered (Images a1, b1), tri-layered (a2, b2)
and coaxial core-shell (a3, b3) electrospinning.

It seems that under the specific set of electrospinning
parameters (voltage, feed rate, needle to collector distance,
rotary collector angular velocity) and environmental conditions
(room temperature, humidity) mentioned at part 2.2–2.4 we
obtained a stable electrospinning process, with very homo-
geneous size, distribution, and structure of fibers. The tri-
layered PVA/PCL/PVA scaffold material is shown to be
arranged as microfibers (fiber diameter = 1.014 ± 0.419 μm,
mean ± SD, n= 50) entangled with nanofibers (average fiber
diameter = 0.086 ± 0.12 μm, mean ± SD, n= 50) forming a
layer-by-layer region with great pore interconnectivity. These
results are justified due to the difference in the speed of the
rotating collector (1300 rpm and 1500 rpm for PCL and PVA
respectively) during the sequential blend electrospinning pro-
cess, in which a reduction in the average diameter of the fiber
is observed. As per [13, 45] the diameter of the electrospun
fibers is inversely proportional to the speed of rotation.
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For a detailed study of the core-shell scaffold structure,
TEM was utilized. TEM images (Fig. 3) of the fibers of
core-shell scaffolds revealed a coaxial fiber composed of a
thick core (PCL) and a relatively thin shell (PVA). It seems
that core-shell scaffold material is organized in aligned
coaxial micro- and nano-fibers (Fig. 3a). A clear core-shell
structure was observed in which the different layers of the
coaxial fiber are clearly distinguished, where the color of
the shell is lighter than that of the core (Fig. 3b).

During coaxial electrospinning, it was observed that the
fiber diameter exhibited a decrease over time, showing
variations between the initial (inner towards drum) and late
(outer) sections. The decrease followed a normal distribution
pattern. Indicatively, the average total diameter of the
coaxial nanofibers was found to be 0.398 ± 0.986 μm, while
the core diameter averaged at 0.149 ± 0.146 μm, accounting
for approximately 37.4% of the total diameter (mean ± SD,
n= 50). Also, the fiber diameters of the core and shell layers

were uniform, indicating that the coaxial electrospinning
process has excellent stability. The variations in the solubi-
lity of the polymers in their respective solvents, coupled with
differences in polarity, played a crucial role in achieving
core-shell fibers with a parallel aligned morphology.

Table 1 shows for all the three group of scaffolds the
mean fiber diameter, the pore size, as measured by Image J
software (NIH), as well as the thickness of the scaffolds
measured at different points, using a high-precision micro-
meter (mean ± SD, n= 50).

3.2 Wettability of the scaffolds

The wettability of the fabricated scaffolds was assessed using
the contact angle (C.A.) method. The water C.A. measure-
ment was used to estimate the degree of hydrophobicity or
hydrophilicity of the surface of electrospun materials, which
is also an essential parameter in material-cell interaction.

Fig. 3 Representative TEM
images of coaxial electrospun
fibers a (scale bar = 10 μm).
Core-shell configuration is
shown detailed in b (scale bar =
0.5 μm)

Fig. 2 Scanning electron microscopy micrographs of electrospun fibers: Images a1 Single-layered fibers a2 Tri-layered fibers and a3 Core-shell
fibers (scale bar = 100 μm). Images b1, b2 and b3 respectively shows a magnified view of the scaffolds (scale bar = 10 μm)
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The results of the C.A. measurements (Fig. 4) showed
that the surface of the freeze-dried single-layered scaffolds
was very hydrophobic, having an average contact angle of
119o ± 2o (n= 6) (Fig. 4a). That correlates well with the fact
that PCL is known to be a highly hydrophobic material,
mainly related to its content of methyl group [46], a prop-
erty remained unaffected after the electrospinning process.

The tri-layered and core-shell structures of nanofiber
mats were found to have significant improvement in the
hydrophilic properties compared to PCL alone. The result
showed that when PCL was taken as an intermediate layer
at PVA/PCL/PVA tri-layered scaffolds, the outer hydro-
philic PVA layer absorbed the water droplet and the angle
steeply dragged down to 21° ± 3° (n= 6) (Fig. 4b). For the
core-shell scaffolds (Fig. 4c), the great nanofibers’ inter-
connectivity of thin PVA shell provided channels for the
water droplet to pass through and get absorbed resulting in a
contact angle of 43° ± 2° (n= 6).

3.3 In vitro degradation results

Temporary scaffolds needed to have a consistent degrada-
tion rate for tissue growth, yet each of these scaffolds
exhibited different degradation characteristics over the 28
weeks of the degradation period. The water (PBS) uptake,
the weight loss and the changes in the morphology were
investigated. Figures 5 and 6 show bar charts of water
uptake percentage (%) and weight loss percentage (%) for
the electrospun scaffolds, calculated according to Eqs. (1)

and (2) respectively, after 1, 6, 12 and 28 weeks under
temperature-controlled conditions (37 °C). According to
these, we derive information about the rate of degradation
of the scaffolds.

As it can be observed from Fig. 5, after immersing the
scaffolds in PBS, the hydrophobic nature of PCL makes the
single-layered scaffolds almost impermeable, showed by a
low level of water uptake with a percentage that did not
exceed 2% over a period of 28 weeks. However, when PCL
is used together with the hydrophilic PVA either in tri-
layered or in core-shell scaffolds, the water uptake sig-
nificantly increases (10% to 30%) for all the period of
28 days compared to that of PCL alone. A drop in the tri-
layered scaffold after week 6 may be attributed to early
partial degradation of PVA layer.

Accelerated in vitro degradation weight loss tests (Fig. 6)
also showed that the hydrophobic nature of PCL did not
lead to significant weight loss (less than 5%) up to
28 weeks. On the other hand, tri-layered and core-shell
scaffolds gradually showed a significantly higher weight
loss with time. The degradation for tri-layered scaffold
started at a weight loss rate of 1.67% (1-week) and appeared
to stabilize between the 6-weeks (4.28%) and the 12-weeks
(4.31%), showing a sharp increase in weight loss rate at 28-
weeks (12.93%). The weight loss of the core-shell scaffolds
compared to the tri-layered ones appeared to occur more
smoothly and gradually, at 2.09%, 5.36%, 10.11% and
16.78% for the 1, 6, 12 and 28 weeks respectively.

Figure 7 shows a macroscopic view of the surface
morphology of the scaffolds at the 1st week (images a, b,
and c) and after 28 weeks (images a1, b1 and c1) of
insertion into the PBS. It can be observed that the degra-
dation process has affected the surfaces of all polymeric
scaffolds. However, it seems that all scaffolds strongly
retained external membranous surface morphology after the
degradation process.

Figure 8 shows SEM micrographs of the changes in fiber
morphology for all scaffold types under hydrolytic degra-
dation conditions using PBS solution at 37 °C after 1, 6, 12
and 28 weeks of exposure. After 1 week in PBS, only the
single-layered PCL electrospun scaffolds retained their
normal electrospun fibrous shape with most of fibers pre-
senting smooth surfaces. Conversely, many fibers of the tri-
layered scaffolds had a roughened appearance along their

Fig. 4 Water contact angle
measurements of electrospun
scaffolds a Single-layered
scaffold b tri-layered scaffold
and c core-shell scaffold
(mean ± SD, n= 6)

Table 1 The values of average fiber diameter, pore size and thickness
of the scaffolds (mean ± SD, n= 50 for all measurements)

Scaffold type Fiber diameter
(μm)

Pore size (μm) Thickness
(mm)

Single-
layered

1.761 ± 0.437 8.729 ± 2.281 0.14 ± 0.01

Tri-layered 1.014 ± 0.419 10.109 ± 1.499 0.11 ± 0.02

Core-shell 0.398 ± 0.986 6.921 ± 1.366 0.09 ± 0.01

While the present study opted for a qualitative depiction of fiber
alignment, future research endeavors could explore more advanced
quantitative methodologies to provide a more comprehensive under-
standing of the intricacies of fiber alignments in tissue engineering
scaffolds.
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surface (composed of PVA), while the fibers of the core-
shell scaffolds show a thickening pattern of their fiber
diameters.

Further image analysis with ImageJ software’s was car-
ried out. The average fiber diameter, as well as average pore
size for both degraded (at 28-week) and time zero scaffolds
were measured and compared, as shown in Table 2 (initial
values can be comparatively shown in Table 1).

3.4 Mechanical properties of the scaffolds

A TE scaffold should possess suitable mechanical proper-
ties to withstand the physiological mechanical forces
experienced by the regenerated tissue. However, as the
scaffold material undergoes in vivo biodegradation, its
initial mechanical strength gradually diminishes. It is crucial

to assess and match this decrease with the mechanical
strength of the newly formed tissue. In this study, we
investigated the Young’s modulus, ultimate mechanical
strength, and strain at failure throughout the entire degra-
dation period to determine the extent of the drop in
mechanical properties. The stress-strain curves for each
scaffold type, both before the initiation of hydrolytic
degradation (time zero) and during the degradation process
(1, 6, 12 and 28 weeks), are illustrated in Fig. 9. Specifi-
cally, Fig. 9A depicts the mechanical behavior of single-
layered scaffolds, Fig. 9B captures the mechanical response
of tri-layered scaffolds, and Fig. 9C similarly focuses on the
mechanical characteristics of core-shell scaffolds. These
curves provide a thorough overview of the mechanical
evolution from time zero (t0) to 28 weeks (t28) under
hydrolytic degradation in PBS for each scaffold type.

Fig. 6 Weight loss percentage
(%) for the scaffolds over a 28-
week period. (mean ± SD,
n= 3), *p < 0.05. Stars (*)
represent statistical significance
compared to single-layered
scaffolds for the respective time
points of 1, 6, 12, and 28 weeks

Fig. 5 Water uptake percentage
(%) for the scaffolds over a 28-
week period. (mean ± SD,
n= 3), *p < 0.05. Stars (*)
represent statistical significance
compared to single-layered
scaffolds for the respective time
points of 1, 6, 12, and 28 weeks
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3.4.1 Young’s Modulus

More specifically, Fig. 9D shows the Young’s modulus
after tensile mechanical testing of the three scaffolds.
Single-layered PCL scaffolds at time zero demonstrated the
lowest modulus (18 ± 4.5 MPa) compared to core-shell
(88 ± 5.1 MPa) and tri-layered (129.2 ± 11.8 MPa) scaf-
folds. During the degradation process Young’s modulus
increased significantly for single-layered scaffolds (18%)
after 28 weeks, reaching a final value of 21.24 ± 5.31MPa.
For tri-layered scaffolds, a significant increase in Young’s
modulus (15.63%) was also observed, rising to
149.4 ± 13.64MPa at the final time point. Core-shell scaf-
folds presented a similar trend, with a sharp increase

(40.7%) measured over time, to a final mean modulus of
123.8 ± 4.95MPa.

3.4.2 Ultimate Tensile Strength

Figure 9E shows the ultimate tensile strength of the tested
groups. It seems from the results that a similar trend to the
Young’s modulus was followed during degradation, where an
overall increase in strength of all the three groups was achieved
after 28 weeks. The single-layered samples (time zero)
demonstrated the lowest strength value (2.02 ± 0.18MPa),
followed by the core-shell scaffolds (5.68 ± 0.28MPa) and the
tri-layered scaffolds (6.13 ± 0.31MPa). A gradual increase for
single-layered degraded samples was observed over time, being

Fig. 8 SEM images of
electrospun scaffolds from
weeks 1, 6, 12 and 28 (the
degradation period). For 1, 6 and
12 weeks the scale bar is at
100 μm, and for the 28 weeks is
at 10 μm, for better clarity in the
visualization of fiber
degradation and the scaffolds’
changes regarding structural
behavior

Fig. 7 Macroscopic images of
the surface morphology of the
electrospun scaffolds a single-
layered scaffold b tri-layered
scaffold c core-shell scaffold at
1st week and a1, b1 and c1
images of the corresponding
electrospun scaffolds at 28th

week of insertion into PBS
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2.97%, 15.84%, 27.29% and 35.15% higher after 1, 6, 12 and
28 weeks (2.08 ± 0.21MPa, 2.34 ± 0.23MPa, 2.57 ± 0.26MPa
and 2.73 ± 0.27MPa, respectively). For tri-layered samples
after 1 week a 2.66% (6.18 ± 0.31MPa) increase in strength
was observed, followed by a 4.67%, 8.31% and 12.96% rise
after 6, 12 and 28 weeks (6.3 ± 0.32MPa, 6.52 ± 0.43MPa and
6.8 ± 0.36MPa, respectively). For the core-shell samples, a
similar trend to tri-layered scaffolds was observed. Specifically,
after 1 week a 1.94% (5.79 ± 0.28MPa) increase in strength
was observed, followed by a 7.75%, 21.48% and 25.35% rise
after 6, 12 and 28 weeks (6.12 ± 0.31MPa, 6.9 ± 0.35MPa and
7.12 ± 0.36MPa, respectively).

3.4.3 Maximum Strain

Figure 9F shows the maximum strain at failure of the
scaffolds stored in PBS for up to 28 weeks. The greatest

strain (189 ± 22.3%) was observed for single-layered scaf-
folds at time zero (week 0), which became less ductile over
time, with maximum strain at break being 88 ± 11.4%
(28 weeks). The most brittle of the three groups, tri-layered
scaffolds demonstrated the lowest strain overall, with a
decrease from a strain of 61 ± 6.22% to a final strain of
34 ± 5.1% after storage for 28 weeks. The core-shell scaf-
folds also demonstrated a reduction from 84 ± 12.6% (time
zero) reaching 49 ± 7.35% after 28 weeks of storage in PBS.

3.5 Biocompatibility of scaffolds

Figure 10 depicts the MTT assay results for the quantitative
evaluation of cytotoxicity of the electrospun materials. Our
results showed that cytotoxicity was not observed, exhi-
biting high cell viability for all types of scaffolds after
48 hours. Concretely, after 24 hours of exposure, the tri-
layered scaffolds presented the highest viability of HEK-
293 cells with a percentage of 94.58%, followed by the
core-shell scaffolds with a percentage of 92.95%, and
finally the single-layered scaffolds exhibiting the lowest
percentage of 92.41%. After 48 hours, for the core-shell
scaffolds the percentage of cell viability remained high with
a value of 91.92%. The single-layered scaffolds showed a
decrease in the cell viability with a value of 88.61%, while
the minimum cell viability observed was 87.59% for the tri-
layered scaffolds after 48 hours of exposure.

Our results show no significant toxicity for the above
electrospun materials, as they all exhibited sufficiently high
percentages of cell viability after 48 hours, according to MTT
assay. However, as a potentially better candidate biomaterial
that can promote cellular effects appears to be the scaffold

Fig. 9 Mechanical properties of the scaffolds following hydrolytic
degradation in phosphate buffered saline solution (PBS) at 37 °C for
28 weeks: A, B and C stress-strain curves for single-layered, tri-
layered and core-shell electrospun scaffolds. Tensile properties of

single-layered, tri-layered and core-shell electrospun fibers: D Young’s
modulus, E ultimate tensile strength and F percentage strain at failure.
(mean ± SD, n= 5), *p < 0.05. Stars (*) represent statistical sig-
nificance compared to non-degraded scaffold (time zero)

Table 2 Percentage changes in fiber diameter and pore size of
scaffolds at week 28 of degradation under temperature-controlled
conditions (37 °C) compared to time zero (week 0) (Table 1 values).
(+) = increase and (−) = decrease, (mean ± SD, n= 50)

Scaffold type (%) change in fiber
diameter

(%) change in pore
size

Single-layered 8.09 (+) 16.14 (−)

Tri-layered 46.18 (+) 33.91 (−)

Core-shell 34.13 (+) 24.83 (−)

It seems that an increase in fiber diameter and consequently a reduction
in pore size resulted after 28 weeks of degradation for all scaffolds.
The greatest increase in fiber diameter was observed in the tri-layered
scaffolds (33.91%) in which the reduction in pore size was the highest.
This was followed by core-shell scaffolds with a pore size reduction
amount of 24.83% and the single-layered with 16.14%
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with a core-shell structure, since the cell viability rate
remained high and almost invariant after 48 hours.

3.6 Cell morphology, viability, and growth pattern

Inverted and SEM images of cultured HEK-293 cells on the
electrospun fibrous scaffolds after 7 days of cell culture are
shown in Figs. 11 and 12 respectively. The morphology and
viability of the cells on the scaffolds’ fibers, as well as cells’
orientation towards them, were observed by an inverted
microscope (Fig. 11). As can be observed, the cell-scaffold
interaction was different for each type of scaffold. Cells
were present in all scaffolds, but they seem to better attach,
spread, and retain a spindle-like configuration on the core-
shell scaffolds (Fig. 11c), exhibiting a higher cell integra-
tion and density in comparison with the poor performance
of the single-layered PCL (Fig. 11a) and the tri-layered
PVA-PCL-PVA (Fig. 11b) scaffolds.

Figure 12 shows the SEM micrographs of the interaction
between cells and electrospun fibrous scaffolds after 7 days
of cell culture. The results of the electron microscopy
showed that in the single-layered scaffolds, cells appeared
to infiltrate and aggregate between the fibers of the scaffold.
Alike, cells in the tri-layered scaffolds seemed to attach to
the aligned fibers, with a better spreading formation, but still
low for the incubation period. On the other hand, the cells in
the core-shell scaffolds presented a better proliferation rate
as they were grown homogeneously on the fibers. The cells
were not simply attached, but also integrated with the
scaffold fibers confirming cellular infiltration. That led to
the formation of a monolayer of HEK-293 cells that covered
the entire scaffold surface (Fig. 12c), with cells displaying a
high order cell distribution.

HEK-293 cells were also fixed and stained with DAPI
and Alexa Fluor® 488 Phalloidin, as described in the

experimental section, to visualize the nucleus and the actin
filaments respectively, as seen in Figs. 13 and 14. A ZOE
Fluorescent Cell Imager (Biorad) was used to visualize the
cells up to 7 days of growth on the electrospun scaffolds.
After 1 day of incubation, it can be observed (Fig. 13) that
the cells were well attached to all nanofibrous scaffolds,
indicating cell adhesion, morphology, and growth pattern.
As the cell culture days progressed, a gradual increase in the
number of cells attached to all types of scaffolds was
observed. However, after 7 days of incubation a tendency to
increase the proliferation rate of the cells was only observed
in the core-shell fibrous scaffolds. This result was further
confirmed by fluorescence microscope images (Fig. 14),
where merged images of HEK-293 cells stained for F-actin
(Alexa Fluor® 488 Phalloidin, green) and cell nuclei (DAPI,
blue) were captured after 7 days of culture on the electro-
spun scaffolds.

4 Discussion

The study presented in this paper aimed to investigate the
potential of the coaxial electrospinning technique for pro-
ducing functional bioactive and cell-compatible fibrous TE
scaffolds with tailored surface properties. The technique
involves the use of a combination of hydrophilic and
hydrophobic polymers co-processed in tri-layered and
coaxial core-shell composite structures. Hydrophobic PCL
polymer was selected due to its long-term functional sta-
bility in vivo and hydrophilic PVA due to its excellent
biocompatibility [15, 20, 41, 42, 46]. The study involved
the fabrication and comprehensive comparison of three
different electrospun fibrous scaffolds: (1) pristine hydro-
phobic PCL structure as single-layer scaffolds, serving as a
reference scaffold, (2) consecutive tri-layer scaffolds

Fig. 10 Viability by MTT assay
of HEK-293 cells after 24 and
48 h of incubation with the three
electrospun materials (single-
layered, tri-layered, core-shell).
Results were considered in
comparison with the
correspondent growth control
(PS) at 24 or 48 h of incubation.
(mean ± SD, n= 4)
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composed of hydrophilic PVA for external sides (PVA/
PCL/PVA), and (3) core-shell scaffolds (PVA as shell and
PCL as core). The scaffolds were characterized for their
surface morphology, mechanical, and biological properties.
Furthermore, a seven-month in vitro degradation study was
performed on the electrospun scaffolds to evaluate altera-
tions in their materials’ properties when exposed to simu-
lated body fluids.

The choice of the appropriate set of the electrospinning
parameters (such as voltage, feed rate, needle to collector

distance, and rotary collector angular velocity) and the
maintenance of optimal environmental conditions (includ-
ing room temperature and humidity) were found to obtain a
stable electrospinning process leading to fibers with a
highly homogeneous size distribution and structure.

Visualizing the scaffolds under the scanning electron
microscope revealed aligned fibers that overlapped forming
multiple layers, leading to a very dense three-dimensional
structure for the scaffolds, which is an indication of a suc-
cessful electrospinning of the prepared solutions. As it can

Fig. 12 Representative SEM
images of HEK-293 cells
proliferation on the scaffolds
after 7 days of culture a Single-
layered scaffold b tri-layered
scaffold and c core-shell scaffold
(scale bar = 50 μm)

Fig. 11 Inverted microscopy images of HEK-293 cells proliferation on the scaffolds after 7 days of culture a Single-layered scaffold b tri-layered
scaffold and c core-shell scaffold. The dark areas of the images as shown by arrows are the scaffolds (scale bar = 100 μm)

Fig. 13 Fluorescent microscopic
images of HEK-293 cells on the
electrospun scaffolds on days 1,
3 and 7 of incubation. The
nuclei of cells were stained with
DAPI (blue) (scale bar =
100 μm)
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be observed, smooth, uniform and round-shaped fibers with
an apparent aligned morphology and without beads or
defects were produced (Fig. 2).

The characterization of the micro-nanotopography of the
fibrous scaffolds is very important as it provides insights
into the interconnectivity of the fibers and their potential to
facilitate cellular infiltration, a crucial factor for in vivo
tissue regeneration. The fibrous structure of electrospun
scaffolds, which should imitate ECM, is essential for proper
cell infiltration, attachment, proliferation, differentiation,
and function. Both fiber diameter and pore size are crucial
parameters in tissue regeneration applications. Notably, all
the fabricated scaffolds in this study demonstrated nano-
and micro-scale fiber diameters along with micro-scale pore
sizes (Table 1). These findings indicate their suitability for
tissue engineering applications. In particular, the achieved
fibers diameters of the produced electrospun scaffolds are
comparable to the collagen fibers found in native vessels
[47], while their pore sizes are capable to permit cell infil-
tration through them [48]. In addition, according to the
results of cell culture, it has been observed that the reduc-
tion in the diameter of the fibers of the scaffolds leads to a
higher degree of cell proliferation and spreading, as well as
a lower degree of cell aggregation, which is in accordance
with the results of other studies [49–51]. Comparing the
results of our study, the core-shell scaffolds demonstrate a
significantly narrower diameter distribution, indicating a
more uniform fiber structure.

The surface wettability of scaffolds is regarded as one of
the desired material properties in tissue engineering and has
a major impact on their biocompatibility and cell attachment
[15, 20]. Generally, cells adhere to moderately hydrophilic
surfaces; therefore, in scaffold fabrication, many surface
modification techniques are applied to hydrophobic sur-
faces, such as plasma treatment [34, 52]. Based on existing
literature and input from various material supply companies,
a 50 °C.A. value for commercial tissue culture flask poly-
styrene (TCPS) is widely regarded as the optimal range for
promoting cell adhesion [15, 35, 52]. Therefore, the mod-
erately hydrophilic (C.A. 43o) core-shell structure obtained
from coaxial electrospinning technique is highly conductive

to cell attachment and proliferation, compared with the
other two scaffolds (Fig. 4).

The results from in vitro degradation tests revealed a
clear influence of the hydrophilic PVA component on the
water uptake of the scaffolds. The combination of PVA with
PCL significantly enhanced the scaffold’s ability to absorb
water. This suggests that PVA may act as a wetting agent,
facilitating the spread of water and hydrolysis products
across the surface of the PCL layer in tri-layered scaffolds
and the PCL core in core-shell scaffolds.

The weight loss tests conducted during accelerated
degradation confirmed the presence of hydrophilic PVA in
conjunction with the hydrophobic PCL in the scaffolds. The
results indicated that a significant portion of the mass loss
was attributed to hydrolysis mechanism(s), with PVA being
more affected than PCL. A comparison between the tri-
layered and core-shell scaffolds revealed that the tri-layered
scaffolds experienced a gradual reduction in total thickness,
primarily due to mass loss occurring at the two external
PVA layers. In contrast, the core-shell scaffolds demon-
strated minimal impact on the overall scaffold structure, as
only the thin shell of the coaxial fibers was primarily
affected. Consequently, the core-shell fibrous structure
exhibited prolonged biodegradation, which could poten-
tially eliminate limitations leading to reduced tissue
attachment, proliferation, vascularization, and foreign body
reaction [53]. These findings highlight the potential of core-
shell scaffolds for tissue engineering applications.

From a macroscopic point of view, it seems that all
scaffolds strongly retained external membranous surface
morphology after the degradation process, indicating that the
electrospun scaffolds could maintain their structural integrity
for long duration (Fig. 7). Handleability of the tissue-
engineered membranes after the initiation of the degradation
process is an essential feature that facilitates their use and
application during surgery [54]. Furthermore, a shrinkage of
the total membrane dimensions of the scaffolds in the PBS
solution under incubation conditions is minimized, a pre-
requisite step for in vitro cell culture studies.

A gradual thickening and flattening of the fibers of tri-
layered and core-shell scaffolds was microscopically

Fig. 14 Fluorescent microscopy merge images of F-actin (Alexa
Fluor® 488 Phalloidin, green) and cell nuclei (DAPI, blue) staining of
HEK-293 cells after 7 days culture on the electrospun fibrous scaffolds

a Single-layered scaffold b tri-layered scaffold and c core-shell scaf-
fold (scale bar = 100 μm)
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revealed after 6 and 12 weeks in PBS (Fig. 8). In contrast,
the single-layered scaffolds exhibited relatively smooth
fibers, albeit with noticeable areas of fused fibers. This may
be associated with the presence of the products of polymer
hydrolysis, especially of the PVA material, not yet fully
decomposed and diluted to the degradation solution. After
28 weeks of incubation, the tri-layered and core-shell
scaffolds displayed dense regions with evident signs of
degradation, along with perpendicular fissures to the fiber
direction. These regions were less pronounced in the single-
layered scaffold at this stage. It is also worth noting that no
changes in fiber alignment were observed throughout the
degradation process for all types of scaffolds.

An essential characteristic of electrospun TE scaffolds is
the morphology of their fibers and their postoperative
behavior upon implantation in vivo. The way the fibers are
connected and stacked together not only affects the struc-
tural integrity and mechanical properties of the scaffold; it
can significantly affect how cells integrate and proliferate
[55]. Due to the water absorption of polymers, an increase
in fiber diameter was observed in all scaffolds. Even for
hydrophobic single-layered scaffolds, fiber degradation was
present, but occurred very slowly. This may be due, besides
to their hydrophobic character, to the fact that these scaf-
folds after the electrospinning process were thicker
(0.14 ± 0.01 mm) compared with the tri-layered
(0.11 ± 0.02 mm) and core-shell (0.09 ± 0.01 mm) scaf-
folds [56]. The findings from Table 2 showed an increase in
fiber diameters and a concurrent decrease in pore size after
28 weeks of degradation. These results align with the
observations made through SEM, which indicated a higher
degradation rate of the PVA content within the fibers.

An overall increase in scaffold stiffness (Young’s mod-
ulus and ultimate tensile strength) was obtained (Fig. 9D, E)
for all degraded samples compared to time zero (before
degradation process) following storage in PBS (37 °C), being
significantly different for tri-layered and core-shell scaffolds.
This can be attributed to the absorption of water by the
scaffolds, particularly the PVA compartment, leading to
swelling, increased fiber diameter, and reduced pore size.
Besides that, the presence of undiluted crystalline hydrolysis
products between the fibers likely contributed to the
increased scaffold stiffness [57]. This was also verified by the
decrease in maximum strain that scaffolds withstand before
failure, as shown in Fig. 9F, indicating decrease in ductile
properties of polymers due to increased crystallinity. How-
ever, the hydrolysis of polymers in PBS is a complicated
mechanism, involving among others the breakage of side
chains or even backbone chains, fracture of intermolecular
crosslink bonds etc., depending on the type of polymer [58].
A comprehensive investigation of the degradation procedure
necessitates the utilization of additional techniques and pro-
cedures, which fall beyond the scope of this study.

The cell culture studies revealed notable differences in
cell compatibility among the three examined scaffold types.
The limited growth and proliferation rate of HEK-293 cells
in the single-layered scaffolds can be attributed to the low
hydrophilicity of PCL. As previously discussed, the
hydrophilic-hydrophobic characteristics of a scaffold play a
crucial role in tissue culture, significantly influencing initial
cell adhesion and migration [15, 20, 34]. One of the major
obstacles of electrospun scaffolds fabricated with synthetic
polymers such as PCL is low cell affinity due to low
hydrophilicity and lack of surface cell-recognition sites.
Indeed, the previous results of contact angle measurements
of single-layered fibrous scaffolds gave a C.A. of 119°
(Fig. 4a), indicating that these scaffolds are highly hydro-
phobic. However, the incorporation of a hydrophilic poly-
mer, such as PVA, in combination with the hydrophobic
PCL, led to a significant improvement in the hydrophilicity
of these scaffold types, resulting in a more favorable cellular
response, as confirmed by the images in Figs. 13 and 14.

Overall, from MTT assay data and the microscopic
image analysis, it can be concluded that the core-shell
electrospun fibrous scaffolds exhibited remarkable cell
compatibility, effectively promoting cell adhesion and
proliferation. Furthermore, the cells demonstrated a dis-
tinctive alignment and a well-defined orientation on the
core-shell scaffolds, setting them apart from the single-
layered and tri-layered scaffolds.

5 Conclusions

This study aimed to develop novel tissue engineering (TE)
scaffolds by combining hydrophobic polymers, such as PCL,
exploiting its in vivo mechanical durability, with hydrophilic
polymers like PVA, which degrade rapidly but offer enhanced
biocompatibility. The findings from a comprehensive range of
morphological, physicochemical, mechanical, and biological
tests conducted in this study consistently demonstrated that
the core-shell scaffolds, comprising a combination of PCL
(core) and PVA (shell), exhibited exceptional promise for
applications in tissue engineering (TE). The fabricated scaf-
folds effectively synergized the advantageous characteristics
and properties of both polymers, namely the exceptional
mechanical strength and ductility of PCL, alongside the
desirable bioactivity and hydrophilicity inherent in PVA.
They were able to balance their degradation rate and provide
favorable surfaces for cell growth and proliferation, even
without external stimuli or growth factors. Comparatively, the
tri-layered PVA/PCL/PVA scaffolds, while offering favorable
cell-friendly interaction, exhibited sensitivity to rapid degra-
dation and relatively poor mechanical properties.

The study demonstrated the potential for the coaxial
electrospinning technique to produce functional bioactive
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and cell-compatible fibrous scaffolds with tailored surface
properties. The core-shell scaffolds developed in this study
could provide an attractive option for TE applications based
on their unique architecture, which degrades smoothly,
avoids burst effects, maintains good long-term mechanical
properties, and supports cell growth. The results of this
study also highlight the importance of continued research in
the field, including further cellular studies using mesench-
ymal stem cells (MSCs), before proceeding to animal stu-
dies to evaluate in vivo cell-scaffold interactions.

Acknowledgements We gratefully acknowledge the invaluable con-
tributions of all the members associated with the Electron Microscopy and
Microanalysis Laboratory at the University of Patras. Their assistance and
expert guidance in conducting microscopic studies on the fabricated
scaffolds within the scope of this study were highly appreciated.

Author contributions All authors have read and agreed to the pub-
lished version of the manuscript.

Funding This work was partly supported by a research grant (GSRT
matching funds, ELKE Upatras # 52280000).

Compliance with ethical standards

Conflict of interest The authors declare competing interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Pina S, Ribeiro VP, Marques CF, Maia FR, Silva TH, Reis RL,
et al. Scaffolding strategies for tissue engineering and regenerative
medicine applications. Materials. 2019;12:1824.

2. Shin H, Jo S, Mikos AG. Biomimetic materials for tissue engi-
neering. Biomaterials. 2003;24:4353–64.

3. Smith LA, Ma PX. Nano-fibrous scaffolds for tissue engineering.
Colloid Surf B-Biointerfaces. 2004;39:125–31.

4. Vats A, Tolley N, Polak J, Gough J. Scaffolds and biomaterials for
tissue engineering: A review of clinical applications. Otolaryngol
Allied Sci. 2003;28:165–72.

5. Li WJ, Laurencin CT, Caterson EJ, Tuan RS, Ko FK. Electrospun
nanofibrous structure: A novel scaffold for tissue engineering. J
Biomed Mater Res. 2002;60:613–21.

6. Villarreal-Gómez LJ, Cornejo-Bravo JM, Vera-Graziano R,
Grande D. Electrospinning as a powerful technique for biomedical
applications: A critically selected survey. J Biomater Sci Polym
Ed. 2016;27:157–76.

7. Li D, Xia YN. Electrospinning of nanofibers: Reinventing the
wheels? Adv Mater. 2004;16:1151–70.

8. Xue J, Wu T, Dai YQ, Xia YN. Electrospinning and Electrospun
nanofibers: methods, materials, and applications. Chem Rev
2019;119:5298–415.

9. Jiang T, Carbone EJ, Lo KWH, Laurencin CT. Electrospinning of
polymer nanofibers for tissue regeneration. Prog Polym Sci
2015;46:1–24.

10. Koski A, Yim K, Shivkumar S. Effect of molecular weight on fibrous
PVA produced by electrospinning. Mater Lett 2004;58:493–7.

11. Deitzel JM, Kleinmeyer J, Harris D, Tan NCB. The effect of
processing variables on the morphology of electrospun nanofibers
and textiles. Polymer. 2001;42:261–72.

12. Pezeshki-Modaress M, Mirzadeh H, Zandi M, Rajabi-Zeleti S,
Sodeifi N, Aghdami N, et al. Gelatin/chondroitin sulfate nanofi-
brous scaffolds for stimulation of wound healing: In-vitro and in-
vivo study. J Biomed Mater Res Part A. 2017;105:2020–34.

13. Markatos DN, Sarakinis A, Mavrilas D. Tuning fiber alignment to
achieve mechanical anisotropy on polymeric electrospun scaffolds
for cardiovascular tissue engineering. J Mater Sci Eng.
2018;7:466.

14. Mitropoulou A, Markatos D, Antimisiaris S, Mavrilas D. A novel
design of a PVA electrospun nanofibrous scaffold incorporating
liposomes as drug delivery carriers for tissue engineering. Ann
Biomed Technol Eng. 2018;1:1003.

15. Wang X, Ding B, Li B. Biomimetic electrospun nanofibrous
structures for tissue engineering. Mater Today 2013;16:229–41.

16. Felgueiras H, Tavares T, Amorim M. Biodegradable, spun
nanocomposite polymeric fibrous dressings loaded with bioactive
biomolecules for an effective wound healing: A review. IOP Conf.
Ser. Mater. Sci. Eng. 2019; IOP Publishing: Bangkok, Thailand.

17. He W, Yong T, Teo WE, Ma Z, Ramakrishna S. Fabrication and
endothelialization of collagen-blended biodegradable polymer
nanofibers: Potential vascular graft for blood vessel tissue engi-
neering. Tissue Eng. 2005;11:1574–88.

18. Mooney D, Organ G, Vacanti J, Langer R. Design and fabrication
of biodegradable polymer devices to engineer tubular tissues. Cell
Transpl. 1994;3:203–10.

19. Vacanti CA, Upton J. Tissue-engineered morphogenesis of carti-
lage and bone by means of cell transplantation using synthetic
biodegradable polymer matrices. Clin Plast Surg 1994;21:445–62.

20. Tamariz E, Rios-Ramrez A. Biodegradation of Medical Purpose
Polymeric Materials and Their Impact on Biocompatibility. In
Biodegradation—Life of Science. London, UK: IntechOpen
Limited; 2013.

21. Muthuraj R, Misra M, Mohanty AK. Hydrolytic degradation of
biodegradable polyesters under simulated environmental condi-
tions. J Appl Polym Sci. 2015;132:4548.

22. Tsuji H, Muramatsu H. Blends of aliphatic polyesters. IV. Mor-
phology, swelling behavior, and surface and bulk properties of
blends from hydrophobic poly(L-lactide) and hydrophilic poly(-
vinyl alcohol). J Appl Polym Sci. 2001;81:2151–60.

23. Tsuji H, Mizuno A, Ikada Y. Blends of aliphatic polyesters. III.
Biodegradation of solution-cast blends from poly(L-lactide) and
poly(ε-caprolactone). J Appl Polym Sci. 1998;70:2259–68.

24. Tsuji H, Ikada Y. Blends of aliphatic polyesters. II. Hydrolysis of
solution-cast blends from poly(L-lactide) and poly(ε-capro-
lactone) in phosphate-buffered solution. J Appl Polym Sci.
1998;67:405–15.

25. Holzwarth JM, Ma PX. Biomimetic nanofibrous scaffolds for
bone tissue engineering. Biomaterials. 2011;32:9622–9.

   10 Page 16 of 18 Journal of Materials Science: Materials in Medicine           (2024) 35:10 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


26. Abazari MF, Soleimanifar F, Aleagha MN, Torabinejad S, Nasiri
N, Khamisipour G, et al. PCL/PVA nanofibrous scaffold improve
insulin-producing cells generation from human induced plur-
ipotent stem cells. Gene. 2018;671:50–57.

27. Cano AI, Cháfer M, Chiralt A, González-Martínez C. Physical and
microstructural properties of biodegradable films based on pea
starch and PVA. J Food Eng 2015;167:59–64.

28. Dimopoulos A, Markatos DN, Mitropoulou A, Panagiotopoulos
I, Koletsis E, Mavrilas D. A novel polymeric fibrous micro-
structured biodegradable small-calibre tubular scaffold for car-
diovascular tissue engineering. J Mater Sci Mater Med.
2021;32:21.

29. Ranjbar-Mohammadi M, Kargozar S, Bahrami SH, Joghataei M.
Fabrication of curcumin-loaded gum tragacanth/poly (vinyl alco-
hol) nanofibers with optimized electrospinning parameters. J Ind
Text. 2017;46:1170–92.

30. Bhardwaj N, Kundu SC. Electrospinning: A fascinating fiber
fabrication technique. Biotechnol Adv 2010;28:325–47.

31. Xia ZR. Study of electrospun silk/poly (ε-caprolactone) tubular
material [M.Sc. Thesis]. Soochow University, Jiangsu; 2012.

32. Ma F, Xiao Z, Meng D, Hou X, Zhu J, Dai J, et al. Use of natural
neural scaffolds consisting of engineered vascular endothelial
growth factor immobilized on ordered collagen fibers filled in a
collagen tube for peripheral nerve regeneration in rats. Int J Mol
Sci 2014;15:18593–609.

33. Yin A, Zhang K, McClure MJ, Huang C, Wu J, Fang J, et al.
Electrospinning collagen/chitosan/poly (L-lactic acid-co-epsilon-
caprolactone) to form a vascular graft: mechanical and biological
characterization. J Biomed Mater Res Part A.
2013;101A:1292–301.

34. Gmeiner R, Deisinger U, Schönherr J, Lechner B, Detsch R,
Boccaccini A, et al. Additive manufacturing of bioactive glasses
and silicate bioceramics. Ceram Sci Technol 2015;6:75–86.

35. Agarwal S, Greiner A, Wendorff JH. Functional materials by
electrospinning of polymers. Prog Polym Sci 2013;38:963–91.

36. Yin HY, Wang J, Gu ZQ, Feng WH, Gao MC, Wu Y, et al.
Evaluation of the potential of kartogenin encapsulated poly(L-
lactic acid-co-caprolactone)/collagen nanofibers for tracheal car-
tilage regeneration. J Biomater Appl. 2017;32:331–41.

37. You ZR, Hu MH, Tuan-Mu HY, Hu JJ. Fabrication of poly(-
glycerol sebacate) fibrous membranes by coaxial electrospinning:
Influence of shell and core solutions. J Mech Behav Biomed
Mater. 2016;63:220–31.

38. Singh R, Ahmed F, Polley P, Giri J. Fabrication and character-
ization of core-shell nanofibers using a next-generation airbrush
for biomedical applications. ACS Appl Mater Interfaces.
2018;10:41924–34.

39. Hu YT, Pan XD, Zheng J, Ma WG, Sun LZ. In vitro and in vivo
evaluation of a small-caliber coaxial electrospun vascular graft
loaded with heparin and VEGF. Int J Surg 2017;44:244–9.

40. Vyslouzilova L, Buzgo M, Pokorny P, Chvojka J, Mickova A,
Rampichova M, et al. Needleless coaxial electrospinning: A novel
approach to mass production of coaxial nanofibers. Int J Pharm
2017;516:293–300.

41. Coelho D, Sampaio A, Silva CJ, Felgueiras HP, Amorim MTP,
Zille A. Antibacterial electrospun poly(vinyl alcohol)/enzymati-
cally synthesized poly(catechol) nanofibrous midlayer membrane
for ultrafiltration. ACS Appl Mater Interfaces. 2017;9:33107–18.

42. Duan HC, Du YP, Guan YL, Cai XT, Huang J, Yin XH. Engi-
neering of epidermis skin grafts using electrospun nano-fibrous
gelatin/polycaprolactone membranes. Int J Nanomed
2013;8:2077–84.

43. Zheng Y, Chen Y, Jin LW, Ye HY, Liu G. Cytotoxicity and
genotoxicity in human embryonic kidney cells exposed to surface-
modified chitosan nanoparticles loaded with Curcumin. AAPS
Pharm SciTech. 2016;17:2016

44. Liu X, Shan K, Shao X, Shi X, He Y, Liu Z, et al. Nanotoxic
effects of silver nanoparticles on Normal HEK-293 cells in
comparison to cancerous HeLa cell line. Int J Nanomed.
2021;16:753–61.

45. Koepsell L, Remund T, Bao J, Neufeld D, Fong H, Deng Y.
Tissue engineering of annulus fibrosus using electrospun fibrous
scaffolds with aligned polycaprolactone fibers. J Biomed Mater
Res Part A. 2011;99A:564–75.

46. Rezwan K, Chen QZ, Blaker JJ, Boccaccini AR. Biodegrad-
able and bioactive porous polymer/inorganic composite scaf-
folds for bone tissue engineering. Biomaterials.
2006;27:3413–31.

47. Mi HY, Jiang Y, Jing X, Enriquez E, Li H, Li Q, et al. Fabrication
of triple-layered vascular grafts composed of silk fibers, poly-
acrylamide hydrogel, and polyurethane nanofibers with biomi-
metic mechanical properties. Mater Sci Eng C Mater Biol Appl.
2019;98:241–9.

48. de Santana RB, de Mattos CML, Francischone CE, Van Dyke T.
Superficial topography and porosity of an absorbable barrier
membrane impacts soft tissue response in guided bone regenera-
tion. J Periodontol. 2010;81:926–33.

49. Badami AS, Kreke MR, Thompson MS, Riffle JS, Goldstein AS.
Effect of fiber diameter on spreading, proliferation, and differ-
entiation of osteoblastic cells on electrospun poly(lactic acid)
substrates. Biomaterials. 2006;27:596–606.

50. Shin M, Yoshimoto H, Vacanti JP. In vivo bone tissue engi-
neering using mesenchymal stem cells on a novel electrospun
nanofibrous scaffold. Tissue Eng. 2004;10:33–41.

51. Yang F, Murugan R, Wang S, Ramakrishna S. Electrospinning of
nano/microscale poly(L-lactic acid) aligned fibers and their
potential in neural tissue engineering. Biomaterials.
2005;26:2603–10.

52. Turkoglu Sasmazel H, Alazzawi M, Kadim Abid Alsahib N.
Atmospheric pressure plasma surface treatment of polymers and
influence on cell cultivation. Molecules. 2021;26:1665.

53. Rothamel D, Schwarz F, Sager M, Herten M, Sculean A, Becker J.
Biodegradation of differently cross-linked collagen membranes:
an experimental study in the rat. Clin Oral Implant Res.
2005;16:369–78.

54. Takahashi H, Itoga K, Shimizu T, Yamato M, Okano T. Human
neural tissue construct fabrication based on scaffold-free tissue
engineering. Adv Health Mater. 2016;5:1931–8.

55. Lowery JL, Datta N, Rutledge GC. Effect of fiber diameter, pore
size and seeding method on growth of human dermal fibroblasts in
electrospun Poly(ε-caprolactone) fibrous mats. Biomaterials.
2010;31:491–504.

56. Ghasemi-Mobarakeh L, Morshed M, Karbalaie K, et al. The
thickness of electrospun poly(ε-caprolactone) nanofibrous scaf-
folds influences cell proliferation. Int J Artif Organs.
2009;32:150–8.

57. Holland SJ, Tighe BJ, Gould PL. Polymers for biodegradable
medical devices. 1. The potential of polyesters as controlled
macromolecular release systems. J Control Release.
1986;4:155–80.

58. Ma Z, Wu Y, Wang J and Liu C. In vitro and in vivo degradation
behavior of poly(trimethylene carbonate-co-D,L-lactic acid)
copolymer. Regen Biomater. 2017;4:207–13.

Journal of Materials Science: Materials in Medicine           (2024) 35:10 Page 17 of 18    10 



Affiliations

Athina Mitropoulou 1
● Dionysios N. Markatos2 ● Andreas Dimopoulos3,4 ● Antonia Marazioti5 ●

Constantinos-Marios Mikelis6 ● Dimosthenis Mavrilas1

1 Department of Mechanical Engineering and Aeronautics,
Laboratory of Biomechanics and Biomedical Engineering,
University of Patras, Patras, GR, Greece

2 Department of Mechanical Engineering and Aeronautics,
Laboratory of Technology and Strength of Materials, University of
Patras, Patras, GR, Greece

3 Prometheus Division of Skeletal Tissue Engineering, KU Leuven,
Leuven, Belgium

4 Skeletal Biology and Engineering Research Center, Department of
Development and Regeneration, KU Leuven, Leuven, Belgium

5 Department of Physiotherapy, Laboratory of Basic Sciences,
University of Peloponnese, Sparta, GR, Greece

6 Department of Pharmacy, Laboratory of Molecular Pharmacology
University of Patras, Patras, GR, Greece

   10 Page 18 of 18 Journal of Materials Science: Materials in Medicine           (2024) 35:10 

http://orcid.org/0009-0000-2390-9901
http://orcid.org/0009-0000-2390-9901
http://orcid.org/0009-0000-2390-9901
http://orcid.org/0009-0000-2390-9901
http://orcid.org/0009-0000-2390-9901

	Development and Evaluation of Biodegradable Core-Shell Microfibrous and Nanofibrous Scaffolds for Tissue Engineering Applications
	Abstract
	Introduction
	Materials and methods
	Materials and Solution Preparation
	Fabrication of single-layered scaffolds
	Fabrication of tri-layered scaffolds
	Fabrication of core-shell scaffolds
	Assessments of scaffolding materials
	Morphological studies
	Contact angle measurements
	In vitro degradation assessment
	Mechanical characterization
	In vitro biological evaluation of scaffolds
	Cell culture
	Biocompatibility�test
	Assessment of cell morphology and proliferation
	Statistical analysis

	Results
	Electrospun scaffolds morphology
	Wettability of the scaffolds
	In vitro degradation results
	Mechanical properties of the scaffolds
	Young&#x02019;s Modulus
	Ultimate Tensile Strength
	Maximum�Strain
	Biocompatibility of scaffolds
	Cell morphology, viability, and growth pattern

	Discussion
	Conclusions
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




