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Abstract
In this work, composite membranes were investigated as future components of a layered implant for the reconstruction of
nasal septum. Incorporation of zinc ions into nasal implants could potentially provide antibacterial properties to decrease or
eliminate bacterial infections and subsequent surgical complications. Two types of membranes were prepared using an
electrospinning method: PCL with bioglass and PCL with bioglass doped with Zn. The aim of this work was to investigate
the influence of bioglass addition on the morphology, fiber diameter and composition of the membranes. The apatite-forming
ability was examined in Simulated Body Fluid (SBF). The cytotoxicity of the membranes, ALP activity and in vitro
mineralization were evaluated in cell culture. The mineralization and ALP activity was higher for polycaprolactone
membranes modified with Zn doped bioglass than compared to pure PCL membranes or control material. The results proved
that the presence of Zn2+ in the electrospun membranes= influence the osteogenic differentiation of cells.
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1 Introduction

Injuries of nasal bone and cartilage are important issues not
only for the patients but also for laryngologists and plastic
surgeons [1]. Moreover selecting and tailoring the appro-
priate material to reconstruct the nose functionally and
esthetically is crucial to ensure successful surgery [2].
Autologous cartilage is the most biologically acceptable
augmentation material in rhinoplasty [3]. However, its
applicability is limited by the finite availability and donor
postoperative pain. Considering these disadvantages, the use
of alloplasts in rhinoplastic or septoplastic procedures seems
to be extremely attractive because of the lack of donor site
morbidity, unlimited availability, ease of contouring, and
relative simplicity of insertion. The most common materials
used as nasal alloplasts are Gore-Tex® (based on polytetra-
fluoroethylene, PTFE), Lactosorb® (made of poly-L-lactic
acid and polyglycolic acid), silicone, and Med-Por® (based
on porous, high-density polyethylene HDPE) [4–6]. During
material implantation, bacteria can easily adhere to and
colonize the biomaterial surfaces, ultimately leading to ser-
ious implant infection. Complications from infections and
aggressive foreign body reactions sometimes lead to extru-
sion and damage of overlying tissue [7].

One of the materials recently used in clinical study for
rhinoplasty is polycaprolactone (PCL) [8]. PCL is a bio-
degradable and biocompatible material with good flexibility
and mechanical properties [9]. PCL exhibits more pro-
longed mechanical strength than other bioresorbable poly-
meric materials, and the degradation period of PCL graft is
sufficient to allow integration with replacement by viable
host tissue [8]. PCL is a safe material for implants in nasal
reconstruction, showing good stability via incorporation
into the host tissue and maintenance of the immune
response [2, 10]. Another material which was successfully
used in nasal reconstruction surgery, showing good results
in the reconstruction of perforation of the nasal septum, was
bioglass (BG) [11]. BG is a type of bioactive ceramic
material generally composed by SiO2–CaO–P2O5 and Na2O
and it can mainly be synthesized through two approaches:
melting or sol–gel [12]. The major advantage of BG is its
excellent bioactivity. Therefore, materials containing BG
are widely used for bone tissue engineering, and have been
demonstrated to be beneficial to osteogenesis in vitro and
in vivo [13]. Moreover a variety of studies have recently
focused on enhancing the antibacterial performance of
bioactive glasses by doping them with antibacterial metallic
ions (copper, cerium, zinc, silver) [14].

Incorporation of zinc ions into nasal implants could
potentially provide antibacterial properties to decrease or
eliminate bacterial infections and the subsequent complica-
tions in the surgery. Moreover, Zn-based biomaterials have
promising applications in tissue regeneration because of their

biocompatibility, osteogenesis and anticancer properties
[15, 16]. The Zn ion is well known for its roles in bone
growth through promoting osteoblast and chondrocyte dif-
ferentiation, while inhibiting osteoclastic bone resorption
[15, 17]. A wide variety of methods have been used to pro-
duce materials for osteochondral defect treatment in the forms
of porous sponges, woven or non-woven meshes and
hydrogels [18–20]. Electrospinning is a simple, cost-effective
and versatile method to prepare materials that mimic the
native architecture of tissues. Electrospun scaffolds have
attracted considerable interest in tissue engineering [21].
Moreover the possibility to modify the polymer solution used
for electrospinning with bioactive substances or drugs make it
an attractive method for nasal implant development.

In this work, composite membranes were investigated as
a future component of a layered implant for the recon-
struction of nasal septum. The nasal septum is a bony par-
tition and cartilage within the nasal cavity. Because the
cartilage of the nasal septum connects to the nasal bone, our
ultimate intention is to develop a layered scaffold composed
of 3D printed bottom layer (for the cartilaginous part of
implant) and an electrospun upper layer (which will have
contact with bone). This work is focused on the production
and characterization of electrospun membranes for the upper
layer of the nasal scaffold. Two types of membranes were
prepared using an electrospinning method: PCL with bio-
glass and PCL with bioglass doped with Zn. The aim of this
study was to investigate the influence of bioglass addition on
the morphology, fiber diameter and composition of the
membranes. The apatite-forming ability was examined in
Simulated Body Fluid (SBF). The cytotoxicity of the
membranes, ALP activity and in vitro mineralization were
evaluated in cell culture using normal human osteoblasts.

2 Materials and methods

2.1 Materials

Bioactive glass (BG) A2 of the following composition
(mol%) 40SiO2–54CaO–6P2O5 was produced using the
sol–gel method [22]. Two glass particle sizes were obtained:
<45 μm by grinding and sieving and around 1.0 μm by
milling in an attritor with ZrO2 balls in isopropyl alcohol
medium.

The zinc-doped bioactive glass A2Zn5 (mol%):
49CaO–5ZnO–6P2O5–40SiO2 was synthetized using a
sol–gel method [23]. Tetraethyl orthosilicate (TEOS, Si
(OC2H5)4), triethyl phosphate (TEP, OP(OC2H5)3) (Sigma-
Aldrich, USA), calcium nitrate tetrahydrate (Ca(NO3)2·4H2O),
and zinc nitrate hexahydrate (Zn(NO3)2·6H2O) (POCH,
Poland) were used as the starting materials. 1M HCl solution
(POCH, Poland) was applied as a catalyst of the hydrolysis
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and polycondensation reactions. The resulting solutions
were left at the ambient conditions until the gels
were formed. After drying at 80 °C, gels were heated up to
700 °C. The gel-derived materials were then milled in an
attritor with ZrO2 grinding balls in isopropyl alcohol med-
ium. Particle size distribution in powder aqueous suspen-
sion was analyzed using laser diffraction method
(Mastersizer 2000, Malvern, UK). The resulting particle
size was 1.5 µm (d50).

Polycaprolactone (PCL) with an average molecular
weight of 80 kDa was purchased from Sigma-Aldrich.
Chloroform and methanol 1:1 (POCH, Poland) were used as
solvents. To prepare the spinning solutions, 1 g of PCL was
dissolved in 10 mL of chloroform/methanol (1:1) mixture.
A2 and A2Zn5 BG powders were added into the poly-
caprolactone solutions. In order to investigate the effect of
different particle size of BG on the microstructure of PCL-
BG membranes, two different solutions with different BG
particle sizes (~1.0 μm and <45 μm) were prepared. We
have also investigated the effects of BG concentration and
solution flow rate, therefore two different BG concentra-
tions (1) 2 wt% and (2) 4 wt% and three different solution
flow rates during electrospinning were applied: (1) 5 mL/h
(2) 3 mL/h and (3) 1 mL/h. Stable dispersion of bioglass
powder was achieved by sonicating the slurry.

2.2 Scaffold fabrication by electrospinning

Membranes were developed using an electrospinning method
(TIC 1092012 machine, ATH, Bielsko-Biała). For mem-
branes fabrication, samples of prepared solutions were placed
in a syringe (10mL) topped with a needle whose diameter
was 0.22mm and then connected to 25 kV voltage. The
distance between the needle and the collector was 20 cm. The
rotary drum was wrapped in silicone coated paper. Two
membranes with different A2 particle sizes (1.5 µm, 45 µm)
were prepared. Moreover, three different solution flow rates
were applied 5, 3, 1 mL/h. Finally, to prepare PCL-A2 and
PCL-A2Zn5 membranes, A2 and A2Zn5 BG with particle
sizes of 1.0 and 1.5 µm, 4 wt% powder concentration in the
solution and 3mL/h flow rate were chosen.

2.3 Scaffold characterization

A Nova NanoSEM 200 scanning electron microscope
(SEM; FEI, Eindhoven, The Netherlands) coupled with a
GenesisXM X-ray microanalysis system (EDAX, Tilburg,
The Netherlands) equipped with a Sapphire Si(Li) energy
dispersive X-ray (EDX) detector was used to perform the
examination of the microstructure of the produced mem-
branes. The microstructures of scaffolds were evaluated
after coating with a carbon layer. The average fiber diameter

was calculated based on SEM images. Approximately 100
fibers were analyzed using the Image J software.

Infrared spectroscopy was performed with a Bruker
VERTEX 70 V spectrometer (ATR technique with the use
of a platinum single-crystal diamond for membranes. For
A2 and A2Zn5 powders, KBr pellets were fabricated, by
dispersing the sample in KBr. All spectra were collected in
the range of 4000–550 cm−1, 128 scans were accumulated
at 4 cm−1 resolution.

2.4 Bioactivity assessment

The bioactivity of the obtained membranes was evaluated
by examining the formation of apatite layer on their surfaces
in SBF. Simulated body fluid solution (1.5 × SBF, pH 7.4)
was prepared according to Kokubo et al. [24]. Three
membrane samples of PCL, PCL-A2 and PCL-A2Zn5 were
immersed in 1.5 × SBF solution and stored at the tempera-
ture of 37 °C for 7 days. The solution was replaced every
2.5 days and an apatite layer was allowed to nucleate and
grow on the surface of the samples. After 7 days the sam-
ples were removed from SBF and dried at room tempera-
ture. In order to investigate the effect of bioglass content on
the properties of membranes, SEM/EDX evaluation and
FTIR analysis were performed.

2.5 Cell culture study

In this work, the Normal Human Osteoblasts cells (NHOst,
Lonza, USA) were used to assess the membranes’ cyto-
compatibility. Prior to cell seeding, cells were expanded in
osteoblast growth medium OGM BulletKit (Lonza, USA)
containing 10% FBS, 0.1% ascorbic acid and 0.1% GA-
1000 (Gentamicin Sulfate and Amphotericin-B) at 37 °C in
a humidified incubator with 5% CO2. The cultured medium
was renewed every 3 days.

The cell culture experiment was carried out with three
types of electrospun membranes: (1) PCL, (2) PCL-A2, (3)
PCL-AnZn5. The selected materials were cut into disks
(round samples matching the size of wells of 48-well culture
plate), sterilized by soaking in 70% ethanol for 30 min and
by exposure to UV light for 30 min (each side) and then
washed with sterile phosphate buffered saline (PBS,
HyClone, USA). The membranes were placed at the bottom
of 48-well culture plates and seeded with cells at a cell of
concentration 1.5 × 104 cells/mL/well. An empty poly-
styrene well served as a positive control (TCPS). NHOst
cells were cultured on the materials for 7, 14, and
21 days in complete osteoblast growth medium OGM
supplemented with differentiation kit SingleQuots (Lonza,
USA), containing hydrocortisone-21-hemisuccinate and
β-glycerophosphate.
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2.5.1 Cell morphology observation

Detailed morphological examination of the cells which
adhered to the investigated materials was performed using
SEM method (Nova NanoSEM 200 FEI Europe Company)
and fluorescence microscope (Olympus CX41, Japan).

The SEM measurements and observations were con-
ducted in low vacuum conditions, with LVD and Helix
detector at an accelerated voltage of 10–18 kV. After
21 days of cell culture, the materials were washed with
PBS. The cells were fixed with 3% glutaraldehyde solution
in sodium cacodylate buffer at pH 7.4 (POCh, Gliwice,
Poland) for 0.5 h and then dehydrated in a series of ethanol
solution (70%, 80%, 90%, 96%, 100%), dried in air and
evaluated using SEM.

Cell morphologies were evaluated after 14 days of cell
culture using fluorescence microscopy. The cells were
stained for 1 min with 0.01% acridine orange (AO) solution
(Sigma-Aldrich, USA), rinsed with PBS and photographed.

2.5.2 Cell proliferation and membranes cytotoxicity

Cell proliferation/cytotoxicity tests (ToxiLight BioAssay
Kit and ToxiLight, Lonza USA) were conducted at day 7
and 14. The kit was used to quantify adenylate kinase (AK)
in both lysate (representing intact adherent cells) and
supernatant (representing damaged cells). The results were
expressed as mean ± standard deviation (SD) from 8 sam-
ples for each experimental group.

2.5.3 Alkaline phosphatase activity

Alkaline phosphatase (ALP) activity was evaluated using 4-
Methylumbelliferyl phosphate (MUP) as a substrate. The
hydrolysis of MUP was determined by fluorescence detec-
tion on POLARStar Omega microplate reader (BMG Lab-
tech, Germany) with setting for excitation at 360 and
emission at 440 nm on the 7th and 14th day of culture.

2.5.4 In vitro mineralization in cell culture

Cell culture mineralization was evaluated by the OsteoI-
mageTM Mineralization Assay (Lonza, USA) according to
the manufacturer’s instructions. OteoImage assay is based
on the fluorescent staining of extracellular mineral content
deposited by cells, specifically hydroxyapatite. The test was
performed after 14 and 21 days of the cell culture.
Mineralization-stained images were obtained at 490/520 nm
excitation/emission wavelengths using POLARstar Omega
microplate reader. The results were expressed as mean ±
standard deviation (SD) from 4 samples for each
experimental group.

2.5.5 Statistical analysis

The analysis of variance (ANOVA) was used to determine
the differences among the evaluated series of samples. Then
Duncan Post Hoc tests, which were performed with Statis-
tica 10 (StatSoft®, USA) software were applied. The results
were considered statistically significant when p < 0.05.

3 Results

3.1 Morphological characterization of electrospun
membranes

PCL-BG membranes were produced by electrospinning
process using two different sizes of BG particles: (1)
<45 µm and (2) around 1.0 µm. The morphology of the
obtained electrospun membranes was investigated by SEM
(Fig. 1). In the case of bigger particle size (<45 µm) it was
observed that the majority of the particles were located
between the fibers (Fig. 1a, b). Rough fiber surfaces were
obtained in the case of PCL-BG membranes produced with
addition of the small size of A2 bioglass particles. A2
particles were located inside the fibers and on the surface of
fibers (Fig. 1c, d). On the basis of obtained result for sub-
sequent electrospinning process, the BG powder with the
smaller particle size was chosen.

Figure 2 shows the SEM images and the fiber diameter
distribution of PCL-A2 membranes produced at three dif-
ferent flow rates (1,3,5 mL/h) and different bioglass con-
centration (2 and 4 wt%). As a result of electrospinning
method we have obtained membranes with randomly
oriented fibers and high porosity due to the high ratio of
surface area to volume. PCL-A2 membranes are formed by
the long fibers with rough surfaces. BG particles could be
observed on the surface of fibers. From the SEM images, it
is clear that A2 bioglass particles were successfully incor-
porated into all of the obtained membranes. The dispersion
of the bioactive ceramic particles was heterogeneous and
some agglomeration of particles was also noticed. Fiber
diameter range from 500 nm to over 4 µm. The average
diameter of PCL-A2 membrane fibers depends on the
electrospinning flow rate and on the concentration of BG
(Fig. 2). The smallest average diameter of the composite
fibers (1.09 ± 0.5 µm) was obtained for the concentration of
4 wt% BG and a flow rate of 3 mL/h, and this sample was
selected for further study.

In the case of Zn-doped PCL-A2Zn5 membrane particles
of BG were slightly bigger (1.5 µm) resulting in bigger
average fiber diameter (2.95 µm ± 1.64). The quite large
standard deviation of the average fiber diameter results from
the tendency of the powder to agglomerate. Although
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Fig. 2 SEM images of the fibrous PCL-A2 membranes together with fiber diameter distribution. a, c, e 4% wt. of A2 bioglass concentration. b, d, f
2% wt. of A2 bioglass addition. Samples prepared at different flow ratio respectively 5, 3, 1 mL/h, PCL-A2Zn5 membrane prepared at 3 mL/h (g)

Fig. 1 Scheme and SEM images
of bioglass particle distribution
within fibrous scaffold. a, b Size
of the particles lower than
45 µm, particles between the
fibers. c, d Size of the particles
around 1 µm, particles are
incorporated into the fibers
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particles are agglomerated, they are well distributed in the
fibrous membrane (Fig. 2g).

The surface chemistry was characterized by FTIR ana-
lysis. As shown in Fig. 3, in the spectrum of bioglass A2
and A2Zn, the band located at 1020 cm−1 correspond to
stretching vibration of [PO4] as well as [SiO4] units. The
minor band at 930 cm−1 corresponds to Si–O stretching of
non-bridging oxygen atoms in SiO4 tetrahedra. Additionally
small peaks at 600 cm−1 and 875 cm−1 reflect bending
vibration bands of O–P–O and CO3

2− bending mode,
respectively.

FTIR studies confirmed that A2 and A2Zn5 BG particles
were successfully incorporated into the fibrous PCL mem-
brane. In the spectra of PCL-A2 and PCL-A2Zn5 samples,
the characteristic peaks of polycaprolactone are observed at
2949 (CH2 asymmetric, stretching) and 2865 cm−1 (CH2

symmetric, stretching), 1727 cm−1 (C=O stretching),
1293 cm−1 (C–O, C–C stretching), 1240 cm−1 (C–O–C
asymmetric, stretching), 1175 cm−1 (symmetric stretching,
1157 cm−1 (C–O, C–C stretching). Moreover, the char-
acteristic bands corresponding to the presence of BG in the
sample, which do not appear in the case of pure poly-
caprolactone membrane, can be identified in both modified
PCL-A2 and PCL-A2Zn5 samples.

3.2 Bioactivity assessment in SBF

FTIR spectra were recorded (Fig. 3) in order to investigate
the effect of BG content on the ability to promote formation
of an apatite layer in SBF. After 1 week of soaking in SBF,
FTIR spectrum of electrospun PCL-A2 membranes exhibit
typical bands attributed to apatite. In detail, peaks at 560
and 600 cm−1 ascribable to phosphate group vibrations
(O–P–O bending mode), 1014 cm−1 (P–O stretching mode),
875 cm−1 (CO3

2− bending mode) confirm the formation of
apatite layer. After 7 days of immersion in SBF much more
apatite forms on the surface of PCL-A2 membrane than on
pure PCL or Zn-doped PCL-A2Zn5 membranes.

The presence of an apatite layer on the PCL_A2 mem-
branes’ surface after 7 days of incubation in SBF was
indicated by FTIR results (Fig. 3) and as well by inspection
of SEM images (Fig. 4). SEM images confirmed the for-
mation of a spherical cauliflower- like apatite on the surface
of PCL-A2 membrane during the bioactivity study (Fig. 4a).
According to the EDX results, the deposited minerals
consist mainly of phosphorous (P) and calcium (Ca),
proving the formation of an apatite layer on the surface of
fibrous membranes.

In the case of Zn doped bioglass the formation of apatite
layer after 7 days of sample incubation was much slower
than in the case of unmodified samples and not so pro-
nounced (Fig. 4b). Results of the EDX analysis shows that
the deposited minerals, which can be observed on the
membrane surface, are composed mainly of sodium (Na),
chlorine (Cl), and small amounts of P and Ca. This indicates
that mainly salt was formed on the surface of Zn-doped
membranes.

Three types of membranes, namely (1) PCL-A2Zn5, (2)
PCL-A2 and (3) Pure PCL were chosen for cell
culture study.

3.3 Cell culture

The number of cells attached per sample was measured using
cell proliferation assays. Higher cell proliferation was
observed in the case of control TCPS (Fig. 5a). The lower cell
numbers on fibrous membranes is due to their highly porous
structures. The lowest number of cells was observed in the
presence of the PCL-A2Zn5 sample; the cells divided more
slowly, probably due to induction of their differentiation.
Cytotoxicity of the electrospun materials, estimated on the
basis of the measurement of adenylate kinase (AK) released
from the damaged cells on the 7th and 14th day of the culture
is presented in Fig. 5b. The values of the cytotoxicity test
were much lower after 14 days of cell culture.

ALP is an early indicator of immature osteoblasts’
activity and plays an important role in the bone matrix

Fig. 3 FTIR spectra of electrospun membranes: PCL, PCL-A2, PCL-
A2Zn5 before and after incubation in SBF and pure A2 and
A2Zn5 powder
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mineralization process. The results of ALP activity assay
are given in Fig. 5c. ALP production increases on all
samples from day 7 to 14. On day 14, the ALP activity of

NHOst cells cultured on BG modified membranes: PCL-
A2Zn5 and PCL-A2 was significantly higher than the ALP
activity of the cells cultured on control TCPS. The presence

Fig. 5 Number of intact adherent NHOst cells (a), Cytotoxicity (b),
Alkaline phosphatase activity test (c), Mineralization progress. RFUs
—relative fluorescence units (d). Results are expressed as mean ± SD.

Statistically significant differences (p < 0.05) between each materials
and TCPS after different cell culture periods are indicated by upper-
case and lowercase letters, respectively

Fig. 4 Microstructure of PCL-A2 and PCL-A2Zn5 electrospun scaffolds after 7 days of incubation in SBF
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of BG doped with Zn ions within the samples favors ALP
expression and causes stimulation of cells in comparison to
pure PCL membranes.

The ability of NHOst cells to deposit minerals is an
indicator of mature osteoblasts and osteogenic efficiency.
For materials modified with a BG, a statistically significant
increase in the OsteoImage (OI) test value was observed
compared to the control and pure PCL, indicating cells’
differentiation (Fig. 5d).

Figure 6 show the SEM morphology of osteoblast cells
on pure PCL and BG-modified membranes. Cells attached
to the PCL-BG membranes revealed a normal spindle
shape, similar to that of pure PCL membranes, indicating
that the addition of Zn-doped BG did not affect cells’
morphology.

Fluorescence microscopic images of NHOst cells adhered
to membranes’ surface are shown in Fig. 7. NHOst cells
spread well on the surface of membranes were evenly dis-
tributed and maintained their spindle morphology. The
results indicated that the membranes possess good cyto-
compatibility and can support cells’ adhesion and spreading.

4 Discussion

Particle size exerted significant effect on the morphology of
the membranes. The smallest average diameter of the

composite fibers (1.09 ± 0.5 µm) was obtained for the con-
centration of 4 wt% BG and a flow rate of 3 mL/h. The
average fiber diameter was larger when Zn-doped BG was
used. The reasons for this remain unclear. Although parti-
cles agglomerated, they were well distributed in the fibrous
membrane. FTIR studies confirmed that A2 and A2Zn5
bioglass were successfully incorporated into the fibrous
PCL membrane. This was supported by SEM images of the
membranes containing BG.

As was shown in previous work [25], A2 gel-derived BG
exhibits high surface reactivity in biologically related fluids.
This is primarily due to a high calcium content which
results in massive Ca2+ ion release from glass structure,
leading to fast SBF supersaturation and thus high rate of
hydroxyapatite nucleation and crystallization. Furthermore,
it is well known that sol-gel-derived bioactive glasses
exhibit high bioactivity because of their high surface area
and the presence of siloxane groups (Si–OH) in their
structure, providing favorable HAp nucleation sites
[26, 27]. The results of bioactivity assessment demonstrated
that the incorporation of BG particles into the PCL mem-
brane plays an important role in the nucleation and growth
of apatite layer on the surface of membranes. Some pre-
vious works revealed that the modification of bioactive
glass with zinc retards HAp nucleation, especially at the
early stage of incubation in SBF. This effect can result from
absorption of Zn2+ ions (released from the glass structure)
at the active growth sites of HAp, preventing its nucleation.
The other explanation is that the solubility constant of Zn3
(PO4)2 is lower (9.1 × 10−33) than the solubility constant of
Ca3(PO4)2 (2 × 10−29), and therefore PO4

3− ions combine
more easily with Zn2+ ions than with Ca2+ ions [28, 29].
Although Zn-doped bioactive glasses showed retarded
apatite formation, Zn2+ ions released from their structure
promote osteoblasts’ and chondrocytes’ differentiation, sti-
mulate osteogenic differentiation of mesenchymal stem
cells (MSCs) and bone matrix mineralization in vitro
[15, 17, 30, 31], according to other authors.

Also, our results proved the influence of Zn2+ ions on the
osteogenic differentiation of NHOst cells. However, com-
paring OI test values with the obtained values of cell
number for the PCL-A2Zn5 sample, we conclude that the
mineralization stage of the tested materials was achieved
with a much smaller cell number. It means that the mem-
branes which limited the proliferation capacity of cells also
enhanced their differentiation and their ability to form
hydroxyapatite. ALP activity also confirmed osteoblasts’
differentiation. The results indicate the potential of the
tested materials in the initiation of cell differentiation and
the cell mineralization processes. Zinc, when incorporated
into apatite-based biomaterials, promoted attachment,
growth and osteogenic differentiation of pre-osteoblasts
[32] and various osteoblast-like cells [33–35].

Fig. 6 SEM images and EDX spectra of the PCL, PCL-A2 and PCL-
A2Zn5 membranes with NHOst cells on the surface after 21 days of
cells culture
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Previous studies on hydrogel biomaterials (gellan gum,
pectin) enhanced with A2 BG have demonstrated an anti-
bacterial effect against methicilin-resistant Staphylococcus
aureus (MRSA), one of the most commonly occuring
antibiotic-resistant microbes in healthcare-related infections
[36–38]. In one of the aforementioned studies, hydrogels
containing A2Zn5 showed slightly greater antibacterial
activity and equal cytocompatibility to hydrogels containing
A2 BG [37]. Zn has also shown antibacterial activity as a
component of calcium phosphate formed in gellan gum
hydrogels [39]. What is more, Zn shows antibacterial and
anti-inflammatory properties and inhibits osteoclasts dif-
ferentiation [40]. Other authors have reported a positive
influence of Zn on bone fracture healing [41]. The incor-
poration of zinc in various calcium phosphate-based bio-
materials for bone regeneration led to higher new bone
formation and bone–implant contact in vivo [42–45]. Other
authors have reported a stimulatory effect of zinc on
angiogenesis, which is desirable for bone healing [46].

5 Conclusions

The BG and Zn-doped BG were successfully incorporated
into the structure and onto the surface of fibrous membranes
produced by electrospinning. The microstructure of PCL
membranes were influenced by the bioglass size and para-
meters of the electrospinning process. It has been shown
that 4% wt. of A2 BG concentration in the solution permits
formation of membranes with uniform fiber diameter dis-
tribution. The SBF bioactivity test showed that the presence
of A2 BG on the surface of electrospun membranes offered
mineralization of the samples proving it bioactivity, how-
ever the presence of Zn ions was shown to induce a
decrease in apatite precipitation. The mineralization and
ALP activity were higher for polycaprolactone membranes
modified with Zn-doped BG compared to pure PCL mem-
branes or control material. Obtained results proved that the
presence of Zn2+ ions in the electrospun membranes has a
significant influence on the osteogenic differentiation of
NHOst cells. PCL membranes modified with Zn doped

bioglass in a layered nasal implant could act as a barrier
membrane, which, coupled with a 3D printed bottom layer
(for the cartilaginous part of implant), could allow for the
proliferation of cells on both sides of the barrier, while at
the same time preventing the unwanted migration of bone
cells (from bony partition) across the barrier. Moreover,
incorporation of zinc ions into nasal implants, could
potentially provide antibacterial properties to decrease or
eliminate bacterial adhesion on the implant surface.
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