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Abstract

Composite fibrous membranes based on poly(e-caprolactone) (PCL) and mesoporous
bioactive glass nanoparticles (MBGNSs) were fabricated by electrospinning. MBGN5s
and Zn-doped MBGNs prepared by microemulsion sol-gel method were success-
fully incorporated inside the polymeric fibers of 240 and 385 nm in diameter for
undoped and Zn-doped PCL._MBGNSs fibers, respectively. Thermal analysis showed
that the concentration of MBGNs reached a maximum of around 21 wt% for Zn-
doped MBGNSs. Both PCL_MBGNSs and PCL_MBGNSs_Zn composite membrane ex-
hibited bioactivity after immersion in simulated body fluid (SBF). X-ray diffraction
(XRD) and Fourier transform infrared spectroscopy (FTIR) showed the evolution of
composite membranes, confirming the formation of hydroxyapatite (HAp). However,
the degradation products of membranes did not affect the viability and proliferation
of murine stromal cells (ST-2) and thus the new fiber structures represent a suitable
environment for cell adhesion. Therefore, the incorporation of mesoporous glass na-
noparticles doped with therapeutically active Zn** jons inside the PCL fibers offers
the possibility to create a multifunctional biomaterial suitable for drug delivery and

tissue engineering.
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mechanical properties.3’4 The polymeric component allows

Bioactive glass (BG)/polymer composites represent a wide
group of biomaterials, where the advantages of both com-
ponents are combined, leading to the creation of materials
with enhanced properties suitable for several applications.l’2
The use of bioactive glass particles in composites contrib-
utes to enhancing the functionality of polymers by inducing
hydrophilicity and bioactivity in addition to improving the

the formation of different structures exploiting standard
polymeric processing techniques. The combination of poly-
mers and bioactive glass leads also to modification of the
biodegradability of the polymer matrix, which is of impor-
tance for applications in tissue engineering and drug deliv-
ery.2’3’5’6 Individually, organic and inorganic materials may
have different disadvantages, but when combined, the syner-
gistic effect of both components can be exploited to enhance
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the properties of the composite.z’5 The combination of poly-
mers and bioactive glasses may take various forms such as
coatings, scaffolds, or dispersion of bioactive glass particles
in polymeric fibers. In particular, bioactive materials can
be trapped into polymeric fibers, without internalization,
or can be loaded inside the fibers which can have a differ-
ent diameter range, from micrometers to nanometers,7 and
be aligned or randomly assigned. Secondary configurations
such as porous fibers, hollow and core-sheath structures can
create multilayer meshes, membranes, cotton-like materials,
etc.®® The key motivation is to generate the so-called fourth-
generation biomaterials, that besides biocompatibility, bio-
activity and biodegradation include also biomimetic features.
These biomaterials mimic natural’s hierarchical structures
and mechanisms. In particular for tissue engineering, the aim
is to reproduce a microstructure similar to the extracellular
matrix (ECM), composed of micro and nanosized pores and
fibers, which create a microenvironment with biochemical
and structural support for cells.” For this purpose, fibrous
structures can be obtained by the widely used, cost-effective,
and versatile electrospinning technique (ELS). By ELS, a va-
riety of materials, including biodegradable, nondegradable,
synthetic, or natural polymers, can be processed making it
attractive for bioengineering.6 Different structures, composi-
tions, and morphologies allow the use of these composites for
regeneration and healing of hard tissue (bone,'° cartilage“),
soft tissue (Vascular,12 neural,13 ocular, spinal cord), as well
as for skin and wound healing."* Poly-e-caprolactone (PCL)
is one of the most used synthetic polymers in biomedical
applications. PCL is a semicrystalline polyester, produced
by relatively cheap ring-opening polymerization, highly
processable due to its solubility in several organic solvents
and low melting temperature (55-60°C),"* and biodegrad-
able by hydrolytic degradation within 2-3 years.l(”l7 PCL
has several advantages, however, its cell stimulation is weak.
Fibrous structures offer suitable conditions for cell attach-
ment and ingrowth, but the majority of polymers, including
PCL, exhibit limited ability to stimulate cellular actiVity.18
This is the reason for the preparation of composites combin-
ing PCL with materials providing bioactivity.'® It has been
shown that ionic degradation products of BGs such as silicon
(Si) usually as silicic acid,”® calcium (Ca), phosphorous (P),
and other ions (Zn**, Cu®*, Co™", Sr**, Ag*™, etc.) lead to fa-
vorable intracellular and extracellular response.zo’21 Besides
this, BGs enhance interaction with living tissue which re-
sults in the formation of chemical bonds via the formation
of a hydroxycarbonate apatite (HCA) layer on BG surfaces
in contact with biological fluids. Significant progress in
the development of BGs is represented by mesoporous bio-
active glasses (MBGs), whose discovery23 brings enormous
possibilities for their biomedical application.24 Compared to
nonmesoporous BGs, MBGs exhibit higher specific surface
area, pore-volume, bioactivity, and, in some cases, superior
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cytocompatibility.25 Moreover, in comparison to conven-
tional micrometer-sized BGs, nanosized MBGs exhibit in-
teraction with cells at the nanoscale and a greater extent
of integration with the extracellular matrix.”® The reduced
size of MBGs in the nanoscale allows their favorable use in
composites, dental fillers, drug delivery systems, bioactive
coatings, and scaffolds.”® Besides the ions embedded in the
MBGs structure, which provide therapeutic effects during
the glass dissolution, pores can be also loaded with drugs
and different kinds of biomolecules, thus making MBGs
versatile carriers. Among the above-mentioned ionic degra-
dation products, Zn** ions are attracting interest and zinc-
based biomaterials have been increasingly investigated in
recent years.27’28 Mesoporous silica nanoparticles doped by
zinc were produced as a tunable biodegradable platform for
target therapy of breast cancer.”’ Zinc has desirable proper-
ties for tissue regeneration and therapy, plays a crucial role
in osteogenesis,30 is involved in homeostasis, angiogenesis,
and has antibacterial, antifungal, and anticancer effects.' Tt
is also strongly connected with skin and wound healing pro-
cesses.” This work aims to incorporate MBG nanoparticles
(MBGNSs) and MBG nanoparticles doped with Zn (MBGNs_
Zn) into PCL fibers fabricated by the electrospinning tech-
nique. The synthesis and characterization of particles were
previously described by the authors.* The size of MBGNs
allows the fabrication of electrospun PCL nanofibers, which
may mimic the ECM morphology. The influence of the
incorporation of MBGNs and MBGNs_Zn on fibers mor-
phology, average diameter, and ion release profile from the
composites was analyzed. Furthermore, possible cytotoxic-
ity and the in vitro mineralization of the composite fibers
were investigated.

2 | MATERIALS AND METHODS

2.1 | Bioactive glass nanoparticles synthesis

MBGNs based on the binary system composed of 90 mol%
SiO, and 10 mol% CaO were synthesized via microemul-
sion sol-gel method.** To add subsidiary biological function,
MBGNs were doped with Zn>* ions, and MBGNs_Zn of
84 mol% SiO,, 8 mol% Ca0, and 8 mol% ZnO composition
were processed according to the previous protocol developed
by the authors. > Briefly, hexadecyltrimethylammonium bro-
mide (CTAB) was dissolved in deionized water with the later
addition of ethyl acetate. After hydrolysis of silica precursor,
tetraethyl orthosilicate (TEOS), an adequate amount of the
other precursors as Ca(NOs), « 4H,0 and Zn(NO5), « 6H,O
was added to the mixture. After the synthesis, the precipitate
was washed, collected, and dried in an oven at 60°C for 24 h.
Finally, the dried materials were calcined at 700°C for 2 h

following a heating rate of 2°C min~".
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2.2 | Electrospinning of fiber membrane

The solution for electrospinning was prepared from PCL
(80 kDa, Sigma Aldrich) and a glacial acetic acid (AcOH)
(VWR) used as a benign solvent. Based on the protocol de-
veloped by Liverani et al.» PCL (20 wt%) was dissolved in
an AcOH by stirring at room temperature overnight and put
in an ultrasonic bath for 1h before the electrospinning pro-
cess. To produce composite fibers, MBGNs and MBGNs_Zn
(30 wt% respect to PCL), samples labeled as PCL._ MBGNs
and PCL_ MBGNSs_Zn, respectively, were added to the as-
prepared PCL solution and dispersed by an ultrasonic ho-
mogenizer. These solutions were immediately electrospun
by a single jet electrospinning apparatus (Starter Kit 40KV
Web, Linari Engineering) under ambient conditions. The op-
timized electrospinning parameters for both composites were
an applied voltage at 20 kV, tip-target distance of 11 cm, and
a flow rate of 0.4 ml/h. Temperature and relative humidity
were in the range of 22.5-24.5°C and 20%-30%. The fibers
were collected on an aluminum foil and then stored for fur-
ther investigations.

2.3 | Characterization

The structure and morphology of the fiber mats were ob-
served with a scanning electron microscope (SEM; Auriga
Base, Zeiss). Before SEM analysis samples were sput-
tered with gold using Sputter Coater (QI150T, Quorum
Technologies Ltd.). The average diameter of the fibers was
analyzed by measuring a diameter of 200 random fibers from
SEM images. A software for SEM experimental control and
analysis Gatan Microscopy Suite Software (GMS; Gatan
Inc., AMETEK) was used to determine fiber diameter distri-
bution. Further structural analysis was performed by Fourier
Transform Infrared Spectroscopy (FTIR; IRAffinity-IS,
Shimadzu) in attenuated total reflectance (ATR) mode, using
a wavenumber range of 4000 to 400 cm™" with a resolution
of 4 cm™" with 32 spectral scans. X-ray diffraction (XRD)
patterns of the fiber mats were obtained using an X-ray dif-
fractometer (MiniFlex 600, Rigaku) in the 20 range of 10°
to 80° equipped with Cu Ka radiation. A step size of 0.02°
and dwell time of 1° per minute were used. To determine the
wettability of fiber mats, the static contact angle was meas-
ured using a drop shape analyzer DSA30 (Kriiss GmbH).
Five samples were examined by the sessile drop method, in
air atmosphere and room temperature, average values were
reported. Thermogravimetry/Differential Thermal Analysis
(TG/DTA) was performed to define weight loss during heat
treatment of fibrous mats. Samples (5.8 mg) were decom-
posed in alumina crucibles in a controlled atmosphere of
N,/O,. The TG/DSC measurements were carried out in the
temperature range between 35 and 800°C at the heating rate

of 3°C/min in the air using the Netzsch STA 449 F1 Jupiter
simultaneous thermal analyzer (Erich NETZSCH GmbH &
Co. Holding KG.). The TG/DSC records were evaluated by
the Netzsch Proteus software.

2.4 | Determination of ion release

Fiber membranes were cut to an area of 1 cm” and immersed
in Sml of simulated body fluid (SBF), freshly prepared ac-
cording to the protocol of Kokubo et al.*® The samples were
incubated at 37°C with an agitation speed of 120 rpm. At
each predetermined time point (1, 3, 7, 14, and 21 days), the
supernatant was sampled and 65% HNO; (TraceMetal Grade)
was added to meet pH < 2 to stabilize the solution contain-
ing the dissolved ions. The elemental analysis of the solu-
tion was carried out by optical emission spectroscopy with
inductively coupled plasma (ICP-OES; Agilent 5100 SVDV,
Agilent Technologie, Inc.). A series of four calibration solu-
tions in the range 10—100 mg/L (Si), 50-150 mg/L (Ca), and
1-25 mg/L (Zn) were prepared to obtain a linear correlation
between the signal intensity and concentration of ions. The
reference standards certified for ICP techniques were diluted
to prepare the stock calibration solutions. To deal with non-
spectral interferences, the internal standardization technique
with scandium (10 mg/L) was used. The precision of the
analysis for all required ions expressed as RSD% was below
5%. The average values including standard deviations from
three replicates for each dissolved ion were reported.

2.5 | Acellular bioactivity

The acellular bioactivity of the electrospun composite fibers
was evaluated by immersion in an SBF medium. Samples cut
to an area of 1 cm? were immersed in 5 ml of SBF and incu-
bated under continuous agitation (120 rpm) at 37°C. After 1,
3,7, and 14 days, the samples were removed from the SBF
medium, gently rinsed with deionized water, and dried. The
pH of the remaining media was recorded. Furthermore, the
samples were analyzed using SEM and FTIR. The phase
compositions of the fibers were characterized by X-ray dif-
fraction (XRD) analysis using a diffractometer (Miniflex 600
HR, Rigaku). Data were collected over a 20 range from 20°
to 60° with a step size of 0.02°.

2.6 | In vitro cell tests

Before cell experiments, electrospun fibrous mats were cut to
a circular shape of lcm diameter, fixed by using Cell Crown
supports (Scaffdex, Sigma Aldrich) and disinfected for 1 h
with UV light irradiation. Samples were then placed into cell
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culture plates and rehydrated by a complete cell culture me-
dium (CCM). As a CCM Dulbecco's Modified Eagle Medium
(Gibco, Thermo Fisher Scientific) was used, containing 10%
fetal bovine serum and 0.1 mg/ml of each Penicillin and
Streptomycin (Gibco, Thermo Fisher Scientific). Direct cell test
was performed using murine stromal cells (ST-2) purchased
from the Leibniz-Institut DSMZ—German Collection of
Microorganisms and Cell Cultures GmbH, Germany. ST-2 Cell
lines were maintained in CCM at 37°C in a humidified atmos-
phere of 95% air and 5% CO,. The cells were routinely subcul-
tured by trypsinization (0.25% Trypsin-EDTA, Gibco, Thermo
Fisher Scientific). Harvested cells were diluted at a density of
25.000/fibrous mat and in 100 pl of CCM were seeded directly
on each rehydrated sample, incubated for 5 min to allow soaking
and then filled with 1mL of CCM. Samples were incubated for
1, 3, and 7 days at 37°C in 5% CO,. After the incubation period,
cell viability was assessed by WST-8-assay (CCK-8 Kit, Sigma
Aldrich). Water-soluble tetrazolium salt, WST-8, is reduced by
mitochondrial dehydrogenases to an orange formazan product.
After incubation for 4 h at 37°C, the reaction product was meas-
ured at 450 nm using a microplate reader (PHOmo Elisa reader,
Autobio Diagnostics Co. Ltd.). The amount of formazan pro-
duced is directly proportional to the number of living cells in
culture. To investigate cell adhesion and morphology, staining
with Rhodamine Phalloidin (RP; ThermoFisher Scientific) and
DAPI (ThermoFisher Scientific) was performed. After fixation
and permeabilization of the adherent cells, RP (8 pl/ml) was
added and incubated at 37°C for 1 h. Samples were thoroughly
washed by PBS and dyed by DAPI (1 pl/ml). Washed samples
were analyzed with a fluorescent microscope (Axio Scope Al,
Zeiss). All measurements were performed in triplicates.

2.7 | Statistical analyses

All experiments were carried out at least in triplicate. Results
are expressed as mean =+ standard deviation (SD). Statistical
evaluation was assessed by using one-way analysis of vari-
ance (ANOVA) with p < 0.05 considered significant.

3 | RESULTS AND DISCUSSION

3.1 | Compositional and microstructural
characterization

The composition of prepared MBGNs and Zn-MBGNs na-
noparticles was measured by X-ray fluorescence (XRF;
Bruker S8 Tiger) and inductively coupled plasma optical
emission spectroscopy (ICP-OES; Agilent 5100 SVDV)
and the results were published in our previous article.® The
molar compositions (re-calculated to oxides) of the prepared
nanoparticles are summarized in Table 1. Due to the nature

SCIENCE
TABLE 1 Chemical composition of MBGNs and Zn-MBGNs
determined by XRF and ICP-OES

Composition XRF (mol %) MBGNs Zn-MBGNs
Si0, 90.0 83.2

CaO 10.0 8.4

ZnO — 8.4
Composition ICP-OES (mol %)

Sio, 88.4 83.8

CaO 11.6 8.3

ZnO - 7.9

of sample preparation for the ICP OES measurements, the
high content of SiO, could not be exactly measured by the
method. Therefore, the value of Si content in the samples was
obtained as normalized values to the sum 100%.

SEM analysis of PCL_MBGNs and Zn-doped PCL_
MBGN:Ss fibers, reported in Figure 1A-D, shows a homoge-
neous fiber diameter distribution around 240 and 385 nm for
undoped and Zn-doped PCL_MBGNsS fibers, respectively. To
obtain this distribution more than 500 fibers from different
micrographs of both compositions were analyzed in different
points of each fibrous mats. The obtained fiber diameter is
comparable with previous results found in literature, where
PCL average fiber diameter for neat PCL mats in a range
of 110-3850 nm have been reported.37’38 These results are
also similar to those obtained by the authors for PCL and
PCL_ BGs fibers with 30 wt% of BGs, with a fiber diameter
at around 175 and 375 nm, respectively. Moreover, the addi-
tion of MBGNSs led to an increase of fiber diameter, resulting
from the higher viscosity of the spinning solution.*

According to the reported results, we can conclude that
the Zn incorporation in bioactive glass particles did not influ-
ence significantly the average fiber diameter but, on the other
hand, it contributed to increasing the diameter distribution
range up to 1.4 pm.

A detailed magnified SEM micrograph shown in Figure
2 displays the distribution of the MBGNs_Zn particles in-
side the polymeric fiber. Glass particles tend to form clus-
ters alongside the fibers, MBGNs are not well dispersed in
the solution and as a result, they are not stabilized in that
solution. This effect could be explained by the incorporation
of a high concentration of bioactive glass particles, close to
30 wt% with respect to PCL, that affects the viscosity and
conductivity of the solution, causing ulterior agglomeration.

3.2 | Thermal characterization and contact
angle measurement

The thermal evolution and decomposition of PCL fibers
were determined by TG-DTA, carried out in an oxygen
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FIGURE 1 SEM micrographs of electrospun fibers (A, B) PCL_MBGNSs and (C, D) PCL_MBGNs_Zn. (B) and (D) show magnified images
of the studied fibers. Insets on (A) and (D) show the fibers diameter distribution

FIGURE 2 Detailed magnified SEM micrograph of electrospun
Zn-doped PCL_MBGN:s fibers

atmosphere, as shown in Figure 3. As indicated in previous
works, PCL shows only one thermal degradation between
300 and 420°C with a significant weight loss, reaching values
of 86.5% and 79.15%, for undoped and Zn-doped MBGN:ss,
respectivcaly.m’41 Thus, MBGNs were incorporated inside the
fibers in an amount of ~14 and ~21 wt%, for MBGNSs and
MBGNSs_Zn, respectively. Mass loss is significantly lower

than in previous results obtained in similar systems** and it
could be related to the more effective incorporation of the
MBGNSs that finally are embedded in the PCL fibers.

Moreover, in the case of undoped MBGNS, this weight
loss was accompanied by the typical exothermic peak for
PCL fibers with a maximum at around 378°C. This peak in-
dicates the maximum degradation rate of the sample reached
at that temperature.14 The most intense peak is shown to be
split into three peaks indicating that the thermal degradation
of PCL occurred above 310°C in three steps. This effect is as-
sociated with the decomposition of PCL in CO,, CO, water,
and short-chain acids.* The existence of these three peaks
is characteristic for the decomposition of PCL in an oxygen
atmosphere.

In addition to the thermal characterization, the hydropho-
bic nature of these materials was also analyzed as shown in
Figure 4. To determine this property, the contact angle was
measured. A change in the values of the contact angle gives
information about how effective is the surface modification
of the fibers, mostly in terms of porosity and roughness.44

Since the measured values for contact angle were 100,
107, and 93° for PCL, PCL_MBGNSs, and PCL_MBGNs_
Zn, respectively, no significant difference among them was
detected. Thus, it seems that the MBGNSs incorporated in
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FIGURE 3 TG-DTA of PCL_MBGNSs (A) and Zn-doped PCL_ MBGNs_Zn (B)
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FIGURE 4 Contact angle of PCL, PCL_MBGNSs, and Zn-doped
PCL_MBGN:Ss fiber mats

the PCL matrix do not affect the hydrophobic behavior of
PCL electrospun fiber mats. Moreover, most of the obtained
values are in the 98—110° range that has been previously re-
ported by Sant et al.®

3.3 | Acellular bioactivity of electrospun
composite fibers

The bioactivity of a material is determined as the ability to
react with aqueous media, resulting in ion release and precipi-
tation of biomimetic apatite laye:r.46 This layer represents an
interface between the substrate and host tissue and is crucial
for consequential cell adhesion and tissue regeneration. The
simulated body fluid (SBF) developed by Kokubo et al.*” mim-
ics the inorganic composition of human blood plasma and
is considered as a standard solution for immersion test and

bioactivity determination,***® Bioglass® 4585, as a repre-
sentative of highly bioactive material, forms hydroxyapatite—
Ca,((PO,)s(OH), (HAp) within a few hours after immersion
in SBE.* The formation of HAp is described by a series of
surface reactions which start with a rapid exchange of Ca’*
with protons, followed by the breakdown of the silica network
and formation of silica-rich layer. Migration and precipitation
of Ca®* and PO43_ ions on this layer lead to the creation of
amorphous calcium phosphate (CaP) which by incorporation
of anions forms a crystalline (usually carbonate) apatite.50 The
SEM micrographs in Figure 5 show electrospun membranes
after soaking in SBF and the morphological changes con-
nected with HAp formation. On days 1, 3, and 7, no morpho-
logical changes associated with mineralization were observed
(Figure 5A,B), however, some surface changes appear to have
occurred. Complete degradation of PCL is usually quite long,
thus PCL is used mainly in the replacement of hard tissue
where the healing process takes an extended period of time.'®
In this case, possible faster degradation may occur as MBGNs
are covered by a thin layer of the polymeric matrix and can
interact with SBF directly. Degradation of PCL/PGS fibers via
surface erosion in a similar time range was described also by
Luginina et al.>! In this work, rosettes of HAp are visible on
the electrospun membranes after 14 days of immersion (Figure
5D), however, a compact HAP layer is still not visible. The
rate of HAp formation is similar to the one reported by Sergi
et al.,** who pointed out that rapid bioactivity is not of pivotal
importance for specific applications in soft tissue engineer-
ing, for example, wound dressing, as opposed to bone tissue
engineering.

FTIR and XRD analyses were performed to examine the
evolution of the structure and chemical composition of the
prepared fiber mats after soaking in SBF solution from 1 to
14 days. The results are shown in Figure 6.

The XRD patterns of all PCL_MBGNs and PCL_
MBGNs_Zn composites exhibit characteristic PCL
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FIGURE 6 XRD diffraction patterns of PCL_MBGNs (A) and PCL_MBGNs_Zn (B) fiber mats before and after soaking in SBF solution. (C)
and (D) FT-IR spectra of PCL_MBGNs and PCL_MBGNs_Zn under the same conditions

diffractions with two additional diffraction maxima at
20 = 26.2° and 20 = 31.6, which are attributed to the pres-
ence of HA (JCPDS file 24-0033).”* The figures show an
increased intensity trend for the 20 = 26.8° diffraction, cor-
responding to the (002) crystalline direction, with the soak-
ing time in SBF instead of the most intense peak described
in the JCPDS file 24-0033 for crystalline HA, at around
31.6°. This effect could be attributed to the existence of
preferential orientation of the HA crystals in the fibers.
Moreover, as it was indicated previously, similar behav-
ior is observed for Zn-doped PCL_MBGNs. However, the
diffraction maxima corresponding to HA crystalline phase
for the different soaking times are less intense with respect
to the corresponding ones of undoped composite samples,
indicating that the presence of Zn®" ions has delayed the
formation of HAp.

FTIR spectra in Figure 6C,D of PCL, PCL_MBGN:Ss, and
Zn-doped PCL_MBGNSs before and after soaking in SBF
solution confirm the behavior observed in XRD diffraction
patterns. The spectra before this immersion in SBF solution
exhibit the characteristic PCL bands observed previously by
other authors®>>*: 2942, 2865, and 1366 cm_l, that are asso-
ciated to stretching of CH, alkyl group; 1722 cm™, related
to carbonyl C=O stretching and 1240 and 1165 cm™" peaks,
attributed with symmetric and asymmetric C—-O-C stretch-
ing, respectively; finally, the peak at 1294 cm™" associated
to the backbone C-O and C—C stretching. Finally, the peaks
at around 450 cm™! are associated to Si-O-Si of amorphous
silicate glasses.55

The FTIR spectra measured at different times after soak-
ing in SBF solution showed the bands that correspond to
the HAp layer: that is, P-O bending vibration at around
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FIGURE 7 The concentration of Si (A), Ca (B), and Zn (C) in SBF and its pH (D) during incubation with PCL-MBGNs and PCL_MBGNs_

Zn fibers

600 cm™! and the P-O asymmetric stretching vibration at
around 1030 cm™' that indicated the formation of HAp on
fiber.”> It was observed that the P-O asymmetric stretch-
ing vibration was detected 7 days after immersion of PCL_
MBGNSs in SBF solution (Figure 6C). Furthermore, the
P-O bending vibration at 600 cm™! is observed at 14 days
after immersion in SBF, while it is slightly observed in the
Zn-doped PCL_MBGNSs. It means that the Zn>" ions cause
a delay in the HAp formation and thus the bioactivity of the
Zn-doped samples is lower. It is well-known that ZnO could
behave both as a network modifier but also as an interme-
diate oxide and according to this, ZnO partially replaces
the CaO forming Zn042_ species which require Ca ions for
charge balancing. The effect is increased due to the high
content of Zn dopant. Thus, the amount of Ca** ions avail-
able for the formation of HAp is even smaller. Therefore,

the glass dissolution decreases and as a consequence the
HAp formation is delayed.SG’57

In order to better understand the degradation of the com-
posite membranes, the compositional change of SBF in time
was evaluated by ICP-OES. Ca, Si, and Zn related to the glass
dissolution process were determined in the horizon of 21 days
and are shown in Figure 7A—C. An increase in Si concentra-
tion in SBF after 1 day of immersion confirms a dissolution
of glass particles in composite membranes. MBGNSs dissolve
faster compared to Zn-doped MBGNs. These results are con-
sistent with the statement of Atkinson et al.”® who described
that the samples with higher content of zinc (5 mol%) show a
slower dissolution process, so its durability is increased. Zn*t
ions may, respectively, act as a network modifier and network
former and may reduce the glass dissolution®® as was already
mentioned. The amount of zinc released to the SBF solution
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FIGURE 8 Cell viability of ST-2 cells determined by WST-8
assay (OD 450 nm) after direct seeding of cells on PCL and PCL_
MBGNSs, PCL_MBGNs_Zn electrospun fibers

is low (Figure 7C), which supports the assumption of the du-
rability of the Zn-doped glass. The other explanation for a
lower amount of Zn in SBF, could be the reaction of Zn**
with PO43_ and its incorporation into a new crystalline phase,
hopeite Zn3(PO4)2~4H20.30 The process of biomineralization
is also supported by the data displayed in Figure 7B reporting
the presence of Ca in SBF medium. The detected concentra-
tion of Ca is comparable or lower than the concentration of
calcium in SBF, which could be explained by its incorpora-
tion into Cas(PO,4);(OH).

The pH of the supernatant SBF was measured (Figure 7D)
and the increased pH value in the case of PCL_MBGNSs and
PCL_MBGNs_Zn composites confirmed the degradation of
membranes. Degradation products as a result of glass disso-
lution lead to an increase in pH values. However, the changes
are still in a range which is suitable for cell culture without
the need for pretreatment.

3.4 | Cytocompatibility evaluation

Cytocompatibility of membranes was tested in direct contact
with murine stromal cells ST-2. Viability was tested using
WST-8 method, based on mitochondrial activity. The effect
of direct contact of cells with the material on cell survival
and proliferation was evaluated. Figure 8 shows viable cells
seeded on the surface of the membrane for 1, 3, and 7 days.
Compared to the control, represented by neat PCL fibers,
there is no significant influence of MBGNs and MBGNs_Zn
loading on cell viability and proliferation. Moreover, an in-
crease in the number of cells over time was observed, which
supports the cytocompatibility of the proposed materials.
The results and optical density (OD) values are in accord-
ance with the data published by Sergi et al.*> who tested PCL

SCIENCE

fibers doped by Zn-doped bioactive glass prepared by the
conventional melt-quenching route. It is important to men-
tion that also fibers loaded by zinc-enriched MBGNs did not
have a negative effect on cell growth. It is well-known that if
zinc exceeds a certain concentration, it can have a cytotoxic
effect. Vallet-Regi's group demonstrated that MBGs doped
by 7 mol% ZnO were cytotoxic.60 The amount of zinc that is
considered nontoxic but still provides the required biologi-
cal properties is 5 mol%.°"%* We have already confirmed the
cyto compatibility of the prepared MBGNs_Zn particles in
our previous work, where the medium with dissolution prod-
ucts of the nanoparticles positively affected and increased
the proliferation of MG-63 and MEF cell lines.* However,
it should be emphasized that those were indirect tests with
an elution extract while the direct contact of cells with the
material is more challenging.®® The composite membranes
showed lower values of surviving cells compared to the PCL
control but the number of viable cells was always above 70%
of the control. The composites thus met the biocompatibil-
ity criteria of the ISO standard on the conditioned media.®*
The incorporation of MBGNs and MBGNs_Zn particles in
PCL matrix slows down PCL degradation and associated
ion release. This system suggests that slowing the release of
compounds could promise a cell-safe environment suitable
for long-term applications. This statement is also supported
by the results obtained by fluorescent microscopy shown in
Figure 9. A visible characteristic cellular morphology and a
confluent monolayer of cells seeded on the membranes are
visible. Cell morphology visualized by fluorescent staining
of nuclei and cytoskeleton displays prolonged actin filaments
corresponding to extended filopodia which have the role of
sensing migration and cell—cell interaction.%> Based on the
above-mentioned results, the membranes are considered cy-
tocompatible and can support cell adhesion.

4 | CONCLUSIONS

Polycaprolactone/mesoporous bioactive glass nanoparticle
composite fibers were successfully fabricated by electro-
spinning using acetic acid as a benign solvent. MBGNs and
MBGNSs_Zn were incorporated inside the fibers with a final
concentration of 14 and 21 wt% for MBGNs and MBGNs_Zn,
respectively. Zinc incorporated in PCL_MBGNs_Zn com-
posite slowed down the mineralization. However, both com-
posite membranes, after immersion in simulated body fluid,
formed hydroxyapatite (HAp) on their surfaces. Composite
membranes showed limited degradation in an aqueous en-
vironment up to 14 days. The degradation products did not
lead to any cytotoxic effect on murine stromal cells (ST-2).
The fibrous nanostructure provided a suitable environment
for cell adhesion and spreading. Therefore, these composite
structures could be an attractive candidate for potential use as
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drug delivery system as well as for therapy and regeneration
of tissues.
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