
applied  
sciences

Article

Incorporation of Bioactive Glasses Containing Mg, Sr,
and Zn in Electrospun PCL Fibers by Using
Benign Solvents

Rachele Sergi 1, Valeria Cannillo 1 , Aldo R. Boccaccini 2 and Liliana Liverani 2,*
1 Dipartimento di Ingegneria Enzo Ferrari, Università degli Studi di Modena e Reggio Emilia, Via P. Vivarelli

10, 41125 Modena, Italy; rachele.sergi@unimore.it (R.S.); valeria.cannillo@unimore.it (V.C.)
2 Department of Materials Science and Engineering, Institute of Biomaterials, University of

Erlangen-Nuremberg, Cauerstr. 6, 91058 Erlangen, Germany; aldo.boccaccini@fau.de
* Correspondence: liliana.liverani@fau.de; Tel.: +49-(0)9131-85-28603

Received: 4 July 2020; Accepted: 7 August 2020; Published: 10 August 2020
����������
�������

Abstract: Poly(ε-caprolactone) (PCL) and PCL/bioactive glass composite fiber mats were produced
by electrospinning technique. To improve cell adhesion and proliferation (i) 45S5, (ii) a bioactive
glass containing strontium and magnesium oxides, and (iii) a bioactive glass containing zinc oxide
were separately added to the starting PCL solution before electrospinning. A good incorporation
of bioactive glass particles in PCL electrospun mats was confirmed by SEM and FTIR analyses.
Bioactivity was evaluated by immersion of PCL mats and PCL/bioactive glass electrospun fiber mats
in simulated body fluid (SBF). Bone murine stromal cells (ST-2) were employed in WST-8 assay to
assess cell viability, cell morphology, and proliferation. The results showed that the presence of
bioactive glass particles in the fibers enhances cell adhesion and proliferation compared to neat
PCL mats. Furthermore, PCL/bioactive glass electrospun mats showed higher wound-healing
rate (measured as cell migration rate) in vitro compared to neat PCL electrospun mats. Therefore,
the characteristics of the PCL matrix combined with biological properties of bioactive glasses make
PCL/bioactive glass composite ideal candidate for biomedical application.
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1. Introduction

Electrospinning is a widely used technique based on a starting polymeric solution and high
electric field between two electrodes to fabricate nano- and micro- fibers for biomedical applications.
Nanosized fibers mimicking the original structure of extracellular matrix (ECM) [1] can be fabricated
by electrospinning technique. The features of samples are affected by (i) solution parameters (i.e.,
rheological properties, type of solvent(s), etc.), (ii) process parameters, and (iii) environmental
parameters [1–4]. Among them, the selection of a proper solvent system plays a crucial role on
the features of samples [5,6]. Recently, the standard solvents used for the electrospinning process,
which are toxic, such as chloroform, dichloromethane, hexafluoro-2-propanol, dimethylformamide,
methanol, or a mixture of them, have been increasingly substituted by less harmful solvents such as
acetic acid, formic acid or acetone [7–9], which have been defined as benign solvents [10], highlighting
the important properties related to prevention of biopolymer denaturation and presence of traces of
toxic solvents on the fibers, as well as having a positive environmental impact.

Poly(ε-caprolactone) (PCL) has been widely used in combination with benign solvents (acetic acid
or formic acid or acetone) to develop the starting polymeric solution for the production of electrospun
mats [7–10]. PCL is widely investigated for biomedical applications because of its biocompatibility
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and biodegradability [11–13] and is approved by the Food and Drug Administration (FDA) for clinical
use. However, PCL bioactivity can be enhanced by the addition of bioactive biomaterials such as
bioactive glasses (BGs). Generally, bioactive glasses have shown high bioactivity and high interaction
with hard and soft tissues [14,15]. In this work, 45S5 BG (composition 45 wt% SiO2, 24.5 wt% CaO,
24.5 wt% Na2O, and 6.0 wt% P2O5) [16], Sr- and Mg-substituted bioactive glass (BGMS10 [17–23]),
and Zn-substituted bioactive glass (BGMS_2Zn [24]) were incorporated in PCL fibers by electrospinning
technique. BGMS10 was designed starting from the composition of 45S5 by adding SrO and MgO;
subsequently, ZnO was added to the BGMS10 composition to produce a Zn-substituted bioactive glass
labelled as BGMS_2Zn [24]. The incorporation of different ions into bioactive glass compositions aims to
impart specific biological functionalities and to enhance the therapeutic behavior [25–28]. In particular,
Sr has been shown to enhance osteogenic differentiation, to stimulate osteoblast differentiation [29]
and bone formation [30–33] as well as angiogenesis and cell proliferation [34–36]. Furthermore, Sr,
because of its anabolic and anti-resorptive effect on bone, is already in use as strontium ranelate in the
treatment of osteoporosis [37]. Mg, which is the 4th most abundant cation in the human body, not only
stimulates stem cells proliferation and differentiation but it plays a pivotal role in bone metabolism by
enhancing ALP activity [38]. Furthermore, Mg can be useful for bone regeneration [39,40]. Therefore,
it is expected that PCL fibers containing BGMS10 and BGMS_2Zn particles will release Sr and Mg
showing enhanced cell adhesion and proliferation in in vitro tests. In addition, it is expected that
PCL fibers containing BGMS_2Zn particles will also release Zn ions. Zn is not only essential for cell
growth and proliferation, but it also takes part in enzyme production, replication of DNA, and growth
factors (GFs) [41–43]. Furthermore, Zn ions have shown antimicrobial properties [44–46]. Therefore,
the incorporation in PCL fibers of such ion-doped BGs aims to enhance bioactivity, cell proliferation,
and angiogenesis as well [47–50]. Because of the capacity of bioactive glasses to stimulate both hard
and soft tissues, PCL/bioactive glass composite fiber mats could represent the starting materials for
wound-healing devices. The use of composites combines the properties of the organic matrix with
the reinforcement of the inorganic phase embedded into the fibers which could be suitable for the
fabrication of healing devices with suitable mechanical and biological performance [8].

2. Materials and Methods

2.1. Bioactive Glasses Preparation

BGMS10 and BGMS_2Zn were manufactured by the conventional melt-quenching route as
reported in the literature [51–53]. In brief, the commercial raw powders (SiO2, Ca3(PO4)2, CaCO3,
Na2CO3, K2CO3, MgCO3, SrCO3, ZnO, from Carlo Erba Reagenti, Cornaredo, Italy) were mixed for
3 h in a laboratory shaker (M63a4-Motori Elettrici Carpanelli, Bologna, Italy) and then melted in a
platinum crucible (in air). The thermal cycle was the following: from room temperature to 1100 ◦C at
10 ◦C/min; a decarbonation step at 1100 ◦C for 2 h; from 1100 ◦C to 1450 ◦C at 10 ◦C/min followed
by keeping 1450 ◦C constant for 45 min. The fused glass was rapidly quenched in room-temperature
water to have a frit, which was dried at 110 ◦C for 12 h. The frit of each glass composition was then
milled to obtain bioactive glass powders with final grain size to achieve an effective incorporation
inside PCL fibers. The average particle size of the different powders was calculated using ImageJ (NIH,
Bethesda, MD, USA) [54] from the SEM micrographs reported in Figure 1 and resulted in the following
values: 2.4 µm for 45S5, 2.3 µm for BGMS10 and 3.2 µm for BGMS_2Zn.
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Figure 1. SEM analysis of bioactive glass particles after milling before electrospinning: 45S5 (a), 
BGMS10 (b), and BGMS_2Zn (c). 

Subsequently, bioactive glass powders were added to the starting polymeric solution before 
electrospinning. The composition of the BGs investigated is shown in Table 1. 

Table 1. Summary of bioactive glasses (BGs) compositions reported in wt%. 

BG Label SiO2 CaO Na2O K2O P2O5 MgO SrO ZnO 
45S5 [16] 45 24.5 24.5 - 6 - - - 

BGMS10 [17–23] 44 22.3 2.2 3.4 5.7 6.3 16.1 - 
BGMS_2Zn [24] 41.1 20.8 2 3.1 11 5 15 2 

2.2. Solution Preparation 

Electrospun mats were obtained from PCL (80 kDa, Sigma Aldrich, Munich, Germany) solutions 
and acetic acid (AA, VWR, Darmstadt, Germany) was used as solvent. The solutions of PCL in acetic 
acid (20% w/v) were mixed overnight and then were ultrasonicated for 1 h before electrospinning. To 
produce the composite electrospun mats, 45S5, BGMS10, and BGMS_2Zn were homogenously 
dispersed (5 wt% respect to PCL) in the polymer solution and mixed for 10 min and subsequently 
immersed in ultrasonic bath for 1 min before electrospinning. The amount of bioactive glass was 
chosen at 5 wt% because previous studies demonstrated that adding only 5 wt% bioactive glass to 
PCL can already generate relevant in vitro and in vivo outcomes with respect to PCL only [55]. In 
particular, the focus of this work is the development of composite fibers with suitable properties for 
applications in soft tissue engineering, as widely reported [47–50] and it is not oriented to the 
osteogenic differentiation as reported in [55]. The composite electrospun mats were namely PCL, 
PCL_45S5, PCL_BG10, and PCL_BGZn. 
  

Figure 1. SEM analysis of bioactive glass particles after milling before electrospinning: 45S5 (a),
BGMS10 (b), and BGMS_2Zn (c).

Subsequently, bioactive glass powders were added to the starting polymeric solution before
electrospinning. The composition of the BGs investigated is shown in Table 1.

Table 1. Summary of bioactive glasses (BGs) compositions reported in wt%.

BG Label SiO2 CaO Na2O K2O P2O5 MgO SrO ZnO

45S5 [16] 45 24.5 24.5 - 6 - - -

BGMS10 [17–23] 44 22.3 2.2 3.4 5.7 6.3 16.1 -

BGMS_2Zn [24] 41.1 20.8 2 3.1 11 5 15 2

2.2. Solution Preparation

Electrospun mats were obtained from PCL (80 kDa, Sigma Aldrich, Munich, Germany) solutions
and acetic acid (AA, VWR, Darmstadt, Germany) was used as solvent. The solutions of PCL in acetic
acid (20% w/v) were mixed overnight and then were ultrasonicated for 1 h before electrospinning.
To produce the composite electrospun mats, 45S5, BGMS10, and BGMS_2Zn were homogenously
dispersed (5 wt% respect to PCL) in the polymer solution and mixed for 10 min and subsequently
immersed in ultrasonic bath for 1 min before electrospinning. The amount of bioactive glass was
chosen at 5 wt% because previous studies demonstrated that adding only 5 wt% bioactive glass
to PCL can already generate relevant in vitro and in vivo outcomes with respect to PCL only [55].
In particular, the focus of this work is the development of composite fibers with suitable properties
for applications in soft tissue engineering, as widely reported [47–50] and it is not oriented to the
osteogenic differentiation as reported in [55]. The composite electrospun mats were namely PCL,
PCL_45S5, PCL_BG10, and PCL_BGZn.
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2.3. Electrospinning Process

The electrospinning parameters used (Table 2) have been previously optimized as reported
elsewhere [8]. Briefly, the electrospinning parameters to fabricate PCL electrospun mats were: (i) 15 kV
voltage; (ii) 11 cm needle-target distance; (iii) 0.4 mL/h flow rate with a needle diameter of 0.8 mm.
The process was executed with a commercial device equipped with a climate control chamber EC-CLI
(IME Medical Electrospinning) and the environmental parameters as temperature (T) and relative
humidity (RH%) were set at 25 ◦C and 40%, respectively. On the other hand, to fabricate the PCL_45S5,
PCL_BG10 and PCL_BGZn composite electrospun mats the parameters of electrospinning were the
same used for neat PCL except for the flow rate which was increased from 0.4 mL/h to 0.6 mL/h.

Table 2. Summary of parameters used for the different solutions during electrospinning process.

Sample Name
Solution

Concentration
(%w/v)

Solvent(s) kV
Distance

Tip-Target
(cm)

Needle
Diameter

(mm)

Flow Rate
(mL/h) T (◦C)

Relative
Humidity
(% RH)

PCL 20 Acetic acid 15 11 0.8 0.4 25 40

PCL_45S5,
PCL_BG10,
PCL_BGZn

20 Acetic acid 15 11 0.8 0.6 25 40

2.4. Microstructural Characterization

The morphology of samples was investigated by means of scanning electron microscopy (SEM)
analysis (FE-SEM-EDS (Auriga Base, Zeiss, Jena, Germany)). Sputter Coater (Q150T, Quorum
Technologies, Darmstadt, Germany) was used to sputter with gold the samples before SEM analysis.
ImageJ (NIH, Bethesda, MD, USA) was used to calculate fibers average dimeters of 50 fibers from each
sample [54]. SEM analysis was performed before and after immersion in simulated body fluid (SBF)
solution (see Section 2.6); the eventual formation of hydroxy-carbonate apatite (HCA) layer on samples’
surface was investigated by means of SEM. Furthermore, FTIR spectra before and after immersion in
SBF were obtained using the FTIR spectrometer (Shimadzu, IRAffinity-1S, Fourier Transform infrared
spectrophotometer, Duisburg, Germany). For the analysis, 40 spectral scans at resolution of 4 cm−1

were repeated over the wavenumber range 4000–400 cm−1.

2.5. Mechanical Testing, Contact Angle, and Thermal Behavior

The mechanical properties of the electrospun fibers were investigated by means of uniaxial tensile
test at room temperature (5960 Dual Column Tabletop Testing System, Instron®, Darmstadt, Germany)
by fixing electrospun samples in a paper frame, following the protocol reported in [9]. Five samples
for each electrospun mat were tested. Furthermore, contact angle measurements were performed
by releasing 3 µL of distilled H2O (Krüss DSA30, Hamburg, Germany) to assess the wettability of
electrospun fibers. Thermogravimetric analysis and differential thermal analysis (TG/DTA) (Netzsch
Differential Thermal Analyzer STA 429 CD, NETZSCH-Gerätebau GmbH, Selb, Germany) were
employed to ascertain the incorporation of bioactive glass particle considering the residual amount of
mass after PCL decomposition. Thermal decomposition analysis was executed in static air atmosphere
on 30 mg of samples heated from 25 ◦C to 800 ◦C at 10 ◦C/min. The tests were performed in static
air atmosphere.

2.6. In Vitro Bioactivity

The samples were immersed in SBF solution to assess their in vitro bioactivity, which is defined as
the ability to form hydroxycarbonate apatite once immersed in physiological fluids. The SBF solution
was prepared following the protocol developed by Kokubo et al. [56,57]. The ratio between the surface
of samples and the SBF volume was calculated according to [57]. Before soaking in SBF, the samples
were fixed on scaffold holders (Scaffdex, Sigma Aldrich). The samples (PCL, PCL_45S5, PCL_BG10
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and PCL_BGZn) were kept in self-stand Falcon tubes at 37 ◦C in an incubator on an oscillating tray
for 1, 7, 14, and 21 days. The SBF solution was refreshed every 3 days and the pH was measured
every day. At each time point, the samples were immediately washed with distilled H2O and dried at
room temperature. The eventual HCA layer formation on samples’ surface was studied by SEM and
FTIR spectroscopy.

2.7. Biological Tests

2.7.1. Bone Murine Stromal Cells ST-2

Bone murine stromal cells ST-2 (Leibniz-Institut DSMZ—German Collection of Microorganisms
and Cell Cultures GmbH, Braunschweig, Germany) were used to investigate cell viability,
cell morphology, and proliferation. ST–2 cell line was selected because it showed osteoblast [58],
chondrocyte [59], and adipocyte differentiation [60], confirming to be appropriate for preliminary
studies for both soft and hard tissue engineering applications. Before the seeding, ST-2 cells were
cultured in RPMI 1640 medium (Thermo Fisher Scientific, Erlangen, Germany), supplemented with
10% fetal bovine serum (Lonza) and 1% penicillin/streptomycin (Lonza) and incubated at 37 ◦C with
5% CO2.

2.7.2. WST-8 Assay

Sample holders (Scaffdex, CellcrownTM, Sigma Aldrich, Munich, Germany) were used to fix all
the electrospun mats, the samples with the inserts were put in 24-multiwell plate and disinfected by
exposure to UV light for 1 h, before cell seeding. An inoculum ratio of 1.5 × 105 cells/mL with a drop
of 100 µL per sample was used for seeding cells. After 15 min of incubation at 37 ◦C, 1 mL of RPMI
medium was added to each well. WST-8 assay (CCK-8, Sigma) was performed 1 day and 7 days after
the seeding in triplicate on all samples, according to [61]. Cell morphology was investigated 7 days
after seeding by staining with rhodamine phalloidin, and DAPI (Thermo Fisher Scientific). Rhodamine
phalloidin solution (8 µL/mL) and DAPI solution (1 µL/mL) were employed for the staining, according
to the protocol previously described in [10]. All samples were then investigated by a fluorescence
microscope (Axio Scope A1, Zeiss, Jena, Germany).

2.7.3. Scratch Test

In vitro scratch test is based on the observation of a gap (i.e., the “scratch”) on a confluent monolayer
of cells until the contact between cells is established again [62,63]. Images are taken immediately after
the creation of the scratch and at regular intervals to investigate cell migration. At the end, images
collected at each time point are compared to ascertain the rate of cells migration.

Mouse embryonic fibroblast cells (NIH 3T3) were seeded in 24-multi-well and incubated at 37 ◦C to
allow the creation of a confluent monolayer. Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing L-glutamine 2 mM, 1 mM sodium pyruvate, 10 mg/mL penicillin/streptomycin,
and 10% (v/v) FBS (fetal bovine serum, Invitrogen, Thermo Fisher Scientific, Rodano, Italy). The type
of cells and the size of the multi-well influence the number of cells required to create a confluent
monolayer. To produce the scratch, by scraping the confluent monolayer of cells, a 200-µL pipet tip was
used. Then, cells were immediately washed with 500 µL of PBS and in each well 500 µL of medium
(DMEM) and 500 µL of the eluates of electrospun fibers (PCL, PCL_45S5, PCL_BG10 and PCL_BGZn)
were added. Eluates were prepared by soaking samples (3 cm2/mL surface of sample/liquid volume)
in DMEM and incubated at 37 ◦C for 72 h. Then, samples’ eluates were filtered before their usage with
cells. To acquire the same area of the scratch during image acquisition, a visible mark was created.
Images were taken immediately after the creation of the scratch on confluent monolayer (i.e., time 0)
before incubating the multi-well at 37 ◦C until the next time points. Images were acquired at three time
points: at time 0, time 1 (24 h after the scratch), and time 2 (48 h after the scratch). For each image,
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ImageJ (NIH, Bethesda, MD, USA) [54] was used to measure the area of the gap between the edges of
the scratch. The cell migration rate was calculated as follows according to [64]:

Cell migration rate (%) =
A0−A1

A0
× 100 (1)

where A0 is the area of the gap at time 0 and the A1 is the area of the gap at time X where in this case X
is either 24 h or 48 h.

2.7.4. Statistical Analysis

ANOVA one-way analysis was performed to evaluate the results of cell viability and mechanical
testing. A p-value < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. Microstructural Characterization

SEM analysis of PCL, PCL_45S5, PCL_BG10, and PCL_BGZn (Figure 2a–d) showed a homogeneous
fiber diameter distribution. Some bioactive glass particles embedded in PCL matrix are observed in the
insets in Figure 2b–d. The average fiber diameter was calculated by ImageJ [54] to verify the influence
of bioactive glass particles on fiber diameter. The average fiber diameter was 1.3 ± 0.4 µm for neat PCL;
while 1.0 ± 0.7 µm, 1.2 ± 0.6 µm, and 1.1 ± 0.7 µm were the average values for PCL_45S5, PCL_BG10,
and PCL_BGZn fibers, respectively. These results demonstrate that bioactive glass particles did not
influence the morphology of fibers in terms of average fiber diameter.
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Figure 2. SEM analysis of electrospun mats: PCL (a), PCL_45S5 (b), PCL_BG10 (c), and PCL_BGZn (d).

Furthermore, to verify the presence of bioactive glass particles in the fibers, the composite
electrospun mats were characterized by EDX (Figure 3b–d). Although EDX analysis is not a quantitative
analysis, elements present in bioactive glasses such as Si, Ca, Na were detected confirming the
incorporation of bioactive glass particles in PCL matrix. C element from the PCL matrix was
also detected.
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FTIR analysis was performed to detect the characteristic bands of bioactive glass particles
embedded in PCL fibers. Figure 4 showed the characteristic bands of PCL: (i) two bands at 2942
and 2867 cm−1 ascribed to CH2 asymmetric and symmetric stretching [65]; (ii) a band at 1722 cm−1

correlated to carbonyl stretching [66]; (iii) a band at 1294 cm−1 related to the C-O and C-C stretching [67];
and (iv) two bands at 1241 and 1164 cm−1 ascribed to the asymmetric and symmetric C-O-C stretching,
respectively [61,65]. Unfortunately, the bands ascribed to stretching and bending of functional groups
(i.e., Si-O-Si) of bioactive glass particles were not detected, since they overlap with the above mentioned
bands. Such overlapping is highlighted in Figure 4; the different shape of the characteristic peak at
1164 cm−1 of PCL in PCL/bioactive glass composites can be ascribed to the overlapping of Si-O-Si
group of bioactive glasses [68]. This could also be related to the low amount of bioactive glass particles
added to PCL starting solution (5%wt with respect to PCL).
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3.2. Mechanical Testing, Thermal Characterization, and Contact Angle Measurement

Electrospun mats fixed in a paper frame were mounted in the tensile tester and investigated to
determine the Young’s modulus and strain at break. A significantly lower value (p < 0.05) of tensile
strain (%) could be observed for PCL_45S5, PCL_BG10, and PCL_BGZn compared to the value of PCL
electrospun mats (Table 3).

Table 3. Tensile strain, Young´s modulus and contact angle values for PCL, PCL_45S5, PCL_BG10, and
PCL_BGZn.

Sample Name Tensile Strain (%) Young’s Modulus (MPa) Contact Angle (◦)

PCL 496 ± 20 12 ± 1 104 ± 17

PCL_45S5 95 ± 1 4.5 ± 0.9 105 ± 11

PCL_BG10 221 ± 14 12 ± 3 96 ± 2

PCL_BGZn 113 ± 18 12 ± 2 104 ± 19
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In the same table the Young’s modulus is reported. Generally, the decrease of the value of
tensile strain (%) could be correlated with the incorporation of bioactive glass particles in PCL matrix.
Bioactive glass particles weaken the entire composite electrospun mat in terms of displacement because
the particles act as rigid inclusion inside PCL matrix, as already reported in [9].

Furthermore, the contact angle was measured as it provides unique insight into how the surface
will interact with the external world. A drop of liquid on a solid surface represents a powerful
but simple method to investigate the properties of the surface [69]. A change in the contact angle
of PCL electrospun mats and composite (PCL_45S5, PCL_BG10, and PCL_BGZn) electrospun mats
could be an indicator of successful surface modification. However, contact angle also relies on both
the porosity and roughness of the surface of electrospun mats. Generally, when a drop of water is
placed on electrospun fibers only a fraction of water encounters the fibers, decreasing the liquid–solid
interactions and increasing the liquid–air interactions. This leads to higher contact angles compared
to that measured for smooth surfaces, like films [70]. Moreover, when measuring contact angles of
electrospun mats it is difficult to estimate the circular part of the drop profile with the surface when it
is irregular. However, as expected, the results showed hydrophobic behavior for all samples (Table 3).
The bioactive glass particles incorporated in the PCL matrix seems not to affect the hydrophobic
behavior of PCL electrospun mats because the values of contact angle were comparable for all samples.

PCL decomposition was investigated by TG/DTA analyses (Figure 5). Generally, PCL shows single
stage thermal degradation [71]. PCL decomposed completely in the region 350 ◦C to 420 ◦C (Figure 5)
where a significant weight loss is recorded [72]. Each exothermic peak at around 450 ◦C represent
the Tmax (i.e., the maximum degradation rate) [67]. The residual weight in PCL_45S5, PCL_BG10,
and PCL_BGZn was due to the presence of bioactive glass particles embedded in the PCL fibers.
For PCL_45S5 the amount was similar to the initial amount added in the polymeric solution, while for
PCL_BG10 and PCL_BGZn it was less than 5% wt (the residual weight was 2.25 wt% of BGMS10 and
3.33 wt% of BGMS_2Zn). In fact, the mass loss after heating was 95.25% for PCL_45S5, 97.75% for
PCL_BG10, and 96.67% for PCL_BGZn.
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3.3. In Vitro Bioactivity Investigation

SEM and EDX analyses 7, 14, and 21 days after immersion in SBF on PCL_45S5, PCL_BG10,
and PCL_BGZn were performed. In case of wound dressing applications, mineralization is not of
pivotal importance as it is for biomaterials used mainly for bone regeneration. However, its role
and relevance in wound-healing applications is still a matter of discussion [73]. For this reason,
considering that in vitro bioactivity tests have been commonly performed also on films or hydrogels
developed for wound-healing applications [74,75], the same test was performed on the developed PCL
composite fibers. FTIR spectra after soaking in SBF solution showed the bands that correspond to
HCA layer. At around 600 cm−1 the P-O bending vibration (Figure 6a–d) was detected [76]. PCL_45S5
spectra (Figure 6b) showed a broad band at around 1046 cm−1 which could be the overlap of PCL
peak (1046 cm−1) and the P-O asymmetric stretching vibration at around 1030 cm−1 correlated to
the presence of HCA on electrospun mats [77]. The P-O asymmetric stretching vibration at around
1030 cm−1 in addition to P–O bending vibration at around 600 cm−1 was detected for PCL_45S5 1
day after immersion in SBF. While P-O asymmetric stretching vibration was detected 7 days after
immersion for PCL_BG10 and PCL_BGZn samples (Figure 6c,d). Furthermore, FTIR spectra at 14 days
and 21 days after immersion in SBF, showed P-O bending vibration but it was difficult to detect the
broader peaks at around 1040 cm−1. The lower bioactivity of PCL_BGZn could be ascribed to the lower
bioactivity of BGMS_2Zn bioactive glass compared to 45S5. The presence of a relatively low amount of
HCA indicates a slow ion exchange with the surrounding solution. It is reported that Zn ions hinder
ions involved in the exchange with the surrounding environment delaying HCA precipitation [78].
ZnO could behave both as a network modifier and as an intermediate oxide. It is supposed that ZnO
behaves as a network modifier because it replaces CaO [79], forming tetrahedral species (ZnO4

2−)
which required Ca ions for charge balancing. This behavior decreases glass bioactivity by reducing
glass dissolution [80] because cations from silica network are removed. Additionally, by increasing the
amount of Zn ions, a decrease in the releasing of alkaline earth ions (i.e., Ca2+, Mg2+) and alkali ions
(i.e., Na+, K+) occurs [81–83]. This behavior is verified by the low oscillation of pH during soaking
time which leads to a low interchange between alkaline, alkali ions, and H3O+ ions of the surrounding
solution, as outlined in previous studies [81–83]. Therefore, Zn ions decrease the degradation of
bioactive glass and consequently the formation of HCA on PCL_BGZn was delayed.
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7 days after seeding, PCL_45S5 and PCL_BG10 showed higher OD values compared to PCL,
while PCL_BGZn had a comparable value (Figure 7). To highlight the effect of the presence of BGs
on cell viability the ratio between the OD at 7 days (ODd7) and the OD measured after 1 day (ODd1)
from the seeding was calculated for all samples and is shown in Figure 7. It is relevant to notice that
this value is higher for all composites mats with respect to neat PCL while PCL_BG10 shows the
highest value. This behavior could be due to the ions released by bioactive glass particles. In fact, it is
known that bioactive glasses influence cell proliferation with an increase in the level of differentiation
markers such as ALP, osteocalcin, and osteopontin and they improve osteogenesis by controlling genes
involved in the cell cycle toward mature osteoblasts [84]. Additionally, BGs release ions such as Si, Ca,
Na, P that can activate the osteogenesis related signaling pathway [85]. Therefore, the incorporation
of bioactive glass particles enhances cell viability 7 days after seeding compared to PCL electrospun
fiber mats. Additionally, 45S5 and BGMS10 seem to have higher effect than BGMS_2Zn. Although
PCL_BGZn showed OD values higher than those of PCL, it showed lower cell viability compared
to PCL_45S5 and PCL_BG10 samples. This behavior is probably due to Zn ions released that could
become toxic in an in vitro environment characterized by the absence of fluid exchange as is the case
inside the human body [86,87].

The morphology of cells was investigated by means of fluorescence microscopy 7 days after
seeding. The fluorescence staining corroborates the results obtained by WST–8 assay. All samples
(Figure 8) showed cells in their characteristic shape spread on electrospun mats.
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It is possible to observe that the cells seeded on PCL_BG10 and PCL_BGZn showed a more
elongated morphology with respect to neat PCL and PCL_45S5, suggesting that the presence of Mg
and Sr could affect cell adhesion on the fibers [88–90].
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3.4.2. Scratch Test

As mentioned, the in vitro scratch test is a cheap, easy, and well-developed method to measure
cell migration in vitro [62,63]. The in vitro scratch test is useful to evaluate the migration of cells
after the creation of a gap on confluent monolayer. Such test mimics cell migration in vivo and it is
advantageous to assess through cell–cell interaction and cell interaction with ECM the regulation of
cell migration [91]. Additionally, the scratch test uses inexpensive and common supplies found in
most laboratories of cell culturing, thus, it is the simplest method to analyze the migration rate of cells
in vitro.

To assess the effect PCL and PCL/bioactive glass composite electrospun mats on NIH 3T3 cells,
the closure of the gap in monolayers of mouse embryonic fibroblast was investigated. The scratches
in monolayers of cells were created by the tip of a 200-µL pipette and the closure of such scratches
was measured at 24 h and 48 h. At 24 h, a significant closure in terms of wound-healing rate (%)
(measured as cell migration rate) was registered for PCL_BG10 and PCL_BGZn, compared to neat PCL
and PCL_45S5.

At 48 h, the cell migration rate (%) of PCL/bioactive glass composite electrospun mats was higher
compared to that measured for neat PCL (Figure 9). 45S5, BGMS10, and BGMS_2Zn influenced
positively the closure of the scratch on the confluent mouse embryotic fibroblast monolayer. The reason
could be ascribed to ions released by different BGs to stimulate specific signaling pathways promoting
cellular response [92]. For instance, 45S5 release Ca and Si ions that contribute to the formation of
HCA and are involved in specific signaling pathways [93,94]. It has been reported that Ca ions are
involved in the regulation of Golgi, mitochondrial shuttling, and endosomal and vesicular fusion
events etc., [95]; thus, Ca ions influence every aspect of cell life and death [96]. Additionally, Si
ions showed a strong stimulatory effect on ALP activity [31]. Furthermore, Sr ions in BGMS10 and
BGMS_2Zn have been shown to significantly enhance the expression of ang-1 and VEGF compared
to Si ions [31]. Additionally, PCL_BGZn composite mats contain Zn ions that have been shown to
stimulate protein synthesis and to enhance ALP activity as presented in [40]. Free intracellular Zn
level influences signaling pathway and stability [97] by altering the affinity between ligand binding
to receptor [98]. The intracellular zinc has shown to activate MAPK/ERK and Akt pathways which
improve cell proliferation and migration [99]. Furthermore, the release of Zn into the cytoplasm seems
to be ROS-induced. Key immune functions are activated by both the increase of ROS level and the Zn
signal [100]. Therefore, the high wound-healing rate (%) of PCL/bioactive glass composite electrospun
mats (Figure 9) could be attributed to the release of ions which have been shown to improve cell
adhesion and proliferation by stimulating specific cellular responses.
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4. Conclusions

PCL electrospun mats and composite electrospun mats suitable for wound-healing applications
were successfully fabricated by electrospinning. Bioactive glasses with different compositions were
embedded into a PCL matrix to enhance the cell response to the fiber mats. In fact, it is well-known that
bioactive glass particles improve bioactivity, cell adhesion, and proliferation in composite, showing
their suitability for applications in soft tissue engineering, as wound healing. Our results showed
that both bioactivity and cell viability on composite fibers were higher compared to those of neat PCL
electrospun mats, even though the amount of added bioactive glass was relatively low (5% wt with
respect to PCL). In particular, the presence of BG does not inhibit cell viability, which was higher (for
45S5 and BGMS10) or comparable (for BGMS_2Zn) with respect to neat PCL fibers. Furthermore,
PCL/bioactive glass electrospun mats showed higher wound-healing rate (measured as cell migration
rate) compared to neat PCL 48 h after the scratch in vitro. The incorporation of BGs and, in particular,
the incorporation of BGMS10 achieved enhanced cell viability preserving the mechanical properties.
Further work will be focused on the incorporation of a higher amount of bioactive glass particles and
on investigating possible antimicrobial effects due to Zn ions.
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