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Composite Electrospun Fibers Containing Optimized
B- and Cu-Doped Bioactive Glass Sol-Gel Particles
for Potential Soft Tissue Engineering Applications

Elisa Piatti, Marta Miola, Liliana Liverani,* Paolo Sartori, Enrica Verné,*

and Aldo R. Boccaccini

Electrospinning (ES) is largely used to produce polymeric nano- and micro-
fibers for various applications, including the biomedical fields. ES enables the
production of biomimetic fibrous composite scaffolds that resemble the
morphology of the extracellular matrix (ECM) of human tissues. However,
literature lacks research on composite electrospun fiber tissue engineering
(TE). The synergistic effect of biologically active ions with multitarget activity,
in comparison to single-target approaches, is also underexplored. In this work,
composite fibers based on poly(e-caprolactone) (PCL) incorporating spherical
sol-gel B- and Cu-doped bioactive glass (BG) particles, with potential use in
soft TE, are fabricated and characterized with scanning electron microscopy,
energy-dispersive X-ray spectroscopy, Fourier-transform infrared spectros-
copy, contact angle measurements, acellular bioactivity, and mechanical and
preliminary cell tests. The composite fibers are obtained by using benign
solvents for the ES. The results showed good retention of the BG particles
inside the PCL matrix, leading to bioactive behavior. Preliminary in vitro
cellular tests with bone marrow stromal cells confirmed the biocompatibility
of these fibrous composites. The dual ion release from the bioactive fillers in
the PCL matrix is expected to enhance angiogenesis, making the composites
relevant for both soft and bone TE.

1. Introduction

Electrospinning (ES) is one of the most
used techniques for the fabrication of
fibrous materials, being often preferred
to solvent casting and phase separation
methods because the electrospun fibers
possess a higher surface area to volume
ratio and high porosity.['] Moreover, ES is
a simple and cost-effective technique that
can be applied in almost every field—from
biomedical, e.g., drug delivery and tissue
engineering (TE) scaffolds,*? to environ-
mental uses, e.g., nanofiber membranes
for membrane distillation," and even the
production of biological nanosensors!”!
and antibacterial filters,'®! thanks to the pos-
sibility to fabricate nanostructured fibrous
structures starting from different types of
polymers, as highlighted in the literature.”)

The basic principle of the ES process is
the application of a high voltage between
two electrodes of opposite polarity, a metal-
lic needle containing a polymer solution
(or suspension or blend), and a grounded
target (collector).®2% Because of the appli-

cation of this electric field, the polymer solution becomes
charged, and, as a consequence of the increasing electrostatic

E. Piatti, M. Miola, P. Sartori,"] E. Verné

Department of Applied Science and Technology (DISAT)
Politecnico di Torino

Corso Duca degli Abruzzi 24, 10129 Turin, ltaly

E-mail: enrica.verne@polito.it

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adem.202500946.

Mpresent address: Instituto de Nanociencia y Materiales de Aragon,
Univestidad de Zaragoza, Zaragoza, Spain

Bpresent address: DGS S.p.A., Via Paolo di Dono 73, Rome 00142,
Italy

© 2025 The Author(s). Advanced Engineering Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of
the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original
work is properly cited.

DOI: 10.1002/adem.202500946

Adv. Eng. Mater. 2026, 28, €202500946 €202500946 (1 of 13)

L. Liverani,** A. R. Boccaccini

Institute of Biomaterials

Department of Materials Science and Engineering
University of Erlangen-Niirmberg

Cauerstrasse 6, 91058 Erlangen, Germany

E-mail: liliana.liverani@fau.de

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH



ADVA

ADVANCED
ENGINEERING

NCED
SCIENCE NEWS

www.advancedsciencenews.com

attraction between charges in the polymer solution and the col-
lector, a polymeric fiber jet starts to be ejected from the pendant
droplets, initially held at the tip of the syringe by their internal
surface tension.”! In detail, when the electrostatic repulsions
between charges in the polymer solution reach a critical voltage,
exceeding the surface tension of the polymer solution, the drop-
let changes its shape from a rounded meniscus to a diaphanous
and conical protrusion (known as a Taylor cone). The fiber jet
travels through the atmosphere in the direction of the external
electric field, in two different zones: a first one (called stable
zone) in which the jet travels in a direct route and a second zone
in which the jet becomes thinner and unstable. During the time
of flight, the solvent evaporates from the charged solution and
finally solid fibers are collected on the collector.”)

This technique enables to fabricate micro- and nanofibers
which can serve as scaffolds in TE applications, thanks to their
similarity with the fibrous structure of the extracellular matrix
(ECM). Indeed, according to scaffold-based TE, cells require a
3D biomaterial scaffold that closely mimics the corresponding
ECM and acts as a necessary cell guide and supporting template
during tissue regeneration."? In particular, electrospun scaf-
folds for soft TE are gaining increasing interest from scientists
from all around the globe. The main constituents of soft tissues
are collagen fibers and elastin;!*¥ therefore, biomaterials in the
form of fibers are good candidates for the regeneration of these
tissues, as shown by many published scientific works™*2% and
related reviews.?*’]

The term “soft tissues” groups tissues forming blood vessels,
skin, muscles, and other organs of our body, except bone.!*!
These tissues are complex, fiber-reinforced, and composite struc-
tures, characterized by high flexibility and soft mechanical prop-
erties.”® They play a relevant role in our human body, having
several organ-specific functions such as protection (skin), trans-
mission of force (ligament and tendons), blood circulation (heart
and vessels), and conduction of electrical signals (neurons).**

The skin is the largest organ in mammals, encompassing their
entire body surface as the first interface with the external envi-
ronment, serving as protective barrier against potentially harmful
mechanical, chemical, and biological stimuli.”>*®! Moreover, it
plays a critical role in maintaining the physiological homeostasis
of the mammalian body by constant recycling of the basal cell
layer.’”! Therefore, a damage to the skin integrity makes the
individual susceptible to physiological imbalance, significant
disability, or even death.®]

For the successful regeneration of human tissues, a blood
supply is required. Therefore, the formation of new blood vessels
(or angiogenesis) is fundamental in TE applications, to ensure an
adequate supply of oxygen, essential nutrients, signaling mole-
cules, and growth factors to the injured sites, while removing
waste by-products from the surrounding cell environment.?*!

Many materials are available for soft TE applications, includ-
ing synthetic polymers such as poly-g(caprolactone) (PCL)."*!
Recently, the combination of polymeric materials with bioceram-
ics, such as hydroxyapatite (HA) and bioactive glass (BG) par-
ticles, has received increasing attention from researchers
working in this field, for the fabrication of soft TE composite scaf-
folds. However, the experimental research on BG-incorporated
polymeric electrospun fibers for soft TE is still limited in
comparison to composite electrospun fibers for bone TE.[?®!
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The application of BGs in soft TE has been reviewed by
Miguez-Pacheco et al.®®’ Kargozar et al*®*!! and Baino
et al.®? At present, the “healing effect” of BGs on soft tissues
is mainly attributed to improved angiogenesis, which is the result
of the release of ionic dissolution products from BGs.BY) Many
ions, such as copper and boron, have been demonstrated to stim-
ulate angiogenesis and therefore have already been introduced
in various BG compositions for soft TE.**¢ Furthermore,
recently, first studies on electrospun polymeric fibers incorporat-
ing borate and borosilicate BGs have been carried out.'**-!

In this scenario, the use of the ES technique is particularly
interesting, enabling the development of composite fibers con-
taining proangiogenic BGs. However, despite the interesting
potential of these composites, achieving a homogeneous disper-
sion of fillers inside a polymeric fibrous matrix remains a great
challenge.

In addition, for optimal tissue regeneration, the problem
of infections should not be underestimated. Incorporating
antibacterial drugs and/or metallic ions (such as silver!**=*4
and copper”™*)) in engineered composite constructs appears
to be a very convenient approach.

Solution parameters (used solvent, polymer concentration,
solution viscosity, solution conductivity, and solvent volatility),
process parameters (applied electric field, distance needle-
collector or working distance, flow rate, needle diameter, and
type of collector and needle), and environmental parameters
(relative humidity and temperature) affect the ES process and
the characteristics of the obtained electrospun materials.*?%6]
Thus, a careful and time-consuming process optimization is nec-
essary to electrospun fibers with the desired properties for their
intended use. In this context, the addition of bioactive fillers plays
a relevant role, altering the solution parameters and the final
properties of the electrospun composite fibers. Nowadays, the
incorporation of substantial amounts of particulate fillers into
electrospun fibers is challenging due to their agglomeration
inside the ES solution.””! In fact, micro- or nanosized HA or
BG particles tend to form agglomerates in order to reduce the
total surface area.”®*?! This leads to difficulties in reaching a
uniform dispersion of the particles, leading to reduced ES effi-
ciency and low particle loading capacity, resulting in scaffolds
exhibiting poor particle distribution.*’! It is important to notice
that the tendency of particles to aggregate increases (and is very
high even before the addition to the polymeric solution) by
diminishing the particle size.***"

Several attempts have been made in order to prevent filler
agglomeration during ES. For example, Kim et al. tried to mix
surfactants with the polymer solution before ES.*° Other
authors applied ultrasound (US) energy to the ES solution before
ES or by applying the US energy directly to the mixture using an
ultrasonic cell disruptor during the ES process.[*”*%

Moreover, it should be underlined that the selection of the
appropriate solvent is essential for obtaining smooth, defect-free
electrospun fibers. For the fabrication of polymeric electrospun
scaffolds, usually harsh toxic solvents such as anhydrous
chloroform, dichloromethane, or dimethyl carbonate, dimethyl-
formamide, eventually mixed with ethanol or methanol, are
used.”** However, the substitution of such toxic solvents
with more environmentally friendly and less harmful solvents
(called benign solvents, as defined inl>*!) was attempted by many
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researchers, showing the relevance of the so-called “Green ES”
approach,[1038:3942.57-63]

In this article, we describe the preparation and characterization
of electrospun composite PCL-based fibers incorporating novel
sol-gel-derived BG particles doped with B and Cu, for potential
use in soft TE. The synthesis of the BGs used in this work has been
previously optimized® by tailoring the process parameters (such
as type, concentration, amount and addition method of the catalyst,
and use of centrifugation steps), in order to produce monodis-
persed spherical submicrometric particles, with very low aggrega-
tion and pronounced bioactivity. The ES procedure used to prepare
the composite fibers was improved by tuning the process param-
eters according to the optimized particles and above all by a “green”
approach, with particular focus on the use of acetic acid (AA),
a benign solvent which belongs to class 3 of solvents according
to the guidelines established by the International Conference on
Harmonization of Technical Requirements for Registration of
Pharmaceuticals for Human Use (ICH).

2. Experimental Section
2.1. Materials

Composite fibers were synthesized using poly(e-caprolactone)
(PCL, 80kDa, CAS-Number: 24980-41-4, Sigma Aldrich,
Munich, Germany) as biopolymer matrix, AA at 98% (AA, CAS
Number: 64-19-7, VWR, Germany) as benign solvent for polymer
dissolution, and BG particles as bioactive fillers. To synthesize
the BG particles, the following reagents were used: tetraorthosi-
licate (TEOS) CgH,004Si at 99% (Sigma Aldrich), triethyl
phosphate (TEP) CgH;504P at 99% (Alfa Aesar), calcium
nitrate tetrahydrate Ca(NO;),-4H,0, copper nitrate trihydrate
Cu(NO;),-3H,0 (Fluka), and boric acid H3;BOj; at 99% (Sigma
Aldrich) as source of silica, phosphorus, calcium, copper, and
boron oxides, respectively.

2.2. Synthesis of the BG Particles

The synthesis of the BG particles was carried out by an optimized
sol-gel synthesis method, focusing on a new BG composition (62%
$i0,-9%P,05-9%Ca0-5%Cu0-15%B,05), previously designed and
developed by Miola et al.*® as summarized in the flowchart in
Figure 1. As reported in ref. [36], the synthesis allows to obtain
monodispersed spherical particles, with a size range of about
500nm (evaluated by morphological observations through
field-emission scanning electron microscopy (FE-SEM)), a hydrody-
namic diameter of 1557 nm, and a polydispersity index of 26.8%
(evaluated by DLS analysis*®).

This new BG was called SBCu, referring S to its silica-based
nature, B to the doping with boron, and Cu to the addition of
copper in the glass composition.

In order to investigate the effect of boron and copper addition
into the glass composition, a 77S glass with the well-known
composition 77% Si0,%-14% Ca0-9% P,0s (wt%)**! was pre-
pared adopting the same synthesis method. This control glass
was called S. The different performed synthesis trials and the
syntheses of both SBCu and S glasses are more in-depth
explained in ref. [36].

www.aem-journal.com

H,0
+
EtOH + TEOS | mjjm EtOH
+
30 min NH,OH at 28%

Centrifugation

30 min

30 min
| Ca(NO,), 4 H,0 |

30 minl

| Cu(NO;), -3 H,0 |

Centrifugation

| Heating 48h at 60°C |

|

| Calcination 2h at 700°C |

Figure 1. Flowchart of the BG particles preparation steps.

2.3. Synthesis of the Composites

Starting from the approach used in our previous work, ! the ES
process parameters were tailored to improve BG particle
dispersion and integration into the PCL matrix. First of all,
PCL was dissolved at 20 w/v% in AA, stirring overnight until
all PCL grains were dissolved and a clear solution was obtained.
To further ensure homogeneity, the polymeric solution was then
ultrasonicated for 1 h in an US bath. For the fabrication of com-
posite BG-PCL fibers, BG powders were added to the PCL/AA
solution. For this step, various mixing strategies have been
proposed in the literature,?83941:4263661 1y this work, the BG
powders were poured into the PCL solution and then manually
mixed with a spatula for 1 min, stirred with a magnetic stirrer for
5min and finally left in a US bath for 2 min.

All ES experiments were performed at room temperature
(around 23/24°C) in air atmosphere with humidity values in
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the range of 23-26%, by using the horizontal ES setup Starter Kit
40kV Web (Linari Engineering srl, Valpiana (GR), Italy) and a
BD plastic syringe of 3 mL with a cross section of 0.589 cm?.

Based on previous experimental works,>®! the ES process
was optimized by changing the following parameters: 1) percent-
age of BG powders (w/w%) compared to PCL: 20%, 25%, and
30%; 2) flowrate: 0.4, 0.68, 0.82, and 0.96 mLh™'; and 3) diameter
of the needle size: 18 and 21 G.

Applied voltage and working distance were kept fixed at 15 kV
and 11 cm, respectively, in agreement with previous works of
Liverani et al”! The spinning time was adjusted in the range
of 7-15 min in order to obtain fibrous mats with a suitable com-
parable thickness.

On the basis of spinning difficulty, size of the electrospun
mats, tendency to delaminate during removal of the mat from
the collector, and sedimentation of glass particles inside the
ES solution, the mats produced with flow rates of 0.68 and
0.82mLh ' and glass concentrations of 20% and 25% were
selected and further characterized.

To evaluate both the influence of glass addition and the effect
of the dopant ions boron and copper, control samples were
prepared. In particular, neat PCL fibers, without the addition
of the glass particles, and composite fibers containing undoped
778 sol-gel control glass particles were synthesized according to
previous experimental works.®*) PCL fibers were electrospun for
30min at 0.4mLh !, whereas in the case of 77S-composite
fibers (PCL/AA/S), these parameters were identical to the ones
used for optimized SBCu-composite fibers. An ES solution with
both types of glass and an example of an optimized fibrous mat
are shown in Figure 2.

Figure 2. a) ES solution containing S BG (control BG), b) ES solution con-
taining SBCu BG (B- and Cu-doped BG), and c) example of electrospun
fibrous mat.

www.aem-journal.com

2.4. Characterization

2.4.1. Stability Test

To evaluate whether these new glasses were suitable for the syn-
thesis of composite fibers by using AA as benign solvent for the
ES, both S and SBCu glasses were immersed for up to 1h in AA,
according to the ratio used in our previously developed system
(PCL/AA) containing B- and Cu doped glasses, as reported
in!®! Thus, 0.4g of BG powder was immersed in 10 mL of
AA. The immersion time was fixed to 1h, because during our
previous experimental works, all composite fibers were produced
within 1h from the preparation of the ES solution containing the
BG particles. After 1 h, the glass powders were removed from AA
and left to dry under a fume hood. After having removed the acid,
bidistilled water was added to wash glass powders and, after a
centrifugation at 7000 rpm for 10 min, the liquid was removed,
and the glass powders were dried in an incubator at 37 °C. The
dried powders were analyzed by scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffrac-
tion (XRD).! The bioactivity of the AA-treated BGs was also
assessed by soaking them in SBF up to 14 days.

2.4.2. Morphological Characterization

Fiber morphology was analyzed by scanning electron microscopy
(FE-SEM Auriga, Carl-Zeiss, Germany). Samples were prepared
by carefully cutting small sections of the fibers, fixing them on
SEM stubs using a carbon tape, and finally sputtering them with
gold (Sputter Coater, Q150T, Quorum Technologies) to make
them conductive. The diameter of the fibers was estimated from
SEM micrographs with the use of the specific tool of the software
Image] (NIH, USA).[*”!

2.4.3. Attenuated Total Reflectance (ATR)-FTIR Analysis

ATR-FTIR spectroscopy was adopted to evaluate the incorpo-
ration of the BG nanoparticles inside the polymeric mats.
Both neat and composite membranes were characterized using
the FTIR spectrometer (Shimadzu IRAffinity-1S, Shimadzu
Corp, Japan) in ATR with a selected number of spectral scans
of 40, a resolution of 4cm™, and a wavenumber range between
4000 and 400 cm ™.

2.4.4. Water Contact Angle (CA) Measurements

The wetting properties of neat and composite fibers were evalu-
ated by water CA measurements on both types of samples, using
the CA measurement device Kriiss DSA30 (Hamburg,
Germany). Prior to carrying out the CA measurements, each
sample was fixed on specific 3D printed holders, which were
designed with the software Autodesk Inventor (Autodesk,
CAL, USA) and printed with Ultimaker S5 3D (Figure 3),
equipped with the printer software Ultimaker Cura, using a poly-
carbonate (PC) wire as row material, 260 °C as needle tempera-
ture, and 100 °C as plate temperature. By fixing the electrospun
mats on these holders, it was possible to keep them well flat.
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Figure 3. Printing process of the sample holders—a) printer Ultimaker S5
3D printing the holders; b) 3D digital model of the holder; and c) printed
holder (inner diameter 4.8 mm).

Measurements were performed in triplicate by dropping 3 pL
of distilled water onto different zones of each fibrous mat and
then averaging the obtained CA values, which were automatically
measured every second in a time frame of 10s for each tested
sample.

2.4.5. Acellular Bioactivity Test

The in vitro mineralization ability of the fibers was investigated
by immersion in a simulated body fluid (SBF), having ionic con-
centration similar to the inorganic part of human plasma, pre-
pared following the well-known Kokubo protocol.!® Portions of
fibrous mats were cut and mounted on the same sample holders
that were used for the water CA measurements. Then, these
samples were soaked in SBF and left in an orbital shaker
(KS 4000i control, IKA-Werke GmbH & Co. KG, Germany)
at 37 °C for different periods of time (1, 3, 7, and 14 days), never
changing the soaking medium. The volume of the needed SBF
for each sample was calculated using the same proportion used
in the Kokubo protocol, V_S = S_tot/10, where V_S is the vol-
ume of the solution (expressed in mL), and S_tot is the sample-
medium contact area (expressed in mm?), which was calculated
taking into consideration the inner diameter of the holder
(4.8 mm). After each time point, the samples were removed
from the SBF, washed with distilled water, dried under fume
hood, and characterized through SEM-EDS (Jeol JCH-6000
plus, equipped with EDS device), FTIR, and CA analysis.
The pH was monitored during the entire acellular bioactivity
test. For each time point and both glasses, the test was done
in triplicate for statistical reasons. Empty (without fibers)
SBF solution and neat PCL fibers were used as a control. In
order to carry out SEM-EDS analysis, the fibrous mats were
cut into small pieces, fixed on SEM stubs, and sputtered with
chromium.

2.4.6. Mechanical Characterization

In order to study the mechanical properties of the electrospun
fibers, a custom-made uniaxial tensile test was carried out at

www.aem-journal.com

room conditions with a uniaxial testing machine (5960 Dual
Column Tabletop Testing System, Instron, Darmstadt,
Germany) equipped with a load cell of 100 N at a crosshead
speed of 10 mm min~". As reported in ref. [9], samples were
prepared by cutting the electrospun mats in stripes of
3 x 20 mm? and then fixing them in a paper frame with inner
size of 10 x 10mm? and external size of 20 x 20 mm?*
The thickness of each stripe was measured using a digital
micrometer having a precision of 1pym and then averaging
the measured values for better accuracy. In order to obtain
a minimum of statistical information, this mechanical test
was performed 5 times for each electrospun fibrous mat
(PCL/AA, PCL/AA/S, and PCL/AA/SBCu), testing 5 stripes
of each mat. The elastic modulus (or Young’s modulus) E
of the tested samples can be calculated by dividing the applied
force (100 N) by the sample area (calculated as b x t where b is
the inner width of the frame, equal to 10 mm, and tis the thick-
ness of the sample stripe).

2.4.7. Cellular Test

In order to assess cell viability and morphology on the
electrospun mats, a protocol adapted from a previous work!®”!
was used.

Bone murine stromal cells ST-2 (Leibniz-Institut DSMZ—
German Collection of Microorganisms and Cell Cultures
GmbH, Germany) were seeded in RPMI 1640 medium
(Thermo Fisher Scientific), supplemented with 10% fetal bovine
serum (Lonza) and 1% penicillin/streptomycin (Lonza), and
incubated at 37 °C with 5% CO,, till confluence. The electrospun
samples were fixed on holders for a 24-multiwell plate and dis-
infected with exposure to UV light for 1h before cell seeding.
Drop seeding was performed by using an inoculum ratio of
1.5 x 10° cells mL~" with a drop of 100 uL per sample.

WST-8 assay ((2-(2-methoxy-4-nitrophenyl)- 3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt), Sigma)
was performed 1 and 7 days after the seeding in triplicate on all
samples, and results were obtained by using a multiwell plate
reader (PHOmo Elisa reader) at 450 nm. More details on the pro-
tocol can be found in this article.*”! ANOVA one-way analysis
(p < 0.05) was performed on the obtained data.

3. Results and Discussion
3.1. Stability of Glass Powders

From EDS results, it was possible to observe that the copper
amount slightly decreased after the treatment of SBCu powders
with AA, whereas the amounts of the other elements were almost
maintained (Figure 4a). XRD and FE-SEM analyses on SBCu par-
ticles revealed that the formation of HA started from the third
day of immersion in SBF (Figure 4c), and after 14 days, well-
formed HA crystals were clearly visible on SBCu particles
(Figure 4b,d), confirming that the treatment in AA did not com-
promise the acellular bioactivity of B- and Cu-doped sol-gel glass
particles, as previously observed on glass nanoparticles contain-
ing B and Cu not treated with AA 1!
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Figure 4. Results of stability test (treatment in AA for 1 h). a) EDS results showing the atomic % of P, Ca, and Cu in SBCu powders after treatment with AA
up to 14 days. b) XRD pattern of AA-treated SBCu glass particles after 14 days in SBF. ¢) SEM micrograph of AA-treated SBCu glass particles after 3 days in
SBF (15K X). d) SEM micrograph of AA-treated glass particles after 14 days in SBF (20K X).

Figure 5. SEM micrograph of PCL/AA/S fibers at a) 1k and b) 10 k magnifications and PCL/AA/SBCu at ) 1 k and d) 5 k magnifications, obtained with the

addition of 20% of BG particles and a flow rate of 0.82mLh~".

3.2. Morphological Characterization

Figure 5 shows the morphology of composite fibers containing
SBCu glass particles, obtained with a flow rate of 0.82mLh™*
and a glass concentration of 20% (wt/wt). The electrospun fibers
show rare defects and are characterized by good particle

incorporation inside the fibers. Some BG agglomerates and
few fiber shape irregularities are still present (despite the
improvement in synthesis) as evidenced in the pictures at
higher magnification (Figure 5b,d). However, raising the glass
concentration to 25% (wt/wt) or fixing the flow rate at
0.68mLh ™!, even more defects, beads, and irregularities in
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the shape and dimensions of the fibers were observed (data not
shown). Therefore, a flow rate of 0.82mLh ' and a glass concen-
tration of 20% (wt/wt) were chosen as the best parameters for ES of
the B- and Cu-doped composite fibers. Thus, in the following para-
graphs, the SBCu-fibers electrospun with the selected parameters
will be simply named PCL/AA/SBCu and compared with control
S-fibers electrospun in the same conditions, labelled PCL/AA/S.
The diameter of the selected fibers was then determined from
SEM micrographs using the software Image], calculating the
diameter of 25 fibers and averaging the measured values. In com-
parison with the previous literature results of Liverani et al.””! on
neat PCL fibers produced using the same reagents, polymer con-
centration, and ES parameters, on which an average diameter of
1.0+ 0.1pm has been detected, in the present experimental
work, a decrease in average diameter of composite fibers, even
of one half, was observed. We hypothesized that the reduction in
fiber diameter might be partly attributed to the release of cationic
species from BGs’ surface, leading to increased conductivity. The
greater number of charges carried by the jet imposes higher elon-
gation forces, resulting in thinner fibers, as reported in ref. [59].

3.3. ATR-FTIR Analysis

The FTIR analysis on both the neat PCL and composite fibers
(data not shown) did not differ one each other, showing
just the main absorption bands of PCL, i.e., asymmetric and
symmetric CH, stretching (2943 and 2866cm™"), carbonyl
(C=0) stretching peak (1722cm™'), C—C stretching peak
(1294 cm™"), and asymmetric and symmetric C—O—C stretching
peaks (1240 and 1165cm™").>%°! Coherently with previous
works, %) the absorption bands that could be linked with the pres-
ence of BGs inside the PCL matrix were not detected, being
almost completely masked by the bands of PCL itself. Just a small
increase in peak at 1085 cm ™! and a weak peak at 464 cm ™" were

120

40

20

Contact angle [°]
o
@ o S
o o o o
o
~N
i —

www.aem-journal.com

visible, which could be associated with the absorption bands of
the asymmetric stretching mode*>?*7®’" and rocking vibra-
tion?%7Y of Si—O—Si in silicates, but their intensities are too
low to be clearly attributed to the BG particles.

3.4. Water CA Measurements

The inclusion of BGs in polymeric hydrophobic fibrous materials
increased their hydrophilicity and wettability, if compared with neat
PCL mats. This increase was not substantial, being the CA of the
composites still slightly higher than 90° (threshold value between
the hydrophilic and hydrophobic behaviors of a surface) and equal
to 93.4°+ 4 and 97.5°%3 for PCL/AA/S and PCL/AA/SBCu,
respectively. These results are shown in Figure 6 as mean values
of three CA measurements. In comparison with our previous
work, [ a pronounced difference can be evidenced for both the
CA results and their standard deviations. In ref. [65], the composite
fibers showed a hydrophobic behavior, not so different from neat
PCL. This was explained considering that the glass particles were
smaller than 100nm, forming micrometer-scale aggregates not
homogeneously dispersed in the PCL matrix; the presence of clus-
ters and the related enhanced roughness of the fiber surface have
been correlated with this behavior. The samples described in the
present work have been improved in terms of BG size, aggregation,
and dispersion, achieving better wettability, although not yet opti-
mal, compared to what was described in ref. [36]. Their not
completely hydrophilic behavior, although significantly improved,
can also be explained in this case by referring to the residual ten-
dency of the BG particles to aggregate and the consequent slight
surface roughness that can arise, similarly to what was more mas-
sively observed in ref. [65]. This is consistent with the Wenzel
model, which explains how roughness modifies the wettability char-
acteristics, depending on the nature of the surface.”? In particular,
the surface roughness conferred by the agglomeration of the glass

PCL/AA/S PCL/AA/SBCu

Figure 6. Results of CA measurements performed on neat (PCL) and composite fibers (PCL/AA/S and PCL/AA/SBCu).
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particles increases the surface hydrophobicity of the investigated
fibers, which already have a hydrophobic surface at the outset.

3.5. Acellular Bioactivity Test

During the acellular bioactivity test, the pH trends of both com-
posite fibers (with SBCu and with control glass S) were almost
linear, very slightly increasing up to 7.60 and 7.64 for PCL/AA/S
and PCL/AA/SBCu (respectively) after 14 days in SBF (Figure 7).
This result could be related to the buffering effect of boron, in
agreement with literature.*®”*! In fact, during the bioactivity test

7.70

7.65

7.60

L 7.50
7.45
7.40
7.35

7.30
od 1d 2d 5d

——PCL/AA/S

www.aem-journal.com

of almost any BG composition, the pH of SBF gradually
increases, due to the ionic exchange that occurs between BGs’
surface Ca’" ions and H™ ions from the SBF, inducing a deple-
tion of H ions in the solution. It is also well known that pH
values reached by the SBF depend on the BG composition.
B-containing glasses usually show a flatter trend in pH values
and, in general, lower pH values if compared to other BGs
not containing boron. This behavior is often related to the mild
acidification effect derived from the B-containing BGs surface
dissolution, because of the hydrolysis of boron oxide leading
to the formation of boron acid derivatives, which, in turn,

6d 7d 8d 12d 14d
Time [Days]

——PCL/AA/SBCu

Figure 7. pH trend of the SBF solution where PCL/AA/S and PCL/AA/SBCu were immersed during acellular bioactivity test.
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Figure 8. EDS pattern of PCL/AA/SBCu a) after 1 day and b) after 14 days in SBF. ¢) SEM micrograph of PCL/AA/SBCu after 14 days in SBF, showing

deposited HA crystals.
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partially compensates the pH increase due to the depletion of
H* ions. Since cultured human cells are sensitive to extracellular
pH invitro, the “buffering” capacity of the B-glass containing
composite mats may be relevant for invitro studies. According
to good laboratory practice, maintaining the pH of cell cultures
between 7.2 and 7.4 is essential, as significant deviations
can affect cell membrane function. Therefore, substantial local
pH alterations caused by burst ion release could lead to
pH-dependent cytotoxic effects.”*!

EDS analyses after 1 and 14 days of SBF immersion are
reported in Figure 8a,b. After 1 day of immersion, no substantial
changes in composition are observed; Ca and P begin to increase
slightly after 3 days (data not reported) and undergo a significant
increase at 14 days. From SEM analyses, few crystals of HA were
observed for the first time on the surface of the composite mats
after 7 days in SBF, evolving to more defined globular aggregates
after 14 days of immersion in SBF (Figure 8c).

The bioactivity of both composite fibers was also confirmed by
FTIR analysis by comparing FTIR spectra of the electrospun
composite fibers before and after immersion in SBF. In addition
to the PCL peaks described in paragraph 3.3, it is possible to

(@)

Absorbance [a.u]

M o

www.aem-journal.com

observe the presence of new peaks emerging after immersion:
1) peak around 3180 cm ', probably related to changes in the
structure of the OH groups from Si—OH to Si—O—Na™ bonds,”!
2) small peak around 1664 cm ™", attributable to the presence of
carbonated apatite or even pure apatite,”” 3) peak at around
1550cm ™! due to Ca®* coordinated CO;*~ adsorption or
carbonate ions substituted in carbonated apatites,””) and 4) small
double peak around 660643 cm ™, associated with the forma-
tion of HA.”?!

All other peaks that could be eventually linked to the mineral-
ization of these composites were masked by PCL peaks and could
not be recognized. In Figure 9, FTIR spectra of fibers immersed
up to 14 days are reported, stressing the presence of the above-
mentioned peaks related to HA.

Finally, in order to evaluate wettability variation during the
immersion in SBF, water CA measurements were performed
after immersion in SBF. This analysis showed (Figure 10) that
the CA of both PCL/AA/SBCu and control PCL/AA/S decreased
during immersion in SBF, since the first time point (1 day), at
which both composite fibers showed higher wettability and
hydrophilicity (56.6° for PCL/AA/S and 73.77° for PCL/AA/

3900 3400 2900 2400 1900 1400 900 400
Wavelength [cm]
e PCL/AA/S = PCL/AA/S  SBF14
®) 1664
3180 660-643

Absorbance [a.u]

A

1
1
1

3900 3400 2900 2400

1900 1400 900 400

Wavelength [cm™]

====PCL/AA/SBCuU

====PCL/AA/SBCu SBF14

Figure 9. a) FTIR spectra of PCL/AA/S and b) PCL/AA/SBCu before and after 14 days of immersion in SBF.
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Figure 10. Results of CA measurements on PCL/AA/SBCu and PCL/AA/S samples after immersion in SBF up to 14 days.

SBCu) if compared to neat PCL and composite fibers before the
immersion in SBF (see Figure 6 for comparison). However, it
should also be observed that the water CA is not only a measure
of hydrophilic properties but also of the porosity of the material,
which could be increased during the acellular bioactivity.

Therefore, on the basis of these results, it is possible to con-
clude that the bioactivity of the composites was enhanced thanks
to the incorporation of the optimized BG particles S and SBCu, if
compared to previous results.’>**7® Indeed, Lepry et al. have
observed the formation of HA after 7 days in SBF,*” whereas
Moura et al.*] have observed it only after 21 days. In addition,
in a previous work of Liverani et al.”® no HA formation was
observed because of the detachment of the BG particles from
the polymer matrix after only 1 day of immersion.

3.6. Mechanical Characterization

A relevant problem and recurring failure cause of implants is the
mismatch between the graft and the host tissue.”®! Therefore, it
is crucial to evaluate the mechanical properties of the composite
fiber, reported in terms of average and standard deviation (+SD)
in Table 1.

As expected for electrospun polymer-based fibers and in agree-
ment with literature results and our previous experimental
works, both neat polymeric and composite fibers showed a
stress-strain curve (not reported) characterized by a first linear
elastic trend (Hookean response) and a second nonlinear trend
(plastic behavior related to the fiber alignment before the sample
fracture).”®#% As reported in Table 1, the synthesized composite
fibers showed Young’s modulus averaged values lower than that
of neat PCL fibers, even if, according to scientific literature, the

Table 1. Mechanical properties of both neat and composite fibers.

Sample Tensile strain at break [%] UTS [MPa] E [MPa]
PCL/AA 255+38 4+£1 3347
PCL/AA/S 138+£18 24+04 9+2

PCL/AA/SBCu 240+26 2+1 10+£5

addition of an inorganic filler usually increases the Young’s mod-
ulus of polymers.*>#!]

Moreover, as a consequence of the addition of glass particles
inside the polymeric matrix, also the ultimate tensile strength
(UTS) was slightly decreased. However, this decrease was
comparable with literature results.'*#? A small enhancement
in comparison to our previous experimental work on fibers
containing similar glass particles'®” should be pointed out, as
a consequence of the synthesis optimization.

Regarding the measured reduction of the tensile strain, it is
well known that the introduction of a rigid phase, such as BG
particles, in a polymeric soft matrix limits its plastic deformation
and elongation.[%5%>48384]

The results (in particular the low values of E and UTS) could be
influenced by the not-completely homogeneous distribution of the
BG fillers inside the fibers, which could lower the mechanical prop-
erties of the material, leading to nonuniform variation in the fiber
diameter, presence of surface roughness and formation of a weak
points/defects in the material that caused cracks and enhanced
catastrophic failure, in agreement with previous experimental
results.> 1947818285 1y fact standard deviation values are not neg-
ligible, indicating a high dispersion of the measured values. It is
worth noticing that the achievement of a well-dispersed particle dis-
tribution inside composite fibrous mats is still an important open
issue in the field of electrospun scaffolds. !

Considering these observations, the composite electrospun
mats developed in this project could be potential candidates
for soft TE applications, being their mechanical properties in
the required range (E=0.4-350 MPa, UTS =2-12 MPa).

3.7. Cell Viability

The stromal cell line ST-2, derived from mouse bone marrow, was
selected because it showed osteoblast,®”*# chondrocyte,® and
adipocyte differentiation,®®*" confirming to be a suitable cell line
for preliminary assessment (cell viability and proliferation) for
both soft and hard TE applications. As reported in Figure 11,
according to one-way ANOVA (p < 0.05), cell adhesion and viabil-
ity on the composite electrospun fibers, 1 day after seeding, were
comparable with the neat PCL/AA ones. However, although the
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Figure 11. WST-8 analysis: histograms of OD at 450 nm for all samples

OD values (at 450 nm) for PCL/AA/SBCu did not show significant
differences from those of the neat PCL/AA, the OD values for
PCL/AA/S were slightly higher than the neat PCL/AA in a statis-
tically significant way. Analogously, 7 days after the seeding, the
OD values for PCL/AA/SBCu were comparable with those of neat
PCL/AA fibers, and in the case of PCL/AA/S, the increase in OD
values was statistically significant in comparison to neat PCL/AA.
It is worth of mentioning that the increase in the absorbance mea-
sured 7 days after the seeding was relevant for all the samples
(composites and control ones), confirming that the inclusion of
the glass particles did not inhibit cell proliferation, even in the
presence of B and Cu as dopant elements. This result is consistent
with the properties of BGs, which, on one hand, are well known to
facilitate the proliferation of progenitor cells of soft and calcified
tissues but on the other hand may cause a few decrease in cell
adhesion, due to the ion release phenomena and to the increase
in pH, intrinsic of the bioactivity mechanism. This phenomenon
can be considered quite relevant in the case of the PCL/AA/SBCu
composites, which indeed produce a slight increase in pH
compared to PCL/AA/S (Figure 7). Such results are in line with
our previous work, concerning composites incorporating B- and
Cu-doped BG aggregated particles.®!

4. Conclusions

The aim of this study was the synthesis optimization of
electrospun composite PCL-based fibers incorporating spherical
sol-gel-derived BG particles doped with B and Cu, for potential
use in soft TE. The BG particles were synthesized through a sol-
gel procedure, which allowed to obtain monodisperse particles
exhibiting a round shape and a low aggregation state. The ES
procedure was carried out using benign solvents. After a careful
optimization of the process parameters, new composite fibrous
mats containing B- and Cu-doped BG particles and showing sat-
isfying properties were successfully prepared. Due to the good
retention of the BG particles inside the PCL matrix, the compos-
ite fibers showed excellent bioactive behavior, as evidenced by the
presence of FTIR peaks related to HA starting from the first day
of immersion in SBF and the deposition of mature HA crystals
on the fiber surface already after 7 days of immersion. Although
the glass particles appeared still noncompletely homogeneously

Adv. Eng. Mater. 2026, 28, 202500946 €202500946 (11 of 13) ©
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mday7

PCL/AA/S PCL/AA/SBCu

(PCL/AA, PCL/AA/S, and PCL/AA/SBCu) after 1 and 7 days of cell seeding.

dispersed into the fibers, the results obtained by wettability,
mechanical and cytocompatibility tests were considered adequate
for the potential use of these composites for soft TE applications.
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