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Progress on Electrospun Composite Fibers Incorporating

Bioactive Glass: An Overview

Farnaz Ghorbani, Theresa Reiter, Liliana Liverani, Dirk W. Schubert, Aldo R. Boccaccini,*

and Judith A. Roether*

Electrospinning is a promising approach for the development of fibrous tissue
engineering (TE) scaffolds suitable for hard and soft tissues. Apart from physico-
mechanical properties, electrospun fibers are required to incorporate bioactive cues to
control cellular functions, including facilitating biomineralization and osteogenic dif-
ferentiation in case of bone TE, as well as vascularization, to support successful tissue
regeneration. In recent years, bioactive glass (BG) addition to electrospun biopolymer
fibers has shown promising results in enhancing the properties of fibers, including the
improvement of biological performance. In this article, a comprehensive overview
of BG-containing electrospun polymer composite fibers is presented, identifying the
parameters that affect the mechanical properties as well as the biological response
in vivo and in vitro. Subsequently, the effects of BG addition on the properties of the
scaffolds are discussed. Recent developments in the fields of bone regeneration,
wound healing, and drug delivery using BG-containing electrospun fibrous scaffolds
are described in detail. Essential aspects related to BG-polymer composite fibers for
translational research in TE are highlighted for future research in this field.

1. Introduction

Among various technologies for fabrication of scaffolds for tissue
engineering (TE), electrospinning has gained increasing attention
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over the years because of its simplicity,
cost-effectiveness, and its ability to produce
fibrous scaffolds with relatively high porosi-
ties and large surface-area-to-volume ratios.
Electrospun scaffolds can mimic the native
extracellular matrix (ECM) of tissues
enabling cell attachment and infiltration
and making tissue remodeling possible.”
Electrospun fibers can provide adequate
mechanical properties and promote cell
adhesion, proliferation, differentiation, and
internal vascularization.”™ Herein, well-
controlled electrospun polymer fibers that
are tailored by considering various intrinsic
and extrinsic processing parameters as well
as solution parameters, such as polymer
solution concentration, pressure, humidity,
viscosity, surface tension, voltage, injection
rate, and collector characteristics, can influ-
ence the microstructure and orientation of
fibers and, as a result, the effectiveness of
the scaffolds for new tissue ingrowth.>® In this regard, unidirec-
tionally oriented fibers are effective in supporting directional cell
growth, orientation, and aligned regeneration of damaged tissue.”®!

The chemical composition of the fibers is another influential
factor dictating the success of their application in TE. Over the
past decades, numerous natural and synthetic polymers, such as
collagen, alginate, poly(lactic acid-co-glycolic acid) (PLGA), and
poly (e-caprolactone) (PCL), have been investigated to produce
nanofibrous scaffolds®®™*! due to biocompatibility, degradability,
ease of processing, and the ability to produce nanostructures
resembling features of natural tissues. However, hydrophobicity
and poor bioactivity of (synthetic) polymeric constructs and inad-
equate mechanical properties of single-component polymeric
scaffolds have motivated the development of multicomponent
or functionalized fibers using active biological cues.****!
Combining the advantages of different materials with comple-
mentary properties leads to multiphase materials, composites,
or hybrids with superior physicochemical and biological
properties providing versatile possibilities for TE applications.
Significantly, electrospinning using polymers, bioactive, and
bioresorbable inorganic materials has been investigated
intensively to fabricate composite fibers for bone and soft tissue
regeneration.'®'® Over the past two decades, bioactive
glasses (BGs), i.e., surface-reactive inorganic materials with an
amorphous structure, have been widely used for fabricating
composite fibers because of the functionalities they can
impart to polymeric-based composites, including bioactivity,
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osteoconductivity, osteogenic performance, acceleration of vascu-
larization, biodegradability, and drug delivery functionality.['>~*]

This review aims to present a comprehensive overview of
composite micro/nanofibers incorporated with BG particles,
which have been developed by electrospinning in the past decades
(Figure 1). The review focuses on the processing-structure—
property relationships of BG-containing fibers. Therefore, we
extensively review chemical compositions, microstructures, and
properties of BG-incorporated electrospun composite fibers to
present a complete assessment of the state of the art with focus
on bioactive scaffold fabrication for bone and soft tissue regenera-
tion. The Web of Science database was used employing the
keywords: “electrospinning” and “bioactive glasses”, “composites”
or “fibers”. In addition, the search was carried out for the years
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2002-2022. Only papers that reported an application in bone or
soft tissue regeneration were considered. Here, we concentrate
on current advances and offer perspectives on the challenges
and opportunities for future translational development. The review
thus aimed to be balanced and to reflect the current state of the art
based on contributions by different groups around the world.

2. Bioactive Glass-Containing Composite Fibers
2.1. The Effect of Bioactive Glass Addition on Electrospun Fiber

Fabrication: Comparison with Other Inorganic Fillers

In recent decades, various inorganic components have been
considered to reinforce electrospun polymer composite fibers.

Electrospinning of BG-contained
composite fibers

S AR

Bioactive glass Signaling molecules

Wound healing

Angiogenesis

Figure 1. Schematic illustration of the fabrication of electrospun BG-containing composite fibers and major properties and functionalities achieved,
including biomineralization, osteogenesis, angiogenesis, and antibacterial activity. Created with BioRender.com.
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The incorporation of bioactive and bioresorbable inorganic
materials into polymers has been widely investigated for biomed-
ical applications.”*! Inorganic components are introduced using
either direct or indirect strategies, such as electrospinning of
composite solution/suspensions,’?®) or by layer-by-layer stacking
of electrospun fiber mats.*! Bioactivity (mineralization ability)
is recognized as a critical requirement for bone TE; hence,
calcium phosphates like hydroxyapatite (HA) as well as BGs,
which can support the in situ formation of hydroxyl carbonate
apatite,”” have found versatile applications in the fabrication
of TE scaffolds. HA and BGs are attractive bioactive inorganic
materials due to the fact that they exhibit potential
to improve bone regeneration,”®?% through the activation of
osteogenic genes®*”! and angiogenesis.*'*? Applications of
BG-containing electrospun fibers in soft TE and wound healing
are also emerging.!">**** In this regard, Shalumon et al.** com-
pared electrospun composite nanofibers composed of nano

. ;
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HA-PCL-chitosan and BG nanoparticles (45S5 BG composition,
size: 20-80 nm)-PCL-chitosan with the similar concentration
(3 wt%) of inorganic components. The results showed that both
types of inorganic particles increased the alkaline phosphatase
(ALP) activity of human periodontal ligament fibroblast cells
(hPDLFs), while embedding BG nanoparticles demonstrated
significant improvement in hPDLFs and osteoblast-like cell
(MG-63 cell line) adhesion and proliferation (Figure 2A1-A10).
BG (composition: silicate-based 45S5 and borate-based 13-93B3)
and HA with a concentration of 10 wt% were incorporated into
PCL nanofibrous scaffolds. According to observations, composite
fibers showed bioactive behavior throughout a period of 30 days
immersion in SBF solution. Here, the deposition rate of calcium
phosphate layer precipitation was higher in HA-containing con-
structs compared to BG-containing ones. Moreover, the miner-
alization potential of 13-93B3 BG-containing fibers was higher
compared to that of 4555 BG-containing ones.*® In a parallel
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Figure 2. A1-A10) Live-dead cell staining after (A1-A5) 12 h and (A6-A10) 48 h of culturing hPDLF cells on the (A1,A6) control group, PCL fibers contained
(A2,A7) 1.5wWt% HA, (A3,A8) 3wt% HA, (A4,A9) 1.5wt% BG, and (A5,A10) 3wt% BG. Reproduced with permission.?*! Copyright 2013, American
Scientific Publishers. (B1-B7) Cell viability after 24 h of culturing the L-929 mouse fibroblasts using MTT assay. Optical microscopic image of cell culture
on B1) control group, B2) PCL, B3) PCL-2wt% HA, B4) PCL-15wt% HA, B5) PCL-2wt% BG, B6) PCL-15wt% BG, and B7) quantitative cell viability
comparison. Reproduced with permission!*® under the open access Creative Common CC BY license.
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investigation by Rédenas-Rochina et al.,’”) the potential of HA
(size: 200 nm) or BG (composition: 45S5, size: 20 pm, concentra-
tion: up to 20% (wt%))-containing PCL scaffolds for bone regen-
eration was evaluated. Both scaffolds indicated adequate
mechanical strength as well as a suitable porous structure for
cellular colonization. Composite constructs support the behavior
of MC3T3-E1 cells (an osteoblast precursor cell line from mouse
calvaria); however, for BG-PCL scaffolds, the filler concentration
was considered a crucial parameter: scaffolds with 5% filler
increased the cell adhesion without any positive effect on cell dif-
ferentiation. Improved cell adhesion originated from increased
protein adsorption as a function of BG addition. In contrast,
HA addition inhibited cell differentiation up to 28days.
Besides, BG-containing polylactic acid (PLA) scaffolds were com-
pared with p-tricalcium phosphate ($-TCP) incorporated PLA.
Results revealed that the relative ALP/DNA ratio of human adi-
pose stem cells (ASCs) was higher when BG was added to the
constructs in comparison with those containing f-TCP even
though lower overall cell numbers were observed in BG-PLA
composite scaffolds.?® Similarly, Goh et al.*! confirmed the
effectiveness of BG (CeBG/CuBG/AgBG, size: 79-84 nm)-con-
taining fibers compared to those with HA or f-TCP in terms
of the acceleration of bone formation. A similar phenomenon
was also observed by Sunandhakumari et al.*”! These studies
indicate better performance of BG nanoparticles (composition:
34% Si0,, 4.6% MgO, 44.7% CaO, 16.2% P,0s, and 0.5%
CaF, (wt%)) in enhancing cell viability, attachment, proliferation,
and differentiation of L-929 mouse fibroblast cells compared with
nano HA particles (Figure 2B1-B7).

2.2. Effect of Bioactive Glass Addition on Electrospun Fiber
Diameter

Incorporation of BG particles in the electrospun solution leads
to specific effects regarding morphology and diameter of the
fibers (Table 1). In this regard, Moura et al.*!! reported the influ-
ence of BG (composition: Si0,:Ca0:P,05:Co0:Ag,0 (mol%) =
50:40:5:2.5:2.5) addition on the diameter of PCL fibers
(Figure 3A1-A5), using a less toxic solvent like acetone. It was
observed that increasing BG particle (size: 32 £ 17 nm) content
from 0.25 to 0.75wt% led to an increase in fiber diameter,
which was attributed to the higher viscosity of the suspension.
A parallel investigation determined that incorporating BG
(composition: 45S5, concentration: 20 wt%, size: <20 pm) in
chitosan-polyethylene oxide solution, prepared using a benign
solvent (aqueous acetic acid), resulted in a slight increase in fiber
diameter. Here, doping BG with Zn led to a reduction in fiber
diameter. However, all BG-containing fibers indicated higher
Young’s modulus compared with BG-free fibers.*” A similar
influence of BG on fiber morphology was observed in research
reported by Schuhladen et al.**! Here, the addition of BG par-
ticles (composition: 5.5% Na,0-11.1% K,0-4.6% MgO-18.5%
Ca0-56.6% B,03,-3.7% P,0s (wt%), size: 5-20 pm) to PCL-
methylcellulose electrospun fibers increased the fiber diameter
and enhanced bioactivity potential. In a similar investigation,
Liverani et al.** analyzed BG particles (composition: 45S5, size:
2pm and 20-80 nm) as an addition to PCL-chitosan solutions
made using benign solvents (in particular acetic acid and formic
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acid) and investigated microstructure, mechanical properties,
and Dbioactivity of the produced fibers. Regarding the average
fiber diameter, a slight increase in fiber diameter was detected
after adding both sizes of BG particles. Besides, nano-sized
BG particles provided a narrower size distribution of fibers com-
pared to micron-sized fibers. In this investigation, BG-containing
fibers exhibited a reduction in mechanical strength in compari-
son to BG-free fibers due to inhomogeneity in the fiber diameter
(e.g., fibers with irregular shape and with diameter varying along
the fiber) and possible weak BG-polymer interfacial adhesion.
Here, BG-embedded fibers indicated the precipitation of HA
after 1 day soaking in the SBF solution, which proved the bioac-
tivity of the composite fibers. Similarly, composite fibers based
on BG (composition: SiO;, 55%-Ca0O 35%-P,05 6.5%-Ag,0 3.5%
(Wt%), concentration: 5 and 10 wt%) particles incorporated in
polyvinyl alcohol (PVA)-sodium alginate indicated fiber diame-
ters three times higher than those of pure polymeric fibers.**!
Electrospun chitosan-polyethylene oxide nanofibers were incor-
porated with BG particles (composition: 45S5, concentration:
15wt%, size: 10-20um) in the investigation of Boschetto
et al.*®! for coating the surface of titanium-based orthopedic
implants. Here, ultrathin fibers were produced that originate
from phase separation of charged droplets generated during elec-
trospinning under electrostatic and drag forces, as well as gravity.
However, the incorporation of BG led to 1.6 times increase in the
average fiber diameter. In contrast, Serio et al.™! indicated
a reduction in diameter of poly L-actic acid (PLLA) fibers,
which were incorporated with BG particles (composition: 48%
SiOZ-].S% NaZO-30% Ca0-3% P205-0.43% B203-0.57% A1203
(mol%), size: 2 pm, concentration: 7%(w/v)) for bone and soft
tissue applications. This finding was attributed to the influence
of the BG particles on the rheology and conductivity of the
composite solution. However, the addition of BG significantly
increased the elastic modulus in comparison to that of BG-free
fibers. Moreover, embedding BG particles in fibers improved
the formation of HA-like layers after immersion in SBF solution
for 21 days (Figure 3B1-B8). On the other hand, poly(glycerol-
sebacate)-PCL composite fibers were incorporated with BG
(composition: 13-93 and 13-93BS, size: 5-20 pm, concentration:
30 wt%) in an investigation by Luginina and co-workers,*®!
employing a green solvent, i.e., acetic acid. BG addition showed
no significant differences in the average fiber diameter.

2.3. Effect of Bioactive Glass Concentration on Electrospun
Fiber Characteristics

In composite fibers, a maximum volume fraction of particles can
be incorporated into the polymer matrix without a negative influ-
ence on processability. Accordingly, to ensure bioactive potential
and the formation of a mineralized layer on the fiber surfaces, a
minimum amount above a certain threshold of the inorganic
component needs to be added (Table 1). In this regard, the
addition of 0.25 wt% BG nanoparticles (composition: Si0,:CaO:
P,05:Co0:Ag,0 (mol%) = 50:40:5:2.5:2.5, size: 32 £ 17 nm) to
the PCL matrix showed no evidence of HA formation, while
samples containing 0.5 and 0.75 wt% BG nanoparticles showed
cauliflower-like HA structures after 21days of immersion in
SBF solution. These findings indicated that 0.25wt% was
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Composition BG features Solvent Doping ion Application Properties References
PCL-BG Composition: Si0,:Ca0:P,0s: Acetone Cobalt and ~ Wound healing -Increasing fiber diameter as a [41]
CoO:Ag,0 silver function of BG enhancement
(mol%) =50:40:5:2.5:2.5 -Accelerating weight loss rate
Size: 32+ 17 nm
Concentration: 0.25-0.75 wt% -Higher ultimate tensile strength as a
function BG enhancement
-Enhancing angiogenic performance
-Inducing anti-bacterial features
Chitosan-polyethylene Composition: 45S5 Aqueous acetic acid Zinc Wound healing  -Slight increase in fiber diameter [42]
oxide-BG Size: <20 pm -Reduction in fiber diameter as a
Concentration: 20 wt% function of Zn
-Increasing Young's modulus
PCL-methylcellulose-BG ~ Composition: 5.5% Na20-11.1% Acetic acid - Wound dressing -Increasing fiber diameter as a [43]
K20-4.6% MgO-18.5% CaO- function of BG addition
56.6% B,03,-3.7% P,05 (Wt%)
Size: 5-20 ym -Bioactivity enhancement
Poly(glycerol-sebacate)-  Composition: 13-93 and 13-93BS Acetic acid - Soft TE -Increasing fiber diameter as a [48]
PCL-BG Size: 5-20 pm function of BG addition, but there
were no significant differences in
Concentration: 30 wt% )
average fiber diameter
PCL-chitosan-BG Composition: 45S5 Acetic acid—formic acid - Bone TE -HA precipitation [44]
Size: 2 pm and 20-80 nm -Increasing in fiber diameter as a
Concentration: 30 wt% function of BG addition
-Reduction in mechanical strength
PVA-sodium alginate-BG ~ Composition: SiO, 55%-CaO DI water - Wound healing -Increasing fiber diameter [45]
35%-P,05 6.5%-Ag,0 3.5% (wt%) -Bioactivity
Concentration: 5 and 10% (w/w) -Improvement in elastic modulus
-Reduction in compressive strength
Chitosan-poly ethylene Composition: Standard 45S5 Acetic acid-water - Orthopedic -1.6 times increase in average fiber  [46]
oxide-BG Size: 10-20 pm Applications diameter
Concentration: 15 wt%
PLLA-BG Composition: 48% SiO,-18%  Dichloromethane-acetone - Bone and soft TE  -Reduction in fiber diameter as a [47]
Na,0-30% Ca0-3% P,05-0.43% function of BG addition
B205-0.57% Al;0; (mol%) -BG addition increased elastic
Size: 2 pm modulus
Concentration: 7%w/v -Improvement in the formation of
HA-like layers after immersion in the
SBF solution for 21 days after
embedding the BG in fibers
POC-BG Composition: 70Si0,-25Ca0- Ethanol - Bone TE -Increasing glass transition [49]
5P,05 temperature
Concentration: 5, 10, and -increasing modulus and strength
15% w/w -Decreasing elongation at break
Chitosan-PVA- BG Composition: 76% SiO,-18% Trifluoroacetic acid- - Wound healing -Low concentration of BG [50]

nanoparticles Ca0-6% P,0s (Wt%)

Size: 800 nm

Concentration: 5, 10, 20, and
40 wt%

Adv. Eng. Mater. 2023, 25, 2201103

2201103 (5 of 26)

dichloromethane

nanoparticles enhanced yield
strength and breaking strength but
reduced elongation percentage

-Higher concentration of BG
nanoparticles decreased tensile
strength and elongation percentage

-Biocompatibility
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Composition BG features Solvent Doping ion Application Properties References

-Anti-inflammatory behaviour
-Angiogenesis
PCL-BG Composition: 13-93 Acetone - Bone TE -Increasing fiber diameter as a [57]
Size: <106 pm function of BG addition
Concentration: 1, 5, and 10 wt% -Plate-like HA formation in SBF

solution (30 days immersion)

PCL-TES-BG Composition: 4555 Acetic acid - Biomedical -Reduction in fiber diameter by BG [52]

applications particles addition

Size: 2 pm

Concentration: 30 wt%

-BG particles support in vitro
bioactivity and mineralization of
hydroxyapatite layers after 7 days of
immersion in the SBF solution

-BG particles does not negatively
affect or inhibit the viability of ST-2
cell cells

insufficient to induce mineralization, which was attributed to the
encapsulation of particles within the polymeric fiber. The
obtained results furthermore indicated a faster weight loss
and higher ultimate tensile strength as a function of BG con-
tent.*"! Composite fibers composed of PVA, sodium alginate,
and BG (composition: SiO, 55%-CaO 35%-P,0s 6.5%-Ag,0
3.5% (wt%), concentration: 5 and 10 wt%) showed that a higher
BG content resulted in a faster degradation.*”! The observation
of cauliflower-like HA on the surface of BG-containing scaffolds
indicated the bioactivity of the composite fibers as a function of
BG addition. Additionally, the presence of BG caused an increase
in elastic modulus and a reduction in strength of fibrous scaf-
folds. A close match in terms of Young’s modulus between com-
posite fibers and native bone (15-100 MPa) was observed,
confirming the intended application in bone regeneration.
Similarly, the addition of BG (composition: 70SiO,-25CaO-
5P,0s), concentration: 5, 10, and 15%(w/w)) to poly (octane diol
citrate) (POC) electrospun fibers demonstrated the potential
interaction of BG (15%(w/w)) with the polymeric matrix through
physical adsorption and carboxylate formation that led to
increased glass transition temperature, elastic modulus, and
mechanical strength as well as a decrease of the elongation at
break.?! In another related study, incorporating ascending con-
centrations of BG nanoparticles (composition: 76% SiO,-18%
Ca0-6% P,05 (wt%), concentration: 540 wt%, size: 800 nm)
in chitosan-PVA trilayer nanofibrous membranes indicated a
string-like structure. Here, a low concentration of BG nanopar-
ticles (5 and 10wt%) enhanced yield strength and breaking
strength but reduced the elongation. In contrast, a higher con-
centration of BG nanoparticles (20 and 40 wt%) decreased the
tensile strength and percentage of elongation that originates
from the introduction of stress concentrations by the addition
of nanoparticles. In the case of biocompatibility, the addition
of 40 wt% BG results in the best cell proliferation of fibroblast
cells. Besides, the release of active ions from the BG particles
demonstrated anti-inflammatory behavior and promoted angio-
genesis.®” In the investigation of Konyah et al.P! ascending
concentrations (1, 5, and 10wt%) of silicate-based 13-93 BG

Adv. Eng. Mater. 2023, 25, 2201103 2201103 (6 of 26)

particles (in the micrometer range) and 13-93 BG short fibers
(BGF) were incorporated into PCL to fabricate electrospun fibers
for TE applications using acetone as a solvent. Increasing BG
content led to progressively larger fiber diameters. Moreover,
BG-containing fibers exhibited plate-like HA formation in SBF
solution (30days immersion), so that increasing BG content
led to higher deposition of calcium phosphate layers. The fibrous
meshes containing BGF showed overall less bioactivity when
compared to the composite fibers containing BG particles.
The authors also determined that both weight loss and silicon
ion release were considerably increased (i.e., approximately
42% and 31%, respectively) for PCL fibrous meshes containing
10% BG particles when compared to those containing 10% of BG
short fibers in the fibrous mesh (BGF). The authors attributed
the difference in behavior between the two different inclusion
types to morphological and dimensional characteristics as well
as surface reactivity. In a recent investigation, Liverani et al.P?
fabricated homogeneous electrospun fibers exhibiting a shape
memory effect using a benign solvent (glacial acetic acid).
Such fibers are composed of triethoxysilane-terminated poly(ep-
silon-caprolactone) (PCL-TES) loaded with BG particles (compo-
sition: 45S5; concentration: 30 wt%; diameter: 2 pm). In this
research, hydrolysis and condensation reactions between trie-
thoxysilane groups of the polymer and the silanol groups that
are present on the BG surface take place and thus lead to durable
fibers by introducing additional cross-linking points. Also, BG
particles support invitro bioactivity and mineralization (forma-
tion of HA layers) after 7 days of immersion in SBF solution.
Cell experiments demonstrated that the addition of BG particles
did not negatively affect or inhibit the viability of ST-2 cells,
which made the fibers good candidates for a range of biomedical
applications.

2.4. Bioactive Glasses Nanoparticles-Incorporated Fibers:
In Vitro Aspects

The incorporation of nano-sized BG into polymeric matrices has
attracted notable interest of the scientific community (Table 2).
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Figure 3. A1-A4) SEM micrographs of (A1-A2) PCL-BG and (A3-A4) PCL-doped BG fibers ((A1,A3) 0.25 wt% and (A2,A4) 0.75 wt% of BG). (A5) Size
distribution of fiber diameter for different concentrations of BG. Reproduced with permission.!*'! Copyright 2017, Elsevier. B1-B4) SEM micrographs of
(B1,B3) PLLA and (B2,B4) PLLA-BG composite fibers with different magnifications. B6,B8) SEM images and B5,B7) EDS analysis of PLLA-BG fibers after
(B5, B6) 7 days and (B7, B8) 21 days immersion in SBF solution. Reproduced with permission!*’! under the open access Creative Common CC BY license.
C1-C3) SEM micrographs, C4-C6) size distribution, and C7-C12) AFM image of PCL-chitosan fiber contains (C1,C4,C7,C8) 0 wt%, (C2,C5,C9,C10) 0.5 wt%,
and (C3,C6,C11,C12) 1wt% BG. Reproduced with permission.®® Copyright 2019, SAGE Publications.

Nanometric BGs allow constructing scaffolds with improved
mechanical behavior, surface roughness, hydrophilicity, and
porosity.®®! These properties arise from the small size, high
surface-area-to-volume ratio, and inherent physicochemical
properties of nanoscale particles. The higher surface area ena-
bles the faster release of ions resulting in increased surface

Adv. Eng. Mater. 2023, 25, 2201103 2201103 (7 of 26)

reactivity and potentially enhanced protein adsorption, which
is essential for cell attachment and subsequent cell behavior.
Additionally, these structural features likely lead to faster min-
eralization of tissues like bone or teeth, which can be explained
by the nanostructural properties of native bone tissue consist-
ing of a mixture of collagen fibrils and HA nanocrystals.
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Table 2. Summary of reviewed studies on BG nanoparticles-incorporated fibers.

Composition BG features Solvent Doping ion Application Properties References
PCL-gelatin-BG Composition: 45% SiO,-25% Formic acid - Bone TE -4 times increase in fiber [56]
Ca0-25% Na,0-5% P,0s diameter as a function BG
addition
Size: 10 nm -Biomineralization of HA
-Biocompatibility
Concentration: 3 wt% -High swelling ratio
-High tensile strength and
elongation
PLA-BG Composition: 54% SiO, : 40%  Dichloromethane - Bone TE -Increasing in fiber diameter asa  [57]
CaO : 6% P,05 (mol%) function BG addition
Size: 27 nm Concentration: 5, 10, -Improving Young's modulus
20w% -Biomineralization of HA
-Viability of bone marrow-derived
stromal cell line
-Increasing alkaline phosphatase
(ALP) expression
Chitosan-PCL-BG Composition: composition: 61% Chloroform- - Cartilage TE -Improvement in the cell-fiber [58]
Si0,-34% CaO-5% P,05 (Wt%) methanol interactions
Size: 20-40 nm -Biocompatibility
Concentration: 0, 0.5, and 1.0 wt%
SF-carboxymethyl Composition: 60% SiO,-36% Formic acid - Bone TE -Increasing surface roughness [63]
cellulose-BG nanoparticles Ca0-4% P,0s -Improvement in cell proliferation
Size: 50-100 nm and direct differentiation
Concentration: 10 and 20 wt% -Osteogenesis and Runx2/
osteocalcin expression
-Bone ECM formation
PCL-BG Composition: 45S5 Dichloromethane - Bone TE -Increasing surface roughness [64]
Size: 100 nm
Concentration: 5 wt% -Bioactivity
Chitosan-gelatin-BG Composition 58S Acetic acid-water - Wound dressing -Biocompatibility [59]
Size: 67 nm Concentration: -Proliferation of dermal
2 wt%, fibroblasts
-Reduction in fiber diameter and
increasing the porosity as a
function of BG addition
Polyhydroxy butyrate- Composition: 41.04 gr SiO,,  Trifluoroacetic acid - Bone and teeth TE -Improvement in mechanical [65]
chitosan-BG nanoparticles 29.25 gr CaO, 23.26 gr Na,O, strength
and 1.78 gr P,Os
Size: 35-55 nm -HA precipitation
Concentration: 7.5, 10, and
15 wt%
nano HA-PCL-chitosan Composition: 45S5 Formic acid-acetone - Bone and Periodontal TE -Enhancing ALP activity [35]

Vs Size: 20-80 nm

BG nanoparticles-PCL-chitosan Concentration: 3 wt%

-Superior cell adhesion and
proliferation

Furthermore, the surface bioreactivity of nanoparticles is
higher than the one of micron-sized particles, and the resultant
nanostructured surface features on scaffolds can induce
improved osteoblast cell attachment."” Tt has also been

Adv. Eng. Mater. 2023, 25, 2201103 2201103 (8 of 26)

reported that electrospun scaffolds with nanofibrous architec-
tures might promote angiogenesis, modulate macrophage
and mast cell response, thereby affecting the secretion of vas-
cular endothelial growth factor.>*>?!
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The investigation by Elkhouly et al.”® evaluated the effect of
incorporated BG (composition: 45% Si0,-25% Ca0-25% Na,O-
5% P,0s, concentration: 3 wt%, size: 10nm) in PCL-gelatin
fibers. Choosing a “green” solvent (formic acid) made the fibers
a suitable candidate for TE studies. According to this investiga-
tion, the addition of BG accompanies the formation of a bead-
free structure, while an increase in diameter of electrospun
fibers (more than 4 times) was observed. Deposition of HA
on the fibers with a Ca/P ratio of 1.4 after a 14 day period in
SBF solution was the other benefit of the composite fibers
for hard tissue repair. Besides BG’s bioactive nature, a higher
swelling ratio of BG-containing fibers affects their rapid miner-
alization.®® Similarly, BG nanoparticles (composition: 54%
SiO; : 40% CaO : 6% P,0s (mol%), size: 27 nm, concentration:
5, 10, 20 wt%)-incorporated PLA fibers were investigated by
Canales et al.’”) Agglomeration of the particles caused defects
to increase with filler concentration. Using electrospun composite
fibers with 5 and 20 wt% filler, the authors found that the presence
of beads was most evident at concentrations greater than 10 wt%.
An analysis of the pure PLA fibers revealed an average fiber diam-
eter of 1.7+ 0.6 pm. Values of the composite fibers involving
10 and 20wt% of BG nanoparticles reached 2.8 +0.9 pm and
3.1+ 0.8 um, respectively, compared with neat PLA. It has been
demonstrated that the presence of particles within fibers has a sig-
nificant impact on Young’s modulus. Following 21 days of immer-
sion in SBF solution, all composite fibers containing BG
nanoparticles had developed bioactivity indicated by HA precipi-
tation on the surface. Compared to pure PLA, the composites
affected the bone marrow-derived stromal cell line viability and
elevated ALP expression, indicating that the bone marrow-derived
stromal cell line expressed an osteoblastic phenotype.

Although several studies have shown an increment in fiber
diameter with the addition of BG, in research by Kandelousi
et al,*® the diameter of chitosan-PCL fibers decreased, and sur-
face roughness increased after the incorporation of nano-sized
BG particles (composition: 61% Si0,-34% CaO-5% P,0s
(Wt%), size: 20-40 nm) (Figure 3C1-C12). Additionally, it was
proven that the addition of nanoparticles causes a reduction
in enthalpy of fusion compared to polymer fibers without BG
addition due to rearrangement of the molecular structure. In this
study, the change in enthalpy of fusion was shown to be accom-
panied by a reduction in Gibbs free energy leading to increasing
reactivity of the fibers. An improvement in the interaction of
composite fibers with human gingival fibroblast cells confirmed
the biocompatibility of constructs and made them suitable for
biomedical applications such as cartilage repair.”"! Similarly,
Nosrati et al.”®! fabricated electrospun composite fibers com-
posed of chitosan, gelatin, and BG nanoparticles (composition
58S, concentration: 2wt%, size 67nm). BG nanoparticles
embedded in chitosan-gelatin scaffolds demonstrated biocom-
patibility, and dermal fibroblasts proliferated well on the compos-
ite fibers. When BG particles were incorporated into chitosan-
gelatin fibers, a reduction in diameter could be attributed to
the decreased viscosity of the fiber. The study found that the addi-
tion of BG nanoparticles slightly increased porosity, probably due
to the smaller fiber diameters and wider void spaces in compari-
son with chitosan-gelatin fibers. To promote wound healing, it is
recommended that porosity levels to be between 60% and 90% to
enhance cell migration, ECM production, and gas exchange.
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However, agglomeration of nanoparticles in composite fibers
and poor dispersion homogeneity remain the main challenges
related to the high surface energy of particles.*” The homoge-
neous dispersion of BG nanoparticles is an important parameter
that affects the bioactivity of the composite fibers as well as
mechanical properties by preventing the polymeric chain move-
ment.[*%4 Additionally, inhomogeneous nanoparticle disper-
sion may complicate the electrospinnability of solutions due to
weak molecular interactions.

Nanofibrous silk fibroin (SF)-carboxymethyl cellulose scaf-
folds were incorporated with BG nanoparticles (composition:
60% Si0,-36% Ca0-4% P,0s, size: 50 nm) to mimic the bone
ECM. Here, the addition of BG nanoparticles increases the
fiber diameter by increasing the viscosity of the solution. When
the concentration of BG nanoparticles was set at 10 wt%, the
particles were distributed along the fibers homogeneously. In
comparison, increasing the BG content to 20 wt% affected fiber
formation owing to the agglomeration of fine particles. The BG
size was less than 50 nm, but agglomerates with a diameter of
100 nm were observed. At higher BG concentrations, fused fibers
were observed that may originate from strong hydrogen and
ionic bonding. It was observed that BG nanoparticle addition
leads to wrinkles and increases surface roughness, positively
affecting human mesenchymal stem cell attachment, prolifera-
tion, differentiation, and osteogenic ability. Herein, the compos-
ite fibers demonstrated dealkalization, calcium release, and the
breakdown of Si-O-Si bonds within 7 days of culturing human
mesenchymal stem cells (hMSCs). Accordingly, Ca and Si ions
released during the dissolution led to gene activation.®* Tamjid
et al.l®! reported better distribution of BG nanoparticles (compo-
sition: 45S5) in PCL matrices with a particle size of less than
100 nm. Furthermore, the surface roughness of nanoparticles
provided the conditions for the formation of HA crystals
after 28 days in SBF solution. An investigation on polyhydroxy
butyrate-chitosan-BG nanoparticles (composition close to 45S5
BG) electrospun fibers indicated uniform dispersion of particles
(size: 35-55 nm) in the polymeric matrix. Appropriate BG disper-
sion in the polymeric matrix before electrospinning was achieved
as well as possible chemical bonding at the BG-polymer inter-
face. Here, BG nanoparticle concentration of 10 wt% showed
electrospinnability and no agglomeration. Additionally, a tensile
strength of 3.42 MPa was achieved with BG nanoparticle addi-
tion, a four times improvement over BG-free fibers. Moreover,
composite fibers could adsorb calcium and phosphate ions to
form HA-like layers after a 4 week immersion in SBF solution.®*!

2.5. lon-Doped Bioactive Glass-Incorporated Fibers

It is well-known that doping BGs with trace metal ions, such as
Ag™, Sr*T, Cu®", Ce®", Zn*T, and Co®", induces special therapeu-
tic functions enhancing their biological activity (Table 3).1%=°)
Herein, tailored ion release kinetics should improve cell-fiber
interaction, facilitate and increase osteogenesis, enhance
angiogenesis, promote bioactivity, and/or induce anti-bacterial
behaviour.”%7!

It is expected that Zn-containing fibers have the potential to
induce improved wound healing”? and angiogenesis (given
Zn ion biological activity).”? Rajzer et al.’* investigated the
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Table 3. Influence of doping ions in BG chemical composition.

lon Influence References
Ag Inducing antibacterial activity [17,119-121]
Impressing biocompatibility
Reducing dissolution rate.
Inducing anti-inflammatory
Zn Higher surface area [122-126]
Bioactivity as a function of Zn ion concentration
Antibacterial effects
Production of ROS
Anti-inflammatory
Mg Influence on bioactivity as a function of concentration [127]
Sr Reduction in solubility [128]
Decreasing bioactivity
Ce Activation of superoxide [129]
Promoting antibacterial effects
Al Decreasing bioactivity [130]
Postponing dissolution
Cu Lipid peroxidation and protein oxidation effect [131]
Bacterial inhibition effect
P Decreasing bioactivity [132]
Zr Decreasing bioactivity [133]

influence of BG addition (composition: 40% Si0,-54% Ca0-6%
P,05 (mol%), concentration: 2 and 4 wt%) on the morphology
and diameter of PCL fibers (Figure 4A1-A9). According to the
observations, large-sized particles (<45 pm) have a higher ten-
dency to locate between the fibers while smaller ones (1 pm) are
dispersed inside the fibers. Furthermore, a higher concentration
of BG provided smaller fibers when the injection rate was set at
3mLh™". It was observed that by adding Zn-doped BG (compo-
sition: 49% CaO-5% Zn0-6% P,0s5-40% SiO, (mol%), size:
1.5 pym) to PCL a larger fiber diameter could be achieved. The
presence of Zn ions in the chemical composition of BG provides
antibacterial properties to the fibers. In addition, ALP activity, an
early indicator of osteoblast activity for bone regeneration, as
well as osteogenic efficiency demonstrated higher levels in
the fibers containing Zn-doped BG; however, ion incorporation
did not affect cell morphology. Accordingly, Zn was introduced
as a suitable ion to improve cell attachment and osteogenic dif-
ferentiation of pre-osteoblasts and osteoblast-like cells.® In a
parallel investigation by Ne&takova et al.,”*! Zn-doped BG nano-
particles (composition: 84% Si0,-8% Ca0-8% ZnO (mol%),
size: ~130-250 nm, concentration: 30 wt%) were incorporated
in electrospun PCL fibers. Doping with Zn led to an increase
in fiber diameter. Here, the experimental groups indicated
the precipitation of HA-like layers however Zn-incorporated
BGs led to a delay in biomineralization. Nontoxic degradation
by-products for murine stromal cells indicated the possibility
of Zn-doped fibers for TE and drug delivery applications.

The incorporation of BG particles (composition: 45S5, size:
<20 pm, concentration: 20 wt%) in chitosan-polyethylene oxide
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solution showed a slight increase in electrospun fiber diameter
although the difference was not significant. Here, doping Zn in
the BG composition led to a reduction in fiber diameter."*?
Similar research results were reported by Saatchi et al.”®! for
the electrospinning of chitosan-polyethylene oxide fibers contain-
ing cerium-doped BG particles (composition: 60% SiO,-28%
Ca0-4% P;05-8% Ce,03 (mol%), size: 35 nm) at different con-
centrations (10—40 wt%). They found that the highest concentra-
tion of cerium-doped BG led to a significant size distribution of
fibers (50-500 nm) due to the agglomeration of nanoparticles. In
this regard, electron microscopy images proved the presence of
submicron clusters in the fibers. A higher concentration of
cerium-doped BG indicated better cytocompatibility and
enhanced cell adhesion and spreading by providing rough nano-
fiber surfaces. It was shown that the enhanced agglomerate for-
mation did not restrict the cellular response. Additionally, cell
proliferation was observed across the network with a three-
dimensional shape. Malekahmadi et al.”” developed PCL-gela-
tin-Cu doped BG (composition: 45% Si0,-24.5% Na,0-23.5%
Ca0-6% P,0s5-1% CuO (wt%), size <100 nm, concentration: 1
(wt%)) fibers. Upon the incorporation of gelatin and CuBG par-
ticles, the wettability, pore size, and Young’s modulus of the PCL
electrospun fibers significantly improved. The growth of bone
marrow-derived mesenchymal stem cells on PCL-gelatin-CuBG
composite fibers with the least attachment took 7 days to reach
confluence. Long-term hypoxia responses and cell death were
not observed following the slow release of copper ions from scaf-
folds. Additionally, the authors hypothesized that a trace amount
of copper combined with PCL-gelatin might benefit periodontal
regeneration. In a recent study, Akturk et al.”®) investigated the
influence of the incorporation of BG nanoparticles (composition:
45S5 BG, concentration: 10, 15, and 20 5(w/w), size: 45 pm) and
copper metal nanoparticles (2.5, 5, 7.5%(w/w)) in electrospun PCL
fibers for TE applications. Here, BG addition led to increased cyto-
compatibility, while toxicity increased as a function of increasing
copper content. This study demonstrated the biocompatibility of
fibers (tested with 1929 fibroblasts cells) when the content of
the BG phase was set at 15% w/w while 0.025% w/w was the con-
centration of copper nanoparticles. Twenty-eight days of immer-
sion in SBF indicated stability and mineralization of the fibers,
proving their osteogenic potential. At the same time, copper
ion release should positively affect the angiogenic potential of
the fibers.

An investigation by Moura et al.*"! on PCL-BG fibers indicated
that doping cobalt and silver in BG (composition: SiO,:CaO:
P,05:Co0:Ag,0 (mol%) = 50:40:5:2.5:2.5, size: 32+ 17 nm)
might enhance the angiogenic performance and induce
antibacterial features to composite scaffolds, improving tissue
regeneration. In a similar approach, embedding PCL fibers with
15 wt% boron, cobalt, and dual boron/cobalt co-doped BG nano-
particles (BG composition: 80% Si0,-20% CaO (mol%), size:
457 £20nm; B5Co2 composition: 73% Si0,-20% CaO-5%
B,03-2% CoO (mol%), size: 361 + 9 nm; B10Co4 composition:
66% Si0,-20% Ca0-10% B,03-4% CoO (mol%), size:
331+ 21 nm) was investigated by Chen et al.” for promoting
vascularization. Acetic acid was used as a benign solvent for
green electrospinning. Here, the scaffolds showed biocompatible
behavior after culturing bone marrow-derived stromal cells
(ST-2 cell line). Besides, doping with boron and cobalt
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Figure 4. A1-A3) Size distribution and corresponded FESEM micrographs of (A1) PCL-2 wt% BG, (A2) PCL-4 wt% BG, and (A3) PCL-4 wt% Zn-doped BG
scaffolds. A4-A7) FESEM micrographs with a different magnification of (A4,A5) PCL-BG, and (A6,A7) PCL-Zn-doped BG scaffolds after a 7 day immersion
in the SBF solution. A8,A9) Fluorescence microscopy images of osteoblasts on (A8) PCL-BG and (A9) PCL-Zn-doped BG scaffolds after a 14 day culture.
Reproduced with permission” under the open access Creative Common CC BY license.

simultaneously led to vascular endothelial growth factor secretion,
increasing angiogenic potential. Erbium and terbium co-doped
BG particles (Er*" and/or Tb**-doped 13-93 BG particles, size:
1.45-3.57 pm) were incorporated in PVA fibers in the investiga-
tion of Deliormanh et al.®*®” Doping such ions did not inhibit
the bioactivity of the BG and induced green luminescent behavior
to BG, making the BG suitable for TE and bioimaging studies.
Duan et al.BY fabricated electrospun fibers composed of polyure-
thane, SF, and BG (concentration: 0.4% (wt/vol)). Here the addi-
tion of BG led to excellent mechanical properties with tensile
strength reaching 14.6 MPa (pure silk film: 3.8 MPa) and tensile
strain reaching 70% (pure silk film: 7.9%). It was also shown that
fibers containing BG had superior hydrophilicity, which led to PU
(97.3°) and silk fiber membrane (77.4°) contact angles reaching
39.2° and 35.9° after the addition of BG, respectively. CCK-8 anal-
ysis using bone marrow mesenchymal stem cells confirmed the
biocompatibility of the composite fibers. Besides, Si and B ions
release indicated a positive influence on ALP activity, osteogenesis,
and bone repair, making the fiber suitable for bone TE
applications.

Strontium borosilicate BG (composition: 0.05Na,0-xMgO-
yCa0-(0.35-%-y) Sr0-0.20B,0;-0.40Si0, (molar ratio, where
x, y=0.35 or 0.00, and x#7y), concentration: 10% (w/w),

Adv. Eng. Mater. 2023, 25, 2201103 2201103 (11 of 26)

size: <45 pm) was incorporated in a PLLA electrospun mem-
brane for bone TE application. Results indicated homogeneous
distribution of BG particles in the polymeric fibers so that stron-
tium borosilicate BG addition increased water uptake and
degradation rate. Besides, BG particle addition enhanced the
mechanical properties (69% higher Young’s modulus and
36% higher tensile strength). Moreover, the osteogenic differen-
tiation of bone marrow-derived mesenchymal stem cells was
improved as a function of strontium borosilicate BG addition.
Particle-containing membranes demonstrated upregulated oste-
ogenic gene expression as well as increased ALP secretion.’®”]
Table 4 summarizes relevant studies on ion-doped BG-contain-
ing electrospun composite fibers.

2.6. Advanced Biological Evaluation of Bioactive Glass-
Containing Electrospun Fibers in Hard Tissue Engineering

Cell-scaffold interaction plays a remarkable role in determining
the success of TE strategies. It refers to cell adhesion to bioma-
terials through adhesion proteins, including fibronectin, colla-
gen, laminin, and vitronectin, using specific cell receptors, which
will affect cell behavior such as proliferation, migration,
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Table 4. Summary of reviewed studies on ion-doped BG-containing electrospun ¢
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omposite fibers.

Composition BG features Solvent Doping ion  Application Properties References
PCL-BG Composition: 40% SiO,-54% Chloroform-methanol Zinc Nasal TE -Antibacterial properties [74]
Ca0-6% P,05 (mol%) -ALP activity
Size: <45pm -Osteogenic performance
Concentration: 2 and 4 wt%
PCL-BG Composition: 84% Si02-8% Ca0-8% Acetic acid Zinc Drug delivery -Increasing in fiber diameter [75]
ZnO (mol%) Size: ~130-250 nm and TE -HAlike layers precipitation
Concentration: 30 wt% -Zn-incorporated BGs indicated a
delay in biomineralization
-Non-toxic degradation by-products
Chitosan-polyethylene Composition: 60% SiO,-28% Acetic acid Cerium Soft TE -Cytocompatibility [76]
oxide-BG Ca0-4% P,05-8% Ce,03 (mol%) -Enhancing cell adhesion and
Size: 35 nm spreading
Concentration: 0, 10, 20, 30, and
40 wt%
PCL-gelatin- BG Composition: 45% Si0O,-24.5% 1,1,1,3,3,3-Hexafluoro-2- Copper Periodental  -Improvement of wettability, pore [77]
Na,0-23.5% Ca0-6% P,0s5-1% propanol tissue size, and Young's modulus as a
CuO (wt%) function of BG addition
Size <100 nm concentration: T wt% -No sign of long-term hypoxia
responses and cell death
-Postponing cell growth
PCL-BG-Copper Composition: 45S5 Dichloromethane: - TE -Increasing cytocompatibility as a [78]
dimethylformamide (80:20) function of BG addition
Size: 45 pm Concentration: 10, 15, -Mineralization ability in the SBF
and 20 5(w/w) solution
-Osteogenic potential
PCL-BG Composition: SiO,:Ca0:P,05:Co0: Acetone Cobalt and Wound healing -Enhancing angiogenic [41]
Ag,0 (mol%) = 50:40:5:2.5:2.5 silver performance
Size: 32+ 17 nm
Concentration: 0.25-0.75 wt% -Inducing antibacterial features
Chitosan-polyethylene Composition: 45S5 Aqueous acetic acid Zinc Wound healing -Reduction in fiber diameter [42]
oxide-BG Size: <20 pm as a function of Zn
Concentration: 20 wt%
PCL-BG BG nanoparticles, Composition: 80% Acetic acid Boron and Soft TE -Promoting vascularization [79]
Si0,-20% CaO (mol%), size: 457 cobalt
£20nm
B5Co2 nanoparticles, Composition: -Biocompatible
73% Si0,-20% Ca0-5% B,0;-2%
CoO (mol%), size: 361 +9nm,
B10Co4 nanoparticles, Composition: -Increasing angiogenesis potential
66% Si0,-20% CaO-10% B,03-4%
CoO (mol%),
size: 331 £ 21 nm
Concentration: 15 wt%
PVA-BG Composition: Er*™ and/or Tb**- Ethanol Erbium and TE and -Green luminescent behavior [80]
doped 13-93 BG particles terbium bioimaging
Size: 1.45-3.57 pm
Polyurethane-silk Concentration: 0.4% (wt/vol) Hexafluoroisopropanol Boron Bone repair -Excellent mechanical properties and  [81]

fibroin-BG
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superior hydrophilicity as a function
of BG addition

-Biocompatibility
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Composition BG features Solvent Doping ion  Application Properties References
-Si and B ion release indicated a
positive influence on ALP activity,
osteogenesis
PLLA-Strontium (Composition: Dichloromethane Strontium Bone TE -Homogeneous distribution of BG [82]

borosilicate BG 0.05Na,0-xMgO-yCaO-(0.35-x-y)

Sr0-0.20B,0;-0.40Si0, (molar ratio,

where x, y=0.35 or 0.00, and x #y),
Concentration: 10% (w/w), Size:

<45 pm)

particles in polymeric fibers

-Increasing water uptake and
degradation rate as a function of BG
addition

-Increasing mechanical properties
(69% higher Young modulus and
36% higher tensile strength) in
composite fibers

-Osteogenic differentiation of the
bone marrow-derived mesenchymal
stem cells

-Upregulation of osteogenic gene
expression (Alpl, Sp7, and Bglap) as
well as ALP secretion

differentiation, and specific cell functionalities.®*! Here, one of
the critical physical properties of electrospun scaffolds is surface
wettability since it directly affects the interaction with proteins
and cells. In this regard, the addition of BG particles to polymer
fibers increases their wettability. BG-containing composite fibers
can provide desirable interaction with water molecules as well as
exhibiting surface nano roughness, both of which are necessary
for the improvement of cell growth, migration, proliferation,
and differentiation.”® Additionally, the incorporation of BG par-
ticles (composition: 70Si0,-25Ca0-5P,0s, concentration: up to
10 wt%) inside PLA electrospun fibers led to in vitro HA precipi-
tation as well as improved osteoblastic cell adhesion and growth,
suggesting the application of the composite fibers in hard tissue
regeneration.®” A similar investigation by Ding et al.®*! on BG
(composition: 58S, concentration: 0-16.7 wt%) incorporated
ultrathin polyhydroxybutyrate (PHB)-PCL fibers indicated suit-
able adhesion and viability of MG-63 cells as well as increased
expression of ALP and higher mineral calcium nodule content
in BG-containing fibers.

Shamsi et al.®®! fabricated PLLA-BG (composition: 89% SiO,-
8% Ca0-3% P,05 (Wt%)) composite fibers for bone repair. The
incorporation of BG nanofibers in composite scaffolds and resul-
tant SiO, release could improve bone marrow mesenchymal
stem cell attachment, growth, proliferation, as well as calcium
phosphate deposition after 14 days. The expression of ALP, osteo-
calcin, osteopontin, collagen I, and Runt-related transcription
factor 2 (RUNX2) furthermore confirmed the osteogenic perfor-
mance of BG-loaded constructs.

Electrospun PCL fibers incorporated with BG particles
(composition: 5% SiO,; 24.5% CaO; 24.5% Na,O; and 6%
P,0s, concentration: 10 wt%) were fabricated for bone regenera-
tion.®”) The in vitro bioactivity experiment indicated that the addi-
tion of BG into PCL fibers affected nucleation of the apatite layer
since mineralization nodules were detected after culturing mesen-
chymal stem cells (MSCs) in a nonosteogenic medium.
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Additionally, BG-containing fibers supported osteogenic differen-
tiation of MSCs, indicating the bioactivity of the composite fibers.
Implantation of scaffolds in twenty-four male rats showed a large
amount of newly formed trabecular bone.

Since the biocompatibility of composite fibers is a crucial
property, Lian et al.*! focused on the biological behavior of
composite fibers composed of poly (octane diol citrate)-BG
composite (composition: 76% S$i0,-18% Ca0-6% P,0s5 (wt%),
concentration: 5-40 wt%, size: 800 nm). Here, electrospun fibers
were found to stimulate the growth of mouse bone marrow
mesenchymal stem cells, ALP activity, and mineralization
(Figure 5A1,A2). Moreover, the expression of collagen type I
and osteocalcin and osteogenic differentiation were promoted
in BG-containing fibers, making them suitable candidates for
bone regeneration.

Bilayered electrospun fibers composed of PVA and SF were
incorporated with BG nanoparticles (composition: 60% SiO,-
36% Ca0-4% P,0s, size: <100nm) in the investigation of
Singh et al.®® (Figure 5B3-B9)). The composite fibers showed
suitable stiffness, hydrophilicity, as well as superior bioactivity.
The cellular study confirmed excellent mesenchymal stem cell
attachment, spreading, proliferation, and osteogenic differentia-
tion. Besides the formation of bone-like nodules, an increased
ALP activity and osteocalcin expression, as well as biominerali-
zation, are the advantages of BG addition to polymeric fibers. As
mentioned above, the release of inorganic ions such as Si, Ca,
and P can be exploited for the differentiation of stem cells to
the osteogenic lineage.

Biomimetic collagen-chitosan-BG (composition: Si/Ca/P =
80:15:5 mole ratio) nanofibers were evaluated in research con-
ducted by Zhou et al.® to understand the potential of composite
fibers on inducing periodontal TE. They observed that composite
fibers could increase human periodontal ligament cell viability
and osteogenic gene expression as well as improving
expression of RUNX2 and osteopontin protein. Implantation
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Figure 5. A1) ALP activity A2) calcium content of the mesenchymal stem cells after a 3, 7, and 14 day culture on poly (octanediol citrate) (POC) and
POC-BG with ascending concentration of BG (*p < 0.05). Reproduced with permission.[*”! Copyright 2018, Elsevier. B1-B4) FESEM micrographs of (B1,
B3) SF-PVA and (B2,B4) SF-PVA-BG scaffolds after a 7 and 14 day culturing period of mesenchymal stem cells. B5,B6) live-dead cell staining after culturing
the mesenchymal stem cells on (B5) SF-PVA and (B6) SF-PVA-BG scaffolds, and B7) MTT results of cell viability as a function of time. B,B9) Confocal
images for cytoskeleton of mesenchymal stem cells after a 14 day culture on (B8) SF-PVA and (B9) SF-PVA-BG scaffolds. Reproduced with permission. !
Copyright 2017, I0OP Publishing Ltd.

of BG-containing constructs in a dog class II furcation defect (composition: 46 % SiO,, 24 % CaO, 24 % Na,O, and 6 %
model demonstrated improved bone formation and mineraliza-  P,0s Wwt%); concentration: 10-50 wt%; and size: 5.9-13.7 nm)
tion. In a recently published study, El-Okaily et al.®” fabricated ~ for bone TE application. Electrospun fibers possessed a homoge-
risendronate sodium-loaded composite fibers based on PVA and  neous, uniform, and dense microstructure with fiber diameters
chitosan that were incorporated with BG nanoparticles  in the range of 20-125 nm. According to the obtained results, the
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addition of BG nanoparticles retarded the drug release profile of
the model osteoporotic drug as well as increasing overall drug
release efficiency significantly, thus the scaffolds hold potential
as sustained drug release carriers. The drug release was found
to take place through a two-stage intraparticle diffusion
mechanism.””!

Gelatin-BG  (composition: 70% Si0,-25% CaO-5% P,0s
(mol%), size: ~3 pm) composite fibers were developed, which
exhibited a bead-free microstructure that supported the
formation of multicellular layers, osteoblastic MC3T3-E1 cell
ALP activity, and mineralization during invitro culture.”"
Increasing human keratinocyte adhesion and enhanced secre-
tion of collagen type I and vascular endothelial growth factor
by human dermal fibroblasts were observed in BG (composition:
Si/Ca/P = 80:15:5 molar ratio) incorporated collagen fibers. Also,
collagen-BG nanofibers accelerated rat skin wound healing with
adequate mechanical strength.”? Similarly, BG (composition:
70S) addition to SF fibers improved the MG-63 osteoblast cellular
performance by providing a hydrophilic structure. Increasing
ALP activity indicated the potential of the fibers for regeneration
of osteochondral tissue.’!

In parallel studies, Hashemi-Beni et al.®"! focused on
cell-fiber interactions using poly hydroxyl butyrate-chitosan
electrospun fibers incorporated with BG nanoparticles (45S5
composition, size: 35-55nm). The obtained results indicated
nontoxicity of the fibers and appropriate cell adhesion and pro-
liferation. Moreover, flow cytometric analysis showed that iso-
lated cells from the pulp of deciduous teeth were positive for
mesenchymal CD90 and CD146 markers, while they were nega-
tive for hematopoietic CD14 and CD19 markers. This research
was continued by Khoroushi et al.® and the results demon-
strated that the composite fibers supported proliferation and
differentiation of human exfoliated deciduous teeth stem cells.
Their observation indicated a sixfold enhancement in dentin sia-
lophosphoprotein gene and collagen-type I expression, and a two-
fold enhancement in ALP activity.

In a related study, composites comprising PCL and 58S BG
(size: 38 pm, 5 wit%) were fabricated using electrospinning for
applications in bone regeneration (Figure 6A1-A4). Composite
fibers presented a suitable potential for HA formation after
21 days soaking in SBF solution. Furthermore, culturing with
dental pulp stem cells exhibited cell adhesion and proliferation
as well as matrix mineralization, arising from the BG particle
addition to polymer fibers, which also improves hydrophilicity,
surface roughness besides providing cell anchorage sites.*®!

“F18” BG (size: 5um)-PCL (1:18 weight ratio) composite
fibers were studied by Pitaluga et al.’”! for small-sized bone
injury treatment by guided TE technique. The addition of BG
to PCL fibers increased the tensile strength, but there were no
significant differences recognized in terms of cytotoxicity and
MG-63 cell proliferation within 14 days. However, ALP activity
after a 14 day incubation period of MG-63 cells in fiber-contain-
ing media showed a significant increase in ALP level, exhibiting
outstanding osteogenic performance.’®®

The development of composite fibers composed of SF-
carboxymethyl cellulose confirmed the positive role of BG nano-
particles (composition: 60% Si0,-36% Ca0O-4% P,0s (mol%),
size: 50 nm) resulting from the released Ca and Si ions on via-
bility, adhesion, and proliferation of human mesenchymal stem
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cells.[®®] Direct osteogenic differentiation was proven by deter-
mining ALP activity as well as Runx2/osteocalcin expression.
In addition, the synthetic matrix supported bone ECM formation,
which is essential in the bone regeneration process.

Incorporation of 15 wt% BG particles (composition: standard
45S5 BG, size: 10-20 um) in chitosan-polyethylene oxide nano-
fibers indicated that BG-containing fibers could improve biomin-
eralization as well as expression of osteocalcin and osteopontin
after SaOS-2 human osteosarcoma cell line culture, confirming
the ability of the composite fibers to stimulate osteoblasts to
secret bone ECM.!¢!

In related research, copper-doped 45S5 BG particles
(composition: 45% Si0,-24.5% Na,0-6% P,0s5-22% Ca0-2.5%
CuO (wt%), size: 4 um, concentration: 2, 4, and 9 wt%) were
embedded in electrospun zein fibers (Figure 6B1-B12).
Herein, BG addition reduced Young’s modulus and ultimate
tensile strength values compared to those of BG-free fibers.
Also, copper-containing BGs exhibited antibacterial activity after
culturing  Staphylococcus aureus and Escherichia coli bacteria.
Osteogenic and angiogenic ability of the BG-containing fibers
led to an increase in the number of MG-63 (bone osteosarcoma
cell line) and C2C12 (mouse myoblast cell line) cells, making
composite polymer fibers suitable candidates for TE
applications.”®

Multifunctional bone-like membranes were fabricated by
a combination of BG and collagen. According to observations,
hollow BG fibers (composition: 46.13% Si0,-24.35% Na,O-
26.91% Ca0-2.6% P,0s5 (mol%), size: 240 nm) exhibited hydro-
philicity (water drop contact angle 75°) and optimal bioactivity.
The membranes showed superior mechanical properties so
that the Young’s modulus and ultimate tensile strength ranged
between 126 and 173 MPa and 1.18-1.95MPa, respectively.
Cellular investigation with fibroblast cells (3T3) resulted in
improved cell adhesion and proliferation as well as cell orienta-
tion. Besides, the enhanced osteogenic performance of the mem-
branes was confirmed by determining ALP activity and by
alizarin red staining of osteoblast cells. The presence of BG
led to an increase in the level of expressed Runx2, collagen type
I, mRNA, osteocalcin, and osteonectin, which are essential
markers in bone regeneration. Moreover, the vascularization
in the chick chorioallantoic membrane model proved the poten-
tial of the membranes for bone repair.*”!

One issue encountered in electrospun biopolymer-BG fibers
depending on the characteristics of the polymer matrix is
the “masking” of the BG fillers by the polymer matrix, thereby
reducing the fiber bioactivity. One method to address this was
presented in a recent study by Abdal-hay et al.,"®” who developed
a fabrication method to assemble ordered and aligned arrays of
BGC “nanoneedle-like structures” on the outer surface of three
different polyamide 6 (PA6) substrates fabricated using film cast-
ing, 3D printing filaments and electrospinning, respectively, for
applications in bone TE. Akermanite bioactive (Ca,MgSi,05)
powder was used, which was prepared using sol-gel with particle
sizes ranging between 2 and 30 pm. The aligned arrays of nano-
needles were applied to the electrospun PA6 fiber mats after
electrospinning using a hydrothermal process at 150 °C and sat-
urated vapor pressure, which led to uniformly coated PAG fiber
mats. Cell studies demonstrated very high proliferation, viability,
and spreading of MC3T3 cells. Furthermore, osteogenic

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

NCED
ENGINEERING
RIALS

www.advancedsciencenews.com

www.aem-jou rnal.com

100 ym

100 pm 100 pm

100 pmy

Figure 6. A1,A2) SEM micrographs of PCL-BG composite fibers after a 21 day immersion in SBF solution with different magnification. A3,A4) SEM

micrographs of PCL-BG composite fibers after a 24 h culture of dental pulp stem cells with different magnification. Reproduced with permission

[96]

under the open access Creative Common CC BY-NC-ND license. B1-B6) SEM micrographs of (B1,B2) zein, (B3,B4) zein-BG, and (B5,B6) zein-cop-
per-doped BG fibers after (B1,B3,B5) 1day and (B2,B4,B6) 7 days biodegradation in Eagle’s minimal essential medium. The white arrows are indicators
of HA crystal formation in BG-containing fibers. B7-B12) Fluorescence microscope images of (B7-B9) MG-63 and (B10-B12) C2C12 cells in (B7,B10) zein,
(B8,B11) zein-BG, and (B9,B12) zein-copper-doped BG fibers after 3 days of culture. All the images are shown at 10x magnification. Reproduced with
permission[98] under the open access Creative Common CC BY-NC-ND license.

differentiation and accelerated expression of late osteoblast
marker genes were observed for the BGC-coated fiber meshes
compared to the uncoated control group. The composite fibers
also showed a large degree of apatite formation during incuba-
tion in physiological solution. Thus, the study demonstrated a
method for insitu immobilization of BG nanoneedles leading
to favorable cell behavior, which may be applied to other polymer
substrates.

Tabia et al."®Y fabricated fibrous membranes composed of
PCL and nanoscaled BG (nanoparticle composition: 85% SiO,,

Adv. Eng. Mater. 2023, 25, 2201103 2201103 (16 of 26)

12% CaO, and 3% MgO (wt%), synthesized by the Stober
process) using green electrospinning (using glacial acetic
acid as a solvent). The fibrous membranes were fabricated using
cetyl trimethyl ammonium bromide (CTAB) as a template.
The composite structures thus fabricated were proposed as bar-
rier membranes for guided bone regeneration, which is one of
the strategies used in dental implantology to augment bone vol-
ume. The nBG particles had an average diameter of 300 nm, and
three different BG contents were studied in this work, i.e. 5, 10,
and 15% by weight. The content of nBG used was found to be a
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determining factor for adjusting alignment, uniformity, biode-
gradability, and bioactivity of the PCL fibers. For 5wt%, the
PCL/BGn composite fibers showed enhanced wettability but only
poor to moderate degradability and bioactivity. However, for 10%
and 15 wt% nBG content, very high invitro biomineralization
was observed. The rate of degradation was found to match the
rate of HA deposition. The nBG particles were dispersed homo-
geneously within the fibrous PCL matrix. For the proposed appli-
cation as a barrier membrane, the PCL/nBG composite fibrous
membranes were proposed to be advantageous in comparison to
the current gold standard of using nondegradable PTFE mem-
branes, which require subsequent surgical removal.
Electrospun PCL-BG scaffolds (composition: 60% SiO,, 36%
CaO, and 4% P,0s (mol%), concentration: 20 (wt%)) were fabri-
cated using BG nanofibers (BGNFs, 450 nm) and compared to an
existing composite fabricated using BG microparticles (BGPs,
4 um). According to the results, the incorporation of BGNFs
in polymeric scaffolds further enhanced the stiffness of the
composite. According to in vitro experiments using the MC3T3
cell line, BGNF-containing scaffolds demonstrated better
biocompatibility over BGP-containing ones. A significant differ-
ence between the PCL-BGNF fibers and PCL-BGP ones was
found in terms of bioactivity in a physiological environment.
In addition, the in vivo experiments with Sprague-Dawley albino
rats demonstrated that the PCL/BGNF composite could success-
fully regenerate bone when implanted in calvarial defects.'*?

2.7. Advanced Biological Evaluation of Bioactive Glass-
Containing Electrospun Fibers in Wound Healing and
Skin Repair

One of the challenging issues in skin TE is the formation of
vascularized networks in wounded tissues.'*® It is well known that
Ca and Si in BG compositions, when present in specific concen-
tration, promote angiogenesis.”'*" Si ions have indicated a
strong potential to upregulate the expression of hypoxia-inducible
factor-1e, and as a result, upregulate the expression of proangio-
genic factors, including fibroblast growth factors and vascular
endothelial growth factors."® Beyond that, Ca showed the poten-
tial to promote wound healing by regulating vasodilation.['%!

Accordingly, BG nanoparticles (composition: 60% SiO,-36%
Ca0-4% P,0s (mol%), size: 100nm) were incorporated in
PCL-collagen electrospun fibers for soft tissue repair. Results
indicated the crucial influence of BG particles in the wound-
healing process because of the improvement in expression of
CD31, vascular endothelial growth factor, and hypoxia-inducible
factor 1-a, as well as collagen type III deposition, which are signs
of increased angiogenesis and suitable wound healing.!**”!

Electrospun PCL-BG (composition: 77S, size: 300-710 pm,
concentration: 0-8 wt%) composite fibers developed by
Lin et al.'® indicated a potential application for skin TE.
Ascending concentration of BG led to a reduction in fiber diam-
eter. However, higher BG loading was found to negatively affect
cell growth (human skin fibroblast cells). Herein, composite
fibers with 6 wt% BG particle addition led to a higher density
of adhered, spread, and proliferating cells.

In a parallel study, electrospun composite fibers composed of
BG nanoparticles (composition: 76% Si0,-18% Ca0-6% P,0s
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(Wt%), concentration: 5-40 wt%, size: 800 nm) incorporated in
PVA-chitosan displayed a skin regeneration promotion effect
(Figure 7A1-A8). In this regard, the implantation of such com-
posite fibers in a rat full-thickness skin defect model
and in a mice diabetic chronic wound model led to complete
re-epithelialization and collagen alignment as a function of
BG addition. This phenomenon originates from the capability
of the BG nanoparticles for upregulating influential factors,
including vascular endothelial growth factor and transforming
growth factor-f, and downregulating inflammatory cytokines
such as tumor necrosis factor-a and interleukin 14.°%

Moreover, Saha et al.l'%% evaluated the influence of silver-
containing BG particles (composition: 1-2% B,03-68-69%
Si0,, 1 x 10 % Ag,0-29-30% CaO (mol%), size: 200-900 nm)
on the wound-healing capability of electrospun fibers based on
polyvinyl-butyral (2:3). Here, the addition of BG particles led to
improvement in skin fibroblast cell proliferation (24 h), confirm-
ing their wound-healing potential.

An innovative composite nanofiber was developed by
combining cellulose acetate with 3 wt% BG nanoparticles in the
investigation of Sharaf et al.''% The electrospun nanofibers were
identified as antimicrobial substrates against gram-negative and
gram-positive bacteria. An invivo study using a diabetic model
of male Sprague Dawley rats (nearly 100-120g) indicated that
throughout the 10th day, the wound had already closed due to the
incorporation of BG into the polymeric fiber composition. It was
determined that on the first, fifth, tenth, and fifteenth day after
treatment, the wound areas of the treated rats were 95.7 + 1.8,
36.4+£3.2, 6.3+1.5, and 0.8+0.9, illustrating that composite
fibers can be used in wound dressings to promote healing.

Zhang et al."' developed a micropatterned electrospun
scaffold based on BG nanoparticles (concentration: 20 wt%, size:
50-100 nm)-containing PLA fibers to improve angiogenesis in
diabetic wounds and to accelerate the healing process. CD31
and vascular endothelial growth factor expression as well as col-
lagen deposition after 7 days were reported, indicating the angio-
genic ability of the endothelial cell-cultured BG-containing fibers
for the repair of chronic diabetic wounds.

In research conducted by Solanki et al.,**? BG was modified
using magnesium and cobalt to reduce calcium and phosphate
content aiming at stimulating hypoxia to induce angiogenesis.
The goal was the fabrication of BG (composition: 50% SiO,-
24% Na,0-24% MgO-2% CoO (mol%), concentration: 30 wt%)-
embedded PCL fibers for wound healing applications without
formation of HA-like layers. The interaction of fibroblasts and
BG containing medium stabilized the hypoxia-inducible factor-
la showing an increase in angiogenesis-related protein produc-
tion as well as higher expression of vascular endothelial growth
factor.

Jana et al.l'*® fabricated composite electrospun mats as wound
dressings composed of fish (Rohu) skin-derived collagen and BG
particles (concentration: 12-15 wt%) without and with dopants
(3 and 5 wt% Cu and Co, respectively) to improve wound healing.
Composite fibers provided a suitable environment for adhesion
and proliferation of human dermal fibroblasts, as well as suitable
blood compatibility against rabbit red blood cells. In vivo experi-
ments with rabbits indicated continuous epidermis formation
and wound maturity, as well as deposition of the ECM compo-
nents collagen and elastin. Here, copper and cobalt ion doped
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Figure 7. Performance of BG-containing PVA-chitosan fibers on rat full-thickness cutaneous wound healing. A1) optical image of full-thickness skin
defects treated with the petrolatum gauze (Control) and BG-containing PVA-chitosan fibers after implantation (scale bar: 10 mm). A2) Wound closure
level. A3) H&E staining for the gross wound (Scale bar: 2 mm). A4) H&E staining to evaluate histologic changes during healing (Scale bar: 100 pm).
A5,A6) quantified result of Masson’s trichrome staining for collagen formation after 21 days treatment (Scale bar: 200 ym, *p < 0.05 (versus Control)).
BG-containing PVA-chitosan fibers accelerated chronic wound healing on a diabetic mice full-thickness skin traumatic model. A7) Optical image of wound
closure with petrolatum gauze (Control), BG-free fibers, and BG-containing PVA-chitosan fibers (Scale bar: 5 mm.) A8) Related gene expression of growth
factors (VEGF: vascular endothelial growth factor, TGF-g: transforming growth factor-f) and inflammatory cytokines (TNF-a: tumor necrosis factor-a,
IL-18: Interleukin-1f) in diabetic wounds. Reproduced with permission.”® Copyright 2019, Elsevier

BG-containing fibers showed a higher density of blood vessels, 3, Discussion and Outlook

confirming neo-vascularization at the beginning of the healing

process and remodeling of cutaneous structural components.  Although various technologies have been applied to fabricate
Table 5 presents a summary of investigations on BG-containing  scaffolds for TE, a growing interest has emerged in the develop-
electrospun composite fibers in hard and soft TE applications. ~ ment of fibrous scaffolds by electrospinning due to the achieved
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Table 5. Summary of reviewed studies on BG-containing electrospun composite fibers in hard and soft TE..

Composition BG features Solvent Doping ion  Application Properties References
POC-BG Composition: Ethanol - Bone TE -Stimulating cell growth, [49]
705i02-25Ca0-5P,05 -Increasing ALP activity
Concentration: 5, 10, -Improving cellular mineralization
and 15 % w/w -Supporting osteogenic differentiation
PLLA-BG Composition: 89% Chloroform - Bone TE  -Improving bone marrow mesenchymal stem  [86]
Si0,-8% Ca0-3% cells attachment, growth, proliferation
P20s (wi%) -Calcium phosphate deposition after 14 days
-Expression of ALP, osteocalcin, osteopontin,
collagen I, and RUNX2 a osteogenic activity
PLA-BG Composition: Chloroform - Hard TE -Improving osteoblastic cells adhesion and [84]
70Si0,-25Ca0-5P,05 growth
Concentration: up to -In vitro HA precipitation
10 wt%
PHB-PCL-BG Composition: 58S, Chloroform-N,N- - Bone TE  -Suitable adhesion and viability of MG-63 cell  [85]
Concentration: dimethyl formamide -Increasing expression of ALP
0-16.7 wt%
-Higher mineral calcium nodule content
PVA-SF-BG Composition: 60% Dl-water - Bone TE -Stiffness [88]
Si02-36% Ca0-4% -Hydrophilicity
P20s
Superior bioactivity
-Excellent mesenchymal stem cell attachment,
spreading, proliferation
Size: <100 nm -Osteogenic differentiation.
-Formation of bone-like nodules—increasing
ALP activity and osteocalcin expression
-Biomineralization
PCL-BG Composition: 5% Acetone - Bone TE  -Nucleation of the apatite layer on the fibers  [87]
Si0z; 24.5% Ca0; -Nodules mineralization after culturing the
24.5% Naz0 and 6% MSCs in nonosteogenic medium
P20s
Concentration: -Osteogenic differentiation of MSCs
10wt9%) -In vivo formation of trabecular bone
Collagen-hollow BG Composition: Ethanol:water (1:1) - Bone TE -Outstanding hydrophilicity [99]
46.13% Si0,-24.35% -Bioactivity

Collagen-chitosan-BG

Gelatin-BG

Adv. Eng. Mater. 2023, 25, 2201103

Na,0-26.91% CaO-
2.6% P,05 (mol%)

Size: 240 nm

Composition: Si/Ca/ Hexafluoroisopropanol- -

P =280:15:5 mole
ratio

Composition: 70% Acetic acid
Si0,-25% Ca0-5%

P,Os (mol%)

Concentration:

~3pm

2201103 (19 of 26)

trifluoroacetic acid

-Superior mechanical properties

-Improved cell adhesion and proliferation as
well as cell orientation

-Enhancing osteogenic performance
-ALP activity
-Vascularization
Periodontal TE -Increasing human periodontal ligament cells  [89]
viability
-Osteogenic gene expression

-Implantation of constructs in dog class Il
furcation defect model & promote in bone

formation and mineralization.
- Bone TE -Formation of multicellular layers [91]

-Improving ALP activity
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Composition BG features Solvent Doping ion  Application Properties References
Collagen-BG Composition: Si/Ca/ Hexafluoroisopropanol - Skin TE -Increasing cell adhesion [92]
P= 80:15:5 mole -Increasing secretion of collagen type | and
ratio vascular endothelial growth factor
SF-BG Composition: 70S Dl-water - Osteochondral -Improving cellular performance [93]
TE -Increasing ALP activity
Poly hydroxyl Composition: 4555  Trifluoro acetic acid - Dentin TE -Nontoxicity [94,95]
butyrate-chitosan-BG -Appropriate cell adhesion and proliferation
-Positive CD90 and CD146 markers
Size: 35-55 nm -Differentiation of human exfoliated
deciduous teeth stem cells
-A sixfold enhancement in dentin
sialophosphoprotein expression and collagen
type |
-A twofold enhancement in ALP activity
PCL-BG Composition: 585 Methanol:chloroform - Bone TE - Hydrophilicity [96]
Size: 38 pm -HA formation after a 21 day soaking in the
SBF solution
Concentration: 5 wt% -Dental pulp stem cells adhesion and
proliferation
-Matrix mineralization
-Surface roughness a cell anchorage site
PCL-BG Composition: F18  Dichloromethane: - Bone TE -Increasing tensile strength [97]
dimethylformamide -Increasing ALP activity after a 14 day
(90:10) incubation of MG-63 cells in fiber-containing
media
-Outstanding osteogenic performance
Polyamide 6-BG Size: 2-30pym  Formic acid: acetic acid - Bone TE  -High proliferation, viability and spreading of  [100]
(4:1) MC3T3 cells—osteogenic differentiation
-Accelerated expression of late osteoblast
marker genes
-Large degree of apatite formation during
incubation in physiological solution
PCL-BG Composition: 85%  Glacial acetic acid - Guided bone -Barrier membranes for guided bone [101]
Si02, 12% CaO and regeneration in regeneration
3%MgO synthesized dental
by the Stober process implantology
Concentration: 5, 10, -Enhanced wettability in 5 wt% BG addition
15 wt%
Size: 300 nm -High biomineralization in 10 and 15 wt% BG
addition
PCL-BG Composition: 60%  Tetrahydroforane - Bone TE -BGNFs enhanced the stiffness of the [102]
SiO,, 36% CaO, and composite.
4% P,0s (mol%), -BGNF-containing scaffolds demonstrated
Concentration: better biocompatibility over BGP-containing
20 (wt%)) ones.
Size: BGNFs: 450 nm -Improvement of bioactivity in a physiological
BGP: 4 ym environment after using BGNFs
-In vivo bone regeneration in calvarial defects
of Sprague-Dawley albino rats
Chitosan-poly ethylene Composition: Acetic acid-water - Orthopedic -Improved biomineralization [46]
oxide-BG Standard 45S5 applications

Adv. Eng. Mater. 2023, 25, 2201103

Size: 10-20 pm

2201103 (20 of 26)
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Composition BG features Solvent Doping ion  Application Properties References
-Expression of osteocalcin and osteopontin
after SaOS-2 human osteosarcoma cell line
culture
Concentration: -Stimulate osteoblast to secret bone ECM
15 wt%
Zein-BG Composition: 45S5 Acetic acid Copper TE -Reducing Young's modulus and ultimate [98]

PCL-collagen-BG

PCL-BG

PVA-chitosan-BG

Polyvinyl butyral-BG

Cellulose acetate-BG

PLA-BG

PCL-BG

Fish (Rohu) skin-derived
collagen-BG

Adv. Eng. Mater. 2023, 25, 2201103

Size: 4 pm

Concentration: 2, 4,
and 9 wt%

Composition: 60%
Si0,-36% CaO-4%
P,Os (mol%)

Size: 100 nm

Composition: 77S
Size: 300-710 pm

Concentration:
0-8 wt%

Composition:

76Si0,-18Ca0-6P,05 dichloromethane (7:3,

Size: 800 nm

Concentration:
5-40 wt%

Composition: 1-2%
B,03-68-69% SiO,-
1x 10— 3% Ag,0O-
29-30% CaO (mol%)
Size: 200-900 nm
Concentration:
3 wt%

Size: 50-100 nm

Concentration:
20 wt%

Composition: 50%
Si0,-24% Na,0-24%
MgO-2% CoO (mol%)

Concentration:
30wt%

Concentration:
12-15 wt%

2201103 (21

Ethanol:water (7:3)

Dichloromethane:
dimethyl formamide
(7:3)

Trifluoroacetic acid:

v/v)

Ethanol:water (7:3)

N,N-dimethyl
acetamide-acetone

Chloroform

1,1,1,3,3,3-hexafluoro-

2-propanol

of 26)

Magnesium
and cobalt

Copper and
cobalt

tensile strength as a function of BG addition

-Antibacterial activity copper-containing BGs
-Osteogenic and angiogenic ability
-Increasing the number of MG-63 and C2C12
cells
Wound healing-Improvement in expression of CD31, vascular  [107]
endothelial growth factor, and hypoxia-
inducible factor 1-a expression
-Collagen-type 11l deposition
-Angiogenesis

Skin TE  -Reduction in fiber diameter as a function of

BG addition

[108]

-Composite fibers with 6 wt% BG indicated the
higher density of the adhered, spread, and
proliferated cell

Skin TE  -Implantation of composite fibers in rat full-  [50]
thickness skin defects model and mice

diabetic chronic wound model a complete re-

epithelialization and collagen alignment as a

function of BG addition

-Upregulating vascular endothelial growth
factor and transforming growth factor-g
-Downregulating inflammatory cytokines such
as tumor necrosis factor-a and interleukin 15
Wound healing  -Improvement in skin fibroblast cells
proliferation (24 h)

[109]

Wound healing -Antimicrobial performance against gram- 110

negative and gram-positive bacteria
-Wound closure during 10 days in rat model
Wound healing -Improving angiogenesis in diabetic wounds  [111]
-Accelerating the healing process.

-Expression of CD31 and vascular endothelial
growth factors
-Collagen deposition after 7 days
-Angiogenesis
Wound healing

-Stabilizing hypoxia-inducible factor-1a [112]

-Increasing angiogenesis-related protein
production
-Higher expression of vascular endothelial
growth factor

Wound
dressing

-Adhesion and proliferation of human dermal
fibroblasts

[113]
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Table 5. Continued.

www.aem-journal.com

Composition BG features Solvent Doping ion  Application Properties References
-Blood compatibility
-In vivo epidermis formation and wound
maturity
-Deposition of ECM component, collagen, and
elastin
-Higher density of blood vessels, confirming
neo-vascularization as function of copper and
cobalt addition
Collagen/Silk fibroin/BG Composition: SiO,-  Acetic acid + water - Bone TE  Improved bone growth performance in OVX  [134]
CaO (crystalline) rats’ in vivo critical-sized bone defect.
Size: 37 nm Increased blood vessel development, mineral
deposition, and improved bone metabolism.
Co-axial fibers based on mesoporous BG  SiO,-CaO-P,05 1,1,1,3,3,3-hexafluoro- - Bone TE  Enhanced bone defect repair and accelerating  [135]
modified with insulin-like growth factor-1 . composition 2-propanol angiogenesis
(IGF-1) as core and silk fibroin (SF) - not given, particle
vascular endothelial growth factor (VEGF) o0 1ot given
as shell
PCL-BG 58S BG - Zn Bone TE Osteogenesis proved by ALP activity and [136]

formation of mineralization nodules

high volume to surface area and the fibrous structure resembling
the ECM architecture. Electrospinning is a powerful technology
for manipulating the properties of materials down to the nano-
scale, which is the same dimensional level of native ECM com-
ponents, e.g., proteins. In this regard, it is essential that the
interactions between cells and the fibrous matrix are such that
the effectiveness of the regeneration process is maximized. To
gain a better understanding of the cell-fibrous scaffold interac-
tion, further research is required regarding the influence of
nanofibers on cellular signaling mechanisms as well as biochem-
ical pathways. Despite the advantages of electrospun composite
fibers, there are a number of environmental concerns connected
to solution electrospinning since it involves organic solvents. In
this particular case, melt electrospinning allows for the avoidance
of the use of potentially toxic organic solvents. It is pertinent to
note that despite the advantages of melt electrospinning, the
method has some limitations as a result of its low throughput,
which led to the adoption of solution-based electrospinning as a
convenient industrial technology. It is also crucial that a reliable
quality control system be in place before the production
process can be scaled up. Approaches such as nozzle-free indus-
trial scale electrospinning instruments are being explored to
improve the production throughput."'l Another drawback of
this method is that it restricts fabricating composite fibers based
on electrosensitive polymers or biomolecules, which need to be
processed by alternative fiber production approaches without
the usage of electrical fields, such as the nozzle-free centrifugal
spinning method. However, electrospun fibers provide a suitable
architecture for cell adhesion, proliferation, differentiation,
and vascularization. Embedding bioactive inorganic particles
into the polymeric matrix is increasingly being investigated
for TE applications due to the extra functionality provided by
the filler. As reviewed in this paper, the biomimetic formation
of HA-like layers induced by addition of BG fillers improves
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for instance bone regeneration as well as wound healing.
Incorporation and conjugation of BG particles (both micron
sized and nanoscaled) in polymeric fibers have been explored,
showing strong potential to control cell-scaffold interactions
for supporting tissue regeneration. BGs are the bioactive materi-
als of choice for combination with biopolymer fibers due to their
bioactivity leading to improved cellular functions, including facil-
itating biomineralization, osteogenic differentiation, vasculariza-
tion, and antibacterial effects. Additionally, the advantages of BG-
containing fibers in comparison to other incorporated bioactive
materials such as HA or -TCP have been confirmed in several
studies, observing better mineralization, cell adhesion, and pro-
liferation, as well as cell differentiation and gene upregulation.
Besides, the type and chemical composition of the used BG
needs to be considered as an influential factor in the final per-
formance of composite fibers. Here, the addition of silicate BGs
such as 45S5 BG leads to carbonate HA precipitation, which has
the highest similarity to physiological HA composition.
However, the degradation of some silicate BGs increases the
ionic by-products content and it could lead to potential toxic
effects by changing the local pH. Accordingly, borate BGs or
13-93 BG compositions are preferred in some cases due to their
controllable biodegradation rate. Nevertheless, the toxicity of the
released boron in B,0j3-rich BGs, especially in static culture, is a
concern even though a reduced level of toxicity has been
observed in animal models."*>® On the other hand, the anti-
bacterial properties of boron make these glasses an appropriate
option for controlling bacterial infection during tissue regenera-
tion.[”) The other alternative can be phosphate BG-based fibers,
which have shown controllable degradation rate compared with
silicate BG-containing composites. Nonetheless, the risk of
inflammation reactions during biodegradation provides restric-
tions in the biomedical applications of highly degradable BG-con-
taining fibers. It is worthy to consider that the composite fibers
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incorporating BG can exhibit a range of extra functionalities,
including anti-inflammatory, immunomodulatory, antibacterial
and antioxidant activities, through incorporation of dopant ions,
which indicates a distinct advantage of composite fibers based on
BG particles. In this article, we presented a comprehensive over-
view of BG-based composite fibers, including a detailed review of
the processing parameters established in different studies to
reach the required mechanical properties as well as appropriate
cellular interactions. Electrospun BG-embedded composite
fibers’ physicochemical, mechanical, and in vitro properties were
discussed as a function of different factors, especially the type of
BG used. Both melt-derived and sol-gel derived BG particles
have been used, leading to different outcomes given the different
basic characteristics of the particles produced by both methods,
as discussed in this review. Increasing fiber diameter as a func-
tion of BG addition and smaller pore sizes (when the fiber
arrangement is the same) have been reported, which may restrict
cell infiltration affecting cell ingrowth and vascularization, espe-
cially in thick bone defects. Other concerns regarding composite
fibers include nanoparticle agglomeration in the polymer matrix
and lack of specific interactions between the organic and inor-
ganic phases. Although higher surface areas arise from the addi-
tion of nanoparticles, which can increase ion release rate and
surface reactivity, as well as protein adsorption and cell
responses, the agglomeration of particles might lead to undesir-
able nanoparticle dispersions, reduced mechanical strength of
the fibers, and unfavorable cellular responses. In this regard,
an alternative approach to generate bioactive fibers involves
the direct electrospinning from a sol, or sol-gel hybrid, which
does not require a separate glass particle addition to the poly-
mer."”) This method leads to the formation of BG-hybrid fibers
with a uniform and homogenous structure. It is interesting to
note that direct writing electrospinning, inspired by additive
manufacturing, can be used in clinical applications to produce
individualized three-dimensional matrices with distinct
characteristics, while micrometer-scale fibers produced by this
technique are not a good choice for nano-bioapplications.
Nanofibers are particularly favorable in the context of tissue mod-
els, as well as for manipulating cell interactions at the nanoscale
to facilitate tissue reconstruction. Therefore, understanding the
mechanism behind different electrospinning techniques in
order to be able to predict the final structure and properties of
fibers in a more accurate manner is crucial. It can be anticipated
that clinical and translational studies on electrospun BG-contain-
ing composite fibers for hard and soft tissues will lead to medical
applications, especially for bone tissue regeneration and wound-
healing, although such a translational goal remains a long way
off. As is the case for all developing, novel biomaterials, translat-
ing concepts, and commercializing them face several challenges,
including long-term immunogenicity, biocompatibility, as well
as differences between in vivo results in animal models and in
human patients. As a result of the multifunctionality and strati-
fication of tissues, the repair process requires complex, hierarchi-
cal scaffolds. Hence, the combination of additive manufacturing
and electrospinning provides 3D nanofibrous matrices that can
help to fulfill the above-mentioned goal. Thus, BG-biopolymer
composite electrospun fibers combined with 3D printing should
be explored in future studies. Here, portable devices, as already
available,"'® are important to facilitate the translation of
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electrospinning-based products. The authors hope that this
review will serve as a basic source of information about the
state-of-the-art of research in this expanding field, and will pro-
mote further interest on electrospun BG-containing composite
fibers toward translational biomedical applications.
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