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1. Introduction

In the current state of the art, biomaterials are designed to resorb as
they induce bio-activity at the host site [1]. Essentially, cell attachment
and proliferation platforms, conventionally termed ‘scaffolds’ have
been utilized for regenerative medical applications. To induce bioac-
tivity and to facilitate resorbtion, such platforms should be contiguous
with sufficient porosity to allow cell proliferation, vascularization, and
transport of nutrients and metabolic waste [2]. Due to this, porous and
fibrous structures are gaining popularity in tissue engineering [3].
These scaffolds are usually made from biodegradable materials (certain
polymers, inorganic materials like calcium phosphate-based bio-
ceramics and bioactive glasses-BGs) which are designed to have turn-
over rates comparable with the host tissue repair/restoration pace [2].
The capability of BGs to form hydroxy-apatite (HA) and resorb as they
do so makes them an excellent choice as osteogenic scaffolds [2].
Bioactivity of BGs is influenced by their chemical composition and to-
pographical features [4]. The chemical composition of these BGs is
conventionally based on silicate, borate, and phosphate networks and
the morphological characteristics largely depend on the fabrication
method employed [4].

BGs can be fabricated using the melt-quench and sol-gel processes,

resulting in various morphologies of the final glass network.
Traditionally, the melt-quench technique has been used to fabricate BGs
in the form of particles (like PerioGlas®, NovaBone Products, LLC.,
Alachua, Florida, USA) and monoliths (such as the middle ear pros-
thesis, MEP®, US Biomaterials, Alachua, FL, USA) [4,5]. The bioactivity
of melt-quench BGs is dependent on composition rather than texture
[6]. With the advent of the sol-gel process of glass fabrication, an ad-
ditional advantage of various morphological textures can be induced in
the otherwise non-textured melt-quench derived BGs [4].

Constructs with one of the dimensions in “nano” range (One-di-
mensional, 1D, nanostructures) like fibers, wires, films and, coatings
have received attention in the electronics, photonics, mechanics, sen-
sing and biomedical fields [7-11]. Of the various techniques available
to fabricate 1D nanostructures, electro-spinning (ES — the abbreviation
will be used for the words electrospin and electrospun) has become popular
because of its simplicity, versatility, ease of the procedure and low cost
of fabrication [12]. ES of BGs in combination with the sol-gel process is
becoming increasingly popular [13]. ES fibers have been used for drug
delivery, wound healing, vascular grafts and scaffolds [12,14-16].

It is evident from the literature that the sol-gel process can provide a
porous and fibrous architecture to BGs [4,5,17,18] and ES is used to
draw submicron dimensioned polymer fibers for biomedical
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engineering applications [12,14,15]. The fabrication of nano-dimen-
sioned BG fibers combining sol-gel process and the ES has been de-
monstrated by the scientific community [13,19-22]. The literature
provides extensive illustrations of the use of ES for polymers; ES of BGs
essentially works on the same principles as for the polymers [8], but
certain alterations (like the addition of polymer to the sol) to the pro-
cess are required. The focus of this paper is to elaborate on the process
of BG fiber production using a combination of the sol-gel process with
ES. The present paper also aims to review various factors affecting this
process, the morphology of the fabricated BG fibers, their bioactive
performance, and cellular response.

2. Glass fabrication methods

BGs can be fabricated using the melt-quench and the sol-gel pro-
cesses, resulting in various morphologies of the final glass network.

2.1. Melt-quench technique

Glasses have traditionally been made by the melt-quench technique
[23]. Early BG formulations like Bioglass® were prepared by melt-
quench in both particulate and monolithic form [4,5]. The technique
involves heating the precursors to high temperatures (usually around
1450 °C for silicates) and then quenching them in water to fabricate
glasses [24-26].

2.2. Sol-gel process

In the 1980s there was a shift in fabrication methods towards the
sol-gel approach [23], meaning that the preparation of glasses in fiber
and foam forms for use as porous scaffolds, coatings and net shape
monolithics are now a possibility [4,5]. As compared to the melt-
quench technique, the sol-gel process allows the fabrication of glasses at
low temperature, where the hydrolysis and condensation of organo-
metallic precursors is followed by ageing of the sol which leads to the
formation of a gel that is heated (up to 700 °C) during the calcination
process [19,24-26].

Generally, the sol-gel process for glasses includes several controlled
steps which have been described in detail in the literature [23,27].
Modifications to the sol-gel process (such as addition of surfactants as
templates, use of co-solvents and swelling agents to tailor such textures
[2,21,28]) are usually applied to retain network porosity [27] which
provide advantages of high specific surface area, protein adsorption,
and cell seeding in the 3D architecture. Mesoporous bioactive glass
(MBG) powders are one of the examples of such modification. These
MBGs have proved themselves to have a higher specific surface area
and pore volume as compared to BG powders, which is a predictor of
enhanced bioactivity, osteogenesis and drug loading/delivery [6].

3. Bioactive glass scaffolds

Scaffolds for tissue engineering purposes are expected to provide
temporary platforms for cells to synthesize new tissue. An ideal scaffold
should be biocompatible, biodegradable, bioactive, have specific ar-
chitecture, and mechanical properties [2,29,30]. BGs are osteo-
conductive and osteoinductive and have already been advanced as
commercial products [4,5,29] such as silicate particulates for both bone
regeneration (like PerioGlas®, NovaBone Products, LLC., Alachua,
Florida, USA), and treating tooth hypersensitivity (NovaMin®, NovaMin
Technology, FL, owned by GlaxoSmithKline, UK since 2010) [4,5] and a
borate-based product (such as Mirragen™ by Avalon Medical, USA)
[31]. But the inherent brittleness and challenging manipulation of BGs
to form 3D constructs have warranted the fabrication of their composite
(BG + polymer) structures [29,30]. Addition of BGs to polymers en-
hances their bioactivity and mechanical strength and allows for the
construction of 3D scaffold of inherently brittle BGs as well [29,30,32].
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Melt-quench and sol-gel processes have been utilized to fabricate BG
scaffolds [2], and both processes have their advantages and dis-
advantages [4,5,18,23-25,33,34]. The architectural requirements for a
scaffold include having a 3D porous structure with a degradation rate
comparable to the restoration pace of the tissue being repaired. Gen-
erally, pores of 100 um or greater with > 50% porosity are minimum
requirements for a scaffold and melt-quench glass constructs usually
suffer from narrow porosity ranges and constricted connectivity be-
tween neighbouring pores [2]. The scaffolds prepared through the sol-
gel process display a hierarchical pore structure which imitates the
arrangement of the natural tissue [2]. These scaffolds show better
biomineralization due to faster dilution of ions because of the higher
surface area. However, they have lower strength (2-3 MPa) when
compared to melt-quench glass-based scaffolds (up to 140 MPa) [2].

3.1. Bioactive glass fibers

The application and performance of BGs are dictated by their
morphological and structural properties [22]. ES is a simple, low cost
and versatile technique to fabricate submicron fibers, usually employed
for manufacturing polymers for medical applications [12,14]. The
technique is also used to formulate composite (BG + polymer) fibrous
scaffolds using multiple combination techniques [32,35-38]. An ad-
vantage of the sol-gel process is that its inorganic sol can also be fed
into the ES apparatus to fabricate glass fibers [21,24]. Increased ap-
plications of nanotechnology in the biomedical field has brought focus
to the novel technique of ES [12,14,19,39]. ES non-woven nanofibrous
matts can mimic the extracellular matrix (ECM, the native environment
of the cells) and provide a physiological environment in which cells can
regenerate [2,4]. These fibers possess high specific surface area, have
tunable porosity, and surface functionalization can be imparted to them
[15].

3.1.1. BG fibers from melt-quench glasses

45S5 Bioglass®, a conventional melt-quench derived silicate BG,
cannot be sintered and/or drawn into fibers using melt-spinning
(usually used for drawing non-BG fibers) without crystallizing the
structure [3,4,40]. Melt-spinning involves drawing fibers from the
melts of the glass (either directly from raw materials or indirectly from
the prefabricated glass marble) extruded through platinum alloy
bushings of various diameters and then solidifying the extruded glass
before crystallization can occur [41]. Structural development via melt-
spinning depends upon the interaction of rheological properties, heat
transfer, and crystallization kinetics of the solution [42]. The melt-
spinning process leads to devitrification of Bioglass® [40] due to its
narrow sintering window [4]. However, researchers have overcome the
problem of crystallization of 45S5 BG when fibers are drawn from the
material using a laser spinning technique [3]. Clupper et al. [43] ana-
lyzed the crystallization kinetics of tape cast 45S5 BG via non-iso-
thermal methods; they concluded that the surface crystallization phe-
nomenon was dominant, and the structure was fully crystalline before
undergoing significant densification at 800 °C.

3.1.2. BG fibers using sol-gel process

The sol can be fed into ES equipment [24] facilitating the fabrica-
tion of submicron glass fibers which can be manipulated electro-
statically and assembled in ordered structures [7]. These ultrathin fi-
bers have homogeneous composition distributions [7,13], possess up to
three times the specific surface area when compared to thicker melt-
quench glass fibers [20] (Fig. 1), and allow for inorganic/organic
composite and ceramic constructs' fabrication [8]. The comparison of
the silica sol-gel MBG (300 m?/g and 4.4 nm) [6] with silica sol-gel/ES
nanofibrous matt (285 mz/g and 3.8 nm) [21] was considered in terms
of their specific surface area and pore size; it was noted that, although
MBGs offer higher specific surface area and pore size, ES fibers can
provide the architectural benefit of ECM.
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Fig. 1. (a) Sol-gel-ES BG fibers with a diameter in the range of 100-450 nm. (b) Melt-quench derived BG fibers with a diameter in the range of 100-800 nm [2].
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Fig. 2. Template assisted sol-gel process [45].

Researchers are also employing other techniques to formulate BG
fibers using sol-gel method along with the sacrificial template [44,45],
fiber drawing, or spraying processes [46,47]. Luo et al. [44,45] used
bacterial cellulose aerogel as a template which was immersed in the sol
[44,45]. Removal of the organic component and calcination of the BG
was achieved by thermally treating the immersed aerogel [44,45]. The
template assisted sol-gel process (TASG) for manufacturing BG fibers is
shown in Fig. 2. Generally, the diameter of the ES fibers [13,21,22,48]
was found to be higher than the TASG fabricated fibers [44,45]. The
average diameter of the BG fibers can be controlled with the design of
the template and immersion time [44,45]. The fiber diameter and
percentage porosity were compared for TASG (60SiO»-40Ca0 mol%)
[45] and sol-gel ES BG fibers (70Si0,-30Ca0 mol%) [48]. The fibers
made via TASG [45] could provide thin diameters (~29 nm after 6 h of
immersion in tetraethyl orthosilicate, TEOS and ethanol mixture) as
compared to sol-gel ES BG fibers (300 nm) [48], but the extent of
porosity was found to be higher for ES (89.7%) [48] than TASG (63.8%)
[45]. For the same set of fibers, it was also noted that the specific
surface area of TASG BG fibers [45] was much higher than the sol-gel
ES fibers made without the addition of surfactant to their composition
[48]. The mesopore diameter and the specific surface area of the TASG
[44] and sol-gel-ES BG fibers [13] were also compared. The mesopore
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diameter of TASG BG fibers (60SiO,-36Ca0-4P,05 mol%) was 39.4 nm
[44], while the ES fibers (70Si0,-25Ca0-5P,0s5 mol%) [13] were
shown to have mesopores diameters in various ranges (3-5nm,
3-16 nm, 32-65nm, Fig. 3). Multiple ranges of mesopores diameters
can be designed by the addition of surfactant P123 and by controlling
the shrinkage of the as-spun fibers [13] (as-spun fibers have been de-
fined in Section 5). After comparing the specific surface area reported
by these studies [13,44], it was found that ES fibers are capable of
providing a higher specific surface area (141 m?/g for the fibers with
32-65 nm range diameter mesopores) [13] than TASG fabricated fibers
(127.4 m?/ g for the fibers with 34.9 nm diameter mesopores). Luo et al.
also manufactured the BG-gelatin composite using the template method
to improve the biological and mechanical properties of the scaffold
[49].

Oréfice et al. [46] have demonstrated the fabrication of continuous
and discontinuous BG fibers by both drawing and spraying processes
using the sol (Fig. 4). In these processes, the formed sol is drawn or
sprayed via orifices in the sol reservoirs under pressure [46]. The for-
mation of continuous, discontinuous, and “glass-wool” morphology has
been reported by this technique [46]. One of the major advantages of
using sol-gel processes and fiber morphology is the resultant increased
specific surface area [46]. The specific surface area and pore volume of
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Fig. 3. Sol-gel-ES BG fibers (70Si0,-25Ca0-5P,05 mol%) with mesopores diameters in various ranges (3-5 nm, 3-16 nm, 32-65nm). SEM images - al, b1, and cl;
TEM images - a2, b2, and c2. The insets (Electron Diffraction patterns) show these fibers are amorphous [13].

the fibers were found to be lower than the sol-gel fabricated monoliths
[46]. The reported specific surface area of the fibers was 50 mz/g (heat
treated at 180 °C) while the sol-gel made monolith showed higher va-
lues (200 m?/: g) with the same processing variables [46]. Another study
[47] also fabricated sol-gel fibrous mesh by spraying and collecting the
fibers (of the sol) through a spraying assembly under pressure. They
also reported a lower specific surface area (2m?/g) of the fibers as
compared to the sol-gel formed powders with the same composition and
processing conditions [47].

4. Electro-spinning
4.1. Process

Fundamentally, the ES equipment (Fig. 5a) contains a syringe and a
pump (to deliver the solution), a high voltage power supply (to be
applied on the syringe tip/spinneret), and an electrically conductive
collector (to collect fibers). For the fabrication of fibers, ES relies on
electrostatic interactions (between electrically charged ES solution and

(b)

@

Fig. 4. Continuous (a-SEM and b-optical image) and discontinuous (c-SEM and d-optical image) BG fibers made by drawing and spraying of the sol [46].
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oppositely charged collector, and within the ES solution) rather than
mechanical stretching of the material [7]. The drop of charged solution
(at the syringe tip) with optimum viscosity is suspended under high
voltage electric current to overcome the surface tension of the liquid.
Because of the electrical charge, the drop changes from a spherical to a
more conical shape called a Taylor cone [7]. A jet is ejected from the tip
of the Taylor cone when the surface tension of the drop is overcome by
the strength of the electric field. As a result of rapid bending and
whipping processes in the electrified jet, it is continuously stretched
and elongated by electrostatic repulsive forces leading to the formation
of ultrathin fibers [7]. This jet is collected on the grounded target
collector (set up at a distance) in the form of a solid filament dried by
evaporation of the solvent during its flight from the cone to the col-
lector [7-10,19,50-55]. The presence of chain entanglements in the
solution with adequate viscosity within the charged solution (usually a
polymer) does not allow it to break up into droplets/particles (seen for
low viscosity solutions for electrospraying) [8] and a continuous non-
woven fiber is laid down on the target [16].

5. Glass Electro-spinning

One of the most important parameters that affect ES is the rheolo-
gical behaviour of the solution [26]. The process of ES for polymers is
similar for BGs with certain modifications because the rheological
properties of glass precursor solutions (GPS) are dissimilar to those of
polymers [17,48]. ES relies on the use of an optimal GPS [20] which
should have sufficient intermolecular interactions and chain entangle-
ments for the fibers to be drawn. Usually, the glass producing liquid is
mixed with a polymer (Fig. 5e) containing long chains to provide in-
termolecular interactions which facilitate fabrication of fibers via ES
[17,48]. Addition of the polymer to the GPS provides adequate inter-
molecular interactions for the solution to ES. The ‘as-spun’ nanofibrous
matt (polymer + GPS) (Fig. 5b and c) then undergoes calcination
(Fig. 5Se), sintering or chemical conversion from the precursor to the
final glass matrix and removal of organic components [17,48] (Fig. 5d).

5.1. Role of polymers in the Glass ES

Theoretically, ES of the BGs can be achieved from inorganic sol at
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high temperatures without adding the polymer (termed as ‘inorganic
sol ES’) [20]. The GPS/inorganic sol (sol-gel process) are thermo-
statically unstable systems [7] with high fluidity and low viscosity due
to insufficient intermolecular interactions [57], and ideally, a material
with long chains in a volatile solvent can be ES [58]. Sufficient inter-
molecular interactions are necessary for a solution to be ES because the
chain entanglements allow for the fibers to be drawn when an electric
field takes over the surface tension of the liquid droplet [50]. Therefore,
the addition of the polymer with long chains is required to draw fibers
using ES (known as ‘polymer assisted ES’) [57].

Generally, a solution with adequate viscosity is required for ES.
However a study by Madhugiri et al. [59] reported the use of gel forms
of GPS to undergo the process. It is important to find the optimum
spinning window for the viscosity of the solution by addition of the
appropriate concentration of the polymer [26]. Rheological properties
of the GPS can be controlled in polymer assisted ES. Xia et al. [57]
explained that the type of polymer used influences the viscosity, elas-
ticity, and electrical conductivity of the solution along with con-
formation of the polymer chains, hence influencing the fiber diameter.

Adding more than one polymer in the GPS can alter the viscosity,
surface tension and electrical conductivity of the solution, which in-
fluences the fiber morphology and diameter to a limited extent [57]. To
analyze the effect of an additional polymer in the spinning solution
(GPS + polymer), Xia et al. [57] added P123- Pluronic 123 (poly-
ethylene oxide, PEO)5o — (polypropylene oxide, PO),o, - PEOy); a
nonionic triblock copolymer- (at the expense of GPS) to the mixture
already containing polyvinylpyrrolidone (PVP) in various concentra-
tions. They found that the fiber diameter reduced as the concentration
of P123 was increased from 0 to 0.27 g/ml; above this concentration,
the fiber diameter increased again [57]. Though Xia et al. [57] used
P123 as a supplementary polymer in their study, it is used as a sur-
factant in other BG fiber productions via ES [13,21], so it is difficult to
say whether this effect is the result of supplementary polymer or sur-
factant. This result can also be due to the reduction of GPS in the final,
spinnable solution, as altering the concentration of GPS affects the
morphology of fibers [20,60]. The concentration of used P123 in these
studies [13,21,57] is also noteworthy. When used as a supplementary
polymer in the concentration between 0 and 0.27 g/ml, it is reported to
have an effect on the diameter of the fibers [57], but when used as a
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surfactant to induce porosity on the fibers, it is used in the concentra-
tion of about 0.023 g/ml [13,21]. This aspect needs further investiga-
tion to determine the concentration-dependent effect of P123 on the BG
fibers.

5.2. Regulation of hydrolysis and gelation of inorganic sol

When ES, the hydrolysis and condensation of silicate precursor,
TEOS and inorganic sol, in general, have to be controlled so that the
gelation does not take place and the solution can undergo ES [60].
Some studies regulated hydrolysis and gelation by monitoring the
viscosity of inorganic sols [19,58,61], and others added surfactants and
structure forming agents [59]. Addition of the surfactant and surface
forming agents can endow porosity in the final structure along with
controlling the hydrolysis and gelation of the inorganic sol [59], while
their absence leads to solid fiber fabrication [19,58,61].

5.3. As-spun fibers

The as-spun fibers containing a surfactant in their GPS compositions
do not show stability when positioned on the relaxant surface (after
being peeled off from the assembling support surface such as copper
wire drum or aluminum foil), they tend to coil and shrink [13,21]. The
fibrous shrinkage is attributed to the axially aligned surfactant mole-
cules with high conformational entropy [13]. Studies have shown that
by controlling this shrinkage, the pore size after the heat treatment can
be regulated [13,21]. After the non-woven ES fibrous matt has been
generated, this structure undergoes thermal treatment for the calcina-
tion of the glass and burn-out of the residual polymer [20,57].

5.4. Post-ES thermal treatment

Polymer assisted ES studies reported heat treatment in the range of
600-700 °C for 3-5h (h) [13,20-22], while inorganic sol ES studies
reported thermal treatment around 60 °C for 12-72h [19,58]. Other
studies using inorganic sol ES have reported no thermal treatment at all
for silicate fibers [61,62]. The studies [61,62] with no thermal treat-
ment reported have used TEOS as the silicate precursor along with
water, acid and ethanol. TEOS is a silicon alkoxide precursor which
undergoes hydrolysis and condensation reaction (catalyzed by acid or
base) in the presence of water and organic solvent (usually an alcohol)
to form Si-O-Si linkage and volatile alcohol [27]. The organic solvent is
usually chosen same as the anticipated side product of the condensation
reaction (ethanol in this case) to avoid mixing of alcohols [27]. In the
cases of thermal treatment, as a result of the calcination, the BG fibers
undergo morphological changes in terms of their diameter, linear
shrinkage, weight reduction, and propensity to crystallize.

5.4.1. Reduction in the diameter

Generally, reduction in the fiber diameter is related to the loss of
polymer as a result of post-ES thermal treatment (Fig. 6) [17,20,57].
However, the morphology is maintained similar to as-spun fibers [17].
Heat treatment reduces the fiber diameter by a factor of 2-3 [17,20].
Kim et al. [20], and Xia et al. [57] reported a reduction in the diameter
of the calcined fibers compared to as-spun 70Si0,-25Ca0-5P>05 mol%
and BG fibers comprising of SiO5-CaO-P,Os network (the composition
of BG is not mentioned in the article), respectively. While Hong et al.
[21] showed that calcined silica fibers were of similar diameter to that
of as-spun fibers. All reported compositions [20,21,57] were calcined in
the range of 600-700 °C for 3-5h decomposing the polymers and ni-
trates from the precursors. It can be inferred that, when used alone, the
silica network can retain the as-spun fiber diameter, but when Si, Ca,
and P compositions are used, the glass network is modified by the ad-
ditional network former and modifier leading to the reduction in dia-
meter of the fiber as compared to as-spun fibers.
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Fig. 6. Diagrammatic illustration of the reduction of fiber diameter post-ES
thermal treatment (adapted from Gao et al. [60]). a- As-spun fiber containing
polymer and GPS; b- fiber with reduced diameter after thermal treatment due to
decomposition of polymer from GPS.

5.4.2. Linear shrinkage

Xia et al. [57] and Hong et al. [21] used P123 as a supplementary
polymer and surfactant in BG fibers with Si05-CaO-P5Os network (the
composition of BG is not mentioned in the article) and silica fiber GPSs'
compositions respectively; Kim et al. [20] did not add any surfactant to
their GPS composition (70Si0,-25Ca0-5P,05 mol%). Studies which
used P123 [21,57] reported shrinkage of the calcined fibers in the
longitudinal direction as compared to as-spun fibers (Fig. 7), while the
study without P123 [20] did not report fiber shrinkage linearly after
calcination. It can be concluded that the linear shrinkage in BG fibers
post-ES thermal treatment occurs in the presence of surfactant P123
and it is due to the micellization of this surfactant.

5.4.3. Weight reduction

Studies have shown weight loss of the fibers with heat treatment
[62]; attributable to the evaporation of solvents, decomposition of the
polymer, and self-condensation reaction of silanol groups [62]. 60 wt%
reduction in the 29.4Si0,-37.14Ca0-32.06P,05-1.66MgO wt% fibers
(about the removal of polymer and alkoxides) was reported between
270 and 600 °C, while no significant weight reduction was noticed at
higher temperatures [63].

5.4.4. Crystallization of the glass

BGs are amorphous in nature, and elevated thermal treatment
temperatures can devitrify them. The degradation of the BGs is hin-
dered by the development of crystals; crystallization is not required for
the degradable scaffolds. Studies have reported the formation of crys-
tals when as-spun fibers are heat treated at temperatures higher than
700 °C [63]. Asgharnia et al. [63] reported the formation of bioactive-
glass-ceramic fibers with HA crystals at temperatures higher than
800 °C of 29.45i0,-37.14Ca0-32.06P,05-1.66MgO wt% GPS with PVP
fibers. X-ray diffraction (XRD) peak intensity for HA was seen to am-
plify by increasing the temperature to 950 °C. The fibers were also
found to be no longer smooth due to the presence of HA nanoparticles
[63]. It was anticipated that probable rise in temperature from 700 °C to
950 °C causes the mechanism of crystallization in the glass network
which converts glass fibers to glass-ceramic fibers [63]. These results
conclude that thermal treatment temperature should be selected to
maintain the amorphicity of the glasses.
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Fig. 7. Diagrammatic illustration of the linear shrinkage post-thermal treatment (adapted from Gao et al. [60]). a- As-spun fibers on the support (usually Al foil); b-
As-spun fiber taken-off the support leading to the orientation of surfactants in micelles and hence linear shrinkage; c- BG fibers after thermal treatment depicting BG
network and porosity left by decomposed fibers and surfactants; d- a micelle depicting hydrophilic head and hydrophobic tail.

5.5. Benefits of ES BG fibers

The nanofibrous nature of the BG structure provides benefits of high
specific surface area, small pore sizes in the deposited matt, and the
possibility of assembling the matts in desirable 3D macro-porous con-
structs [13,22] (Fig. 8). Polymer fibers formed via ES usually fall in the
range of 100 nm to 5 pm in diameter [50,64]. Glass fibers drawn using a
mechanical fiber spinning and melt-spinning technique possess higher
diameter (in the micrometer range) compared to ES fibers [17,20,57].
Due to their high specific surface area, ES BG fibers exhibit increased
bioactivity over fibers fabricated via mechanical spinning [57]. The
high specific surface area allows for the rapid dissolution of ions, higher
protein absorption [60], controlled drug delivery [13,22] and osteo-
genic potential [20,60] enhancing the bioactivity of these ES constructs.
Another advantage of the fibrous matts fabricated with ES is that
loosely assembled fibers allow for nutrient distribution and angiogen-
esis [65]. Attempts to induce porosity [13] and hollowness [22] within
the fibers are prompted to further boost the surface area of the ES fibers
[13,22]. These alterations can provide the benefits of increased drug
loading and superior bioactivity [13,22].

Due to the stated benefits of the ES BG fibers, they have been di-
rected towards protein adsorption [21], bone regeneration
[13,17,19,20,26,57,58,60,66], hard tissue repair [22,48], drug delivery
[13,22,66], wound healing [13,22], and fibrous templates [62]
(Table 1).

5.6. Morphological changes in ES fibers
The morphology of ES fibers can be dependent upon:

a) Process variables — electric field strength, fluid flow rate, and
working distance between electrodes,

b) Solution variables — viscosity, electrical conductivity, surface tension,
and solvent volatility, and

c) Environmental variables — temperature, pressure, and humidity [67].

For polymers, all of these parameters have been extensively de-
scribed and researched in the literature [12,14,16] An undesirable
feature in the form of beads can be seen on the surface of the ES fibers
[68]. The viscosity of the solution, the net charge density of the jet and
surface tension of the solution are the main factors affecting the pre-
sence (or absence) of beads on the surface of fibers [68]. These beads
provide non-uniformity to the fibers and are very difficult to remove.
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Lower surface tension, higher viscosity and higher net surface charge
density favour the absence of beads from the fibers [68]. The balance
between surface tension and viscosity of the solution with adequate
electric field strength are required for the uniform fiber ejection [68].
Table 1 enlists various factors studied with respective glass composi-
tions in different journal articles.

5.6.1. Effect of viscosity

It is one of the critical factors to be considered for ES of any solu-
tion. Generally, the higher the viscosity of the polymer solution, the
lesser the presence of the beads on the fibers and the higher the dia-
meter of the resultant fibers [16,64,68]. With increasing the viscosity,
beads change their form from spherical to spindle-shaped; over time
they will eventually disappear [68]. Mckee et al. demonstrated that the
uniformity of the ES fibers is not dependent on the molar mass of the
polymer; sufficient intermolecular interactions (within the polymer
solution of high or low molar mass) that can effectively act as chain
entanglements are essential [50]. But reviewing other studies [21,57],
it is evident that the molecular wt of the polymer is an important
parameter towards viscosity of the solution (Section 5.6.2).

Lu et al. [48] and Poologasundarampillai et al. [58] reported visc-
osity of about 1 Pa's and 0.56-0.95 Pa's optimum to ES 70Si0>-30Ca0O
mol% fibers with polymer-assisted polyvinyl alcohol (PVA) and in-
organic sol ES with resultant fibers in the range of 300nm and
1.5 * 0.4um diameter, respectively. These studies lead to the ob-
servation that reduction in the viscosity of the solution leads to the
reduction of the diameter of the BG fibers.

5.6.2. Effect of the concentration of the polymer solution

Adequate polymer concentration which provides sufficient chain
entanglements and intermolecular interactions are required to achieve
uniform fibers without beads, but higher than optimal polymer con-
centration leads to viscous and unspinnable solutions [13,57]. Also, as
the concentration of the polymer is increased, the diameter of the fibers
also increases [57]. Hong et al. [21] and Xia et al. [57] ES silica and BG
fibers with SiO,-CaO-P,0Os network (the composition of BG is not
mentioned in the article) with the addition of polyethylene oxide- PEO
(average molecular wt = 2,000,000) and PVP (average molecular
wt = 45,000) respectively. Xia et al. [57] concluded that a lower
polymer concentration of 0.2 g/ml (20 wt%) resulted in unstable fibers,
and as the concentration of the polymer increased, the diameter also
increased. Hong et al. found they could ES the GPS with the addition of
low wt% of polymer (0.8-1.8wt%) as compared to Xia et al.; the
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Fig. 8. SEM (a, b, ¢, and c2) and TEM (al, b1, and c1) images of the calcined ES BG (silica) fibers. The nanofibers had 700 nm diameter with hierarchical porosity.
Micro-porosity was reported to be 1.5 nm; the mesoporous diameter and morphology was altered by controlling the fibrous shrinkage to 0, 20, 40, and 60%: 0%-small
irregular 3-6 nm mesopores (a and al), 20%-irregular 3-15 nm mesopores (b and bl), 40%-worm-like macro/mesopores 30-70 nm (c and c1), 60%- cage-like
macropores 450 nm (d and c2). The surface area as reported by BET analysis was 285, 218, and 156 m?/g for 0%, 20%, and 40% shrunk samples respectively [21].

concentration below this led to the fabrication of the beaded fibers, and
the concentration above this range made the solution too viscous to ES.
These studies [21,57] indicate the importance of the molecular wt of
the selected polymer on the concentration and resulting viscosity of the
solution. To achieve adequate chain entanglements in ES solution, the
relative concentration of the polymer should be used depending on the
molecular wt of the polymer. Hong et al. [21] also reported that after
keeping the concentration of polymer constant, the optimal ratio of
surfactant: polymer wt ratio was 1-2. At lower ratios, the shrinkable
capacity of the fiber was reduced or eliminated, but the coalesced fiber
film was yielded.
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5.6.3. Effect of electric field strength

To release a jet of fiber from the drop of liquid at the tip of the
syringe, sufficient electric field strength is required to overcome surface
tension. Xia et al. [57] reported that an electric field strength above
1.6 KV/cm was required to overcome the surface tension of the liquid;
otherwise, fibers beaded. A field strength between 1.6 and 1.8 KV/cm
fabricated stable fibers while the diameter was reduced as the field
strength was increased. Also, the strength above 1.8 KV/cm resulted in
extra electrostatic repulsive forces which made fibers unstable and in-
creased their diameter.

Lu et al. [48] and Song et al. [66] ES 70Si0,-30Ca0 mol% and BG
fibers with SiO,-CaO network (the composition of BG is not mentioned
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in the article) with the addition of PVA and polyvinyl butyrate (PVB),
respectively. Lu et al. [48] reported that, as the voltage increased above
the optimum voltage of 7 KV (for the distance between spinneret and
collector = 15 cm), fibers with bead morphology were seen. Song et al.
[66] reported that the electric voltage above an optimal value of 10 KV
(for the distance between spinneret and collector = 10 cm) could not
effectively deposit the fibers on the collector and voltage below 10 KV
resulted in beaded fibers [66].

5.6.4. Effect of the concentration of glass precursor solution

Among the parameters that control fiber diameter, sol concentration
is a dominant one [20]. The diameter of the fibers are seen to increase
with the concentration of the sol [20,60], and the desired morphology
of the fiber can be achieved by altering the concentration of the GPS
[60]. Kim et al. [20] and Gao et al. [60] ES silicate (70Si0,-25CaO-
5P,05 mol%) and borosilicate (47Si0,-23B,03-25Ca0-5P,05 mol%)
BGs respectively with 10% PVB added equally to the solution. Both
studies reported unstable, beaded fibers with randomly distributed
diameters at a lower concentration of GPS around 0.2M [60] and
0.25M [20]. As the concentration of GPS increased from 0.2M to 2M
[60] and 0.25M to 1M [20], the fibers lengthened, became more
uniform and their diameter increased. Both studies [20,60] showed that
increasing the concentration of GPS affects the fiber morphology.

5.6.5. Effect of feeding rate

Generally, the lower the feeding rate, the lesser the chances of bead
formation and the smaller the diameter of the spun fibers [14]. Song
et al. [66] stated 0.6 ml/h to be the optimal feeding rate for the solution
for the production of BG hollow fibers with SiO,-CaO network (the
composition of BG is not mentioned in the article). A rate below this
made it difficult to produce continuous fibers [66]. The relationship
between fiber diameter and feeding rate of the solution has been de-
picted by studies showing higher diameter (0.5-2 um) of the calcined
fibers for higher feeding rates of 2.5ml/h [58] than lower diameter
fibers (50-800nm) ES at lower feeding rates (0.5ml/h) [48] for
708i0,-30Ca0 mol% fibers.

5.6.6. Effect of the distance between spinneret and collector

Sufficient distance should be provided for the flight of the jet to
reach the collector from the spinneret. It facilitates evaporation of the
solvent, hardening of the polymer and promotes bead-free fibers [14].
Importance of optimum distance is evident from a study by Song et al.
[66] for ES BG hollow fibers with SiO,-CaO network (the composition
of BG is not mentioned in the article); when the distance was kept lower
than the observed optimum 10cm distance, the process resulted in
interconnected fibers. The correlation between the addition of polymer
and distance between spinneret and collector was observed for
70Si0,-30Ca0 mol% fibers [48,58]. It was seen that with the addition
of polymer (PVA), the distance reported was higher (15 cm) [48] for ES
solution than without the addition of any polymer (1 cm) [58].

5.7. Induction of texture to the ES fibers

Similar to the way that fiber morphology is dependent on various
factors (described in Section 5.6), textures can be induced (Fig. 8) to the
ES fibers by application of various systems like polymer-surfactant,
polymer-solvent, and surfactant structures in the solution. While Hong
et al. [21] and Wang et al. [69] were able to fabricate porous and
hollow silicate fibers by using polymer-surfactant and polymer-solvent
systems respectively, Sakai et al. [19] and Yamaguchi et al. [61] fab-
ricated solid silicate fibers in the absence of such systems.

5.7.1. Porosity

The assembly of the ES nano-fibers results in an interconnected
macro-porous structure. The functionalization of the fibers can be fur-
ther enhanced by induction of porosity in the fibers [13,21,60].
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Nanoporous BG fibers can be synthesized using surfactant and surfac-
tant-polymer prototypes as templates [21,60], but induction of porosity
in the ES fibers is challenging [13,21,60].

Induction of porosity by surfactants is dependent on their ability to
form micelles due to conformational entropy. But, in the process of ES,
electric field strength stretches the surfactant and polymer molecules
along the fiber axis which inhibits the formation of micelles [13,21,60].
Furthermore, the events of rapid evaporation of the solvent, swift for-
mation of fibers, and immobility of the formed fibers on the collector,
freeze the surfactant and polymer molecules in the stretched state
[13,21,60]. The process of ES, in general, inhibits the endowment of
porosity in the fibers due to the phenomenon mentioned above
[13,21,60]. But when the as-spun fibers are removed from the collector
and are then calcined in the furnace, the surfactant molecules in the
removed fibers self-organize themselves in micelles with hydrophobic
tails towards the center of the micelle and hydrophilic head outside to
minimize the entropy [60]. Also, during calcination, the heat can
overcome the limitations of outer forces stretching surfactant molecules
allowing the surfactant molecules to relax and shrink due to high
conformational entropy [13,21,60]. Relaxed surfactant molecules can
undergo micellization and induce porosity in the fibers [13,21,60]. By
regulating the shrinkage of the as-spun fibers [13,21] (Fig. 8) and the
concentration of the surfactant (Fig. 9) [60], the mesopores' size can be
altered. Gao et al. [60] demonstrated that mesoporosity could be tai-
lored into the glass fibers with the addition of the triblock nonionic
surfactant Pluronic F127 ((PEO);gp - (PO)gs - (PEO) 00); as the con-
centration of the surfactant was increased from 0% to 2%, the pore size
was seen (by Scanning Electron Microscopy, SEM) to qualitatively en-
large and the diameter of the fiber reduced from 360 to 270 nm [60].
They reported 2wt% of the surfactant F127 was optimum to design
small diameter 47Si0,-23B,03-25Ca0-5P,05 mol% fibers with larger
mesopores; above this concentration, monolithic structures rather than
fibrous constructs were reported. Hong et al. [21] used surfactant-
polymer co-template along with ES to induce porosity on the ES silicate
fibers. They used P123 surfactant in 1-4 wt% (after keeping the
polymer concentration constant between 0.8 and 1.8 wt%) while
maintaining surfactant: polymer wt ratio between 1 and 2 [21].

5.7.2. Hollow fibers

Nanotubes can further increase the surface area of the ES BG fibers
along with increased bioactivity and drug loading capability [66].
Hollow fibers have also been used as sacrificial templates to grow na-
notubes and can be functionalized by pre-dissolving functional com-
ponents like nanoparticles and proteins to the ES solution [8]. When the
right combination of viscous liquids is co-spinned using an inner and
outer spinneret, co-axial fibers having both a core and a sheath of dif-
ferent materials can be manufactured. The core material can then be
selectively removed using various techniques like solvent extraction
and calcination to achieve nanotubes/hollow fibers [7].

The fiber morphologies can be controlled by altering the dominance
between solvent evaporation and phase separation for polymers [69].
Hollow fibers are formed when solvent evaporation dominates the
phase separation kinetics [69]. A study has shown that it is possible to
ES co-axial fibers with a regular single nozzle spinneret [66]. The
hollow fibers manufactured via this technique are the result of solvent
evaporation and phase separation processes between the polymer (PVB)
and silica precursor TEOS [66]. Due to the incompatibility of TEOS and
PVB, TEOS tends to settle towards the center of the fiber, while PVB and
calcium nitrate settling towards the periphery. Further, evaporation of
TEOS helps to hollow out the fibers [66]. The wall of hollow fibers
made with single spinneret tends to show homogeneous microstructure
[66].

Hong et al. [22] demonstrated the fabrication of ultrathin ES BG
fibers (Fig. 10) with both hollow cores and mesoporous walls by using a
phase separation inducing agent along with the ES technique. Altering
the ratio of the solvents (water and ethanol), they were able to



M. Nagrath, et al.

Materials Science & Engineering C 101 (2019) 521-538

Fig. 9. Effect of concentration of surfactant (a-0%, b-1%, c-1.5%, and d-2%) on the morphology and fiber diameter of the fiber is depicted in the SEM images. As the
concentration of the surfactant was increased the mesopores increased in size and fiber diameter reduced from 360 to 270 nm [60].

Fig. 10. SEM (a) and TEM (b) image of the hollow BG fiber [22].
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compartmentalize the hollow fibers, but the fibers without compart-
ments showed better incorporation of the drug [22].

Wang et al. [69] demonstrated that hollowness in the ES fibers
could be achieved by partially hydrolyzing TEOS and making a sol-gel
containing TEOS, PVP, ethanol and water. The fibers made by the glass/
polymer composite as well as glass fibers (made after calcination of
composite fibers) were hollow [69]. The inner wall was reported to be
rough for composite fibers (pertaining to the rapid phase separation),
while smooth for glass fibers; the outer wall was smooth for both
composite and glass fibers [69]. The diameter of the hollow fibers can
also be influenced by the molar ratio between water and TEOS; more of
water allows TEOS to get hydrolyzed, which leads to the reduction in
the diameter of the fibers. On the other hand, less of water allows more
of TEOS to remain unhydrolyzed which leads to an increase in the
diameter of the fibers [69].

5.8. Critical analysis of the factors

As listed in Table 1, various factors influence the process of ES and,
subsequently, the morphology of the ES glass fibers. These factors are
inter-related. For instance, the optimum electric field strength is re-
quired to overcome the surface tension of the solution (Section 5.6.3),
which depends on the polymer and GPS composition. Primarily, GPS's
composition dictates the application of the final ES product, but the
viscosity of the solution (mostly a function of the polymer) plays an
important role in carrying on the process of ES. Solution viscosity is
primarily dependent on the concentration of the polymer [13,57] due
to the high fluidity of GPS. Furthermore, electric field strength (Section
5.6.3), the viscosity of the solution (Section 5.6.1), and the con-
centration of both the polymer (Section 5.6.2) and GPS (Section 5.6.4)
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affect the diameter and uniformity of the drawn fibers. It can be con-
cluded that gaining from the trends that various ES factors follow as
reported in the literature, the decision to finalize these factors depend
upon the preferred composition, required morphology, desired or-
ientation, and anticipated function.

6. In vitro bioactivity of glass fibers

Scaffolds for bone defects should be able to form a bone-like apatite
layer when exposed to the biological environment [19]. Usually, for
BGs, the dissolution-precipitation process leads to the formation of a
HA-like layer. Dissolution of ions (Si, Ca, P, etc.) from the BG super-
saturates the local environment with Ca and P, which eventually leads
to the precipitation of Ca®>* and PO,>~ species, leading to the forma-
tion of the HA-like layer [4,5,20]. Generally, the ES fibers provide a
high surface area along with porosity which provides binding sites
suitable for protein adsorption and cell attachments [58]. It has been
shown for the ES nano-fibers (BG fibers with SiO,-CaO-P,05 network,
the composition of BG is not mentioned in the article) that apatite
preferred to nucleate and grow at the interconnected junctions (called
‘cross-points’) of BG nano-fibers in early stages of soaking in SBF (up to
6 h) [57]. It has been suggested that for the interconnected nano-fibers,
the concentration of Ca is more at the cross-points compared to the fiber
length due to the higher contact area of these fibers with surrounding
fluid [57]. After prolonged soaking, the HA deposition is evident on the
whole surface of the fibers joining the earlier deposition at cross-points
(Fig. 11) [57].

The HA-like rod formation on the ES porous [13], solid [20], and
hollow [22] fibers of compositions 70Si0,-25Ca0-5P,05 mol%,
708i0,-25Ca0-5P,05 mol% and 70Si0,-25Ca0-5P,05 wt% respec-
tively after immersion in SBF is worth noting. All of the fibers
[13,20,22] were calcined between 600 and 700 °C for 3-4 h in the air.
Despite vast differences in the diameters of solid [20] and hollow [22]
fibers (solid-84 nm and hollow-500 nm), these studies reported similar
times of about one day for the HA-like rods to form. It is suggested that
the hollowness of larger diameter fibers provided a higher surface area
to deposit HA-like nanorods in a similar time frame as that of small
diameter solid fibers [22]. When hollow [22] and solid [20] fibers are
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compared to the porous [13] fibers of similar composition in terms of
HA-like rods formation, the porous fibers deposited these nanorods in
about two days rather than one day (for the other two groups of fibers,
solid and hollow). This can be attributed to the spatial restriction posed
to the spherical particles depositing within the nanoporous structure of
the fibers which are inhibited to further grow in the rod-like
morphologies [13]. These studies also suggest that hollow [22] and
porous [13] fibers of compositions 70Si0,-25Ca0-5P,05 wt% and
70Si05-25Ca0-5P,05 mol% respectively with a diameter of ~500 nm
calcined at 600 °C for 4h in air exhibit different bioactivities due to
their morphological differences.

Xie et al. [72] compared the in vitro bioactivity of the submicron BG
tubes with SiO,-CaO-P,0s network (the composition of BG is not
mentioned in the article) with solid BG fibers. Both samples were im-
mersed in the SBF. They concluded that the mineralization process is
enhanced for the BG tubes due to their hollowness (hence increased
surface area) than the solid fibers. The mineralization process could
only occur on the outer surface of the solid fibers but can occur outside
and within the BG tubes. For BG tubes, HA-like material was noticed on
Day 1 while the poorly crystallized deposits on the surface of solid fi-
bers were witnessed on Day 3. Durgalakshmi et al. [74] tested the in
vitro bioactivity of 45S5 ES hollow fibers by their immersion in the SBF.
HA-like material was observed on the fibers by Day 3.

Deliormanli [70] performed in vitro bioactivity experiments on the
ES 13-93 BG (53Si05-6Na,0-12K,0-5Ma0-20Ca0-4P,05 wt%) fibers
by immersing them in different ratios (0.5mg/ml and 1mg/ml) of
amounts of SBF. The author reported that the formation of amorphous
calcium phosphate or HA is affected by the fiber:SBF ratio [70]. Both
groups showed the HA-like material formed on their surfaces on Day 1,
but the group with 0.5 mg/ml ratio had a higher amount [70]. It was
anticipated that higher BG:SBF ratio can increase the local pH which
leads to the formation of calcium carbonate than HA [70].

In vitro bioactivity tests were also conducted on the ES 13-93 BG
(53Si0,-6Na50-12K,0-5Ma0-20Ca0-4P,05 wt%) fibers doped with
either cerium, Ce or gallium, Ga [56]. The fibers were doped to exploit
the benefits of cerium (Ce**) and gallium (Ga>*) ions. Ce>" has been
proposed as a potential therapeutic agent, and BG foams containing
nanoceria have shown increased osteoblastic differentiation of HMSCs
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Fig. 11. Suggested scheme of bio-mineralization process for ES BG fibers [57]. The diagrammatic illustration is adapted from Xia et al. [57]. a- High Ca concentration
can be seen at the points where BG fibers intersect each other; b- Due to high Ca concentration at the intersects, HA deposition can be seen earlier at these sites; c-
After prolonged soaking, HA deposit all along the surface of the fibers joining HA at intersects. Studies have shown excellent bioactivity for ES 70Si0,-25Ca0-5P505
mol% [20], and 47Si0,-23B,03-25Ca0-5P,05 mol% [60] nano-fibers with rapid apatite formation than discs [20] and bulk glass [60] of similar composition. Also,
BG fibers with SiO,-CaO-P,Os network (the composition of BG is not mentioned in the article) [57], manufactured by ES showed enhanced bioactivity than BG fibers
made via a mechanical spinning technique [57]. Song et al. [66] showed that the bioactivity of the ES BG fibers could be further enhanced by inducing hollowness
which provides additional sites for nucleation and growth of HA. Poologasundarampillai et al. [58] demonstrated rapid apatite formation on 3D “cotton-wool” like
708i0,-30Ca0 mol% fibers when soaked in SBF; they detected calcium phosphate within 1 h post-soaking. Gao et al. [60] highlighted that 47Si0,-23B,03-25CaO-
5P,05 mol% fibers maintained their fibrous structure even after five days of immersion in SBF which is an important criterion to be used as a scaffold in bone.
Induction of porosity [13] and hollowness [22] in the fibers have been reported to further enhance the bioactivity of ES BG fibers. Morphological alterations within
the multiple sized mesopores (small-3-5nm, middle-3-16 nm, and large-32-65nm pore size) has also been reported as a result of the formation of HA-like nano-

particles within these pores [13].
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Table 2

Materials Science & Engineering C 101 (2019) 521-538

In vitro bioactivity shown by various ES BG fibers-a comparison between their composition and morphology with the reported initiation of HA deposition after

immersion in SBF.

Authors Type of glass Morphology Fiber diameter Immersion time in SBF
when HA is first
ascertained

Sakai et al. [19] Silicate fibers Solid Several hundred nm to several um Seven days

Kim et al. [20] 70Si0,-25Ca0-5P,05 mol% Solid 630-84 nm 1day

Hong et al. [13] 70Si0,-25Ca0-5P,05 mol% Pores Av 500 nm 8h

Hong et al. [22] 70Si0,-25Ca0-5P,05 mol% Hollow 500 nm 8h

Xia et al. [57] BG fibers with SiO,-CaO-P,Os network (the Solid Av - 85nm 6h

composition of BG is not mentioned in the article)

Poologasundarampillai et al. [58] 70Si0,-30Ca0 mol% “Cotton-wool” 500-2000 nm 12h

Gao et al. [60] 47Si0,-23B,05-25Ca0-5P,05 mol% Pores 150-450 nm depending on the conc of 1day

sol.

S. Asgharnia et al. [63] 29.48i0,-37.14Ca0-32.06P,05-1.66MgO wt% Solid 156 nm 12h

Song et al. [66] BG fibers with SiO,-CaO network (the composition of Hollow Inner diameter — 110 *+ 30 nm 6h

BG is not mentioned in the article) The thickness of the
wall = 120 * 50 nm

Deliormanli [70] 13-93 (53% SiO2-6Na,0-12K,0-5Mg0-20Ca0- Solid 464 + 95nm 1 day

4P,0s)

Xie et al. [72] Submicron BG tubes with SiO,-Ca0O-P,05 network hollow Inner diameter: 185-500 nm 1 day

(the composition of BG is not mentioned in the
article) Outer diameter: 285-665 nm
Deliormanli [56] 13-93 (538i0,-6Na0- 12K,0-5Mg0-20Ca0-4P,05 Solid 13-93 = 464 + 95nm 7-30 days
wt%) doped with Ce or Ga 13-93/Ce:361 + 60nm
13-93/Ga:249 + 43nm
Durgalakshmi et al. [74] 45S5 Hollow 920-985 nm 3days

(Human Mesenchymal Stem Cells) and collagen production [56]. Ga®*
is a known antibacterial and chemotherapeutic agent effective against
bone resorption [56,75]. In the study [56], the in vitro bioactivity of the
doped fibers were compared to the non-doped 13-93 fibers. It was seen
that the presence of Ce**or Ga®* reduced the second phase (calcium
phosphate or crystalline HA) deposits on the surface of the fibers after
15 days. After 30 days, the doped fibers showed good bioactivity [56].

BGs are doped with various ions to utilize their beneficial effects
towards a particular application [75,76]. Such additions to the BG
compositions can enhance its function towards intended application but
also alter the chemical structure of the glasses affecting their in vitro
bioactivity [75,76]. Moghanian et al. [77] fabricated lithium sub-
stituted 58S BG in powder form to use the lithium's therapeutic prop-
erties. They found that the addition of Li to their composition delayed
the formation of HA in SBF. It was also noted that the addition of Co,
Zn, Mg, and Sr has also delayed HA formation [76,77]. Table 2 illus-
trates various studies conducted on the bioactive behaviour of ES BG
nano-fibers comparing the composition and morphology of fibers with
the reported initiation of HA deposition after immersion in SBF.

7. Cellular response

It has been suggested that cells show excellent response to ES fi-
brous scaffolds (also depending on the chemical composition of the
scaffold) because these constructs resemble the native environment of
the cells (ECM). Table 3 enlists various studies attempted for cellular
response to ES BG fibers. Yamaguchi et al. [61] demonstrated that the
human cell line HepG2 and Chinese hamster ovarian cells CHO-K1
proliferated and elongated faster on silicate fibers than on HA-pulp
composite fiber sheet (HAPS)- a standard control for cell culture. The
hepatocyte-specific functions were reported to be 5-10 times higher for
silica fibers.

Sakai et al. [19] proved the application of ES ultrathin silicate fibers
towards bone tissue engineering by demonstrating attachment and
proliferation of the human osteoblastic MG63 cells to the ultrathin si-
licate fibers; apatite particle formation was also evident after immersing
the fibers in SBF. Cells elongated and filled the spaces between the fi-
bers. The number of intact mitochondria in the living cells also in-
creased constantly over a period of five days signifying excellent
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mitochondrial activity and proliferation.

Kim et al. [17] compared BG 58Si0,-38Ca0-4P,05 mol% ES fibers-
collagen nanocomposite scaffold with a collagen scaffold for functional
activity of human osteoblastic MG63 cells by detecting ALP (alkaline
phosphatase) levels. Cells seeded on the nanocomposite scaffold ex-
pressed higher amounts of ALP than on the collagen scaffold. Cells were
also found to be growing and spreading favourably on the nano-
composite.

Poologasundarampillai et al. [58] demonstrated that 3D “cotton-
wool” like 70Si0,-30Ca0 mol% fibers were not cytotoxic to MC3T3-E1
cells and further supported their attachment and proliferation. At-
tachment of osteoblasts to fibers was seen with the presence of filopodia
(cytoplasmic projections seen in migrating cells) which indicates cel-
lular attachment and proliferation. Clusters of cells were found to be
immersed in ECM denoting capacity of these fibers to deposit ECM. A
layer of crystalline particles was also observed on the attached cells,
pointing towards their osteogenic capability [58].

Kim et al. [20] compared 70Si0,-25Ca0-5P,05 mol% ES fibers with
both BG discs of the same composition and with PCL ES fibers. They
found that cells spread actively on the nanofibrous surface with cyto-
plasmic extensions denoting osteogenic potential of the nano-fibers. It
was also reported that cell viability of BG samples (slightly better for
disc than fiber) was better than polymer fibers and BG fibers showed
the highest expression of ALP which denotes osteogenic potential.

Xie et al. [72] fabricated hollow BG tubes with SiO,-CaO-P,0s5
network (the composition of BG is not mentioned in the article) and
compared them with ES PCL fibers for cellular reactions (pre-osteo-
blastic MC3T3-E1 cells). After 3 days, the optical density of the cells
seeded was lower on PCL fibers than the BG tubes. Also, after 3 days,
MTT assay showed higher cell proliferation for BG tubes than PCL fi-
bers. Durgalakshmi et al. [74] also demonstrated cytocompatibility of
the hollow 45S5 ES fibers by MTT assay on MC3T3-E1 pre-osteoblast
cell line.

Deliormanli [70] compared sintered scaffolds made by sol-gel ES BG
fibers and melt-quench fabricated powder of same composition (13-93
glass, 535i05-6Na50-12K,0-5Ma0-20Ca0-4P,05s wt%) for their in vitro
cytotoxicity. The cytotoxicity experiments were carried out on the
mouse bone/calvaria pre-osteoblastic MC3T3-E1 (Sub-clone 4) cells
using XTT (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-
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5-Carboxanilide) assay [70]. The results showed that cell viability of
the fibrous scaffold was lower than the powder-based scaffold, but the
difference was not statistically significant [70]. Both the groups were
non-cytotoxic with well-spreading morphology [70]. The results of the
study indicate the biocompatibility of the scaffolds [70]. 13-93 ES BG
fibers were also doped with either Ce or Ga in a separate study [56].
The BG fibers were doped with these elements to utilize their ther-
apeutic properties [56]. The 13-93 Ga or Ce doped ES fibrous BG
scaffolds were compared with 13-93 ES fibrous BG scaffold for cyto-
toxicity using XTT assay on the mouse pre-osteoblastic MC3T3-E1 cell
line [56]. It was shown that Ga and Ce doped fibrous scaffolds support
cell attachment and proliferation [56]. The antibacterial properties of
the scaffolds were also compared; it was found that although the ions
are known antibacterial agents, the scaffolds did not show antibacterial
effect using a zone inhibition test [56].

Huang et al. [73] made luminescent mesoporous ES BG fibers by
doping ES fibers (70Si0,-25Ca0-5P,05 mol%) with either europium
(Eu®™) or terbium (Tb%™) ions at a doping concentration of 5mol% of
Ca®*. These rare earth ions are proposed to be used towards bio-ana-
lytical sensors and bio-imaging set-ups [73]. The cytotoxicity of these
fibers (in various concentrations) were evaluated using MTT assay on
L1929 fibroblast cells. The fibers were found to be non-cytotoxic, and the
difference in the cell viability among various groups was negligible
[731.

Although ES BG fibers have not been reported cytotoxic, there might
be concerns regarding their toxicity due to the nano-dimensions [78]
and excess release of dissolution products (dependent on their compo-
sition and degradability) [75]. It has been reported that nano-dimen-
sions <0.25pum in diameter and = 8 um in length have a carcinogenic
potential [78]. In addition, the quick dissolution of these high surface
area fibers can traverse the critical limit of ionic concentrations making
them toxic to the local tissue [75]. The ES BG fibers should be tailored
keeping these aspects into consideration.

8. Functional fibers

The fibers can be loaded with various biological payloads like drugs,
dyes, enzymes and proteins as nanoparticles, nanowires and molecular
species (usually termed as payload carriers) for different applications
[8,13,21,22,79]. Hong et al. [21] showed the feasibility of protein
(BSA-Bovine serum albumin) adsorption on porous silicate fibers with
small pore fibers (3.8nm pore size) showing slow BSA adsorption
reaching equilibrium at 65 mg/g after 40 min, while large pore fibers
(40 nm pore size) showing high BSA adsorption attaining equilibrium
capacity of 130 mg/g after 40 min. Hong et al. [13,22] also reported the
drug loading and release profiles of aminoglycoside antibiotic agent,
gentamicin sulfate in the porous [13] and hollow [22] BG fibers. They
stated that drug release and loading is dependent on the length of the
hollow fibers' segments [22] and the pore size of the porous fibers [13].
They also demonstrated drug-burst behaviour and drug-controlled re-
lease process for porous fibers [13].

9. Conclusion

Bioactive glasses have been extensively used towards tissue en-
gineering application. BGs can be formulated using melt-quench and
sol-gel techniques to provide constructs with desired morphologies
depending on the application that they are developed for. ES is a
powerful technique to fabricate 1D nanostructured non-woven fibers.
These fibers are advantageous for a wide variety of applications in the
biomedical field such as bone regenerating materials, cell proliferation
platforms, wound healing and drug delivery matrices, and functiona-
lized payload carriers. One of the recent trends in constructing fibrous
BG scaffolds is using the process of ES along with the sol-gel process. As
compared to other sol-gel BG fiber formation methods (TASG, fiber
drawing, and spraying), BG fibers fabricated using ES enhance the
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construct's architectural outcomes (which are conducive to cell's ad-
hesion and proliferation). ES BG fibers can also be tailored to have
customized morphology and textures to achieve desired results for
biomineralization, osteogenesis, protein adsorption, and drug delivery
applications. Though these constructs provide above-written ad-
vantages, they suffer from the inherent brittleness of glasses and cannot
be used for load bearing applications. Researchers have tried to solve
some of these problems with the addition of polymers to the final
constructs making composite scaffolds.

The BG ES fibers have proved themselves equivalent if not better (in
terms of in vitro bioactivity and cellular response) than the bulk pow-
ders and discs of the same composition. The possibility of hierarchical
porous and fibrous morphology by ES BG fibers places them in the
category of biomimetic constructs. Therefore, BG fibers have mostly
been used towards osteogenesis. These morphologies further enhance
the surface area of the constructs which can be useful to exploit their
use as hemostats. Also, due to the biomimetic characteristics, their
further extensive use is anticipated towards soft tissue repair and an-
giogenesis.
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