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ABSTRACT: With an ever increasing scientific, technological, and
industrial interest in high surface area, porous nanofiber mats, electro-
spinning has emerged as a popular method to produce fibrous assemblies
for use across biomedical, energy, and environmental applications.
However, not all precursor solutions nor complex geometries can be
easily fabricated using the traditional single-nozzle apparatus. Therefore,
coaxial electrospinning, a modified version of electrospinning that features
a concentrically aligned dual nozzle, has been developed. This review will
first describe the mechanism of electrospinning two precursor solutions
simultaneously and the operational parameters that need to be optimized
to fabricate continuous fibers. Modifications that can be made to the
coaxial electrospinning process, which enable the fabrication of uniform
fibers with improved properties, as well as the fabrication of fibers that are
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hollow, functionalized, and from “nonspinnable precursors” will be discussed as a means of promoting the advantages of using a
coaxial setup. Examples of how coaxially electrospun nanofibers are employed in diverse applications will be provided throughout
this review. We conclude with a timely discussion about the current limitations and challenges of coaxial electrospinning.
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1. INTRODUCTION

Due to their high surface-to-volume ratio, porosity, and
mechanical properties, nanofibers have widespread applications

. . 23
in a straightforward one-step manner,

; 25,26 . . .
fibers using a two-step manner. Previous review articles

have highlighted the applicability of core—sheath fibers.

24 as well as hollow

27,28

in drug delivery,l’2 tissue engineering,3’4 sensors,” energy
storage,”” and separation membranes.”’ While numerous
methods can be used to fabricate nanofibers, e.g., template
synthesis,'”'" drawing,'”"” self-assembly,'"'® phase-separa-
tion,"®"” and centrifugal spinning,lg’19 only electrospinning20
is a versatile, cost-effective, and straightforward strategy to
provide great control over the fibers’ diameters, characteristics,
and morphologies. Unfortunately, the simplest single-nozzle
setup has limitations; for example, forming fibers from low
molecular weight or unentangled polymer solutions is
challenging. Notably, a modified version of single-nozzle
electrospinning, known as coelectrospinning or, more
commonly, coaxial electrospinning, can be used to overcome
these limitations.

Although developed less than 20 years ago, coaxial
electrospinning has attracted a great deal of attention. The
first attempt at using a coaxial setup was reported in 2002 by
Loscertales et al.*' who encapsulated water in oil droplets. A
year later, the first successful fabrication of core—sheath
nanofibers using coaxial electrospinning was demonstrated by
Sun et al.*” Since these initial studies, coaxial electrospinning
has been used to fabricate core—sheath and multilayered fibers
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Recently, exciting progress fabricating fibers from precursor
solutions comprised of low molecular weight polymers and low
polymer concentrations has been demonstrated, thus enabling
new applications.””*’

In this review, we will first provide an overview of the
experimental setup and mechanism of single-nozzle (Section
1.1) and coaxial electrospinning (Section 1.2) followed by a
discussion of parameters that affect both processes (Section 2).
The discussion is followed by three major uses of coaxial
electrospinning that overcome limitations of single-nozzle
electrospinning, i.e., producing hollow fibers (Section 3),
encapsulating cargo with controlled release rates (Section 4),
and obtaining fibers from nonspinnable precursors (Section $).
Next, we describe electroblowing (Section 6.1) and liquid-
assisted electrospinning (Section 6.2), which are the two major
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extensions of the coaxial electrospinning process, which further
expand the potential application space of coaxially electrospun
fibers. Finally, we will conclude this review by providing our
perspective about the future potential and limitations of coaxial
electrospinning (Section 7).

1.1. Brief Overview of Single-Nozzle Electrospinning.
To better understand the coaxial process, we first will provide a
brief overview of single-nozzle electrospinning. Typically, the
electrospinning process is driven by applying a voltage across a
conductive collector and a conductive spinneret that supplies
the precursor solution at a desired flow rate (Figure 1A).
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Figure 1. (A) Schematic of a classic single-nozzle electrospinning
setup. A spinneret is attached to a syringe filled with a precursor
solution that is supplied at a controlled flow rate using an
advancement pump. A voltage is applied across the nozzle and
collector using a high-voltage power supply. (B) The electrospinning
jet undergoes multiple rounds of whipping instability while traveling
from the nozzle to the collector. Figure 1B is redrawn with permission
from ref 38. Copyright American Chemical Society 2006.

Applied voltage induces charges in the precursor solution so
that a charged droplet is generated at the orifice of the
spinneret.”” When the applied voltage is high enough to
overcome the surface tension and viscous forces, Coulombic
forces stretch the drop into a conical shape, known as the
Taylor cone.”" Next, the charged jet is ejected from the tip of
the Taylor cone and travels toward the collector due to the
electric field. As the jet travels, it thins due to stretching that
results from the repulsion between charges in the jet.
Repulsion between charges also causes whipping instability,
which increases the path of the jet significantly.””~** Multiple
rounds of whipping instability can occur during -electro-
spinning (Figure 1B).** As the jet travels, it also solidifies due
to rapid solvent evaporation, and thus, solid fibers are collected
on the conductive collector. The detailed description of single-
nozzle electrospinning can be found in many review articles,
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including those by Reneker and Yarin,® Schiffman and
Schauer,” and Rutledge and Fridrikh.*”

1.2. Overview of Coaxial Electrospinning. In coaxial
electrospinning, the spinneret consists of two nozzles that are
concentrically aligned, and the core and sheath precursor
solutions are fed at a controlled rate through the inner and
outer nozzle, respectively (Figure 2A). At the orifice of the
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Figure 2. (A) Schematic of the coaxial electrospinning setup. Core
and sheath precursors are supplied to a spinneret with two concentric
nozzles at controlled flow rates using two different syringe pumps. A
voltage is applied across the spinneret and a collector using a high-
voltage power supply. (B) The relative alignment of the inner and
outer nozzles impacts fiber formation. For example, the bottom right
transmission electron micrograph displays that a thicker core and
thinner sheath result when the inner nozzle protrudes from the outer
nozzle. Figure 2B is reproduced with permission from ref 39.
Copyright Springer Nature 2016.

spinneret, a compound droplet is generated, and upon applying
voltage, charges are induced in the droplet. The distribution of
these charges depends on the electrical conductivity of both
the core and sheath solutions, as will be discussed later in the
Section 2.3, “Solutions Properties: Electrical Conductivity”.
When an adequate voltage is applied, the sheath precursor is
stretched, which imposes a viscous drag force on the core
precursor material thus, entraining the core within the sheath.
The entrainment is aided by protruding the inner nozzle out
from the outer nozzle by half of the radius of the outer
nozzle.”” This stretching and entrainment causes a compound
Taylor cone to form from which a compound jet ejects and
subsequently undergoes stretching, whipping instability, and
solidification— just as described in single-nozzle electro-
spinning. However, here in coaxial electrospinning, solid
core—sheath fibers are formed on the collector. The relative
alignment of the inner and outer nozzle affects the entrainment
and, consequently, the resulting fiber morphology, as shown in
Figure 2B.
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During coaxial electrospinning, the core might offset from
the center of the sheath due to a flow instability, such as a
whipping instability (Figure 3A).*"** In extreme cases, the
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Figure 3. Transmission electron micrographs display (A) a single
fiber that has an offset core within a sheath. (B) A core that is not fully
enveloped by the sheath thus, exposing the core to the environment.
(C) A buckled core is visible within a straight thick fiber sheath. Here,
the sheath did not undergo whipping instability, but the core did.
Figure 3A is reproduced with permission from ref 41. Copyright
Elsevier 2005. Figures 3B and C are reproduced with permission from
ref 43. Copyright John Wiley & Sons 2006.

core might be exposed to the environment because it is not
fully enveloped by the sheath (Figure 3B).** In cases where the
core has a higher velocity than the sheath, it is possible that
only the core will undergo whipping instability, which results in
fibers that have a thick sheath and a buckled core (Figure
3C).%

Optimizing the properties of the two precursor solutions is
the key to successfully forming fibers. The outer liquid is
typically a polymeric solution, while the inner precursor does
not need to be; it could be a non-Newtonian suspension of
particles or even a Newtonian liquid. When “nonspinnable”
precursors are employed in the core, they tend to break up into
droplets due to Rayleigh instabilities. Ideally, an elastic sheath
can be used to stabilize the core because it suppresses Rayleigh
instabilities, as well as strain hardens the core during jetting."*
Furthermore, the interfacial tension of core—sheath interface is
low which, in turn, reduces the driving force for Rayleigh
instabilities.**

Numerous modifications have been made to the coaxial
electrospinning setup. While metric syringe pumps are most
commonly used to drive the core and sheath precursors,
numerous studies have employed air/gas pressure’~ or simply
gravity.”’ Modifications in spinneret designs are also common.
For example, Figure 4A shows a setup where a smaller and
larger nozzle (containing the core and sheath precursors,
respectively) were placed perpendicular to each other, and the
collector was held at a fixed distance from the larger nozzle.**
Next, the tip of the small nozzle was inserted into the droplet
at the orifice of the larger nozzle such that a compound droplet
formed, which gave rise to a compound Taylor cone. Figure 4B
displays a core-cut nozzle system in which a core nozzle is cut
short or removed.*® In this system, the enveloping of the core
fluid by the sheath fluid takes place within the sheath nozzle
itself. Other modifications to coaxial electrospinning, include
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Figure 4. Modified coaxial electrospinning setups. Instead of using
two concentrically aligned nozzles, researchers have demonstrated
coaxial electrospinning setups using (A) a smaller nozzle that is
inserted into a larger nozzle perpendicularly, (B) a core-cut setup in
which the core nozzle is shortened or removed, and (C) three
concentrically aligned nozzles to enable three-fluid electrospinning.
(D) A secondary electric field has been applied via a conductive ring
placed between the spinneret and the collector. Figure 4A is redrawn
with permission from ref 45. Copyright AIP Publishing LLC 2006.
Figure 4B is reproduced with permission from ref 46. Copyright
Springer Nature Limited 201S. Figure 4C is redrawn with permission
from ref 49. Copyright American Chemical Society 2013. Figure 4D is
redrawn with permission from ref 50. Copyright John Wiley & Sons
2018.

using a triaxial nozzle for three-fluid spinning*’~*’ (Figure 4C)
and adding a second electric field to extend the polymer chains
along the fiber’s axis™ (Figure 4D).

2. PARAMETERS THAT AFFECT COAXIAL
ELECTROSPINNING

Both single-nozzle and coaxial electrospinning processes are
affected by three major categories of parameters: solution
properties (i.e., elasticity, viscosity, polymer concentration,
electrical conductivity, surface tension), environmental con-
ditions (i.e., humidity, airflow, temperature), and process
parameters (i.e, flow rate, voltage, tip-to-collector dis-
tance).”>> While for single-nozzle electrospinning, only one
precursor solution needs to be optimized; coaxial electro-
spinning typically involves two precursors, and thus, more
parameters are involved. In the following sections, our goal is
to link how coaxial electrospinning is affected by the same
parameters as single-nozzle, yet at times, more complications
arise. We will focus on discussing the most important
parameters, as an extensive study of the effect of all the
parameters is beyond the scope of this review article.

2.1. Solutions Properties: Polymer Concentration. In
single-nozzle electrospinning, when the concentration of
polymer is below the entanglement concentration, electro-
spraying occurs, instead of electrospinning. On the other
extreme, when the concentration is very high, the viscosity
becomes too high for electrospinning to occur because the
Coulombic forces are not able to overcome the viscous forces.
Many reports indicate that within a spinnable regime for
single-nozzle electrospinning, increasing the polymer concen-
tration coincides with an increasing fiber diameter.>” In general
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for coaxial electrospinning, it has been observed that when the
polymer concentration of the sheath precursor is low, the
resultant fibers have a beads-on-a-string morphology due to the
onset of Rayleigh instability, whereas by increasing the polymer
concentration/viscosity of the sheath precursor, the insta-
bilities are suppressed, and smooth fibers are formed.”**
Generally, the overall fiber diameter increases with the polymer
concentration in the sheath precursor”™® (Figure SA);
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Figure 5. The polymer concentrations in the core and sheath
precursor solutions influences the resultant average fiber diameter.
(A) Scanning electron micrographs of poly(t-lactic acid) (PLLA)
fibers coaxially electrospun as a function of sheath polymer
concentration display that their overall diameter increases with
increasing sheath polymer concentration. Scale bars are 10 ym. Figure
SA is reproduced with permission from ref 56. Copyright Taylor and
Francis Group 2006. (B) Left: As the concentration of the core
polymer increases, both the core and the overall fiber diameter
increases. Right: The ratio of the core diameter to the overall diameter
increases as well. Figure 5B is redrawn with permission redrawn using
the data from ref 23. Copyright American Chemical Society 2004.

however, a few exceptions have been demonstrated.”* The
overall diameter of the fibers also increases with the core
polymer concentration,” see Figure 5B. Li et al.”’ reported
that when the polymer concentration in the core was low, the
resultant fibers had round cross sections; upon increasing the
concentration they became ribbonlike. This behavior is
attributed to the difference in volatility and miscibility of
core and sheath solutions, and therefore, in the following

section, we consider in greater detail the interactions of the
two solutions.

2.2, Solution Properties: Miscibility of Polymers and
Solvent. Moghe and Gupta® mentioned that having a low
interfacial tension between the core and sheath is a criteria for
coaxial electrospinning. If the core and sheath solutions are
miscible with each other, then the interfacial tension between
them is negligible. This was investigated by Sun et al.”* using
poly(ethylene oxide) (PEO) in water—ethanol mixtures
containing a different dye concentration in the core and
sheath solutions. A sharp boundary existed between the core
and sheath layers due to the longer polymer/dye diffusion time
scale versus the characteristic electrospinning time scale.
Numerous researchers reported that the coaxial electro-
spinning of miscible solutions resulted in smaller diameter
core—sheath fibers with distinct interfaces due to the negligible
interfacial tension between the solutions.** On the other hand,
a few studies showed that diffusion between the core and
sheath solutions is possible and might even lead to complete
mixing.”>*”*” For example, when Li and Xia™ spun a
polyvinylpyrrolidone (PVP)/ethanol core solution and a
mixture of PVP and a titanium alkoxide/ethanol-acetic acid
sheath solution, despite removing the PVP postproduction,
they generated solid ceramic fibers with high porosities (Figure
6A).

It is possible that the core and sheath solvents are miscible,
while both of the solutes are immiscible. Xin et al.”’ obtained
core—sheath fibers that had a distinct interface between the
core and sheath by using two immiscible polymers, polystyrene
(PS) and poly(p-phenylenevinylene) (PPV), as the core and
sheath, respectively, while the solvents were miscible. On the
other hand, when Li and Xia®® used two immiscible solutes, PS
and a mixture of PVP/titanium alkoxide, as the core and
sheath, respectively, and obtained porous solid fibers after the
polymers were removed. This behavior is attributed to the
miscibility of the core and sheath solvents; because the
solvents were miscible, they diffused into each other and
carried along the PS and PVP. As the solvent evaporated, the
concentration of PS and PVP increased, which caused the
immiscible polymers to phase separate (Figure 6B). In a
third scenario, it is possible that the core and sheath solvents
are miscible, yet the core solute precipitates in the sheath
solvent. Here, researchers suggested that the core—sheath
fibers had a middle layer that contained both the core and
sheath polymers.”” An extreme case is displayed in Figure 6C

PVP in ethanol

PS in DMF and THF

Mineral oil

Figure 6. Miscibility of the core and sheath precursor solutions influences the resultant fiber morphology. Transmission electron micrographs
display fibers coaxially electrospun using the same sheath solution (titanium alkoxide and polyvinylpyrrolidone (PVP) in a mixture of ethanol and
acetic acid) and varied core solutions, including (A) PVP in ethanol, (B) polystyrene (PS) in dimethylformamide (DMF)/tetrahydrofuran (THF),
and (C) mineral oil. (A) When the core and sheath precursors were miscible, the two solutions mixed during electrospinning, and solid fibers were
produced. (B) When the core polymer was immiscible with the sheath polymer, but the solvents were miscible, first there was solution mixing
followed by phase separation of the polymers after the solvents evaporated. The PS rich and PS poor regions inside the PVP-TiO, matrix gave rise
to porous fibers after the PS and PVP were removed. (C) Hollow fibers were obtained when an immiscible core solution (mineral oil) was
employed and removed postspinning. Figures 6A—C are reproduced with permission from ref 25. Copyright American Chemical Society 2004.
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Figure 7. Effect of voltage on coaxial electrospinning. (A) When the voltage is too low (subcritical), the sheath does not entrain the core. By
increasing the voltage within a suitable range of critical voltages, a compound and stable Taylor cone forms. At a supercritical voltage, jet splitting is
observed. Figure 7A us redrawn with permission based on ref 58. Copyright Taylor and Francis Group 2008. (B) The overall fiber diameter
decreases with applied voltage. (C) The overall fiber diameter increases with the flow rate of the sheath. Figures 7B and 7C are replotted with
permission based on data from ref 66. Copyright Elsevier 2016. (D) The core and overall diameters of the fibers increase with the flow rate of the
core. Figure 7D is replotted with permission based on data from ref 41. Copyright Elsevier 2005.

when two completely immiscible solutions are employed, e.g,,
mineral oil core with a polymer solution sheath.>*%¢'~*
Many studies have used a combination of immiscible solutions
to obtain hollow fibers by removing the core,”*”°" as
discussed later along with their applications.

2.3. Solutions Properties: Electrical Conductivity. In
the compound droplet, the distribution of induced charges
depends on the relative electrical conductivity of the core and
sheath precursors. If the sheath precursor is more conductive,
then the induced charges are located at the sheath-air
interface.’> In this case, the sheath is the driving precursor,
and Coulombic forces act on the sheath causing the sheath to
entrain the core.’”®*°® On the other hand, if the core
precursor is more conductive, then it acts as the driving
precursor and drags the sheath along with it. For example,
Loscertales et al.*" obtained droplets of water coated with olive
oil using coaxial electrospraying. Due to insufficient con-
ductivity, olive oil cannot be electrosprayed solo; however,
when olive oil was used as the sheath and a conductive liquid
was the core, electrospraying occurred. Yu et al.** noted that
when the core precursor had a higher conductivity than the
sheath, the electric field might “pull” the core faster than the
sheath, and some fibers might not have a core—sheath
morphology.

2.4. Process Parameters: Voltage. In single-nozzle
spinning, when the applied voltage is further increased
(above the critical voltage), a higher Coulombic repulsion
between charges tends to stretch the jet causing the fiber
diameter to decrease.’”®® On the other hand, as voltage
increases, a larger amount of liquid is pulled toward the
collector, due to an increased electric field, which tends to
increase the fiber diameter.”””’ Depending on which effect
dominates, the diameter may increase or decrease (or even
follow nonmonotonic behavior) with Voltage.71

In the case of coaxial electrospinning, only a small range of
applied voltages yields core—sheath fibers.”® When the voltage
is too low, the jet does not form, and liquid is dripped from the
spinneret”>® (Figure 7A). When the voltage is increased, a jet
ejects from the sheath, but it does not entrain the core
precursor. When voltage is further increased, a stable jet
comprised of both the core and sheath is obtained.’® At even
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higher voltages, more solution is pulled by the electric field
(than supplied by the flow rate) causing the core and sheath
solutions to recede into the spinneret, split up, and form
multiple jets.”**> The specific range of applied voltages that
can be employed for successful coaxial electrospinning depends
on properties of precursor solution and other experimental
parameters. For example, Yao et al.® were able to obtain stable
coaxial jets of rose hip seed oil encapsulated within zein
protein between the applied voltage range of 14 kV and 16 kV,
whereas a voltage range of 7—9 kV was applied to obtain a
polydimethylsiloxane (PDMS) fiber core within a PVP sheath
by Niu et al.”> For the range of successful applied voltages
(where the jet is stable), increasing the voltage results in a
decrease in the core diameter”® and the overall diameter®**®
(see Figure 7B), but the sheath thickness does not appreciably
change.” Higher voltages induce more charges in the polymer
solution and also increase the repulsion forces between charges
which causes the diameter of the fibers to decrease.®

2.5. Process Parameters: Flow Rate. When coaxial
electrospinning, it is especially important to optimize the flow
rate of each precursor solution. In considering the flow rate of
the sheath grecursor, faster rates will increase the overall fiber
diameter®*° (Figure 7C) until an upper limit is reached that
causes the core to segment.zs’%é‘sﬁ3 If the flow rate of the
sheath is too low, the core will not be fully encapsulated***”*
or it will break up into droplets.** If the flow rate of the core is
increased, the thickness of the sheath either decreases™”* or
does not change significantly.”> Moreover, the core diameter
and the overall fiber diameter increase”>*"7>7° (Figure 7D)
due to the higher supply of the core precursor material* and
die-swell (i.e., Barus) effects owing to the extrusion of a
viscoelastic material.”*’® On the other hand, if the core
solution is not viscoelastic, then altering the core flow rate will
not change the overall diameter significantly, because the die-
swell effects will be minimized.””

3. FABRICATION OF HOLLOW FIBERS VIA COAXIAL
ELECTROSPINNING

Hollow fibers have been evaluated for various applications,
including photocatalysis,®”” sensors (for gas,” formalde-
hyde,*” hydrogen,®" ethanol,”* hydrogen peroxide®’), micro-
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Table 1. Select Examples of Sheath and Core Precursors Used to Fabricate Hollow Fibers via Coaxial Electrospinning and

Their Applications”

sheath precursor

PVP + spin-on-glass intermediate solution motor oil

titanium alkoxide + PVP mineral oil

PAN mineral oil

ammonium metatungstate hydrate + PVP + PS colloidal ~ mineral oil
particles

titanium-niobiuam oxide (Ti,Nb,,0,5) + PVP mineral oil

PVP + indium nitride paraffins

PVP + tin chloride dihydrate paraffins

PVP + titanium n-butoxide PVP and/or silver

nanoparticles
polybutylene terephthalate (PBT) + polypyrrole (PPy) PVP
PVDF-HFP PVP
PVP + cobaltous acetate PVP
titanium alkoxide + PVP PEO
titanium alkoxide + PVP PEO
PAN PMMA
PAN or PAN + SAN SAN
ammonium tetrathiotungstate + PAN SAN

PCL + ketoconazole + iron oxide nanoparticles

cupric nitrate + cobalt acetate + PAN PAN

core precursor

dimethyl silicone oil

core removal process applications

. .45
single molecule detection™
55,61,105

calcination

calcination gas sensor; Li-ion batteries

immersion in hexane nanofiltration®

calcination hydrogen sensor®’

calcination anode in lithium ion batteries'*®

calcination formaldehyde sensor®’

calcination ethanol sensor,*” hydrogen peroxide
sensor

calcination photocatalysis’®”’

o . . .84
sonication in water micro solid phase extraction

washed with water water filtration®®
anode in lithium ion batteries'®’

annealed at high

temperature
calcination photocatalysis'*®
calcination lithium-ion batteries'*’
heating lithium-sulfur batteries”"
heating lithium-ion batteries®”~*’

110

two-step heating electrocatalyst

perfuse automatically antimicrobial treatment”*

calcination electrocatalyst for zinc-air batteries”

“Abbreviations: polyacrylonitrile (PAN), polycaprolactone (PCL), poly(ethylene oxide) (PEO), poly(methyl methacrylate) (PMMA), polystyrene
(PS), poly(vinyl alcohol) (PVA), polyvinylpyrrolidone (PVP), poly(vinylidene fluoride-co-hexafluoropropylene) (PVDE-HFP), styrene-co-

acrylonitrile (SAN).

solid phase extraction,®* separation membranes (for nano-
filtration,®” ultrafiltration,®> water puriﬁcationsé), energy
applications (including lithium-ion batteries,”” ~*" electro-
catalysts for zinc-air batteries,”® lithium-sulfur batteries’"),
tissue engineering,g2 single molecule detection,*® and
antimicrobial treatment’* (see Table 1). There are a number
of different techniques—template synthesis,””® self-assem-
bly,”””® emulsion electrospinning,””'*’ and coaxial electro-
spinning”>°" —that can be used to fabricate hollow nanofibers.
Among these methods, coaxial electrospinning provides a
straightforward two-step method to fabricate hollow fibers by
(i) spinning core—sheath fibers and then (ii) extracting the
sacrificial core, which can be nonpolymeric or polymeric.
Commonly used nonpolymeric cores include mineral
0il, 259 olive 0il,*° and silicon oil.'°" PVP is the most
commonly used sacrificial core polymer because it is water-
soluble and degrades at lower temperatures.”***~*® Additional
polymers which have been used as sacrificial cores are
poly(methyl methacrylate) (PMMA),*”" polypropylene car-
bonate (PPC),'”” PEO,*'” polyethylene glycol (PEG),”
polyacrylonitrile (PAN),” and PS."**

The first successful attempts to fabricate hollow fibers via
coaxial electrospinning were made in 2004 by Loscertales et
al’® and by Li and Xia.”® Loscertales et al.*® combined the
sol—gel technique with coaxial electrospinning by using a
tetraethyl orthosilicate (TEOS) sol precursor as the sheath and
olive oil or glycerin as the core. Li and Xia™> obtained hollow
silica fibers and investigated the effect that the miscibility of the
core and sheath had on obtaining hollow fibers (Figure 6), as
discussed in Section 2.2, “Solutions Properties: Miscibility of
Polymers and Solvents”.

The fiber’s core can be removed by dissolution in an
appropriate solvent or by thermal treatment. For example,
mineral oil cores have been removed by immersing the as-spun

,93
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. . . 25,63,64 62
fibers in solvents including octane ** and n-hexane” or by

calcination.”* Similarly, polymeric cores (e.g, PVP) can be
removed by calcination or washing. Bagheri et al.** obtained
hollow polybutylene terephthalate (PBT)/polypyrrole (PPy)
fibers by using PVP as a sacrificial core that was removed by
sonication in double distilled water for 10 min. Similarly, Ou et
al.”® rinsed away a sacrificial PEG core with water to reveal
hollow poly(i-lactic acid) (PLLA) fibers. Pakravan et al.'®’
obtained hollow chitosan fibers by immersing the as-spun
fibers in water for 24 h to remove the PEO core.

For many systems, it is necessary to stabilize the as-spun
core/sheath fibers before removing the core. For example,
Chang et al.”® prepared TiO, nanofibers using PVP as the core
and titanium n-butoxide (TBT) as the sheath. The sheath
precursor was prepared by mixing TBT with PVP, acetic acid,
and ethanol, and the core precursor was prepared by dissolving
PVP in a mixture of ethanol and water. To make sure that the
hydrolysis of TBT was complete, the as-spun fibers were kept
in wet air for 1 h before the PVP core was removed by
calcination in air at 550 °C for 3 h. While the final hollow TiO,
fibers had an overall diameter of ~160 nm, before calcination
the fibers had an overall diameter of 200 nm. The diameter
shrinkage was attributed to the loss of PVP, as well as the
transformation of amorphous TiO, to a crystalline phase.

If the sheath cannot sustain atmospheric pressure, the
hollow fibers have been reported to collapse after core
extraction.®>*® For example, Halaui et al.’¢ observed that
hollow poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP) fibers collapsed and buckled after core removal.
Chan and Kotaki®® obtained hollow PMMA fibers after using
mineral oil as a sacrificial core, which was extracted by socking
the fibers in octane for 12 h. While holding the sheath flow rate
constant (1 mL/h), they observed that when the core feed rate
was 0.4 mL/h, a fraction of hollow fibers collapsed and became
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Table 2. Select Examples of Precursors Used to Fabricate Fibers via Coaxial Electrospinning and Their Release Profile

Biomedical Application”

sheath precursor

PLLA in DMF + chloroform

PLGA + MNA in DMF +
trichloromethane

PLLA in TFE

PCL-PEG + PCL in chloroform
+ methanol

gelatin in water + TFE
PLLCL + gelatin in HFIP

silk fibroin in formic acid

cellulose acetate + gelatin in
acetic acid

PCL in DCM + ethanol
PCL in TFE

PCL

r-PEI-HA PCL in chloroform +
methanol

Nylon6 in formic acid

PLGA in HFIP

collagen + silver NPs in HFIP

PEO in water mixed with

core precursor

tricalcium phosphate nanoparticles + PLLA

in DMF + chloroform
NAR + PVP in ethanol + DMF

cefotaxime sodium in water

basic fibroblast growth factor (bFGF) in
PVA

MNA + PCL in TFE

EGF + insulin + hydrocortisone + retinoic
acid + BSA

PVA + rosuvastatin in formic acid
PEG + amoxicillin

BSA in water
dipyridamole (DIP) + PCL in TFE

fibroblast growth factor (FGF-2) + BSA +
PEO

pDNA + PEG in water

ampicillin + ethanol mixed with PMMA +
chloroform

nerve growth factor + PEG in water

PCL + vitamin A palmitate in DCM

silk + collagen + PEO + vancomycin

release profile

sustained release for long time; no burst
release

burst release of both NAR and MNA;
sustained release for NAR

biphasic drug release

different release profiles

biphasic

no burst release

biphasic

no burst release

initial-burst release

biphasic

triphasic

initial-burst release (4 phases)
three-stage releases

initial-burst release followed by sustained

release

initial-burst release followed by sustained
release

first order followed by Fickian diffusion

application
. . . 114
bone tissue engineering

. . . 115
guided tissue regeneration

antimicrobial

. . 136
diabetic ulcers

; : . 137
guided tissue regeneration

wound healin% for skin tissue
. . 38
engineering

. - 139
enhancmg osteogenems

. . 140
gastrointestinal tract

. . . 141
tissue engineering

antiplatelet treatment to reduce risk of
the stroke

promoting fibroblast groliferation for
tissue regenerationl 3

. o 144
tissue engineering

. . 1145
antibacterial

. . 146
peripheral nerve regeneration

147
wound dressing

wound healing 148

flurbiprofen in ethanol

PCL in DCM + DMF vancomycin hydrochloride + PVP +

graphene oxide in water + DMF

biphasic release

.. . 1149
antimicrobial"*

“Abbreviations: bovine serum albumin (BSA), dichloromethane (DCM), dimethylformamide (DMF), epidermal growth factor (EGF),
hexafluoroisopropanol (HFIP), metronidazole (MNA), naringin (NAR), polycaprolactone (PCL), polyethylene glycol (PEG), poly(ethylene
oxide) (PEO), poly(L-lactic acid) (PLLA), poly(v-lactic acid)-co-poly-(e-caprolactone) (PLLCL), poly(lactic-co-glycolic acid) (PLGA), poly(vinyl
alcohol) (PVA), polyvinylpyrrolidone (PVP), tetrafluoroethylene (TFE), tetrahydrofuran (THF).

ribbonlike after the core was removed. The collapse was
attributed to the failure of the PMMA sheath to support the
small hollow interior. However, when the core rate was
increased to 0.6 mL/h, the hollow fibers had a tubular cross
section.

The core removal processes can be used to simultaneously
change the physical and chemical properties of the fibers. For
example, when as-spun fibers that had a sheath of amorphous
titanium alkoxide were calcined, not only was the core
removed but also the sheath was converted to the anatase
crystalline phase of TiO,.”>***”® By using a blend of
polymers in the sheath solution and selectively removing one
of them (while the core was simultaneously removed), hollow
fibers with porous walls can be obtained.”*'%® For example,
improved catalytic activity was observed after Zhang et al.'*®
fabricated hollow nanofibers that were porous after calcination.
Di et al.” coaxially spun hollow zeolite fibers using a mixture
of silicate-1-nanoparticles and PVP as the sheath precursor
solution and paraffin oil as the sacrificial core. The addition of
PVP in the sheath was necessary as silicate-1-nanoparticles
alone are not electrospinnable; after calcination, the core layer
as well as PVP were removed. The researchers noted that if the
amount of sacrificial sheath PVP was too high, then the porous
walls would collapse after polymer removal.

Another chemistry that benefits from undergoing high
temperature processing is hollow carbon fibers (HCNFs) or
hollow carbon fibers with porous walls (PHCNFs), which are
envisioned for energy applications.”® Many studies obtained

54

HCNFs and PHNCFs based on PAN by stabilizing a PAN
sheath at lower temperatures followed by carbonization at high
temperature.™>*’~*Y1% In one example, Zussman et al.*®
obtained HCNFs by using PAN as the sheath and PMMA as
the sacrificial core; the PAN sheath was stabilized at 250 °C in
air and then carbonization occurred at 1100 °C in an inert-
nitrogen environment. Diaz et al.'”? obtained PHCNFs by
using PPC, which degrades at a much lower temperature of
~200 °C, as a sacrificial core layer and a blend of PPC and
PAN as the sheath layer. Lee et al.”” noted that core materials,
which degrade at lower temperatures (such as PMMA or
mineral oil), will be removed before the PAN sheath can be
stabilized, causing the hollow fibers to collapse. Hence, Lee et
al.¥™* used styrene-co-acrylonitrile (SAN) as the core
precursor and PAN or PAN/SAN as the sheath to obtain
HCNFs or PHCNFs, respectively. PHCNFs have better
electrochemical performance than HCNFs because the
presence of the pores improves the charge transfer at the
electrolyte-electrode interface.”® PHCNFs have been demon-
strated to have an initial capacity and reversible capacity of
1003 mAhg ™" and 61.8%, respectively, while HCNFs have 653
mAhg™" and 53.9%, respectively.™

In a straightforward manner, coaxially electrospun hollow
and porous fibers have been functionalized using nanoparticles,
enzymes, or other molecules to improve their application
potential.”"”>'"" Chang et al.”® deposited silver nanoparticles
onto the inner surface of TiO, hollow fibers by using a mixture
of PVP and silver nanoparticles as the core and a mixture of
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titanium n-butoxide and PVP as the sheath solution. The
resulting core—sheath fibers were calcined which resulted in
hollow and porous fibers coated with silver nanoparticles. The
charge transfer efficiency of such TiO,-metal composites was
improved due to a shift in the Fermi level to a more negative
potential, and their photocatalytic activity was enhanced
compared to nonfunctionalized hollow TiO, fibers. Hollow
TiO, fibers whose inner surface was independently function-
alized with iron oxide nanoparticles were demonstrated by Li
et al°' by adding a sacrificial oil-based ferrofluid to the core
liquid that functionalized the inner surface of the nanofibers
during calcination.

3.1. One-Step Coaxial Electrospinning of Hollow
Fibers. It is also possible to obtain hollow fibers using a
one-step coaxial electrospinning process.””''>'"* Dror et al.'"
observed that as-spun fibers were hollow when a polycapro-
lactone (PCL) sheath and PEO core were coaxially spun. The
PEO deposited as a thin inner coating on the PCL sheath
leaving a hollow center. Here, the sheath polymer was not
soluble in the core solvent, and thus, it precipitated when they
made contact. Also, during electrospinning, the sheath solvent
evaporated much faster, and therefore, the sheath solidified
before the core (thus, a wet core was surrounded by a solid
sheath). As the evaporation of the core solvents occurs, the
volume of the core decreases and either (i) the core will form a
solid detached tube from the sheath or (ii) the core will adhere
to the inner surface of the sheath if the core polymer tends to
wet the sheath; for example, PEO wets PCL. Hence, two
immiscible polymeric precursor solutions with more volatile
sheath precursors lead to as-spun hollow fibers if the wetting
properties are adequate. Similarly, when Na et al.'"® used
polyvinylidene fluoride (PVDF) dissolved in an acetone/
dimethyl sulfoxide (DMSO) mixture and poly(vinyl alcohol)
(PVA) dissolved in an ethanol/DMSO mixture as the sheath
and core, respectively, coaxial electrospinning resulted in
hollow as-spun fibers because PVDF is not soluble in ethanol.
The limitation of this process arises from the strict solvent
selection restrictions.

4. ENCAPSULATING CARGO USING COAXIAL
ELECTROSPINNING ENABLES APPLICATIONS

Coaxial electrospinning is a facile method to encapsulate a
wide variety of cargo into large area textiles. Drugs, proteins,
and living cells can be delivered from biocompatible polymers
for tissue engineering,''*'"> controlled drug delivery,"'® and
antibacterial applications®* (see Table 2). Self-healing polymer
coatings and self-repairing cracks''’ "' can also be achieved
by well-designed core—sheath fibers. Phase-change materials
(PCMs),"**~"*” nanoparticles,'*” and liquid crystals'*”"'*" have
also been encapsulated and explored for thermal energy
storage, battery applications, and basic scientific investigations.
Previous review papers have thoroughly described the use of
coaxially electrospun nanofibers for biomedical applica-
tions,"”' ~"** so we will only briefly touch on those
applications. In the following sections, we will highlight
specific applications achieved by encapsulating active agents
within coaxial fibers.

4.1. Biomedical Applications. When single-nozzle
electrospinning is used for drug encapsulation, a blend of
drug and polymer is often used as the precursor solution,
which dictates that they must be adequately miscible and that
the solvent should not degrade the drug (Figure 8A). Coaxial
electrospinning avoids these issues because generally the drug
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<= Polymer
Cargo

Figure 8. Encapsulation of cargo via (A) single-nozzle and (B) coaxial
electrospinning. (A) In single-nozzle electrospinning, the encapsu-
lated material is blended with an electrospinnable polymeric solution.
(B) In coaxial electrospinning, the encapsulated cargo can be placed
in the core to mitigate contact with sheath solvents.

is incorporated in the core via a compatible solvent, and a
different solvent can be employed for the sheath'*® (Figure
8B). Due to the fast electrospinning process, the sheath
solvent, even if incompatible with the drug, does not typically
affect the drug’s performance. Another advantage of releasing
drugs from the core of core—sheath fibers is that the sheath
decreases the diffusion rate, and a sustained drug delivery can
be achieved;''* this opposes the initial-burst release common
in single-nozzle electrospun fibers.'>" For example, He et al.">’
fabricated aligned core—sheath fibers that were comprised of
the antibiotic tetracycline hydrochloride (TCH) as the core
and the biodegradable FDA-approved polymer PLLA as the
sheath. The resulting core—sheath fibers exhibited a sup-
pressed initial-burst release and released 22.9% of the TCH
over 144 h versus the single-nozzle electrospun blended TCH/
PLLA fibers that released >30% within 8 h. In another study,
by encapsulating either the antioxidant Resveratrol or the
antibiotic Gentamycin sulfate into the nontoxic polymer PCL,
using coaxial electrospinning, Huang et al."*” eliminated the
initial-burst release of both drugs. Ji et al.'>’ encapsulated
bovine serum albumin (BSA) protein and BSA-PEG blend in a
PCL sheath via coaxial electrospinning. A single-nozzle
electrospun blend of BSA-PEG fibers was prepared as a
control. They reported that all three fibers had a similar initial-
burst release but that the cumulative release by week 5 was
slowest from the core-sheath fibers (~50% release) and fastest
from the blended fibers (~70% release).

Varying the sheath properties, such as hydrophobicity,
degree of cross-linking, and thickness, will affect the release
profile.">* Moreno et al.">* encapsulated the enzyme lactate
dehydrogenase inside a cross-linked PVA sheath that was
stable after being immersed in water for 3 days. A faster release
of an anti-HIV drug named maraviroc was achieved by Ball et
al."*® when a lower surface tension media was employed
because the fibers were wet efficiently. Notably, the pH value
of the release media affects the release rate; it was slower in a
basic medium compared to acidic. This behavior is attributed
to the fact the deionization of maraviroc depends on the pH
value, and it becomes hydrophobic above a pK, of 7.8.

By loading drugs with varying hydrophilicities in different
layers of core—sheath fibers, optimized release profiles can be
achieved for each compound. For example, He et al.'"> loaded
naringin (NAR), a hydrophilic compound that promotes tissue
regeneration in the core, and metronidazole (MNA), a
hydrophobic antibiotic that works well against anaerobic
bacteria in the sheath layer of their fibers. The MNA in the
sheath released faster than the NAR, which exhibited a
sustained release; these fibers inhibited bacterial infections
while also promoting MC3T3-E1 cell growth and guided tissue
regeneration. The antibacterial efficiency of fibers was assessed
against Fusobacterium nucleatum using the Kirby-Bauer
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method. As the concentration of MNA in fibers increased, the
zone of inhibition also increased (Figure 9).

A) B)

Figure 9. Antibacterial activity of core—sheath fibers containing
metronidazole (MNA) in the sheath layer and naringin (NAR) in the
core layer. As the concentration of MNA increases, the zone of
inhibition increases. (A) Control core—sheath fibers that do not
contain any drugs. (B) Fibers electrospun from the sheath precursor
containing 0.2 w/v % MNA and the core precursor containing 0.7 w/
v% NAR. (C) Fibers electrospun from the sheath precursor
containing 0.4 w/v % MNA and the core precursor containing 1.5
w/v% NAR. Figures 9A—C are reproduced with permission from ref
11S. Copyright Elsevier 2018.

Encapsulation of living cells is important for tissue
regeneration, microbiome, and gene delivery."*>'*° Town-
send-Nicholson and Jayasinghe'®” encapsulated immortalized
human astrocytoma (cell line 1321N1) within PDMS fibers.
After coaxial spinning, ~67% of the cells were viable, compared
to the ~70% cell viability that was demonstrated when the
precursor solutions were passed through the coaxial spinneret
without applying any voltage. Also in PDMS fibers, Jayasinghe
et al.'*® encapsulated a starting concentration of up to 10’
cells/mL of primary porcine vascular smooth muscle cells
(PASMCs) or rabbit aorta smooth muscle cells (RASMCs)
and observed their long viability.

4.2. Energy, Environment, and Industrial Applica-
tions. Due to their thermal energy storage ability, phase
change materials (PCMs), such as paraffin and natural wax, are
attractive high-performance materials that can absorb energy as
latent heat and then release it slowly during solid-to-liquid or
liquid-to-gas phase transitions."”*”"”” PCMs need to be
encapsulated, which can be accomplished by interfacial

158,159 . 160 .
polymerization, coacervation, -~ or other techniques, to
protect them from the environment and to avoid leakage
during phase-transitioning. Notably, coaxial electrospinning
provides a straightforward method to encapsulate PCM into
continuous fibers."**”"*” McCann et al.'** encapsulated a
hydrocarbon-based PCM named octadecane in TiO, fibers via
coaxial electrospinning. To investigate their insulating capacity,
a glass vial containing water was heated to 60 °C and then
cooled to 4 °C. A noncovered glass vial cooled in 7 min;
however, when covered with octadecane-TiO, fibers, the
cooling time was 16 min (Figure 10). Hu and Yu'??
encapsulated soybean wax, a biobased PCM, in polyurethane
(PU) and observed that the thermal enthalpy of the composite
fibers increased. When Van Do et al.'"** and Rezaei et al.'*°
used PEG as a PCM inside PVDF and cellulose acetate (CA)
coaxial fibers, respectively, they demonstrated good thermal
stability and energy storage capacity.'>*'** PCMs encapsulated
inside hydrophobic sheaths have exhibited an increased
stability in a moist environment.'*> Lu et al."*’ incorporated
hexagonal cesium tungsten bronze nanoparticles in a core
paraffin wax layer to improve the efficiency of solar energy
absorption.

Silicon (Si) is one of the most promising anode materials for
lithium-ion batteries due to its high theoretical capacity.'”*
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Figure 10. Heat-storage efficiency of core—sheath fiber mats
containing PCMs. Glass vials were heated to 60 °C and then allowed
to cool down to 4 °C. Without insulation, cooling took 7 min (black
curve); however, when the glass vial was fully wrapped with a core—
sheath fiber mat containing PCMs, the glass vial took 16 min to cool
down (blue curve). Figure 10 is redrawn with permission based on
data from ref 122. Copyright American Chemical Society 2006.

However, it has a short life cycle due to many reasons,
including the pulverization of Si caused by built-up stresses
that are attributed to the expansion and shrinkage of Si volume
during cycling. Therefore, nanostructured Si exhibits improved
life cycle as it has better stress relaxation due to its small size.
However, challenges in producing large-scale nanostructured Si
has prevented its use as an anode in Li-ion batteries. Coaxial
electrospinning can be implemented for large-scale production
of coaxial fibers in which Si nanoparticles are encapsulated by
PAN sheath which can be carbonized later.'** The resulting
nanoparticle embedded carbon fibers show outstanding
electrochemical performance, and their cé?rcling capacity does
not decay significantly for many cycles."

Fertilizers, when encapsulated within a biodegradable
polymer, can be controllably released, thus avoiding soil
pollution and any harmful effects to plants. Kampeerapappun
and Phanomkate'®" encapsulated a mixture of fertilizer and
polylactic acid inside polyhydroxybutyrate fibers via coaxial
electrospinning. As the flow rate of the core increased, the
sheath thickness decreased, which increased the release rate of
the fertilizer. The fiber mats released all of the fertilizer within
1 month and completely biodegraded within 3 months.

The ability to repair small cracks, maintain structural
integrity, and improve the lifespan of a structure is highly
desirable and has been demonstrated using self-healing
materials that include polymers and elastomers, as well as
metals and ceramics.'®> The most common method involves
encapsulating the healing agent inside carriers (capsules'®> or
nanofibers''"~"*"), which are dispersed in a matrix material.
When a crack propagates, the matrix material breaks causing
the healing agents to contact a catalyst or curing agent, which
heals the crack due to polymerization or cross-linking (Figure
11). Due to their small size and large network, nanofibers are
considered a better approach than bulky capsules (~10 pm),
which also can reduce structural stability.''”"*

5. COAXIAL ELECTROSPINNING FROM
NONSPINNABLE PRECURSORS

Coaxial electrospinning enables fiber formation from numer-
ous precursors that are considered “nonspinnable”, including
Newtonian solutions, low molecular weight/low viscoelasticity
polymer solutions, polymeric solutions below the entangle-
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Figure 11. Fabrication of self-healing materials via coaxial electro-
spinning. (A) The cure and resin are encapsulated simultaneously or
sequentially in different fibers via coaxial electrospinning. (B) When a
crack propagates, the cure and resin are released from the core—
sheath fibers and react with each other leading to curing or
polymerization of resin that causes the crack to heal. (C) A cold-
rolled steel surface was coated with fibers that contained healing
agents and compared to a control surface (no fiber coating). The
surfaces were cut using a razor blade and immersed in salt water for
120 h before being stored for 3 months. After 3 months, the coated
sample resisted rusting indicating the self-healing capabilities of the
fibers. Figure 11C is reproduced with permission from ref 117.
Copyright John Wiley & Sons 2010.

ment concentration, and liquid polymers including elastomers.
The nonspinnable precursor is fed as the core precursor, and a
traditionally spinnable solution is used as the sheath precursor
which entrains the core due to viscous drag. The core is
stabilized by the presence of the sheath due to strain hardening
and lower interfacial tension which suppresses Rayleigh
instabilities and eliminates beads-on-a-string morphology.**
Hence, core—sheath nanofibers are obtained, and if desired,
postprocessing (i.e., physical or thermal treatment) can be
used to stabilize the core and/or remove the sheath. For
example, Sun et al.*” successfully fabricated fibers from the
nonspinnable material palladium acetate, as well as from the
low molecular weight polymer poly(dodecylthiophene), by
using polylactic acid (PLA) and PEO as the sheath templates,
respectively.

The range of spinnable polymer concentrations is also
expanded using coaxial electrospinning. For example, in single-
nozzle electrospinning, gelatin/tetrafluoroethylene (TFE) does
not electrospin at a 2.5 wt % concentration, produces beaded
fibers at S wt %, and does not form fibers at 12.5 wt %.'®
However, when gelatin/TFE was used as a core solution with
PCL/TEFE as a sheath, the concentration of spinnable solutions
ranged from 2.5 wt % to 20 wt %, and the beads-on-a-string
morphology typically observed at lower concentrations was
mitigated as the viscoelastic sheath suppressed the Rayleigh
instability.'®® Similarly, using coaxial electrospinning, smooth,
cylindrical fibers can be obtained from 3 and S wt % PAN by
using poly(acrylonitrile-co-styrene) (PAN-co-PS) as a sheath
template which was later removed;** without the sheath, fibers
could not form, and beaded fibers resulted from 3 and 5 wt %
PAN solutions, respectively.
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PDMS fibers are desirable because the polymer elastomer
has vast applications in microfluidics,'** medicine,'*>'*® and
sensors>’ due to its inert, nonflammable, nontoxic, biocompat-
ible, and gas-permeable’” nature. Unfortunately, single-nozzle
electrospinning of any liquid polymer is challenging, because
the process relies on solvent evaporation.'”” By coaxially
electrospinning PDMS/cross-linker as the core precursor and a
traditionally “electrospinnable” sheath precursor, stable PDMS
fibers can be obtained post-cross-linking; if desired, the sheath
can be removed.’”’>'**7'7° Coaxial electrospinning also
provides an easy method to tune the properties and functions
of PDMS fibers. For example, magnetically charged elastic
fibers appropriate for sensing applications can be fabricated by
mixing magnetic nanoparticles into the PDMS precursor
solution.'® Similarly, PDMS fibers can be used as oxygen
sensors for cancer cell research or engineered tissue growth by
adding a probe, such as tris(4,7-diphenyl-1,10-
phenanthroline)ruthenium(II) or Ru(dpp).*

Nanofibers comprised of conjugated polymers can advance
the field of nano- and microelectronics due to their electronic
and optical properties which results from their conjugated 7-
bonds along the backbone. Organic solar cells or photovoltaics
based on conjugated polymers, such as poly(3-hexylthiophene)
(P3HT) mixed with an electron acceptor named [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM), have attracted a great
deal of attention.””'”! Unfortunately, electrospinning con-
jugated polymers is difficult because of their insufficient chain
entanglement and their limited solubility in most solvents.””*”
Single-nozzle spinning of conjugated polymers can be enabled
by adding a linear carrier polymer, such as PEO; however,
finding a common solvent which dissolves both the carrier and
the conjugated polymers is challenging; and the conductivity of
resulting fibers is significantly reduced due to the carrier
polymer. Coaxial electrospinning enables the fabrication of
nanofibers from conjugated polymers, including poly[2-
methoxy-5-(2-ethylhexyloxy-1,4-phenylenevinylene] (MEH-
PPV), and a blend of conjugated polymers such as MEH-
PPV and P3HT.”” Sundarrajan et al.*’ and Bedford et al.'”"
have fabricated P3HT:PCBM nanofibers by using an electro-
spinnable polymer, ie., PVP or PCL, as a sacrificial sheath
layer. By depositing the P3HT:PCBM fibers on a bulk
heterojunction, Bedford et al.'”' devices had an improved
power conversion efficiency.

6. COAXIAL ELECTROSPINNING OF NONSPINNABLE
SHEATH SOLUTIONS

There are two additional modifications to the conventional
coaxial apparatus that capitalize on using “nonspinnable”
sheath solution”®'”* to enable fiber formation, which we will
refer to as electroblowing and liquid-assisted electrospinning
(LAES). In electroblowing, which is sometimes called gas-
assisted electrospinning, a gas is fed through the outer nozzle
of the coaxial spinneret,”"”174 and resulting fibers are single-
layered as would have been obtained via single-nozzle
electrospinning. In LAES, the sheath precursor is a non-
electrospinnable liquid'”* such as a pure solvent or mixture of
solvents,' /771" 3 salt solution,'®*'® and a surfactant
solution'*>'®” (Figure 12) and also results in single-layered
fibers. However, LAES has been extended to include other
nonspinnable liquids such as a dilute polymeric solutions'*" as
sheaths, and in this case, the resulting fibers are core—sheath.
The presence of a gas or solvent is helpful when working with
high viscosity precursor solutions that tend to clog the nozzle,

https://dx.doi.org/10.1021/acsami.0c17706
ACS Appl. Mater. Interfaces 2021, 13, 48—66


https://pubs.acs.org/doi/10.1021/acsami.0c17706?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c17706?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c17706?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c17706?fig=fig11&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c17706?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

A) Conventional coaxial electrospinning

Any solution

Polymeric solution

B) Electroblowing

Polymeric solution
Gas

C) Liquid-assisted electrospinning

Polymeric solution

Solvent or nonspinnable precursor

Figure 12. Schematic displaying the differences between (A)
conventional coaxial electrospinning, (B) electroblowing, and (C)
liquid-assisted electrospinning (LAES) setups. (A) In conventional
coaxial electrospinning, the inner nozzle generally protrudes out from
the outer nozzle, and the flow rate of the sheath should be higher than
the core to facilitate core encapsulation. The sheath precursor is
required to be electrospinnable. (B) In electroblowing, the sheath
precursor is a gas. (C) In LAES, the inner nozzle sits within the outer
nozzle by at least 1 mm. The flow rate of the core precursor is higher
than the flow rate of the sheath, which can be a nonspinnable solvent
or a dilute polymer solution.

and it also improves the quality of the fiber morphology (i.e.,
continuous and smooth fibers).

Notably, the mechanism of electroblowing is very different
from LAES. In electroblowing, due to the flow of the gas, there
is an additional shear force acting on the polymer jet. Upon
applying a voltage, the induced charges migrate to the gas—
liquid interface, and thus, the liquid is pulled toward the
collector by the electric field, as well as by shear forces. In
contrast, during LAES the induced charges migrate to the
core—sheath interface or to the sheath’s surface depending on
the relative electrical conductivity of the core and sheath
precursors. Moreover, during LAES, the sheath solution
continuously evaporates thus making this process more
complicated than electroblowing. Nonetheless, both modified
processes have been successfully used to obtain smooth and
uniform nanofibers. The benefits of electroblowing and LAES
can also be transferred to multilayered fibers by using a triaxial
nozzle (where the outermost nozzle delivers the ga5189 or
solvent'”). In the sections below, notable examples of
electroblowing and LAES will be provided.

6.1. Electroblowing. Electroblowing combines electro-
spinning with melt blowing by attaching an air or gas blowing
unit to a single-nozzle electrospinning setup'”' or by flowing a
gas through the outer nozzle of a coaxial spinneret.'””'”* In
coaxial electroblowing, due to the gas flow acting on the jet,
there is a shear force in addition to the forces t;;pically present
during single-nozzle electrospinning.'”*"**~*** Importantly,
due to additional drag force from the gas flow, more liquid is
pulled into the jet, the feed rate of the polymer solution can be
increased, and the Taylor cone is stabilized to facilitate a ~10
times greater froduction of fibers than single-nozzle electro-
spinning,'”>"'”® Typically, electroblown fibers are smaller than
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those obtained from single-nozzle electrospinning,'”* and the
diameter further decreases as the gas flow rate in-
creases.”” "'*»'”? This is especially true at lower voltages
because the jet diameter, and consequently, the contact area, is
larger which leads to higher shear forces.”* On the other hand,
at higher applied voltages, single-nozzle electrospinning results
in smaller diameters, and hence, the effect of the gas-induced
shear force decreases as the voltage increases.'”* Many studies
have reported that the flow of gas or dry air aids in evaporating
the solvent from the precursor solution.'”*'*” For example,
when Liu et al."”® employed a low flow rate of nitrogen gas, the
solvent did not fully evaporate, and an interconnected mesh of
fibers was obtained on the collector. However, at increased gas
flow rates, evaporation from the core precursor increased
which reduced the number of interconnected junctions
significantly (Figure 13). However, contradicting results,
including a lower evaporation of solvent in the presence of
gas has also been reported.'””

Figure 13. Scanning electron micrographs display the effect that the
gas flow rate used during electroblowing has on fiber morphology. (A)
At a lower gas flow rate of 2.5 L/min, the fibers are interconnected or
weblike, whereas (B) at an increased rate of 10 L/min, the number of
interconnected junctions significantly decreases. The scale bars are 10
um. Figure 13A and 13B are reproduced with permission from ref
196. Copyright Springer International Publishing AG 2009.

By supplying nitrogen gas saturated with dichloromethane
(DCM) through outer nozzle, Larsen et al.'”? avoided
spinneret clogging and obtained continuous PLA fibers. The
flow of saturated gas might have allowed the core precursor to
undergo Rayleigh instability by 1prolonging the core solid-
ification process. Balogh et al.'”® failed at single-nozzle
electrospinning nanofibers from a drug (diclofenac sodium)
using a carrier named 2-hydroxypropyl-B-cyclodextrin
(HPSCD) dissolved in ethanol due to the nozzle clogging
from the high volatility solvent. Switching to an ethanol/
dimethylformamide mixture slowed the evaporation rate, yet
only discontinuous and/or beaded fibers were fabricated.
However, when the researchers used a coaxial spinneret
featuring an outer nozzle that blew air, continuous fibers were
obtained. The additional elongational force from the air flow
through the outer nozzle of a coaxial spinneret enabled
Zhmayev et al."”” to overcome the cohesive forces to reduce
the agglomeration of nanoparticles in polymeric fibers
compared to those spun using a single-nozzle system. The
fibers” potential as an anode in Li-ion batteries exhibited a 25%
increase in current rate capacity compared to fibers obtained
via single-nozzle electrospinning. Paajanen et al.**’ used
electroblowing to fabricate zirconium oxide fibers; compressed
air was advanced via the outer nozzle, and the inner precursor
solution was a blend of PVP and zirconyl chloride octahydrate.
The as-electroblown fibers were calcined at different temper-
atures to control their morphology and crystallinity. Fibers that
were calcined at 500 °C had the highest content of the

https://dx.doi.org/10.1021/acsami.0c17706
ACS Appl. Mater. Interfaces 2021, 13, 48—66


https://pubs.acs.org/doi/10.1021/acsami.0c17706?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c17706?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c17706?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c17706?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c17706?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c17706?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c17706?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c17706?fig=fig13&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c17706?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

tetragonal crystalline phase and exhibited the highest
antimonate uptake and adsorption capacity demonstrating
their potential to be used to remediate industrial wastewater.

6.2. Liquid-Assisted Electrospinning (LAES). LAES has
a few advantages over single-nozzle electrospinning. While high
polymer concentration (and in-turn high viscosity) precursor
solutions clog single-nozzle electrospinning spinnerets, in
LAES, clogging is inhibited because the sheath solvent first
works as a lubricant before it slows down the core solvent
evaporation rate, which mitiégates the formation of a solid skin
at the droplet surface.'”>'”*'”” LAES increases the range of
polymer concentrations that can be spun.'”>'”® For example,
while fibers are not spinnable from very high concentration
precursor solutions, including 35% w/v PVP/ethanol (MW =
360 kg/mol)ln’176 or 30% w/v Eudragit L-100/ethanol (MW
= 135 kg/mol),'”” LAES has been demonstrated to spin these
solutions into small diameter fibers. In fact, much finer fibers
are formed using LAES, because the process slows the
evaporation of the core liquid to allow the jet to stretch
more and undergi{o more rounds of whipping instability before
solidification.'”>"7¢~!7?

Of course the volatility and miscibility of core and sheath
should be considered. The volatility determines how long the
core precursor remains in a liquid state.'”® If the sheath is too
volatile, then it defeats the purpose of using LAES because the
sheath evaporates too quickly. If the sheath solvent volatility is
low, then enough time is granted for the jet to undergo
whipping instability. The stretching of the core during
whipping instability is supported by the elasticity of the core.
However, because nonelastic sheath materials cannot stretch,
the sheath breaks up into multiple segments. If the sheath
solvent is miscible with the core, then local mixing of the
sheath and core results in an uneven polymer concentration,
and a wide distribution of fiber diameters is obtained.'”>"”%'”?
Additionally, if the polymer concentration in the segments falls
below the entanglement concentration due to mixing, those
segments will have beads. In extreme cases, the solvent in the
core might not evaporate until the fibers reach the collector.
To obtain smooth and uniform fibers, the sheath solvent
should evaporate before the onset of the second round of
whipping instability.'”®

If the sheath material has a high electrical conductivity, then
the amount of charge induced is high, which increases the
Coulombic repulsion between the charges and further stretches
the jet, thus the fibers have a thinner diameter."**'®> In
contrast, if the jet is pulled faster toward the collector by the
electric field (which allows the sheath material to retain for
multiple rounds of whipping instability), then the fibers are
typically uneven and have a larger diameter.'”®"®* The effect of
applied voltage was studied by Zhou et al.”°" who observed
that by increasing voltage, the height of the Taylor cone
decreased, while the half angle of the cone increased. Also, the
length of the straight jet (before the onset of bending
instability) decreased with voltage.”"!

Unlike conventional coaxial electrospinning, in LAES, the
flow rate of the sheath is lower than that of the core.***”* As
the flow rate of the sheath increases, the onset of whipping
instability becomes quicker, i.e, whipping instability starts
earlier, and the length of the straight jet decreases.'””
Additionally, the envelope cone of whipping instability
becomes wider.'”” The diameter of the fibers decreases with
the increasing sheath flow rate because the jet remains in a
liquid state for a longer time.'”>'”” When the flow rate of the
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sheath is high (close to the core flow rate), the sheath breaks
into segments and gives rise to fibers with nonuniform
diameters.'””

The LAES process produces bead-free fibers from precursor
solutions, because the Rayleigh instability is suppressed as the
surface tension of the core—sheath interface is lower than the
liquid—air interface in single-nozzle electrospinning. Surfactant
can also be added to decrease the surface tension and apparent
viscosity, while increasing the conductivity, all of which result
in thinner fibers. However, the same changes increase the rate
of evaporation of the solvent and therefore might cause the
fiber diameter to increase.'*>'*’

LAES has many applications because in one step, a
functional coating can be applied to the outer surface of
fibers,'® like a coating of silver nanoparticles can improve the
performance of antimicrobial wound dressings™” or water
treatment membranes.”” Hydrophilic PVP nanofibers have
been coated with stearic acid to improve their moisture
resistance for use in long-term storage applications.””* As
discussed in Section 4.1 “Biomedical Applications”, a burst
release effect can be avoided by fabricating core—sheath
nanofibers containing drugs in the core using conventional
coaxial electrospinning; however, that requires the sheath
material to be spinnable. In contrast, LAES produced
nanofibers can have nonspinnable sheaths encapsulating the
drugs in the core, and this geometry will also mitigate a burst
release.””>*°° One example of this is when Yu et al.”*° used a
mixture of a ketoprofen and zein protein as the core and a
dilute zein solution as the sheath to obtain nanofibers with a
thin coating of zein, which showed a linear drug release profile
without any burst release effect.””

A)| PCL-only fiber mat~125°  B)

Coaxial fiber mat ~ 158 ©

Figure 14. (A) A Teflon AF sheath enabled a fiber mat with a 158°
superhydrophobic contact angle, whereas the PCL-only fiber mat had
a water contact angle of 125°. (B) The gelatin-only fiber mat hydrated
upon immersion in water, whereas (C) the fibers comprised of a
gelatin core and a Teflon AF sheath did not absorb water. Figures
14A—C are reproduced with permission from ref 210. Copyright
American Chemical Society 2009.

Nonspinnable or hard-to-spin precursors, such as Teflon,
zein, and chitosan, can be processed as the sheath material
using coaxial spinning featuring spinnable precursors as the
core. Chitosan is a biodegradable and biocompatible polymer
that is of 7particular interest due to its antimicrobial
properties.””” However, chitosan is difficult to electrospin in
aqueous solutions due to its hi%h viscosity at low polymer
concentrations.””” Nguyen et al.”"*® obtained chitosan fibers
from a 4 wt % precursor solution by using PLA as the core and
observed that these core—sheath nanofibers completely
inhibited the growth of Escherichia coli (E. coli) for 12 h.
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Similarly, when Kalwar et al.”>” used PCL as a core layer and

chitosan/silver nanoparticles as the sheath, the fibers had
strong antibacterial properties against E. coli and Staphylococcus
aureus.

Superhydrophobic fibers that have a water contact angle
greater than 150° are important for many industrial textile
applications due to their self-cleaning properties.”'’ While
Teflon fabrics could provide superhydrophobicity, the
amorphous fluoropolymer (Teflon AF) is not electrospinnable
due to its low dielectric constant that Igrevents the induction of
sufficient charges. Han and Steckl,”’ as well as Muthiah et
al,”'" were able to obtain superhydrophobic mats via coaxial
electrospinning by using Teflon AF as the sheath and PCL and
PVDF, respectively, as the core, see Figure 14A. Han and
Steckl”' also obtained gelatin fibers coated with Teflon AF
and compared their water uptake with gelatin-only fiber mats.
While the gelatin-only fiber mat hydrated upon the immersion
in water (Figure 14B), Teflon coated gelatin fiber mats did not
absorb water (Figure 14C).

7. PERSPECTIVE

While the first published study on coaxial electrospinning
emerged less than two decades ago, the process has proved to
be a milestone for nanofiber fabrication. Because coaxial
electrospinning can uniquely manufacture nanofibers from
precursors that are typically considered “nonspinnable”, the
process can help society to fully realize the full potential of
applications that nanoscale fibers have to offer. It provides a
straightforward method to fabricate hollow fibers and/or
encapsulate functional agents, including drugs, self-healing
agents, and nanoparticles into robust fabrics. When coaxial
electrospinning is used for drug encapsulation, the resulting
fibers show a prolonged release profile, which is more desirable
than the burst release typically achieved by simply mixing a
drug and single-nozzle electrospinning. Self-healing agents
encapsulated within coaxially electrospun fibers provide an on-
demand release of healing agents that extend the lifetime of
structural materials and protect surfaces from corrosion.
Coaxial electrospinning can be used to encapsulate conductive
materials, such as carbon nanotubes, inside an insulating
polymer to advance nano- and microelectronics. Porous hollow
fibers have been generated with improved catalytic activities
because of their high surface area. However, to further
understand the properties of porous fibers, a relationship
between the parameters of coaxial electrospinning and the
properties of the porous surface, such as the size distribution
and number of pores, should be realized. When a triaxial or
higher-order spinneret is used, multilayered and multifunc-
tional fibers can be obtained, and thus, their applications are
limitless.

Due to the applications of fibers in drug delivery, energy
storage, and other advanced fields, coaxial electrospinning has
been studied to a great extent at laboratory scale, and most
studies have obtained random depositions of fibers. However,
the full application potential of coaxial electrospinning can only
be realized when their large-scale production is commercially
viable. Additionally, many applications, including tissue
engineering and separation membranes, would benefit from a
scalable way to manufacture aligned or grids coaxial fibers with
controllable interfiber spacings.

Coaxial electrospinning has been used to obtain polymeric
and ceramic nanofibers. Unfortunately, metallic nanofibers,
even though they have vast applications, have not yet been
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coaxially electrospun. In terms of polymers, many have limited
or no solubility in solvents, thus they must be processed from
the melt form, which has its own challenges. Of note is that
when a polymer does have solubility, the solvents are often
chosen based on their physical properties, such as volatility,
conductivity, and surface tension. Unfortunately, oftentimes
the spinning process is facilitated by using a “less-than-ideal”
solvent, which may lack biocompatibility or environmental
friendliness. For example, even though dimethylformamide and
tetrahydrofuran are good solvents for many polymers and ideal
for electrospinning, these toxic solvents inhibit the uses of the
electrospun fibers. Moreover, we must move toward using
green chemistry processes that ideally eliminate the generation
of hazardous substances whenever possible. Having a better
understanding of how polymer, solvent, and environmental
parameters impact coaxially electrospun fibers holds the key to
improving their large-scale production and implementation
across applications. Imaginative, earth-conscious engineers
might look toward modified coaxial setups to enable the
production of nanotextiles from recycled polymers without
relying on toxic solvents. We look forward to learning what
complex nanofiber geometries and chemistries the next two
decades of coaxial electrospinning will yield.
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