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ABSTRACT
Nanofibers have attracted significant interest due to their unique
properties such as high specific surface area, high aspect ratio, and
spatial interconnectivity. Nanofibers can exhibit multifunctional prop-
erties and unique opportunities for promising applications in a wide
variety of fields. Hierarchical design strategies are being used to pre-
scribe the internal structure of nanofibers, such as core-sheath, con-
centric layers, particles distributed randomly or on a lattice, and co-
continuous network phases. This review presents a comprehensive
overview of design strategies being used to produce the next gener-
ation of nanofiber systems. It includes a description of nanofiber
processing methods and their effects on the nano- and microstruc-
ture. Physico-chemical effects, such as self-assembly and phase sep-
aration, on the ultimate morphology of fibers made from designed
emulsions, polymer blends, and block copolymers, are then
described. This review concludes with perspectives on existing chal-
lenges and future directions for hierarchical design strategies to pro-
duce internally structured nanofibers.
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1. Introduction

Nanomaterials are a promising and versatile class of materials with intriguing chemical
and physical properties; typical examples are zero-dimensional nanoparticles or quan-
tum dots, one-dimensional nanowires, nanorods, nanofibers, or two-dimensional nano-
sheets. Among these various classes, nanofibers (NFs) have emerged with a wide range
of potential applications due to their small diameters, ranging from ten to hundreds of
nanometers. NFs have unique properties that include high specific surface area, high
aspect ratio, flexibility, spatial interconnectivity, and, most importantly, the ability to be
formed into sophisticated macroscopic structures, such as 2D and 3D scaffolds with
desired directional properties.[1–5] The architecture of scaffolds can enhance the repair
or regeneration of various types of tissues (e.g., nerve, skin, heart, blood vessel, and
musculoskeletal system) and tissue interfaces.[6] The porous morphology of NF scaffolds
is also useful for high-performance filtration media, artificial blood vessels, biochips,
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nano sensors, and composite materials. NFs can be synthesized from various building
blocks including natural polymers, synthetic polymers, carbon-based materials, semicon-
ducting materials, and composite materials. Triggered by the rapid progression within
the various applications of NFs, significant efforts have been made to explore a wide
variety of novel functional applications for energy generation and storage (e.g., flexible
solar cells, fuel cells, batteries, and supercapacitors), optoelectronics, water treatment,
healthcare, food packaging, and biological applications.[6,7]

To achieve next-generation NFs with greatly enhanced functionalities, it is highly
desirable to design strategies to produce internally structured NFs (see Figure 1).
Examples include core-sheath and concentric layers (a,e), particles distributed randomly
or on a lattice (b,c), and co-continuous network phases (d,f). Layered structures permit
the independent tuning of surface and bulk properties, as well as control over erosion
and release of active agents, e.g., therapeutics. Particle phases allow distribution of
encapsulated ionic, optical, electronic, or catalytic functionalities. Co-continuous phases
offer independent control over transport and mechanical properties, and templates for
preparing porous NFs by selective etching or removal of one component. In general,
combining internal fiber structures with the intrinsic structure of the non-woven mat
(e.g., mat density and fiber orientation) affords nanofiber systems that constitute robust
and functional mesoscopic hierarchical 3D-network materials.
The ability to prescribe the internal organization of nanofibers opens up the oppor-

tunity to work with another level of hierarchical design, the bridge from nanoscale to
macroscale. Developed nanofiber systems can be aligned and form strings which con-
sists of multiple fibers twisted into a single yarn. Li, et al. have shown how bottom-up
strategies can align cellulose nanofibers by assembling nanoscale fibrils into ordered
macroscale materials.[8] Effective alignment of tunable cellulose nanofibers can be con-
verted into the hierarchical structure of macroscale materials which may have different
stiffness than the parent nanofibers. Zhang and Chang produced patterned fibers using
a patterned fiber collector; they demonstrated the effect of electroconductive wire diam-
eters on the fiber orientation.[9] Yan, et al. reported self-assembly of nanofibers into
honeycomb-patterned nanofibrous structures (HNFSs) for three polymers, PAN, PEO
and PVA.[10]

Several reviews have addressed the importance of polymer precursors and their influ-
ence on fiber production, properties and applications; reviews on theoretical simula-
tions/modelling have focused on large-scale fiber production, research challenges, and
future scientific regulations.[11–14] However, this work focuses on progress made in
designing and controlling the internal structure of fine fibers. A variety of internal NF
morphologies have been reported, such as those depicted in Figure 1. Some of these

Figure 1. Schematic cross-section of internally structured NFs: (a) core-sheath, (b) ordered particles,
(c) random particles, (d) bicontinuous gyroid, (e) concentric layers, and (f) bicontinuous
microemulsion.
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structures have been achieved by simply combining polymer solutions and subsequently
removing one component through post-processing procedures, or by exploring spontan-
eous self-assembly and surface-energy-driven processes fuzing NFs at crossover points
through thermal treatment. The field of designing the next-generation NFs with
increased functionality is vast. This review is organized as follows: first, an overview of
NF fabrication methods; second, a general description of different types of internally
structured NFs; third, a discussion of the methods and precursor systems that have
been useful in engineering internal structures, while highlighting the most relevant
examples; this review concludes with a summary that provides perspectives on existing
challenges and future directions for hierarchical design strategies to produce internally
structured NFs.

2. Overview of fabrication methods for nanofiber production

NFs at the laboratory scale are mostly produced through spinning (i.e., melt and solu-
tion blowing, electrospinning and forcespinning) and wet chemistry (i.e., template syn-
thesis, phase separation, and self-assembly) methods.[12,15–35] For nanofiber production,
electrospinning and forcespinning (FS) are so far the only methods with proven indus-
trial yield. To manipulate, design, and optimize the internal structure of fibers, it is
imperative to understand the NF production methods and how they influence ultimate
NF geometry. In melt-blowing, a process widely adopted for industrial production of
micron size fibers, fibers are produced by forcing a polymer melt through a fine orifice
after which the melt is then drawn using a stream of hot air. Solution blowing is very
similar, although it uses a polymer solution and therefore hot air is not necessarily
needed. When the high-speed gas stream intrudes upon the melt or solution as it comes
out of the spinneret, the force applied by the air converts the melt or solution extrudate
into fibers, which are collected a few feet away from the orifice.[36–40] The web proper-
ties and fiber diameter are controlled by the polymer selection, viscosity, rate of poly-
mer extrusion, temperature, and velocity of the applied air stream.[37,41] A wide variety
of polymers have been used, such as polyethylene (PE), polypropylene (PP), poly(methyl
methacrylate) (PMMA), poly(ethylene terephthalate) (PET), poly(butylene terephthalate)
(PBT), polyamides, and polystyrene (PS). As for production of NFs, the high energy
consumption and need for supersonic air speed could hinder melt blowing opportuni-
ties for large scale fiber production. Recent work has shown the influence of die design
and operational parameters to increase production rate of submicron fibers.[42] Another
approach to increase yield is to use polymer blends followed by subsequent removal of
one component; using this multi-step approach, nanofiber mats with average diameters
as small as 70 nm have been demonstrated.[43,44] In the case of melt-blowing, industrial
scale production of fibers in the nanometer range has not been reported. Several lab
scale studies have reported fibers as small as 500 nm, while industrial scale systems have
fiber diameters of a few microns or greater. A recent study has described the use of
melt blowing to control the internal structure of micron size fibers using a co-continu-
ous binary polymer blend; an interpenetrating domain structure was obtained with con-
trol over domain sizes within the fibers to as small as 100 nm.[45] The above mentioned
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strategies have fueled interest in further exploring the hierarchical design of NF struc-
ture through melt blowing techniques.
Electrospinning relies on the electrostatic repulsion between surface charges to con-

tinuously draw NFs from a viscoelastic fluid.[6,15,17,46–48] The setup is based on an elec-
trohydrodynamic process and requires specific arrangements such as high voltage, a
metal collector plate, a syringe pump, and a spinneret/hypodermic needle with a blunt
tip/capillary cylinder designed with a metallic syringe. The power is supplied by a direct
current (DC) or alternating current (AC).[6,17] Two electrodes are connected through
the syringe and grounded through the collection plate. A small amount of a viscoelastic
fluid is pumped out through the spinneret, producing a pendant droplet as a result of
surface tension. Under an electric field, the electrostatic repulsion among the surface
charges deforms the droplet into a Taylor cone; a charged jet is ejected, followed by the
stretching and elongation into fine fibers,[6,49] which rapidly solidify under the action of
a fiber whipping process. Finally, the solid fibers are deposited on the grounded col-
lector. The fiber morphology, architecture, and diameter are mostly controlled by
parameters related to the polymer solution, electric field strength, distance to the col-
lector, and humidity of the environment.[6] Different types of electrospinning setups are
typically used for NF production, such as single nozzle, multi-nozzle, and co-axial elec-
trospinning.[5] Even though bulk production has been achieved, such as the process pre-
sented by Jirsak, et al.,[50] there remain challenges for commercial production. The need
for materials with specific dielectric properties, inherent safety requirements, and expen-
sive solvent recovery steps have been discussed as potential industrial production limita-
tions.[12,51,52] The electrospinning process is capable of producing fiber membranes with
small, highly homogeneous fibers with tight control over fiber diameter and mat dens-
ity. Special types of collectors are also used to manipulate fiber deposition and develop
different pore sizes depending on the ultimate application.[53–57]

Electrospinning has been the most popular method to produce nanofibers in the lab.
On the industrial scale, many companies have launched systems based on multiple nee-
dles positioned in parallel, though the yield is still relatively low. El Marco was the first
company to use a variation of the typical needle-based system. El Marco nanofiber pro-
duction is based on a needle-less system (rotating drum), which can produce much
higher yield and broaden the deposition area. In general, electrospinning systems
(including industrial yield attempts), as reported by Omer et al., can produce average
fiber diameters as low as 80 nm.[58] Production of fibers using centrifugal force, known
as the FS or rotary jet-spinning methods, has shown potential to overcome limitations
observed in other methods while offering industrial scale fiber yields. NFs can be pro-
duced from polymeric solutions or molten polymers. The employed solvent does not
require specific dielectric properties.[51,59] This technique was first introduced in 2009
as ForcespinningVR by Fiberio Technology Co. (acquired by Clarcor Inc. in 2016, and
Parker Hannifin in 2017). This technology was developed at the University of Texas Rio
Grande Valley, with the initial patents filed by Lozano and Sarkar before being com-
mercialized by FibeRio.[20,60–64]

In the FS process, fiber production begins with depositing the polymer solution or
melt into a special spinneret that rotates the fluid until a critical angular velocity is
reached and produces a jet that is then reduced in diameter as it expands outwards as a
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spiral until collected either by vertical posts (lab scale) or deposited on a conveyor belt
(industrial scale). Fiber formation variables such as intrinsic properties of the system
(e.g., viscoelasticity and surface tension) and processing parameters (e.g., angular vel-
ocity, exit nozzle, and nozzle-collector distance) are carefully selected to obtain desired
diameters from NFs to microfibers.[20,65] Yields as high as 50–100 g�h�1 have been
reported at laboratory scales or as hundreds of meters per minute for continuous pro-
duction of nonwoven fiber-based membranes in industrial scale systems.[51,59,66–68]

Forcespinning has shown the highest industrial yield, and the average fiber diameters at
this scale compare well with electrospinning. Solution-based systems have led to average
fiber diameters as low as 80 nm while fibers produced from polymeric melts have shown
average fiber diameters in the low 400 nm (i.e., polypropylene, as reported by the
Lozano team).[69]

As for wet chemistry methods, template synthesis uses a nanoporous membrane tem-
plate to fabricate NFs.[15,70] Generally, a porous metal oxide membrane containing a
large number of holes with a narrow size distribution is used as the template. Tao et al.
and Pender et al. used the template synthesis method to fabricate biodegradable, eco-
friendly PCL (poly(e-caprolactone)) and aligned boron-carbide NFs, respectively.[71,72]

In this method, when a polymer solution is pushed through the nanopores, short NFs
are produced, and their diameters depend solely on the template pore size.
In self-assembly, a bottom-up fabrication method, where atoms, molecules, or nano-

scale building blocks spontaneously arrange themselves into ordered structures using
intermolecular interactions, NFs are formed from suitable synthetic amphiphilic mole-
cules in aqueous or non-aqueous media.[73] An example of this process is the assembly
of NFs from small peptide amphiphiles formed due to end-point protein aggregation.[74]

This process is considered a wet-chemistry method and the fiber yield is generally
extremely low for industrial applications.[61,75] The processing parameters to be consid-
ered are mostly related to the intrinsic chemistry of the system (i.e., pH, ionic strength),
temperature, assembling rate, chosen solutions and substrates.[74]

The method of phase separation is typically based on the extraction of a solvent-rich
phase from the solution due to a physical incompatibility produced by a temperature
change.[76] This method allows for the production of porous NFs that could be useful
in drug delivery applications or as templates for the formation of inorganic fibers.
Producing NFs through the phase separation method involves four major steps: (1) dis-
solution of a polymer in a solvent at room temperature or elevated temperature until a
homogeneous solution is obtained; (2) gelation, the prime step for the formation of a
3D network by chemical or physical cross-linking; (3) extraction of the solvent from the
gel; and (4) freeze-drying, which finally delivers the porous nanofibrous mat.[76] The
phase separation process is time-consuming, precludes the formation of continuous
fibers, and restricts polymeric choices.[61,74,75] Thermally-induced phase separation
(TIPS) is a common method used to develop well-defined porous structures by separ-
ation of polymer solutions based on thermodynamic parameters. TIPS uses temperature
change to trigger de-mixing of an homogeneous polymer solution, resulting in the for-
mation of a multi-phase structure which allows control of fiber porosity.[15] Dual-phase
TIPS has been used to produce nanofibrous poly(L� lactide) scaffold as well as chitosan
nanofiber decorated micropore channels.[77]
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Table 1 presents a comparison of advantages and disadvantages of the available meth-
ods to produce fine fibers. In summary, electrospinning and forcespinning are the
methods with proven industrial potential. The major drawbacks of the electrospinning
process involve (i) the need for certain dielectric properties (therefore use of costly and/
or toxic organic solvents), (ii) high electric fields (therefore higher energy input), (iii)
low yields. As for centrifugal spinning methods, these have much higher production
rates, no need for electric fields (therefore no constraints on dielectric parameters,
which broadens the spectrum of usable materials).[20] In fact, it is considered to be a
green technology (this technology placed in the top 100 out of over 6,000 nominated
technologies).[78]

3. Internally structured nanofiber architectures

Although various fiber processing techniques have been developed, the correlation of
these methods with prescribing internal structure of NFs has not yet been extensively
elucidated, except for some studies that have used electrospinning to produce mesopo-
rous, core-sheath, and hollow fibers.[6,17,39,46,79–83] NFs are generally classified based on
their (1) chemical composition, e.g., polymeric, carbon, ceramic, metallic, metal oxide,
or hybrid-based content; (2) size, e.g., fiber diameter, pore size, thickness of the mat,
and fiber length; and (3) morphology (as previously shown in Figure 1), core-sheath
and concentric layer structures (Figure 1a,e), particles distributed randomly or on a lat-
tice (Figure 1b,c), and co-continuous network phases (Figure 1d,f).
Core-sheath NFs are a special type of internally structured NF, often made from a

bicomponent system, with one component as the inner capillary (core) and the other as
the outer capillary (sheath), as shown in Figure 2. In comparison to monolithic NFs,
core-sheath structures have proven to be beneficial for several applications, particularly
in biomedicine (e.g., in controlled drug release and stabilization of protein struc-
tures).[85–87] Different processes and combinations of materials have been used to

Table 1. Comparison of advantages and disadvantages of different processes to make fibers.
Method Industrial suitability Advantages Disadvantages

Melt-blown High Long fine fibers, high
productivity, no
solvent required

Only works with limited number of
polymers, thermal degradation of
polymers, fiber uniformity, not
suitable for industrial scale of
nano or submicron scale fibers

Electrospinning Medium Long continuous NFs with
uniform diameters; wide range
of fiber diameter; needleless
systems have high throughput

Need for high electric fields, safety
requirements, fire hazard, need
for special dielectric properties
(which usually require costly,
toxic organic solvents). Mostly
solution-based process, adding
cost of solvent recovery and
other safety issues

Forcespinning High Wide range of polymeric systems,
highest yield, suitable for melt
and solution spinning, and
does not require high voltage
or specific
dielectric parameters

Production of fibers from melt
results in larger diameter when
compared to solution-
based systems
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develop core-sheath structures. For example, Sahoo et al.[88] prepared electrospun NFs
of poly(D,L-lactide-co-glycolide) (PLGA) loaded with fibroblast growth factor (bFGF)
using two techniques: blending electrospinning (one needle) and co-axial electrospin-
ning (two concentric needles). Similarly, Jia et al.[89] prepared core-sheath fibers by
coaxial electrospinning, where PLGA was used as the outer shell polymer and dextran
(DEX) as the core material. Vascular endothelial growth factor (VEGF) was encapsu-
lated within the fibers and its effectiveness in vascular tissue engineering applications
was analyzed. Core-sheath NFs have been widely reported using a coaxial electrospin-
ning processes, using double-capillary spinnerets or emulsion-based systems, where two
polymers are present in two immiscible solvents. Still, the development of core-sheath
fibers using the electrospinning process remains a challenge, particularly in the control
of the thickness of the inner and outer layers and in the position of the core, which
often presents itself on or near the surface of the fiber.[90,91]

Triple-layer nanofiber scaffolds from PLGA/collagen/PLGA were fabricated by
Arabpour et al. using electrospinning for applications in corneal tissue engineering.[92]

The developed layered scaffold was cross-linked to retard degradation. The effect of
polymer concentration, applied voltage, flow rate, and rotational speed of the collector
system on the development of the layered structure was evaluated. Han, et al. used
coaxial electrospinning to develop concentric layers for drug delivery applications.[93]

They developed bis-chloroethyl-nitrosourea impregnated into multi-layer fiber mem-
branes with a core/sheath ratio of 20:80, where the polyanhydride poly-(1,3 bis[p-car-
boxyphenoxy] propane-co-sebacic acid) and poly(e-caprolactone) (PCL) were the core
and sheath, respectively.
In the development of core-sheath fiber systems, block copolymers (BCP) have been

utilized either as the core or the sheath.[94,95] Fibers formed through self-assembly proc-
esses using BCP, such as those shown in Figure 3, have promising potential applica-
tions, particularly in tissue engineering and drug delivery.[92,93,97] Ma et al. used a two-
fluid coaxial electrospinning technique to obtain core-sheath fibers where BCP was con-
fined as the cylindrical core within a protective polymer sheath.[96] In their work,

Figure 2. TEM images of core-sheath NFs using poly(ethylene oxide) (PEO) as the core and amphi-
philic poly(ethylene glycol)-poly(L-lactide) (PEGPLA) diblock copolymer as the sheath using three poly-
mer-in-water concentrations to form the core: (A) 45mg/mL, (B) 58.5mg/mL, and (C) 34.5mg/mL.[84]

Reprinted from Xu et al.,[84] Copyright (2006), with permission from Wiley.
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poly(methylmethacrylate-co-methacrylic acid) random copolymer was used as the sheath
system with cores from two different symmetric triblock copolymers comprised of poly-
styrene and polyisoprene (SIS) that formed lamellar or spherical morphologies. In their
work, the developed fibers had diameters ranging from 300 to 800 nm while the core
diameters varied from 50 to 500 nm. To facilitate long-range order and improve the
internal structure, fibers were annealed in a vacuum oven at 140 �C for 10 days.
The structure of fibers can also be altered by selectively prescribing porosity. Fibrous

materials possess intrinsically high specific surface area, which can be further enhanced
by introducing porosity on the fiber surface or within the fibers (internal pores).
Different strategies have been employed to achieve mesoporous nano/microfibers with
enhanced pore uniformity and surface area. Studies have shown how the ultimate fiber
properties can be significantly altered by introducing porosity within the fibrous

Figure 3. TEM images of the SIS BCP in the fiber cores of different diameters after annealing. Scale
bar: 100 nm: (a-d) axial views; (e-g) longitudinal views.[96] Reprinted from Ma et al.,[96] Copyright
(2006), with permission from American Chemical Society.
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membrane while maintaining micro/nano-structural features. Unique qualities of
organic and inorganic nanoporous fibers have shown their improved performance in a
variety of fields, such as drug delivery, tissue engineering, photocatalysis, sensors, and
lithium-ion batteries.[98–102] Nanoporous 1D structures are appealing in electrochemical
applications as the void spaces can increase charge capacity and accommodate volume
changes experienced during charge/discharge processes. Zhang et al., Kim et al., and
Lin et al. achieved different types of NFs systems where internal pore structures, includ-
ing the pore size and size distribution, can be adjusted by tuning different process
parameters.[102–104]

A facile foaming-assisted electrospinning technique to create mesoporous titanium
dioxide (TiO2) NFs with uniform porosity (average pore diameter � 16 nm) was
reported by Hou et al. Through electrospinning, they developed precursor fibers using
polyvinylpyrrolidone, tetrabutyl titanate, and diisopropyl azodiformate as the foaming
agent; these precursor fibers were later calcined at 550 �C (Figure 4).[105]

Altering the surfaces of NFs has proven an effective method to enhance their multi-
functionality, and such approaches can leverage and be amplified by prescribing the
internal structure. The higher surface area in lamellar type morphologies increases the
abundance of electrochemically active sites. Elishav et al. have shown that ceramic fibers
with a lamellar type structure have potential as Li-ion battery anode materials.[106] They
have demonstrated how altering the ratio of precursor fiber materials (acetylacetonate/
PVP) has an interesting effect on the ultimate structure, morphology, and directional
property of the lamellar type structure on the surface of the ceramic based NFs (Figure
5). Ma et al. also exemplified how fiber morphology can be controlled even in core-
sheath systems by tuning the interactions between the polymer blocks and sheath com-
ponents. They created continuous core-sheath NFs with long-range ordered internal
structures through self-assembly of BCPs where poly(styrene)-b-poly(dimethylsiloxane)
(PS-b-PDMS) block copolymer acted as the core and a poly(methacrylic acid) (PMAA)
homopolymer as the sheath. After a long annealing process (10 days), a concentric
lamellar structure was formed within the fiber.[107]

Network structures, such as the double gyroid, are promising architectures for a var-
iety of applications. The interfacial topology belongs to the triply periodic minimal sur-
face (TPMS) family.[108] TPMS systems have zero mean curvature, and divide space into
continuous nanophases, making it possible to create composite materials with

Figure 4. SEM images of mesoporous TiO2 NFs, to depict surface morphology (a) and fiber core
(b).[105] Reprinted from Hou et al. (b),[105] Copyright (2014), with permission from American
Chemical Society.
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continuous and interconnected reinforcements.[109] There are various TPMS structures,
such as primitive, double gyroid, and double diamond, which exhibit different charac-
teristics including mechanical properties like compressive strength, fracture toughness,
and elastic modulus; the double gyroid is the most prevalent TPMS structure. Network
structures have shown potential in the biomedical field due to their high porosity and
effectiveness for cell growth and migration. Promising applications have also been envi-
sioned in filtration, pharmaceuticals, and environmental remediation.[110] Despite this,
fibers with the gyroid morphology have not been widely explored. The few reported
studies have focused on the use of BCPs to form fibers via electrospinning.[111] For
example, as noted above Ma et al. have shown that gyroid-forming PS-b-PDMS block
copolymers can also be used as a core component with a PMAA sheath, resulting in
fibers with various gyroid structures produced via co-axial electrospinning followed by
thermal annealing.[112]

4. Physico-chemical methods used to prescribe the internal structure of NFs

Self-assembly during fiber production is a promising route to produce and control the
internal structure of NFs through the interplay of thermodynamically-driven and kinet-
ically-limited processes.[113] Self-assembly and phase separation effects have an import-
ant role on the ultimate morphology of fibers made from emulsions, polymer blends,
and block copolymer-based systems that when combined with selected processing meth-
ods, the ultimate fiber architectures present a multitude of possible combinations.[114]

Bicontinuous or discontinuous phases with different morphologies and properties can
be achieved by tuning the molecular weight and composition of the constituents, and
the selected processing method. While self-assembly and phase separation processes are
relatively well-understood at equilibrium, at least three factors present in NFs may influ-
ence the selection of the ultimate nanostructure: (i) preferential surface wetting, which
can drive adoption of different structures or gradients in structure; (ii) confinement
effects, which can modulate both the structure and the physical properties (e.g., Tg and
Tm); and (iii) processing induced deformation rates which can guide the nucleation and
growth of a specific nanostructure, possibly with preferential orientation. The following
section reviews the physico-chemical dependent systems used to prescribe NF internal

Figure 5. Nanofibers with different acetylacetonate (acac)/PVP ratios after heating to 220 �C. (A) 1.0,
and (B) 1.2.[106] Reprinted from Elishav et al.,[106] Copyright (2020), with permission from Royal Society
of Chemistry.
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structure, which may be broadly classified as emulsion, block copolymer, and blend-
based systems.

4.1. Fibers made from emulsion-based systems

An emulsion is a mixture of two or more immiscible liquids, one of which is typically
distributed as small droplets throughout the other.[115] Emulsions can be classified based
on the spatial organization: oil droplets dispersed in water is termed an oil-in-water (O/
W) emulsion, and water droplets dispersed in oil is referred to as a water-in-oil (W/O)
emulsion.[115,116] Conventional macroemulsion systems are kinetically stable but
thermodynamically unstable; several mechanisms (e.g., gravitational separation, floccula-
tion, creaming, coalescence, and Ostwald ripening) can lead to macroscopic phase sep-
aration over time. To produce a long-lived emulsion of droplets, it is necessary to add a
surfactant to act as a barrier between phases, increasing the emulsion stability.
Surfactants can contain different chemical entities which may have an effect on the
ultimate microstructure of a fiber system.[117] A microemulsion is an example of a
high-surfactant-content system that is thermodynamically stable; it can exist in micellar
(W/O or O/W) and bicontinuous structures.[118] A Pickering emulsion is stabilized by
solid particulates as surfactants. Particles, such as polymer micelles, latex particles,

Figure 6. Confocal laser scanning microscope (CLSM) images of core-sheath structured NFs prepared
from W/O emulsions. The concentrations of the core polymer, PEO-FITC, in the aqueous phase were
(a,b) 45mg/mL (c) 58.5mg/mL, and (d) 34.5mg/mL, respectively. It should be noted that (a) is an
overview of the composite NFs, and (b) is a segment of the nanofiber.[84] Reprinted from Xu et al.,[84]

Copyright (2006), with permission from Wiley.
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inorganic particles, proteins, and even bacterial cellulose nanocrystals have been used
for stabilization in Pickering emulsions.[119–122] This type of emulsion has found wide
use in food, cosmetics, and pharmaceutical fields, especially where traditional surfactants
are not suitable due to their health hazards.[119] Recently, graphene oxides (GO) have
found attractive applications as Pickering agents due to their unique structure, amphi-
philic nature, and potential use in the large-scale production of bio-compatible gra-
phene-based materials.[120–122]

NFs from emulsion-based systems have been developed primarily using electrospin-
ning.[123,124] Emulsion precursors are attractive in fiber-making systems since a single
nozzle configuration can be used to create bilayer or multilayer structures, circumvent-
ing challenges that appear in coaxial systems. Xu et al.[84] have employed a unique
method to fabricate uniform core-sheath NFs by using W/O emulsion electrospinning.
They used a poly(ethylene oxide) (PEO) solution as the aqueous phase to design the
core of the fiber, and a chloroform solution of an amphiphilic poly(ethylene oxide)-
poly(L-lactide) (PEO-b-PLA) diblock copolymer as the oil phase to develop the sheath
(Figure 6). The PEO in the core was labeled with fluorescein isothiocyanate (FITC) for

Figure 7. The morphology of fibers obtained via electrospinning of the emulsion-based system com-
posed of Ca-alginate and PLLA (applied voltage in electrospinning: 20 kV). (a) Fibers before release
test, 500� magnification; (b) fibers before release test, 2000� magnification; (c) fibers which were
immersed in 0.9% NaCl water solution for 30 days; (d) fibers which were immersed in PBS for
6 days.[126] Reprinted from Qi et al.,[126] Copyright (2013), with permission from American
Chemical Society.
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identification. It was noted that fiber size and diameter can be effectively altered without
the use of concentric needles, just by tuning the emulsion composition and the emulsifi-
cation parameters. To elucidate the emulsion process in achieving different fiber (core
and sheath) diameters, the team changed processing parameters, such as aqueous poly-
mer concentration, volume fraction of aqueous and oil phases, and the rate of rotation
of the homogenizer during the electrospinning process. The results of these changes
were observed on the average droplet size and the outer and inner diameters of the
core-sheath fibers ranged from 750� 1500 nm and 375� 900 nm, respectively. The elec-
tric field also contributed to the reorganization of the two immiscible phases; as droplets
undergo coalescence, the core formation is based on a dielectrophoresis phenomenon
where a force exerted on a dielectric particle promotes droplet deformation into an
elliptical shape, ultimately becoming the core of the fiber.[125]

The use of emulsion precursor systems has also proven effective to produce beads
and beads-on-string structures. In this case, the developed beads contain a dissimilar
material, which contains an active ingredient and is encapsulated within a shell sys-
tem.[126] Qi et al. use an aqueous phase consisting of droplets of an alginate-water

Figure 8. SEM micrographs: (a) electrospun fibers by emulsion (1 g PVA dissolved in 9mL water and
1mL original emulsion); (b) electrospun fibers by emulsion (1 g PVA dissolved in 8mL water and 2mL
original emulsion); (c) PS microbeads in original emulsion; (d) composite fibers after solvent etch-
ing.[126] Reprinted from Qi et al.,[126] Copyright (2013), with permission from American
Chemical Society.
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solution under a continuous oil phase consisting of the surfactant AOT (sodium bis(2-
ethylhexyl) sulfosuccinate) and dichloromethane to encapsulate the alginate as beads
within the continuous fiber system. Calcium chloride was added to this emulsion to
serve as a cross-linking agent. PLLA was added to the external phase of the emulsion
before electrospinning to undergo a dissolution process. When the emulsion was elec-
trospun into fibers, the encapsulation of the calcium alginate within the PLLA produced
beads-on-string fiber structures (Figure 7). The average diameter of these fibers and
beads ranged from 1� 3 microns and from 5� 9 microns, respectively.
Similarly, the same group has reported on the beads-on-string fiber structure made

from preformed polystyrene (PS) beads and polyvinyl alcohol (PVA) based systems.[126]

They found that by varying the volumetric fraction of PS beads to PVA in the emul-
sions, the distance between adjacent beads within the fibers was altered proportionally
(Figure 8).
Fibers fabricated through electrospinning emulsions of vascular endothelial growth

factor (VEGF) along with protective agents (dextran (DEX) or bovine serum albumin
(BSA))-loaded poly(lactide-co-caprolactone) (PLCL)) were reported by Tian et al.[127]

These fibers were studied as potential systems for cardiac tissue regeneration, given the
controlled release of VEGF. Emulsions for PLCL–VEGF–BSA and PLCL–VEGF–DEX
were prepared by using VEGF in aqueous BSA or dextran solutions (water phase) and
PLCL with span-80 chloroform (oil phase). Zhang et al.[128] prepared core� shell NFs
by electrospinning gel-like corn oil emulsions, and gelatin was used as the stabilizer.
They investigated how oil and water concentrations changed the internal structure and
diameter of the fibers. Increasing oil volume fractions ranging from 0 to 0.6 led to an
increase in the average diameter by increasing the viscosity of solution. Figure 9 shows
the successful formation of corn-oil-in-water emulsion NFs. The corn oil was stained
with Nile red to confirm its distribution within the core of the NF (Figure 9(c)).
To avoid the complexity and to increase the biocompatibility of fibers produced from

emulsion electrospinning, researchers have developed stable emulsions without the use
of surfactants. Li et al. produced core-shell fibers through the development of an emul-
sion comprised of two systems, a solution of PCL in a mixture of two solvents dichloro-
methane/hexafluoroisopropanol (DCM/HFIP) to be developed into the sheath of the

Figure 9. (a) and (b) TEM images, (c) confocal laser scanning microscopy images of the core� shell
NFs by emulsion electrospinning[128] Reprinted from Zhang et al.,[128] Copyright (2018), with permis-
sion from American Chemical Society.
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fiber, and a solution of silk fibroin (SF) in HFIP to form the core of the fiber.[129] The
average diameter of NFs decreased upon increasing the concentration of SF in the two-
phase system. This observation was explained on the basis of the conductivity of the
emulsion. HFIP has high dielectric constant and electrical conductivity and SF is an
amphiprotic macromolecular electrolyte, the conductivity of the emulsion increases and
the HFIP solvent is completely evaporated upon fiber formation, leading to tighter con-
trol in fiber diameter.[130–132] Similarly, Camerlo et al. fabricated core-shell fibers via
emulsion electrospinning using a stable surfactant-free limonene/PVA system.[133]

As mentioned, surfactants have been found to promote tuning of the internal struc-
ture/morphology of nano/microfibers produced from emulsion-based systems.[134]

Studies have revealed that the type of surfactant and its concentration have a strong
influence on the fibers and the fiber mat morphology. Hu et al. present examples
depicting the role of surfactants on fiber characteristics; they investigated how the mor-
phological, chemical, and mechanical properties of electrospun emulsions based on
PCL/BSA were influenced by the nature of the surfactants, such as nonionic (Span80,
Pluronic F108), anionic (sodium dodecyl sulfate (SDS)), and cationic surfactants (ben-
zyltriethylammonium chloride (TEBAC)).[117] They observed that at a low concentration
of Span80 (0.5%) and F108 (0.4%), fibers were formed with spindle-like beads, resulting
in non-uniform fiber morphologies. Upon increasing concentration of Span 80 (1%)
and F108 (0.5%), fibers showed cylindrical shapes with lower degrees of entanglement
and smaller fiber diameters. On the other hand, TEBAC produced branched, bimodal,
non-uniform fibers, and diameters changed from �190� 250 nm with increasing con-
centration of TEBAC. In the case of SDS, the emulsion produced smooth and uniform
NFs with diameters ranging from �170 nm (lower concentration) to �260 nm (higher
concentration). The authors proposed that an ionic surfactant produces a greater charge
density in the emulsion jet, increasing the repulsion force that elongates the fiber
toward the collector, thereby explaining the smaller diameter found with TEBAC and
SDS. Wang et al. also reported morphological changes under the influence of SDS and
Span80 on emulsion-electrospun core-shell fibers.[135] They used deionized water or
phosphate buffer saline as the water phase and a PLGA solution as the oil phase to pro-
duce emulsion based nanofibers. Their investigations showed that using minimum
amount of hydrophilic (SDS) or hydrophobic (span80) surfactant during emulsion prep-
aration has significant influence on the core-shell structure of emulsion based electro-
spun nanofibers. Sanders et al. explained that in the electrospinning of emulsions, two
types of Rayleigh instabilities occur. A type I capillary instability is produced when the
viscoelastic force in the jet is not enough to form a continuous phase resulting in bead
formation with encapsulated water-phase droplets. Type II relates to the core-shell for-
mation and the interfacial tension between two emulsion phases play an important role;
under this instability the internal phase core breaks up into smaller droplets.[136] Wang
et al. showed the role of type II as the Span 80 reduced the interfacial tension and pro-
duced an elastic interfacial film, promoting a better defined core compared to the one
formed by the SDS surfactant. The effect of SDS on reducing the interfacial tension was
less, resulting in additional breakup of water-phase droplets.[135]

Most studies on fiber formation from emulsion-based systems have used the electro-
spinning method. Buzgo et al.[59] were the first to describe the development of core/
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sheath NFs from emulsion-based systems using centrifugal spinning. Fibers were pro-
duced from a water-in-oil (W/O) emulsion, where PCL dissolved in chloroform was
used as the continuous phase or shell and Pluronic F-68 dissolved in ethanol served as
the dispersed phase or core material. Microfibers with average diameters of 2.7 ± 1.5 mm
and NFs with average diameters of 340 ± 90 nm were developed. The use of centrifugal
spinning processes to produce fibers from emulsion-based systems remains an attractive
area to be explored.

4.2. Fibers made from block-copolymer systems

Block polymers consist of two or more polymers with different properties that are cova-
lently bonded. Diblock copolymers use two different polymer blocks, A and B, within
the same chain, while triblock copolymers can consist of three polymer blocks that
alternate, as in ABA or BAB. A segmented block copolymer consists of multiple small

Figure 10. Three general methods of synthesis of randomly branched graft copolymers. (Top:
“Grafting to” method. Middle: “Grafting from” method. Bottom: “Macromonomer method,” “Grafting
through” method.)[142] Reprinted from Hadjichristidis et al.,[142] Copyright (2010), with permission
from Wiley.
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polymer blocks that alternate. Tapered block copolymers consist of having one side of
the chain predominantly one polymer and the other side of the chain predominantly
the other, with an intermediate zone of statistical copolymer with systematically varying
composition.[137] Amphiphilic block copolymers contain at least one hydrophobic block
and one hydrophilic block; these are typically used for the formation of micelles in
aqueous solution.[138] The use of block copolymers to prescribe the internal structure of
NFs is appealing for at least two reasons. One is the ability to produce a variety of
interesting self-assembled nanostructures, and the second is the possibility to selectively
remove one block, leaving a nanoporous material.[139]

The architecture of a block copolymer can increase in complexity, which can also
result in detailed changes in the internal structure of NFs. Graft copolymers are among
these complex structures, where one polymer serves as the backbone, while the other is
covalently attached as branches or grafts. The structure of graft copolymers can vary
with graft dispersity, graft length, and backbone length.[140,141] There are three major
general graft polymerization methods: (1) “grafting-to,” (2) “grafting from,” and (3)
“grafting through,” which are used to yield grafted copolymers. These three methods
are illustrated in Figure 10.[142]

Figure 11. SEM images of electrosprayed beads (a,b) and electrospun fibers (c–f) of SEBS from neat
THF solutions at varying polymer concentrations (8, 10, 12, 14, 16, and 18wt% for (a)–(f), respect-
ively). SEM images (d,g–i) show the effect of solvent composition (THF/DMF) on the morphology of
electrically processed SEBS solutions at 14wt% (THF/DMF ¼ 100/0, 95/5, 90/10, and 80/20, for (d),
(g), (h), and (i), respectively). SEBS: Polystyrene- b -poly(ethylene butylene)- b -polystyrene.[144]

Reprinted from Wang et al.,[144] Copyright (2015), with permission from Wiley.
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To date, few studies have utilized block/grafted copolymers to form NFs with internal
structures. As noted above, Ma et al. used a coaxial electrospinning process to prepare
continuous concentric lamellar NFs using PS-PDMS as the core and PMAA as the shell.
The confinement and annealing of the PS-PDMS block copolymer within the PMAA
shell yielded a concentric lamellar structure. Furthermore, selective removal processes
were performed to analyze the internal structure of the fiber.[107] Zhai et al. electrospun
core-shell NFs through a single spinneret using PVA as the shell and PEO-b-poly(p-
dioxanone) (PE-b-PPDO) as the core. The copolymer assembled into a lamellar struc-
ture as it was incorporated within the PVA, which promoted the ordered, well-defined
alignment of the copolymer within the PVA shell.[143] In 2015, Wang et al. reported
fibers dispersed with beads by utilizing a self-assembling PS-b-poly(ethylene butylene)-
b-PS (SEBS) triblock copolymer in a selective solvent. The SEBS was dissolved within a
co-solvent consisting of tetrahydrofuran (THF), appropriate for solvent for both blocks,
and dimethylformamide (DMF), which is selective toward polystyrene. Alterations of
the co-solvent ratio of THF to DMF caused morphological changes to the fibers,
increasing concentration of DMF within the co-solvent solution generated a beaded
morphology (Figure 11). This was attributed to the reduction of the copolymer chain
entanglement as the copolymer experienced microphase separation.[144]

An attractive aspect of block polymer nanostructures is the possibility of the selective
removal of one block, leaving a nanostructured porous material. The most commonly
utilized methods to remove polymer blocks are chemical degradation, thermal/UV deg-
radation, ozonolysis, and hydrolysis.[139] In selective removal through chemical degrad-
ation, a reactive polymer is dissolved/etched, which would leave the nonreactive

Figure 12. Illustrations of Chemical Degradation and UV degradation. Top a: Selective removal of
blue polymer to result in the red polymer matrix. Bottom b: Selective removal of Polymer B through
UV radiation degradation.[139]
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polymer in the system, as shown in Figure 12. As for the thermal/UV degradation of
certain blocks, in 1996, Morkved et al. showed that the exposure of a film consisting of
PS-b-PMMA to UV radiation led to the degradation of PMMA and the crosslinking of
the PS phase.[145] Figure 12b displays UV radiation degradation of polymer B in an AB
diblock copolymer to result in a structure created only by polymer A.[139] The success
of UV degradation as a selective removal method to develop structured architectures in
2D and 3D systems could be used to generate internal structures of block copolymer-
based 1D nanofiber systems.
Thermal degradation relies on heating a material well above its decomposition tem-

perature, thus allowing the removal of volatile by-products while leaving desired voids.
These voids are evidence of a nanoporous structure that could be used to develop
internal structures within NFs.[139] In 2019, Zhou et al. used poly(acrylonitrile)-b-
PMMA (PAN-b-PMMA) to create block copolymer-based porous carbon fibers through
oxidation and self-assembly. Subsequently fibers were exposed to a pyrolysis process to
selectively remove the sacrificial PMMA resulting in development of nanopores within
the fiber (Figure 13).[146]

Figure 13. Microstructures of PCFs. SEM images of PAN-b-PMMA fibers (A and B) after electrospin-
ning, (C) after oxidation and self-assembly at 280 �C in air, and (D to F) after pyrolysis at 800 �C in
N2. Inset: A digital photograph of a piece of as-spun polymer fiber mat. (C) The bright and dark
domains are PAN and PMMA, respectively. The good contrast between PAN and PMMA in the SEM
image is due to the partial degradation of PMMA in air. (E and F) High-magnification SEM images of
uniformly distributed mesopores in PAN-b-PMMA-CFs. (G and H) TEM images of mesopores in a PAN-
b-PMMA-CF. (I) High-resolution TEM image of porous carbons at the edge of a PAN-b-PMMA-CF.[146]

Reprinted from Zhou et al.,[146] Copyright (2019), with permission from American Association for the
Advancement of Science.
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Ozonolysis utilizes the reactivity between ozone and alkene double bonds as a cleav-
ing mechanism that allows for an easier removal of a sacrificial component.[147] Lee
et al. reported the removal of polyisoprene (PI) within a poly (4-vinylphenyl-dimethyl-
2-propoxysilane)-b-polyisoprene-b-poly(4-vinylphenyl-dimethyl-2-propoxysilane) (PPS-
PI-PPS) block copolymer.[148] This approach has yet to be used to prepare NFs, and the
technique seems attractive to develop nanostructures with wide potential
applications.[139]

In selective removal through hydrolysis, compounds within a system are broken
down due to a reaction with aqueous solvent to yield new products. In 1997, Liu et al.
completed a partial removal of a sacrificial block within a block copolymer by hydroly-
sis. The significance of their work showed that porous materials can be created through
the selective removal of a material through hydrolysis.[139,149] The selective removal of
PLA within a poly(styrene-stat-butadiene)-b-PLA (P(S-s-B)-b-PLA) membrane was done
through hydrolysis to result in porous nanostructures in work conducted by Hampu
et al. in 2019.[150] Although conventional wisdom suggests minority block domains are
most attractive for removal leaving behind the porous matrix block material, recent
research has shown that matrix removal can also unexpectedly produce intact porous
minority block materials.[151] These selective removal processes, though conducted on
polymer membranes, could also possibly be used to develop complex porous morpholo-
gies within NFs.[150]

4.3. Fibers made from polymer blend-based systems

Polymer blends are mixtures, analogous to metal alloys, in which two polymers are
combined to create a new material with enhanced physical/chemical properties.[152] The
mixing of polymers is commonly used to meet property requirements related to tough-
ness, thermal resistance, modulus, impact resistance, and stress resistance. Polymer
blends can be divided into three categories: immiscible/heterogeneous, compatibilized,
and miscible/homogenous blends. In immiscible blends, the polymers comprising the
blend exist as separated, nearly pure phases, each of which exhibits thermophysical
properties (e.g., glass transition and melting temperatures) near those of the pure com-
ponents. Moreover, immiscible blends generally have mechanically weak interfaces
between phases due to their thermodynamic incompatibility, and they do not comply
with the thermodynamic conditions of phase stability discussed later. Compatibilized
blends are immiscible blends with mechanical properties in between those of the indi-
vidual polymers or in a manner that captures a desirable property of each component
which makes up the blend. The added compatibilizers, such as block copolymers, bridge
across and strengthen the interfaces between the phases,[153] and can additionally stabil-
ize the phase structure of the blend. Miscible polymer blends are relatively rare and
contain polymer components that possess slightly favorable enthalpic interactions, yield-
ing a blend with a single-phase structure and intermediate properties.
A blend of immiscible polymers yields a phase-separated mixture, leading to low

interfacial adhesion, which in turn yields poor mechanical properties. However, if the
structure is stabilized with a compatibilizer, it can impart excellent properties to the
final material. To achieve this, the interface can be modified in a process termed
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compatibilization. There are two general methods for compatibilization: (1) incorpor-
ation of block/graft copolymers as polymeric “surfactants,” and (2) reactive compatibili-
zation, in which block or graft polymers are produced in situ by cross-reaction.[153] The
former method is a non-reactive process in which copolymers anchor portions of their
segments in each polymer. This reduces the interfacial tension and stabilizes the disper-
sion against coalescence. However, micellization within one or both phases can impede
localization of the copolymer to the interface. The latter process is commercially more
common, as it does not require additional components, and the copolymer is formed at
the interface directly.
Dissolution, thermal decomposition, and phase separation processes are commonly

used to remove polymer phases.[154] Phase separation of polymer components can occur
during rapid solvent evaporation, which is a process characteristic of solution electro-
spinning processes. The reduction of solvent within a ternary polymer blend solution
could result in the formation of two phases of different compositions. Phase separation
could be achieved through vapor, nonsolvent, and thermally induced phase separation
processes, known as VIPS, NIPS and TIPS, respectively.[155] It has recently been shown
that the water vapor present in air could possibly lead to phase separation in some sys-
tems.[155] This could potentially create nanopores along the surface of NFs, which would
lead to an increase in the surface-area-to-volume ratio (Figure 14).[156] TIPS has also
been used to create nanopores upon cooling.[155] NIPS, also called immersion precipita-
tion, has been used to generate nanopores by solvent/nonsolvent exchange.[155] This
method of phase separation causes the polymer to precipitate after it is immersed in the

Figure 14. Porous fibers from aPMMA/MC from Mw of 350,000 g/mol (a) 10wt % and (b) 12wt %
and from Mw of 996,000 g/mol (c) 10wt % and (d) 12wt%[156] Reprinted from Dayal et al.,[156]

Copyright (2007), with permission from American Chemical Society.
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non-solvent bath, which results in unique nanostructures including porous and hollow
porous fibers (Figure 15).[155]

Bognitzki et al. applied both dissolution and thermal degradation to polymer blends
to showcase how each method can be used to create different nanoscale morpholo-
gies.[154] NFs were electrospun from combinations of polyvinylpyrrolidone (PVP) and
either PLLA or PDLLA. Following electrospinning, highly porous structured fibers were
developed using the dissolution of PVP with water.[154] The subsequent removal of one
phase was promoted by high temperature annealing, resulting in the thermal decompos-
ition of PLLA and PDLLA.[154] The fibers were annealed at 200 �C, well above the Tg

and melting temperature of PLLA, resulting in the partial removal of the PLLA and
causing the formation of droplets of PVP, yielding fluctuations in fiber diameter.[154]

Phase separation to manipulate the structure of NFs created by electrospinning vari-
ous blends of polybutadiene (PB) and polycarbonate (PC), as well as PMMA and PS
was reported by Wei et al.[157] As the ratio between the PB and PC was increased, there

Figure 15. (a) FESEM image of porous hollow fibers collected in ethanol/acetone; (b) high magnifica-
tion FESEM image of a single porous and hollow PAN fibers collected in ethanol/acetone mixture as
shown in panel a. Inset shows cross-section of one of these fibers; (c) FESEM image of a single PAN
fiber clearly showing the hollow nature of these fibers; (d) FESEM image of the PAN fibers collected
on Si wafer and then dissolved in ethanol/acetone mixture; (e) image of a hollow PAN fiber collected
with MEK as a collecting bath; (f) TEM image of core shell PAN/PMMA fibers[155] Reprinted from
Nayani et al.,[155] Copyright (2012), with permission from American Chemical Society.
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was increased distinction of the core-shell structure within the fibers. Thus, the forma-
tion of the core-shell fibers was potentially caused by the different viscosities or solubil-
ities of the polymers within the blend. Wei et al. found that larger solubility difference
between the polymers in a blend yielded core-sheath structures, while smaller polymer
solubility differences caused co-continuous structures.
Parre~no et al. reported the use of polymer blends to manipulate external and internal

fiber structures.[158] They studied blends of sulfur copolymers (sulfur 1,3 diisopropenyl
benzene, (SDIB)) and polybenzoaxines (PBz) subjected to electrospinning.[158] As the
SDIB concentration increased, the range of fiber diameters increased as well, and the
fibers displayed less uniformity up to a saturation level where, given the high concentra-
tion of SDIB, a beads-on-string morphology resulted.[158] Mishra et al. were able to cre-
ate NFs using blends of relatively hydrophobic poly(vinyl acetate) (PVAc) and
hydrophilic poly(acrylic acid) (PAA).[114] Micro-compounding was used to blend the
polymers in various compositions and then fibers were drawn directly from the melted

Figure 16. SEM images showing the surface morphology and wall structure of the HNFSs of PVA and
PEO electrospun fibers at different conditions: (A,B) PVA, concentration 6%, 22 kV, on plastic films;
(C,D) PEO, concentration 16%, 22 kV, on Al substrates; (E,F) PEO, concentration 16%, 19 kV, on alumi-
num substrates.[10] Reprinted from Yan et al.,[10] Copyright (2011), with permission from American
Chemical Society.
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blends.[114] They found that, contrary to the pure PVAc or PAA fragile fibers which
had solid cross-sections and were difficult to melt spin, the blended PAA/PVAc fibers
produced a system that could be melt-spun and resulted in porous fibers with honey-
comb-like structures.[114] Though there is also a report available where Yan et al. have
demonstrated how three different polymers can self-assemble into honeycomb patterned
nanofibers structures using wet electrospinning method (Figure 16).[10] Wang et al. used
an immiscible polymer blend to make melt-blown NFs inside microfibers, which were
collected on a pre-melt-blown mat of microfibers.[159] They used a blend of majority sul-
fopolyester (SP) and minority poly(butylene terephthalate) (PBT), where the water-soluble
SP was the “sacrificial phase.” By melt blowing the immiscible blend, the PBT dispersed
minority phase was drawn into NFs that were contained inside the SP microfiber matrix;
after removal of the SP matrix following a water wash, an almost pure PBT nanofiber
layer remained (Figure 17).[159] They created NFs with average diameters as small as
70nm using an immiscible polymer blend, while avoiding the use of organic solvents.
Xu et al. used polymeric blends to create a 3-dimensional (3D) nanofibrous scaffold

with pore sizes ranging from sub-microns to hundreds of microns.[160] As feedstock,
PCL was blended with cellulose acetate (CA) using thermally induced self-agglomeration
(TISA).[160] They submerged a glass bottle with short PCL NFs into a water bath close
to the PCL melting point to promote nanofiber agglomeration and therefore form a 3D
structure with interconnected/hierarchal pores; the system was afterwards freeze-dried

Figure 17. SEM images of (a) the side view of a double-layer nano-/micro-fiber composite where the
top nanofiber layer was obtained by water-extraction of the melt-blown SP/PBT fibers collected for
three collection rotations, (b) the top view of the nanofiber layer, (c) and (d) the top views of the
double-layer composite demonstrating the overall porous structure after the collection was decreased
from 3 rotations to 1 rotation[159] Reprinted from Wang et al.,[159] Copyright (2016), with permission
from Elsevier.
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yielding a 3D nanofibrous scaffold.[160] In this case the process altered the structure of
the membrane itself by an interconnection of the developed fibers to form an aerogel
type structure. Nagamine et al. created NFs with nanopores 10-–20 nm in diameter
using a blend of PAN and PEO (Figure 18).[161] Following electrospinning, the PEO
was leached by water leaving porous PAN NFs that were used as templates for porous
silica NFs.[161] A more complex structure can be created using surfactant molecules to
create a micellar template; the team used the cationic surfactant, cetyltrimethylammo-
nium chloride (CTAC), as an additional template to form an ordered mesopore
(2–3 nm) structure.[161] Porous NFs such as these could have a myriad of applications
including filtration, tissue engineering, and energy generation and storage.[161]

Porous carbon NFs (CNFs) were developed by Jo et al.[162] The team electrospun
PAN blended with either PAA, PEO, PMMA, or PS; the resulting NFs were subse-
quently subjected to carbonization (Figure 19).[162] The CNF pore size was a function
of the domain size of the dispersed phase (here, the pyrolyzing polymer) which was
affected by the difference in the solubility parameters.[162] As the difference increased,
the resulting pores were similarly larger.[162] For example, the PAN/PS combination had
the greatest difference in solubility parameters and yielded the greatest pore size.[162]

Philip et al. electrospun a miscible polymer blend of PEO and PMMA using a chloro-
form-acetone mixture as solvent.[163] The developed fiber membrane was subjected to
dissolution in deionized water for a few weeks. The resulting NFs exhibited roughness
at the surface caused by the removal of PEO.[163] Kije�nska et al. developed electrospun
core-shell NFs using a blend of poly(lactide-co-caprolactone) (PLCL) and laminin (ECM
protein) dissolved in hexafluoro-2-propanol (HFP).[164] The shell comprised PLCL dis-
solved in HFP while the core consisted of the laminin dissolved in water.[164] NFs like
these could be used to prevent the denaturization of proteins encapsulated by shell, or
by having one protein in the core and one in the shell to yield controlled release.[164]

Expanding on the previous application, Sedghi et al. were able to create core-shell NF
mats using a coaxial electrospinning method; in one syringe, a blend of chitosan (CS)
and PVA was used while the other compartment was filled with curcumin dissolved in
ethanol.[165] The team found that as the amount of PVA in the PVA-CS blend was
increased, the fiber uniformity increased (less beads were observed, together with a
smoother fiber surface) (Figure 20).[165]

Figure 18. SEM images of the porous PAN NFs. The polymer blend ratio is PAN 10/PEG 8. (a) Overall
and (b) magnified view of a fractured cross-section.[161] Reprinted from Nagamine et al.,[161] Copyright
(2014), with permission from Elsevier.
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Figure 19. Cross-sectional SEM images of CNFs: (a) PAN/PAA; (b) PAN/PEG; (c) PAN/PMMA; (d) PAN/
PS. (e) Optical image of sheet-type PAN/PMMA carbon web[162] Reprinted from Jo et al.,[162] Copyright
(2014), with permission from Wiley.

Figure 20. SEM images of F1 (a), F2 (b), F3(c), F4 blend NFs (d), F5 core/shell Cur/PVA-CS NFs (e) and
TEM image of F5 NFs (f). The notation “Fn” refers to the different types of samples, such that F1, F2,
F3, and F4 are a blended structure with increasing concentrations of PVA (wt%) of 5wt%, 6wt%,
7wt%, and 8wt%, respectively. F5 is a core-sheath structure with 8wt% PVA.[165] Reprinted from
Sedghi et al.,[165] Copyright (2016), with permission from Elsevier.
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5. Conclusion and future scope

The ability to design NFs with different internal structures and surface morphologies pro-
vides an opportunity to develop special functions for advanced applications. A review on
the effect of materials, processing techniques, and system selection, such as emulsion,
block-copolymer, or blends, on fiber diameter, alignment, porosity, and overall internal
nanofiber structure has been presented. The development of hollow, core-sheath, porous,
gyroid, beaded and several other fiber structures has been described. These structures
hold great promise in energy generation/storage, optoelectronics, water treatment, health-
care, food packaging, and biomedical applications. Most of the reported work has used
electrospinning, which, until recently, dominated nanofiber production with large scale
potential. This review presented detail on the tuning of internal structure of electrospun
fibers designed from emulsions, block copolymers, and polymer blends as well as the
effect of added surfactant, polymer, and/or solvent selection and processing parameters.
As new nanofiber processing methods emerge such as ForcespinningVR , which now oper-
ates at an industrial level, more studies will appear focusing on the analysis of materials
and particular processing parameters such as rotational speed, nozzle diameter, and noz-
zle-collector distance, on the fiber internal structure and morphology.
In general hierarchical nanofiber design has abundant opportunities to be explored

and significant growth may be expected. While the majority of the studies have used
solvents for fiber processing, solvent-free methods are attractive but not yet frequently
used/demonstrated. It will also be of interest how the effective methods to design
internal structure such as those demonstrated in microfibers through, for example,
melt-blowing, may be translated into prescribing the internal structure of NFs.
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