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Abstract: The importance of electrospinning to produce biomimicking micro- and nano-fibrous
matrices is realized by many who work in the area of fibers. Based on the solubility of the materials
to be spun, organic solvents are typically utilized. The toxicity of the utilized organic solvent could
be extremely important for various applications, including tissue engineering, biomedical, agricul-
tural, etc. In addition, the high viscosities of such polymer solutions limit the use of high polymer
concentrations and lower down productivity along with the limitations of obtaining desired fiber
morphology. This emphasizes the need for a method that would allay worries about safety, toxicity,
and environmental issues along with the limitations of using concentrated polymer solutions. To
mitigate these issues, the use of emulsions as precursors for electrospinning has recently gained
significant attention. Presence of dispersed and continuous phase in emulsion provides an easy route
to incorporate sensitive bioactive functional moieties within the core-sheath fibers which otherwise
could only be hardly achieved using cumbersome coaxial electrospinning process in solution or
melt based approaches. This review presents a detailed understanding of emulsion behavior during
electrospinning along with the role of various constituents and process parameters during fiber forma-
tion. Though many polymers have been studied for emulsion electrospinning, poly(ε-caprolactone)
(PCL) is one of the most studied polymers for this technique. Therefore, electrospinning of PCL
based emulsions is highlighted as unique case-study, to provide a detailed theoretical understanding,
discussion of experimental results along with their suitable biomedical applications.

Keywords: emulsion; electrospinning; morphology; fiber; poly(ε-caprolactone); tissue engineering

1. Electrospinning: Past and Present

Electrospinning, a top-to-bottom nano-manufacturing technique, is a relatively simple
and versatile method that has attracted excessive research interest to fabricate nano-fibrous
matrices of high flexibility, porosity, and specific surface area [1]. In a typical electrospinning
set-up, an electrostatically charged polymer droplet is ejected through a spinneret in the
form of a polymer-jet which ultimately gets spun into micro- or nano-scale fibers/mat [2,3].
Electrospun nanofibrous matrices have been prepared using various polymeric systems
such as solution [4], emulsion [5], melt [6], or near-gel resin [7–9], and applied in applica-
tions including air filtration [10], oil-water separation [7,11], composite reinforcement [1],
smart-textile [12], super-capacitor [13], gas sensor [14], catalysis [15], controlled drug de-
livery [16], wound dressing [17], and as tissue engineering scaffolds [18] to name a few.
The surface morphology of electrospun matrices, mimicking the native extracellular matrix
(ECM) in terms of topology, chemistry, biology, and mechanical properties, is highly advan-
tageous for tissue engineering application [3,19,20]. The electrospinning technique invented
in 19th century has reached far beyond the original use of polymer solution as precursor to
prepare nano-fibrous matrices. In the early 1900, John Francis Cooley (UK patent, GB 6385,
Title: Improved methods of and apparatus for electrically separating the relatively volatile
liquid component from the component of relatively fixed substances of composite fluids)
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filed two patents (US692631 and US745276) and demonstrated the apparatus for dispersion
of fluids, generation of filament mesh using electrostatic force, spinneret systems for coaxial
spinning, air-assisted spinning and rotating collectors, but more details of the electrospin-
ning process were described much later by Anton Formhals in 1929–1944, who published
22 patents that covered numerous aspects of the electrospinning process [21]. Between
1964 and 1969, Geoffrey Taylor provided pioneering mathematical models on how a strong
electric field affects a droplet’s morphology. Specifically, when the electric field strength
increased beyond a threshold value, the spherical droplet of polymer solution evolved into
a cone and ensue a liquid jet (now commonly referred to as Taylor cone). Afterward, the
limitations of characterization tools during that era slowed advancement of electrospinning
technique for 20 years until in the 1990s, mechanistic studies of fiber generation were
carried out by Reneker and Chun (1996), then there are fascinating contributions from a
variety of groups [22,23]. The primary development history nodes of electrospinning are
summarized in Figure 1. Over the years electrospun fiber-based matrices, core-sheath fibers,
and nanocomposites have been prepared using synthetic and natural polymers. Perhaps
associated with numerous advantages, electrospinning process holds some drawbacks
which need to be addressed and resolved in upcoming research, such as excess use of or-
ganic/toxic solvents especially for hydrophobic polymers, in processability of low/highly
viscous precursors, low productivity in terms of total output, and poor control over fiber
alignment and morphology [24]. The use of organic solvents such as dimethylformamide
(DMF), tetrahydrofuran (THF), benzene-based solvents restrict the direct incorporation of
any biomolecules, cells into the electrospinning precursor to produce electrospun matrices
for tissue engineering application. The residual organic solvent in the matrices prohibits
several growth factors and causes inflammation, resulting serious health concerns when
it is applied as an ECM. The toxic nature of these solvents and their adverse impact on
environmental life make to restrict their use in electrospinning dope [25].
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Figure 1. History of emulsion electrospinning.

In the surge of ecological and sustainable technologies, it necessitates to minimize
the usage of toxic solvents in electrospinning systems too. In this regard, use of water
is a good alternative for producing electrospun matrices from hydrophilic polymers like
poly(vinyl alcohol) (PVA), poly(ethylene oxide) (PEO), poly(ethylene glycol) (PEG) etc.,
although they can also be solubilized and electrospun from organic solvents and addition
of binary solvent is reported to improve the spinnability of such systems [26–28]. However,
for hydrophobic polymers like polystyrene, poly(ε-caprolactone) (PCL), poly(L-lactide)
(PLLA) poly(acrylonitrile) (PAN) etc. use of organic solvents becomes mandatory [29–31].
Additionally, for enhancing the productivity of electrospun matrices in the view of com-
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mercialization, researchers are continuously improving the electrospinning process. A
few studies have described methodical improvement of the characteristics of nanofibers
and reviewed the process parameters to narrow the diameter-distribution of electrospun
fibers [32].

Initially, the core-shell electrospinning technology was the only viable option for pro-
ducing stable nanofibers from thermosensitive polymers, rubbery latex etc. For example,
morphologically stable composite nanofibers of polybutadiene rubber with uniformly dis-
tributed elemental Ag NPs were prepared via co-axial electrospinning combined with in situ
chemical crosslinking followed by the removal of PVP component from the corresponding
core–sheath nanofibers [33]. Similar kinds of studies with very fascinating fiber morphology
like honeycomb, patterned etc. have been widely reported by other research groups [34,35].
But, recently electrospinning of polymer emulsions, simply emulsion electrospinning has
emerged as a novel approach to tackle the issues like material incompatibility, overall
productivity and excessive use of organic solvents etc. in electrospinning. Fabrication of
electrospun matrices of unique core-sheath morphology can be obtained a single nozzle
using dilute polymer solutions as dispersed phase of emulsion and from low molecular
weight polymers as well are highly fascinating aspects of emulsion electrospinning [36].
The method is highly advantageous for inclusion of water-soluble bioactive agents into
electrospun matrices of hydrophobic polymers [37]. The hydrophobicity of polymer pro-
vides a barrier from external conditions (solvent exposure, shear stresses) and prevents
the burst-release of hydrophilic bioactive agents, thus offers a sustained and controlled
release over a long-period [38]. Furthermore, emulsion electrospinning offers the flexi-
bility towards controlling the rheological properties of system by adjusting the emulsion
parameters and produces matrices of uniform fiber diameter even at low polymer con-
centration [39]. On contrary, emulsion electrospinning often requires a template or carrier
polymer to enhance the spinnability of the system and emulsion electrospun matrices have
poor aqueous dimensional stability due to leaching of template polymer and surfactant [40].
Pickering emulsions stabilized using amphiphilic nanomaterials (Pickering particles) are
a viable choice to prepare emulsion electrospun nanocomposite matrices instead from
conventional emulsions [41,42]. Additionally, Pickering emulsions are advantageous due
to their high stability, insolubility of Pickering particles, and introduction of inorganic
functionalities into electrospun matrices which also enhances the mechanical properties of
electrospun matrices [43]. A wide range of polymers, including biopolymers (e.g., proteins,
polysaccharides, chitosan, gelatin etc.) and biocompatible polymers (e.g., PVA, PEO, PCL,
PLLA, poly(L-lactide-co-glycolide) (PLGA) have been successfully emulsion electrospun to
develop uniform fibrous matrices [3]. The well-known biodegradability, biocompatibility
and low toxicity of these polymers have encouraged the high usage of emulsion electrospun
matrices based on these polymers for food, biomedical, pharmaceutical, and other applica-
tions [44–46]. When the emulsion electrospinning of a polymer system is emphasized, it is
observed that PCL and its blends rank the top and being a biocompatible, biodegradable
and bioresorbable polymer, majority of the electrospun matrices have been used as a tissue
engineering scaffold. The synthesis, physio-chemical properties, degradation behavior,
different techniques to fabricate PCL based porous materials and their bio-medical and
other applications have been briefly discussed in several literatures [47–51]. The present
review is therefore focused on the recent advancements in emulsion electrospinning of PCL
and how the scope of this technique can further be expanded to generate porous structures
for applications not limiting to tissue engineering. Also, the effect of process parameters
onto ultimate fiber morphology and how the structure property correlation is linked with
end use will be discussed in detail. Figure 2 depicts the literatures devoted to emulsion
electrospinning in last decade, significantly more than 30% of literatures are based on PCL
as their major component whereas PLLA, PLGA occupied 20% each and remaining are less
than 5% each (silk fibroin, gelatin, polyacrylic acid, polystyrene etc.). Overall, more than
75% of available literature is on PCL, either as their main component or in blended form.
Therefore, in detail covering of such PCL based systems alongside a brief covering of other
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polymer-based systems will portray a brief idea about the potential of this rapidly growing
system.
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2. Emulsion Electrospinning: Clean and Safe Electrospinning

Emulsion electrospinning is an advanced fascinating technique where with the use
of single nozzle/syringe, core-sheath and multi-channel fibers can be produced. It is
also termed as ‘green electrospinning’ because of its sustainable nature which promotes
low/restricted use of organic solvents. The basic component of this process is an emulsion
which are categorized as water-in-oil (w/o) or oil-in-water (o/w) depending on whether the
water phase is dispersed or continuous and the solvent rich aquaphobic phase is commonly
known as oil phase. These two phases interact with each other through stabilizers viz.,
emulsifiers/surfactants emulsifier (e.g., Tweens, Spans etc.), Pickering particles (e.g., nano
silica, nano clay etc.), biopolymers (e.g., gelatin, alginate etc.), and globular biopolymers
(e.g., soy proteins, whey protein etc.) [52–54].

The advantages of emulsion electrospinning are as follows. First, the scope of con-
ventional electrospinning is somewhat limited to very low polymer concentration since
otherwise it leads to the formation of submicron size fibers. Whereas emulsion provides
appropriate rheological properties to a polymer system so that elongation of the polymer
phase can take place more smoothly and discards the probability of electro spraying. Fur-
ther, increasing aqueous fractions also assist in modulation of fiber diameter within nano
size range even at higher polymer concentration. [36] Second, hydrophilic bioactive agents
that are mostly intolerant and poorly soluble in hydrophobic organic solvents can easily
be incorporated within hydrophobic polymer matrix by using a predominantly aqueous
electrospinning medium like w/o high internal phase emulsions. Third, electrospinning
of w/o emulsions results into core-sheath fibers with hydrophilic bioactive components
embedded within core of hydrophobic barrier polymer, shielding the sensitive hydrophilic
component from external circumstances (solvent exposure, shear pressures) and thus re-
tains their bioactivity [37]. Fourth, being encapsulated by the core-shell fiber matrix, these
bioactive agents need to cross the barrier prior to release process, thus reducing their burst
release. Further, being a biphasic system emulsion allows distinct matrixes for the bioactive
compound and polymer thus removes the difficulty of finding a common media [38]. Lastly,
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it offers scalability on both needle and needleless setup which is not possible with co-axial
and blend electrospinning setup [28].

2.1. Process Overview

In order to form an emulsion, two immiscible liquids, usually oil and water, are me-
chanically agitated along with the stabilizer as depicted in Figure 3. Stabilizer stabilizes
emulsion by reducing the interfacial tension between the two phases thereby allowing
formation of smaller dispersed droplet under mechanical agitation and by avoiding droplet
coalescence through formation of a barrier between two phases [55]. The disperse droplets
start to split into smaller units as soon as the energy exerted by the shear forces due to
turbulent micro-eddies on the droplet’s interphase exceeds the cohesive forces of the liquid
in droplets [56]. Therefore, the amount of energy required to break a droplet is there for
directly proportional to interfacial tension. Other than process and thermodynamic vari-
ables, the emulsification is influenced by various emulsion parameters including dispersed
phase volume, viscosity, and mutual solubility of both phases [57]. Electrospinning of such
emulsions is termed as emulsion electrospinning.

The most fundamental electrospinning setup is depicted in Figure 3 comprises of three
major components, a syringe pump, an electrically conducting spinneret, a conducting
grounded collector separated by a predetermined distance and a high voltage power
supply. The most common setup in the laboratory is a plastic barrel syringe carries the
polymer solution and a metallic needle with blunt tip as the spinneret and the feed rate
of polymer solution to be electrospun is controlled by the syringe pump [58]. To charge
the polymer solution, one electrode of the power supply is connected to metallic tip of
the syringe holding the spinning solution, and the other is connected to the collector of
opposite polarity. When a high voltage (0.1–30 kV) is applied to the spinneret, it creates
potential difference between the spinneret and collector, and droplet undergoes two types
of electrostatic forces, the Coulombic force exerted by the external electric field and mutual
electrostatic repulsion between surface charges and as pointed out in Figure 4c. Because
of this, there exists some localized charge separation within the liquid. Charges with the
same sign as the spinneret’s polarity will move toward the surface of the droplet and
generate extra charges. As the voltage slowly goes up, more and more charges will build
up, making the droplet’s surface charge density go up. Under these circumstances, surface
tension tends to make a droplet round so that its total surface free energy remains as low
as possible. However, electrostatic repulsion tends to change the shape of the droplet, so
its surface area will grow to reduce the repulsion. Finally, the droplet is presumed to have
a shape that makes the sum of electrostatic energy and surface free energy as small as
possible [59]. When the intensity of the electric field reaches a specific critical threshold,
the liquid drop elongates into a conical shape known as the Taylor cone, indicating that
electrostatic repulsions overcome the surface tension of the polymer solution as shown
in Figure 4a. As soon as the polymer droplet’s surface charge is overcome, a polymer jet
forms right from the apex of the Taylor cone and continues to be ejected and accelerated
under electric field in a steady manner until viscoelastic and surface tension forces prevent
the jet in moving forward. The solution jet initially follows a straight course, but after a
certain distance from the spinneret, the jet begins to whip out in a chaotic form owing to
the rapid solvent evaporation and increase in jet surface charge density, which destabilizes
the polymer jet as shown in Figure 4b [58]. This phenomenon is referred to the bending
instability. As the jet swirls in the direction of the collector, higher order instabilities
manifest themselves, resulting in a completely chaotic trajectory and leads to the formation
of a randomly oriented, nonwoven polymeric fibrous mat on the collector [60].
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Unlike normal electrospinning, in emulsion electrospinning, the solvent evaporates at
a much faster rate from sheath as compared to that of core, resulting rapid increase in the
outer layer’s viscosity in comparison to the inner layer. Following that, emulsion droplets
are induced to move inward from the surface to the center along with the instantaneous
condensation and stretching into elliptical shapes (Figure 3) due to the force exerted by a
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high-voltage electric field [62,63]. This leads to the segregation of polymer jets, initially into
two jets and, eventually, into large number of jets, to counteract the instability [64]. During
this process, the emulsion droplets can be drawn out in the nanofibers to form a core-shell
structure (TEM image Figure 3, [61]), or they can stay as droplets to form a multi-core struc-
ture. The electrostatic force, which affects the constant splitting of polymer droplets causes
the patterning/deposition of nanofibers on the collector. Further, the deformation and
attenuation of the emulsion droplets are also controlled by opposite directional drag force
exhibited by the surrounding atmosphere. Other forces acting on the charged jet include
gravity, coulombic repulsion force, surface tension, and viscoelastic forces as demonstrated
in Figure 4b [65]. Droplet expansion is caused by coulombic repulsion and electrostatic
forces. Surface tension and viscoelastic forces help to contract the charged droplet, reduc-
ing the interface area between the air and the jet [66]. With rapid solvent evaporation
on the grounded collector, the core-shell nanofibers are finally obtained as schematically
shown in Figure 3. Non-spinnable drugs, growth factors, and other active substances
can be dispersed in the polymer solution and electrospun using emulsion electrospinning.
Furthermore, combination of synthetic polymers (as the backbone material) with natural
polymers (on the surface to improve cell adhesion) can fabricate composite fibrous scaffolds
with optimal mechanical and compatibility properties for biomedical applications. Pal
et al. demonstrated the creation of cotton-wool-like fluffy nanofibrous mats via emulsion
electrospinning of PCL and chitosan, resulted in the formation of a chitosan-PCL based
core-shell fibrous suitable for skin tissue engineering [67]. Furthermore, the core-shell
nanofibers of acrylic acid grafted with PCL and hydroxyapatite be created through the elec-
trospinning of o/w emulsions [68]. Unlike nanomaterials (e.g., nanotubes, nanorods, and
nanowires), which are mostly created through synthetic, bottom-up methods, top-down
fabrication is used to create electrospun fibers. These results in obtaining continuous fibers,
that are relatively simple to align, assemble, and process into applications in industries
such as food, cosmetics, pharmaceuticals, and biomedicine [69]. Doshi et al. identified the
internal and external parameters that govern the structural morphology of electrospun
nanofibers. The major factors are environmental humidity and temperature (as external
parameters) as well as applied voltage, tip to collector distance, conductivity, and viscosity
of the polymer solution (as internal parameters). The effects of various parameters on
fruitfulness of electrospinning are discussed in detail in the following sections.

2.2. Polymers in Emulsion Electrospinning

With the rapid development of new materials derived from renewable resources,
a wide range of materials, including biopolymers (e.g., proteins, polysaccharides) and
biocompatible polymers (e.g., poly(vinyl alcohol) (PVA) [70–72], poly(ε-caprolactone)
(PCL) [5], poly(lactic acid) (PLA) [73–76], poly(lactic-co-glycolic acid) (PLGA) [77–80],
poly(vinylpyrrolidone) (PVP) [81–84], poly(ethylene oxide) (PEO) [29,39,85], poly(ethylene
glycol) (PEG) [86,87] etc., and other synthetic polymers like polystyrene (PS) [88,89] and
polyurethane (PU) [90,91] etc. have also been successfully electrospun to uniform fibers
from their emulsions. The details of different PCL based emulsion systems used to pro-
duce electrospun nano-fibrous matrices are summarized in Table 1. Emulsion parameters
(continuous phase, dispersed phase, and emulsifier), emulsion electrospinning parameters
(voltage; kV, tip to collector distance; cm, and flow rate; mL/h), and the bio-medical appli-
cation of matrices produced from electrospinning of water-in-oil (w/o), oil-in-water (o/w),
and non-aqueous emulsions are outlined.
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Table 1. Emulsion electrospun PCL nanofibrous matrices for biomedical applications.

Continuous Phase Disperse Phase Emulsifier Emulsion Electrospinning
Parameters Applications/Remarks

PCL in DCM Silk fibroin in
hexafluoropropan-2-ol - 12–15 kV, 13 cm

0.72 mL/h Controlled drug delivery [92]

PCL in
chloroform/DMF

Hyaluronic acid (HA) keratin
and PEO in water Tween-80 21 kV, 19 cm,

0.8 mL/h Wound healing [93]

PCL in
chloroform/DMF Water Span-80 18 kV, 20 cm,1.5 mL/h Controlled drug delivery [94]

PCL in
chloroform/DMF

PVA/pectin blend containing
Chelidonium majus extract Tween-80 80 kV, 15 cm, - Wound dressing [95]

PCL in
hexafluoro-2-propanol

Aqueous carboxymethyl
chitosan /sodium alginate Span-80 16 kV, 15 cm,

0.6 mL/h
Mimicking the
periosteum [96]

PCL in DCM Gentamicin antibiotic
loaded silica

Cetyltrimethylammonium
bromide (CTAB)

15 kV, 7–10 cm
3 mL/h Wound healing [97]

Tramadol loaded PCL in
DCM Aqueous PEO solution Span60, Tween80,

Pluronic-F68, and SDS
8–10 kV, 13 cm,
0.2-0.5 mL/h Sustained drug release [98]

Poly(ethylene
glycol)-b-poly(l-lactide-co-

caprolactone)
(PEG-b-P(LLA-CL))

Peptide-modified
trimethyl

chitosan-g-poly(ethylene
glycol) mixed with miR-126

Pluronic-F127 10–15 kV, 10–15+ cm,
0.4–0.6 mL/h Vascular regeneration [99]

PCL in methanol/chloroform Aqueous solution of
heparin Span-80 20 kV, 17 cm,

0.2 mL/h Vascular graft [100]

PCL in chloroform
Aqueous metformin
hydrochloride and
metoprolol tartrate

Span-80 16 kV, -, 1 mL/h Controlled drug release [101]

PCL in DCM Silk fibroin - 15 kV, 12–15 cm,
1 mL/h

Mitigating foreign-body
reaction and tendon

adhesion [102]

PCL in
hexafluoro-2-isopropanol

Silk sericin in
hexafluoro-2-isopropanol and

formic acid
- 16 kV, 12–15 cm, 1 mL/h Skin tissue engineering [103]

PCL and PLGA in chloroform Aqueous hyaluronic acid and
epirubicin

Triethyl benzyl ammonium
chloride (TEBAC)

20 kV, 15 cm,
3 mL/h

Carrier for local
chemotherapy [104]

PCL in chloroform Aqueous bovine serum
albumin Span-80, SDS, Pluronic-F108 16 kV, 10 cm, 0.9 mL/h Effect of surfactant on

fiber morphology [105]

PCL in DCM and
hexafluoro isopropanol

Silk fibroin in hexafluoro
isopropanol - 15 kV, 12–15 cm, 1.5 mL/h Skin tissue engineering [106]

Polyhydroxy
butyrate/valerate (PHBV)

and PCL

Vascular endothelial growth
factor in phosphate buffer

saline
- 23 kV, 15 cm,

0.5 mL/h
Biodegradable vascular

prostheses [107]

PCL in chloroform Silk fibroin in formic acid - 22–23 kV, 10–12 cm, 0.24–0.36
mL/h Bone tissue engineering [108]

PCL in chloroform Vascular endothelial growth
factor - 18 kV, 15 cm,

0.5 mL/h

Vascular patches for blood
vessel

regeneration [109]

PCL in DCM and
dimethylbenzene

Platelet rich plasma
derived growth factors Sapn-80 30 kV, 25 cm, - Cartilage regeneration [110]

PCL in chloroform
Aqueous solution of

doxycycline
hydrochloride

Span-80
sodium and laurate

sulphate

12 kV, 10 cm,
0.5 mL/h Wound healing [111]

PCL in chloroform Trypsin enzyme in phosphate
buffer Span-80 15 kV, 8 cm, 0.6 mL/h Catalytic activity [112]

PCL-PEO blend in chloroform Aqueous lysozyme solution Span-80 20 kV, 20–50 cm, 3 mL/h Bone tissue engineering [113]

PCL in a mixture of
chloroform and acetone

Polypropylmethacryl-
heptaisobutyl-polyhedral

oligomeric
silsesquioxane-co-methyl

methacrylate (POSS-MMA)

- 15 kV, 25 cm, 1–5 mL/h Encapsulation [114]

Poly(L-lactide-co-(ε-
caprolactone)) P(LLA-CL) in

chloroform
Distilled water Span-80 20 kV, 12 cm, 1 mL/h Distribution of surfactant

within the nanofibers [115]

P(LLA-CL) in chloroform Aqueous solution of Heparin Span-80 20 kV, -, 1.5 mL/h Treatment of aneurysms [116]

P(LLA-CL) in chloroform Vascular endothelial growth
factor in gelatin solution - 15 kV, 10 cm, 1.0 mL/h Cardiomyogenic

differentiator [117]

P(LLA-CL) in chloroform Bovine serum albumin Span-80 15 kV, 15 cm, 1.0 mL/h Protein encapsulation [62]
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Table 1. Cont.

Continuous Phase Disperse Phase Emulsifier Emulsion Electrospinning
Parameters Applications/Remarks

P(LLA-CL) in chloroform Water Span-80 20 kV, 12 cm, 1.2 mL/h Endothelial cell
interaction [118]

P(LLA-CL) in DCM Aqueous Bovine serum
albumin Span-80 20 kV, 15 cm, 1.0 mL/h Controlled drug release [119]

PCL in toluene Aqueous PVA solution Brij-58 30 kV, 20 cm, 0.5 mL/h Scaffold [120]

PCL in toluene Water Hydrophobically modified
nano clay 30 kV, 20 cm, 0.5 mL/h Tissue engineering

scaffold [61]

PCL in toluene Water Hydrophobically modified
silica nanoparticles 30 kV, 20 cm, 0.5 mL/h Skin tissue engineering [121]

PCL in toluene Water Nano silver 30 kV, 20 cm, 0.5 mL/h Wound dressing [122]

PCL in DCM/DMF Aqueous PVA solution Hydroxyapatitenanoparticles 30 kV, 20 cm, 0.5 mL/h Bone tissue engineering [123]

Aqueous PVA solution PCL in toluene Brij-58 30 kV, 20 cm, 0.5 mL/h Rheological studies [5]

Aqueous PVA solution PCL in toluene Hydroxyapatite nanoparticles 30 kV, 20 cm, 0.5 mL/h Osteoblast growth [124]

Aqueous PVA solution PCL in toluene Brij-58 30 kV, 20 cm, 0.5 mL/h Tissue engineering
scaffold [125]

Aqueous PVA solution Acrylic acid grafted PCL
in toluene Hydroxyapatite nanoparticles 30 kV, 20 cm, 0.5 mL/h Tissue engineering

scaffold [68]

3. Parameters Affecting Emulsion Electrospinning

There are several factors that affect the electrospinning process. These factors are clas-
sified as emulsion parameters, electrospinning parameters, and environmental parameters.
The emulsion parameters include the solvent, polymer concentration, viscosity, disperse
phase volume fraction, nature of emulsifier and emulsion conductivity. The electrospin-
ning parameters include the applied voltage, distance between needle tip and collector,
type of collector, flow rate, and needle diameter. The environmental parameters include
relativity humidity and temperature. All these parameters have a significant influence in
the formation of bead free uniform fibers. Therefore, it is crucial to thoroughly compres-
ence the effects of different electrospinning parameters to have better understanding of
electrospinning technique and fabrication of uniform polymeric nanofibers.

3.1. Effect of Emulsion Parameters
3.1.1. Polymer Concentration, Viscosity, and Volume Fraction of Dispersed Phase (φd)

The polymer concentration is one of the key factors governing the electrospinnability
of solution and fiber morphology. Since the process is based on uniaxial stretching of a
charged jet which is strongly dependent on the extent of entanglement of polymeric chains,
and therefore concentration of polymer solution significantly impacts the stretching of
charged jet, and morphology of electrospun fibers. [126] If the concentration of polymer
solution is very low like as shown in dilute regime I and semi dilute regime-I (Figure 5),
the applied voltage and surface tension cause the entangled polymer chains to break
up before reaching the collector which is undesirable and beaded nanofibers produced
ultimately. [127] Further in semi dilute regime-II (Figure 5), increasing concentration of
polymer solution increases the solution viscosity by raising the chain entanglements and
which facilitates to overcome the surface tension of droplets and formation of uniform
bead free electrospun nanofibers [128]. Increase in polymer solution concentration above
a critical value (the concentration at which bead free uniform nanofibers are produced)
impedes the solution flow through the spinneret (concentrated solution regime (Figure 5),
the polymer solution dries and blocks the spinneret), which eventually results in the
formation of defective or beaded nanofibers. As the viscosity of polymer solution increases
above a critical value, so does the bead size and the average distance between beads on
the fiber. At the same time, the bead shape transitions from spherical to spindle-like as
depicted in Figure 5. Beads and beaded fibers, on the other hand, are less likely to form in
more viscous solutions [3].
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Additionally, the diameter of the fiber may increase with increasing the polymer
concentration. [129] Samanta et al. studied the effect of PCL concentration, concentration
of template polymer (PVA), and φd onto the morphology of w/o emulsion (high inter-
nal phase emulsion, HIPE) PCL fibers. [120] A decrease in average fiber diameter (from
479 ± 8 to 345 ± 16 nm, Figure 6b) with increasing φd (from 0.75 to 0.90) was observed
due to elongation of highly conducting aqueous phase present in large quantity and a
decrease in overall solid content of the emulsion. Similar trend was also observed for
emulsion electrospun PCL-silk fibroin fibrous mats from w/o emulsions. [108] Whereas,
when the PCL concentration was varied (0 to 40 wt.%) at a constant φd of 0.75, larger
diameter co-continuous fibers were obtained (mean fiber diameter increased from 414 ± 7
to 678 ± 11 nm, Figure 6a) since, an increase in PCL concentration led to the formation of
more viscous continuous phase along with higher overall solid content per unit volume
of the emulsion [120]. Additionally, the concentration of template polymer also played
a significant role in the formation of bead free continuous fibers. No continuous fibers
could be obtained from HIPEs below an optimum template polymer concentration (here,
≥8 wt.%). Hence the template polymer not only served as a stabilizer for HIPE, but also
served as a template, protecting the droplet coalescence, and ensuring the continuity of the
emerging fiber from the Taylor cone. An increase in the mean fiber diameter (from 210 ± 12
to 1180 ± 11 nm) was reported with increase in template polymer concentration (from 8 to
20 wt.%) within the disperse phase, attributing to higher viscosity, emulsion stability and
increase in the solid content at higher template polymer concentration [120]. Detailed study
on viscoelastic interaction between template polymer and other emulsion components by
Pal et al. confirmed the caging of disperse phase droplets by template polymer, which
governed the uniform stretching and orientation of both the phases of emulsion [5]. During
rheological study an increase in storage and loss modulus was observed due to formation
of caged dispersed droplets within continuous phase. Further, at lower template polymer
concentration, beaded fibers produced due to slippage of continuous phase over dispersed
droplets while very high PVA concentration led to gelling of emulsion and no fibers could
be produced as depicted in Figure 6c. At high polymer (PCL) concentration in dispersed
phase resulted in formation of bigger droplets which diminished the caging effect; thus,
droplets were not effectively stretched, and oriented, and thicker fibers were produced
eventually (Figure 6c) [5]. Another study revealed that the amount of required template
polymer concentration can be reduced if the PCL surface is grafted by a hydrophilic poly-
mer like poly(acrylic acid) [68]. Similar effects of PCL concentration on the morphology of
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emulsion electrospun fibers were discussed and further demonstrated that use of template
polymer can be restricted if emulsion was stabilized using Pickering particles instead of
conventional surfactants, thus leading to a greener approach [121]. These kinds of electro-
spun nanocomposite matrices have superior mechanical properties as compared to that
of previous once. The enhancement in mechanical properties by inclusion of Pickering
particles in polymer matrix was attributed to effective load transfer from polymer matrix
to Pickering nanoparticles due to strong secondary interactions between the two [121].
Interestingly, pore formation on fiber surface was observed at high PCL concentration. This
was possibly due to the occurrence of phase separation in polymer rich and poor zones
during electrospinning where polymer precipitation and solvent evaporation occurred
simultaneously. Such pore formation was not observed in the neat PCL based electrospun
matrices at similar PCL concentration, which was obvious due to absence of aqueous
phase [61]. Similar effects of polymer concentration and φd onto the core-shell nanofibers
was observed in case of other PCL based emulsion systems like PCL-gelatin [130], PCL-
poly(methyl methacrylate) (PCL-PMMA) [131], PCL-chitosan [67], PCL-trypsin [112], and
PCL-PVA [125]. The average fiber diameter increased, and the number of beaded fibers de-
creased as the polymer concentration increased, the other solvent properties being constant,
likely resulting from the increased viscosity of the dope dispersion associated to higher
resistance for the solution to be stretched under the applied electrostatic force [112].
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Figure 6. Effect of (a) polymer concentration, (b) φd Reproduced with permission from ref [120];
Copyright 2016, Elsevier, and (c) template polymer concentration on the diameter and morphology
of emulsion (HIPE) electrospun PCL nanofibers Reproduced with permission from ref [5]; Copyright
2017, Elsevier.

3.1.2. Emulsifier

Emulsion preparation employs a stabilizer (surfactant and/or Pickering particles)
which is one of the essential ingredients which controls emulsion electrospinning process
and morphology of electrospun fibers thus produced. Surfactants commonly having a
non-polar tail (lipophilic) and polar head (hydrophilic) adsorb at liquid-liquid (oil-water)
interface during emulsification. The surfactant causes droplet disruptions by reducing
the interfacial tension and prevents aggregation of dispersed droplets by increasing the
repulsive forces exhibited by the protective surfactant layer surrounding the dispersed
droplets [132]. Commonly used surfactants for stabilization of PCL emulsions include
anionic; SDS, cationic; TEBAC, and non-ionic; Sorbian monooleate (span 80). Kinetics
of droplet coalescence and disruptions are strongly dependent upon the rate at which
surfactant molecules cover the liquid-liquid (droplet) interphase [133]. According to Zhang
et al. during emulsion electrospinning, small surfactant molecules are divided into two
parts, one part could be in the core and the surfactant’s hydrophobic part (tail) remain
as an array in the sheath. The remaining surfactants could move from droplet phase to
outer surface due to charge repulsion and evenly distribute on fiber surface with their
hydrophilic groups in air [3]. Li et al. studied the effect of emulsifier (stabilized by span
80) during emulsion electrospinning of poly(L-lactide-co-ε-caprolactone) and observed
that around 10,000 times elongation of emulsion droplets occurs within tens of millisec-
onds, along its path to collector (tip to collector distance-15 cm) and band-like electrospun
fibers were obtained at distances of 0.2 to 0.5 cm as well as some elliptical-shape drops
in electrospun fibers at distances of 2.0–2.5 cm, and 3.0–3.5 cm as shown in Figure 7a–b.
This can be attributed as, during emulsion electrospinning emulsion droplets are elongated
along with the polymer jet, accompanied by the rapid jet-solidification due to the water
and solvent evaporation but the liquid emulsifier (at room temperature) remains as it is
and move from the emulsion spheres to the outer region and even to the surfaces of fibers
due to the charge repulsion. Thus, emulsifier divided into two parts one with the polymer
another with the water-soluble drugs and helps to fabricate the core–shell type fibers [62].
In another study, the effects of different surfactants, non-ionic; span 80 and Pluronic F108,
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anionic; SDS, and cationic TEABC, at varying concentrations on morphology of emulsion
electrospun PCL/bovine serum albumin (PCL/BSA) nanofibers were studied [105]. It was
observed that in presence of any of the surfactant electrospinnability of emulsion with
low PCL concentration was enhanced and branched or uniform fibers were obtained as
depicted in Figure 7c. Electrospinning of an emulsion prepared at 0.4 wt.% SDS produced
the thinnest and the most uniform nanofibers (167± 39 nm) attributing to high conductivity
of PCL emulsions. Electrospun PCL/BSA nanofibers produced from emulsion containing
different surfactants at varying concentration differed in fiber morphology (Figure 7d) and
mechanical properties. Results suggest that surfactants have the ability to modulate the
fiber morphology via electrostatic and hydrogen bonding, depending on their chemical
structure and surfactant-polymer interactions. For example, PCL-BSA electrospun mats
containing TEABC surfactant with benzyl group presented maximum tensile strength but
least elongation at break due to inherent structural rigidity of TEABC, whereas electro-
spun fiber with surfactants containing long alkyl chains (span 80, SDS and F108) showed
moderate (for span 80 and SDS) to poor (for F108) tensile strength as shown in graph 7f.
However, high elongation at break was observed for surfactant F108 owing to the presence
of ductile PEO chains as shown in graph 7e [105]. Interestingly, electrospun PCL fibers
produced from emulsion systems containing surfactant brij-58 depicted the co-continuous
morphology. Further, increase in fiber diameter with increasing brij-58 concentration
referred to increase in solid content and formation of relatively bigger droplets [120]. Emul-
sion electrospun P(LLA-CL) nanofibers containing span 80 demonstrated high strength
and modulus because of the reason that majority of span 80 molecules aggregated into
nanorods and acted as reinforcing agents [118]. However, surfactants used in emulsion
electrospinning are usually difficult to remove and might introduce concerns related to
biocompatibility of electrospun fibers [134]. Furthermore, in some instances surfactant
molecules migrate from liquid-liquid interphase to the surface and result in bulging and
rough fiber morphology [39].

Recently, instead of conventional surfactants colloidal amphiphilic nanoparticles
known as Pickering particles has gained an increasing interest among the researchers
owing to inherent biocompatibility and other fascinating properties of Pickering particles
leading to a greener approach [47]. Pickering particles forming a densely packed mor-
phology at liquid-liquid interphase protect the droplets from flocculation and coalescence
through steric stabilization mechanism [135]. Compared to conventional surfactants, the
thickness of particle-stabilized liquid-liquid interface is at least equal to the size of particle-
monolayer, which provides stronger protecting barrier against droplet flocculation and
coalescence [136]. Additionally, particle stabilized interfacial layer has good mechanical
stability due to the presence of lateral attractive capillary forces caused by the deformation
of fluid interface around the particles [137]. Hence, electrospun fibrous mats with reduced
toxicity are expected to be produced from emulsion electrospinning which is attributed to
favoring polymer-particle and particle-particle interactions. During electrospinning of PCL-
grafted-poly(acrylic acid) based o/w emulsions enhanced storage modulus was observed
for emulsions containing nano-hydroxyapatite (HAp) in comparison to those prepared
without HAp, thus suggesting the increased oil-water phase interactions [68]. Similarly,
PCL based electrospun nanocomposite matrices of higher tensile strength and modulus
were obtained when fabricated from Pickering emulsions stabilized with modified mont-
morillonite nano clay (MMT) and no toxic effects of MMT inclusion on cell-proliferation
efficacy of PCL matrices were observed [61].
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In another study, PCL based Pickering emulsions stabilized with hydrophobically
modified silica nanoparticles (mSiO2) depicted reduction in emulsion droplet size with
increasing mSiO2 and generation of thicker diameter PCL fibers upon electrospinning [121].
The mSiO2 acted as an external nucleating agent and increased the crystallinity of emulsion
electrospun nanocomposite PCL/mSiO2 matrices. Furthermore, the reinforcing effect
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of mSiO2 enhanced the tensile properties of PCL/mSiO2 nanocomposite matrices and
increased growth profile of fibroblast L929 cells was observed. Interestingly, the PCL based
nanocomposite fibrous matrices prepared from emulsion electrospinning of PCL Pickering
emulsions also demonstrated good biomineralization efficacy as well and hence proving
their high suitability for bone tissue engineering application [68,138].

3.1.3. Conductivity and Surface Tension of Phases

During emulsion electrospinning, Taylor cone formation and diameter of nanofibers
produced are strongly governed by the emulsion conductivity and surface tension which is
mainly dependent upon properties of polymer, solvent, and surfactant, and availability of
ionizable salts [105,139]. In case of emulsions with low conductivity dispersed droplets,
the poor surface charge and high surface tension hinders the Taylor cone formation and
production of uniform electrospun fibers. Increasing emulsion conductivity up to a critical
value enhances the surface charges on emulsion droplets to form a highly stable Taylor cone
and decreases the fiber diameter as well [140]. However, increasing emulsion conductivity
at par (or above a critical value) have deteriorating effects on Taylor cone formation due
to the fact, Taylor cone formation is primarily controlled by the electrostatic force of the
surface charges generated by the applied external electric field (electric field component,
tangential to surface of the fluid induces the electrostatic force). An ideal dielectric polymer
solution won’t have enough charges in it to move to the surface of the fluid. This means
that the electrostatic force generated by an electric field will be enough to form a Taylor
cone and start the electrospinning process [139]. A conductive polymer solution, on the
other hand, will have enough free charges to travel onto the fluid’s surface, form a Taylor
cone, and start the electrospinning process. But when the conductivity of the solution goes
up significantly, the tangential electric field goes down a lot. This decreases the electrostatic
force along the surface of the fluid, which detrimentally affects the formation of the Taylor
cone [139]. The straight jet section is elongated and thinned by a combination of Coulomb
and electrostatic forces.

Indeed, electrospinnable emulsions are mainly consist of non-miscible polymers, not
the immiscible solvents and these immiscible polymers leads to the formation of a highly
viscous homogeneous solution that upon electrospinning produces an ordered polymeric
blend nanofiber [34,35,141,142]. For example, immiscible blend of silk fibroin and PCL was
emulsified and investigated by assessing the morphology of emulsion electrospun PCL-silk
fibroin fibers [108]. A reduction in silk fibroin concentration from 10 to 5 wt.% reduced
the emulsion viscosity while increased the conductivity. It was proposed that for emul-
sions with high viscosity, cohesion among the polymer chains hindered the conductivity.
Emulsions with low conductivity showed appreciable spinnability but at very high silk
fibroin content emulsion was not electrospun. Though, viscosity and conductivity of the
system to be electrospun are not inter-related at ambient temperature, it was predicted that
superior emulsion electrospinning was enabled by the synergistic effects of optimal high
viscosity and low conductivity. Another study on PCL-chitosan core-sheath nanofibers
generation via emulsion electrospinning discussed the effect of electrical conductivity on
fiber diameter and morphology [143]. With increasing PCL content, the relative contribu-
tion of protonation of amine groups of chitosan decreased, so does the conductivity of the
emulsion while viscosity was increased (Figure 8j), and surface tension not changed signifi-
cantly. With increasing PCL content at a constant chitosan content, the average diameter
of the nanofibers was increased from 214 ± 90 to 715 ± 330 nm as depicted in Figure 8a–i.
The reduction in chitosan content w.r.t PCL also decreased the electric forces required to
electrospun PCL-chitosan emulsion system and the PCL sheath of the fibers became thicker
with thus leading to decreased core to sheath diameter ratio as shown through TEM images
in Figure 8k, suggesting the effect of electrical conductivity of core component. Similarly,
inclusion of cefazolin (as Na+ salt) in electrospinning PCL based systems resulted in an
increased charge density which imposed the thinning forces on the stretching jet -and
resulted in smaller diameter fibers [144] as observed for systems like PCL-PMMA [131],
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PCL-chitosan [67], and PCL-silk fibroin [106]. The effect of ionic nature of surfactant and its
concentration on emulsion conductivity, spinnability and properties of produced PCL/BSA
nanofibers was focused [105]. Incorporation of low number of surfactants, TEBAC (cationic)
or SDS (anionic) had nominal and much higher increase in conductivity of the system,
respectively, whereas non-ionic surfactants, span80 and F108 had no influence on emulsion
conductivity. It is due to the fact, in case of non-ionic surfactants, the surfactant molecules
do not bear any surface ionic charge and the association of surfactant molecules is likely
governed by hydrogen bonding and/or hydrophobic interactions [145]. Broad diameter
distribution was observed for PCL-BSA fibers that electrospun from emulsions loaded with
non-ionic surfactants. Also, the tensile strength of PCL/BSA nanofibers was not influenced
much by the ionic nature of surfactant whereas elongation at break and hydrophilicity (wa-
ter contact angle) were highly correlated with surfactant type. Similar results also depicted
when quality by design approach based on design of experiments was used to achieve
predictable critical quality attributes for PCL emulsions containing ionizable antimicrobial
agent (doxycycline HCl) formulated with a surfactant blend [111].

Colloids Interfaces 2023, 7, 19 17 of 42 
 

 

 
Figure 8. (a) FE-SEM images (a–f) showing the effect of conductivity on fiber diameter and diameter 
distributions (g–i) of emulsion electrospun PCL-chitosan fibers. (j) Effect of blend ratio on emulsion 
conductivity and viscosity, and (k) TEM images of core-shell structured nanofibers with different 
PCL/CS weight ratios, Reprinted with permission from ref [143]; Copyright 2019, Elsevier. 

3.1.4. Solvent for the Polymer 
The solvent for polymer dissolution is another crucial parameter governing the for-

mation of smooth and bead free electrospun nanofibers depending upon the polymer-
solvent interactions. The solvent selection is primarily based on two parameters, firstly, 
excellent solubility of the polymer or polymer blend need to be electrospun and second, 
the solvent should have considerable/moderate volatility (moderate boiling temperature) 
[139]. In addition to volatility of the solvent, its conductivity and dipole moment are also 
important. Solvents with low to moderate boiling temperature are generally preferred be-
cause their high evaporation rates ease the polymer precipitation during transfer of poly-
mer solution from spinneret tip to collector and extraction of residual solvent from the 
obtained electrospun nanofibrous mats. Solvents with high volatility (low boiling temper-
ature), on the other hand, are mostly avoided because the drying/coagulation of polymer 
jet at the spinneret tip hinders the electrospinning process. Solvents with extremely high 
boiling temperature are also avoided due to their poor extraction during and post-electro-
spinning, thus preventing complete drying of nanofibers and causing fusion of fibers 
[139].  

Effect of different solvent systems at different blend ratios (chloroform: DMF; 60:40, 
75:25, and 85:15) onto the porosity of trypsin entrapped emulsion electrospun PCL nano-
fibers suggests that for solvent-blends having higher fractions of chloroform (lower boil-
ing temperature, better solubility, and conductivity) coarser PCL nanofibers with reduced 
porosity are obtained (Mean fiber diameter- 141 ± 44 nm, porosity- 32 ± 3%). In contrast, 
increasing the quantity of DMF in the solvent combination induces an increase in solution 
conductivity and a greater elongation of the polymer jet during the electrospinning pro-
cess, resulting in fibers with smaller diameters and higher porosity (Mean fiber diameter- 
118 ± 52 nm, porosity- 56 ± 1%). Thus, indicating the effects of solvent volatility and con-
ductivity [112]. Another study on emulsion electrospun PCL/PVA-gelatin nanofibrous 

Figure 8. (a) FE-SEM images (a–f) showing the effect of conductivity on fiber diameter and diameter
distributions (g–i) of emulsion electrospun PCL-chitosan fibers. (j) Effect of blend ratio on emulsion
conductivity and viscosity, and (k) TEM images of core-shell structured nanofibers with different
PCL/CS weight ratios, Reprinted with permission from ref [143]; Copyright 2019, Elsevier.

3.1.4. Solvent for the Polymer

The solvent for polymer dissolution is another crucial parameter governing the forma-
tion of smooth and bead free electrospun nanofibers depending upon the polymer-solvent
interactions. The solvent selection is primarily based on two parameters, firstly, excellent
solubility of the polymer or polymer blend need to be electrospun and second, the solvent
should have considerable/moderate volatility (moderate boiling temperature) [139]. In
addition to volatility of the solvent, its conductivity and dipole moment are also impor-
tant. Solvents with low to moderate boiling temperature are generally preferred because
their high evaporation rates ease the polymer precipitation during transfer of polymer
solution from spinneret tip to collector and extraction of residual solvent from the obtained



Colloids Interfaces 2023, 7, 19 17 of 40

electrospun nanofibrous mats. Solvents with high volatility (low boiling temperature), on
the other hand, are mostly avoided because the drying/coagulation of polymer jet at the
spinneret tip hinders the electrospinning process. Solvents with extremely high boiling
temperature are also avoided due to their poor extraction during and post-electrospinning,
thus preventing complete drying of nanofibers and causing fusion of fibers [139].

Effect of different solvent systems at different blend ratios (chloroform: DMF; 60:40,
75:25, and 85:15) onto the porosity of trypsin entrapped emulsion electrospun PCL nanofibers
suggests that for solvent-blends having higher fractions of chloroform (lower boiling tem-
perature, better solubility, and conductivity) coarser PCL nanofibers with reduced porosity
are obtained (Mean fiber diameter- 141 ± 44 nm, porosity- 32 ± 3%). In contrast, increasing
the quantity of DMF in the solvent combination induces an increase in solution conductivity
and a greater elongation of the polymer jet during the electrospinning process, resulting
in fibers with smaller diameters and higher porosity (Mean fiber diameter- 118 ± 52 nm,
porosity- 56 ± 1%). Thus, indicating the effects of solvent volatility and conductivity [112].
Another study on emulsion electrospun PCL/PVA-gelatin nanofibrous matrices demon-
strated the morphology of fibers are also strongly dependent on disperse phase solvent
compositions. As depicted in Figure 9 blend ratio 7:3 (deionized water: acetic acid, DW:AA)
results in uniform bead-free fiber as compared to 8:2 (irrespective of the nature of surfac-
tant), which may be attributed to the high-water surface tension in the aqueous solutions
with the higher volume ratio of water as compared to acetic acid [146]. In general, the effect
of solvents onto the morphology of electrospun matrices is similar for both solution as well
as emulsion-based systems. Effect of different solvent systems, (a) acetone, (b) acetone:
chloroform (30:70), (c) DCM: methanol (90:10), and (d) chloroform: DMF (70:30) in terms
of their ability to form uniform electrospun PCL nanofibers was investigated [147]. When
acetone was solely used as the solvent for PCL, poor electrospinnability with formation
of beaded fibers was observed, whereas acetone: chloroform blend significantly increased
the electrospinnability of PCL, indicating higher solubility of PCL in chloroform than
acetone [148]. The electrospinnability of PCL from DCM: methanol blend was also very
poor pertaining to low dielectric constant and conductivity values of the main solvent,
DCM [147]. The chloroform: DMF composition found to be the best solvent system for
PCL electrospinning which produced smooth electrospun fibers of thinnest diameter with
small pores along the fiber surface. Although DMF is not a good solvent for PCL, its high
dielectric constant value and electrolyte nature contributed to electrospinning of bead free
PCL nanofibers [149]. Furthermore, a solvent-blend system plays crucial role in fabrication
of porous electrospun nanofibers this is due to the reason that in a solvent-blend, one of the
solvents is generally a non-solvent for the polymer, and the different evaporation rates of
the solvent and non-solvent lead to phase separation (polymer rich and poor zones) and
thus generation of electrospun porous nanofibers [150].
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3.2. Effect of Process Parameters
3.2.1. Applied Voltage

Electrospinning is a highly intriguing process which encompasses nonlinear electro-
hydrodynamics at extremely high speeds, complex rheology, and charge, mass, and heat
transfer within the polymer jet migrating from spinneret tip to collector. The process
includes three stages: jet initiation, jet elongation (with/out branching and/or splitting),
and jet solidification into nanofibers [58]. In each stage mentioned above, applied voltage
plays a significant role in fiber formation and it takes place once the applied voltage crosses
the threshold limit and induces necessary charges on electrospinning fluid along with
the electric field. At a critical voltage, spherical droplet of polymer fluid deforms into a
Taylor cone and transforms into ultrafine nanofibers on the collector. This critical applied
voltage (VC, kV) varies for different polymers and given by the Equation (1), where H is
tip to collector distance), L is length of the spinneret, R is radius of the tube (H, L, and R
in cm), and γ is surface tension of the fluid (dyncm-1). The factor 1.3 comes from 2 cos
49.3◦ by considering cone has a semi vertical angle close to a possible equilibrium value of
49.3◦ [22,151].

V2
C = 4

H2

L2

(
ln

2L
R
− 1.5

)
(1.3πRγ)(0.09) (1)

Once the electrically charged polymer jet starts to eject from the apex of Taylors cone, it
follows a nearly straight path for a certain distance known as near-field region as depicted
in Figure 4b. The length of this straight segment can be estimated by the Equation (2), where

R0 =
(

2σQ
πkρE

) 1
3 , σ is the surface charge, Q is the flow rate, k is the electrical conductivity, ρ

is the density, E is the electrical field strength, I is the current passing through the jet, r0 is
the internal radius of the jet [152,153].
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During this span of time the viscoelastic and surface tension forces prevent the jet
from moving forward, as a result forward acceleration is gradually attenuated [126]. As
the jet travels towards the collector its diameter reduces and at some distance away from
the collector acceleration becomes zero or constant. At this point, any perturbation due
to mutual electrostatic repulsion destroys the straight jet trajectory, introduces instability
and the polymer jet enters to the far-field regime where it undergoes through axisymmetric
(Rayleigh instability) and non-axisymmetric instabilities (whipping or bending instability)
and finally reaches to collector as depicted in Figure 4b [154–158].

It has been experimentally already proven that the shape, diameter, porosity, and me-
chanical properties of the electrospun fiber is highly dependent on applied voltage. Above
the critical voltages, an increase in applied voltage causes more ejection of polymer fluid
and higher acceleration rate and reduced flight time towards the collector, thus reduced
jet stretching and formation of large dimeter electrospun fibers as depicted in Figure 10a.
At much higher voltage, branching of the individual fibers takes place which is mainly
associated with the induction of multiple jets during electrospinning thus reducing the
electrostatic forces and overall fiber stretching and eventually smaller dimeter electrospun
fibers [159,160]. Effect of the applied voltage on the morphology and mechanical properties
of emulsion electrospun PLGA-chitosan nanofibrous scaffolds reported the formation of
beaded fibers at voltage 8kV, increasing the voltage to 12 kV causes the beads to vanish
but results in the creation of non-uniform nanofibers. On the other hand, voltage of 16 kV
produces uniform nanofibers (Figure 10b). It may be inferred that a stronger electrical field
caused by higher voltage causes a greater pull in the emulsion jet trajectory, resulting in the
development of bead-free, more uniform, and finer PLGA/chitosan/PVA nanofibers [161].
An increase in average fiber diameter with a much wider distribution curve were obtained
when the applied voltage was increased from 10 to 25 kV. Whereas morphological analysis
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of electrospun PCL nanofibers suggested significant change without affectation of their
physicochemical properties. Furthermore, at higher voltages (20 to 25 kV) the polymer jet
expelled from spinneret tip was randomly welded (coalesced) across its length before their
deposition on collector, hence, electrospun nanofibers with interlaced morphology were
produced and had higher mechanical strength [162]. Similar type of conglutinations among
the fibers produced at higher electrospinning voltages have also been reported [163–165]. It
was hypothesized that the fusion among the fibers produced at higher voltages improved
the load transfer capacity between the fibers and hence increased tensile strength and
the load transfer between fibers occurred via van der Waals interactions and mechanical
interlocking [165]. The dimeter of electrospun fibers also dictates the rate of cell growth
and proliferation [166,167]. Badami et al. reported that electrospun fibers with small mean
diameters (≤140 nm) could inhibit cell infiltration and proliferation, owing to the smaller
pore size of the scaffolds [166]. Whereas fiber diameter range between 700–1400 nm pro-
motes cell migration, on contrary, electrospun PCL scaffolds with mean fiber diameter
≥1600 nm presented decreased attachment and proliferation of fibroblasts [167].
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3.2.2. Flow Rate

Flow rate of polymeric fluid through the spinneret tip during electrospinning process
is another important parameter which controls morphology of the electrospun nanofibers
and to obtain a bed free continuous electrospun fibers the critical flow rate varies with
polymer systems to be electrospun [139]. Increased flow rate above the critical value may
result in electrospun beaded fibers, while an optimum flow rate is essential to exceed the
thermodynamic instability observed at minimum flow rate. Computational and experimen-
tal studies on electrospun PCL nanofibers reported that high flow rate favored the pore
formation on fiber surface [168].
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It was proposed that with increasing flow rate polymer droplet suspended at the
spinneret tip grew larger, which in turn increased the diameter of polymer jet and electro-
spun fibers. At low flow rates, the solvent may have sufficient time to evaporate before
deposition of nanofibers on to the collector, hence thinner and uniform fiber was produced.
Conversely, high flow rates probably above the quasi-stable point result in unstable jets
thus the polymer fluid is not completely carried away to the collector and production of
large dimeter beaded fibers [139]. To summarize, increasing the flow rates above a critical
value cause an increase in fiber diameter, pore diameter, and formation of beaded fibers,
attributing primarily to incomplete solvent evaporation and relatively low stretching of
polymer jet between spinneret tip and collector plate [169].

3.2.3. Tip to Collector Distance

The distance between the spinneret tip and the collector plate in the electrospinning
set-up significantly influences fiber diameter and morphology, since it determines the rate
of solvent evaporation, fiber deposition time, and whipping or jet instability. It has been
proven that a based upon the electrospinning dope characteristics at an applied voltage, a
minimum (optimum) distance between spinneret tip and collector plate is essential to obtain
uniform electrospun fibers, otherwise beaded fibers are produced if the distance is too less
or too far [170]. In general, increasing distance up to certain limit decrease the diameter
of electrospun fibers and similar trend was observed for electrospun PCL-HA composite
nanofibers where the increasing tip to collector distance (from 5 to 25 cm) decreased the
average fiber diameter from 597 to 306 nm [171]. It is explained that increasing distance has
a direct influence on the jet flight time and electric field strength. Longer spinning distance
provides more time for stretching of polymer jet before fiber deposition on collector and
the solvent also have more time to evaporate, hence, fiber diameter is prone to decrease.
Numerous studied reports the effect of distance between spinneret tip and collector on fiber
morphology and conclude that defective and large diameter nanofibers are obtained with
less distance, whereas increasing distance narrow down the nanofiber’s diameter [139].

3.3. Effect of Ambient Parameters
Humidity and Temperature

Apart from emulsion parameters and electrospinning process parameters, ambient (en-
vironmental) factors such as relative humidity and temperature have been reported to tune
the diameter and morphology of electrospun nanofibers. Humidity modifies the diameter
of nanofibers by controlling the precipitation/solidification of charged polymer jet during
its migration from spinneret tip to collector plate under the influence of external electric
filed as depicted in Figure 10c [170]. This phenomenon, however, is also associated with
chemical composition of the polymer or polymer blend to be electrospun. The variation in
relative humidity during electrospinning of PCL showed that increase in relative humidity
up to a critical level resulted in pore formation on fiber surface and above the critical level
pores were diminished, however, fiber diameter did not change significantly [172].

Increasing temperature from 25 to 45 ◦C during electrospinning of PCL caused an
overall decrease in fiber yield as the fiber diameter decreased owing reduction in viscosity
of PCL leading to more splitting and stretching of polymer jet [173]. Orientation of PCL
chains within the electrospun matrices also altered with the electrospinning temperature,
an increased and decreased chain orientation was observed for PCL nanofibers electrospun
in temperature range of 25 to 35 ◦C and 35 to 40 ◦C, respectively. Interestingly, except for
higher PCL concentration (20 wt.%) the degree of crystallinity showed a temperature de-
pendence rather than a concentration dependence, where 12% enhancement in crystallinity
of electrospun fibers was observed form matrices produced in the temperature range of 35
to 55 ◦C. Further, the PCL solution concentration and electrospinning temperature were
also interrelated since dilute PCL solutions (12 and 16 wt.%) showed higher electrospinning
temperature window compared to concentrated PCL solution (20 wt.%). It is proposed
that temperature and solution concentration are the regulating factors for solution viscosity,
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conductivity, and surface tension which all together contribute to variation in dimeter and
morphology of electrospun fibers [174–176]. On the other hand, electrospinning tempera-
ture close to melting temperature of PCL lead to rapid solvent evaporation thus restrict
the jet stretching as the intermolecular forces between the polymer chains dominate and
higher dimeter fibers are produced.

The effect of all parameters discussed so far on emulsion electrospun fibre morphology
is now summarized in Figure 11 and Table 2.
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they are interconnected.

Table 2. Parameters affecting emulsion electrospun fiber morphology.

Emulsion Parameter Effect on Electrospun-Fiber Morphology

Polymer concentration
(Complex viscosity) ↑ Fiber diameter ↑

Emulsion conductivity ↑ Fiber diameter ↓ (broad diameter
distribution) Core sheath ratio ↑

Solvent volatility ↑ Surface porosity ↑
φd ↑ Fiber diameter ↓ Surface smoothness ↓

Surface tension ↑ No fiber formation

Applied voltage ↑

Fiber diameter ↓, ↑, ↓.When, applied voltage > optimum limit, first fiber diameter
decreases due to increased jet elongation then increases since increasing voltage will accelerate jet

and this may result in greater volume of solution drawn and upon further increase in voltage
fiber diameter decreases due to the formation of multiple jets.

Flow rate ↑ Fiber diameter ↑ (beaded morphologies
occur if the flow rate is too high)

Working distance ↑ Fiber diameter ↓ (beaded morphology
if the working distance is too short)

Relative humidity ↑ Surface porosity ↑
Ambient temperature ↑ Fiber diameter ↓
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4. Application of Emulsion Electrospun Nanofibrous PCL Matrices

The application of emulsion electrospun nanofibrous PCL matrices applied in biomed-
ical and other fields is summarized in Figure 12. The biomedical applications include
wound healing, bone, vascular and nervous tissue regeneration, encapsulation of functional
bioactive components, and controlled drug release. Enzyme immobilization, oil-water
separation, air filtration, fuel purification, catalysis, and buffer material for phase change
materials are a few other applications of emulsion electrospun PCL matrices.
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4.1. Encapsulation and Controlled Drug Release

Many bioactive molecules like collagen, trypsin, BSA, silk-fibroin, and essential drugs
(like ciprofloxacin, ampicillin, captopril, cefazolin, gentamicin, doxorubicin etc.) that are
needed during tissue repair, bone regeneration, etc. are prone to degradation upon burst
release into active cell media [177]. These chemicals may therefore have a limited bioavail-
ability due to the instantaneous breakdown of their structure and low absorption during
intake [3]. Since electrospinning is a straightforward and adaptable encapsulation tech-
nique and does not require extreme temperatures or pressures, can be potentially used
for effective entrapping and delivery of bioactive compounds. [38] Mainly, coaxial and
emulsion electrospinning are used for efficient encapsulation of active compounds. Coaxial
electrospinning, however, necessitates a special assembly, coaxial needles with at least
two syringe pumps and is more complicated than monoaxial electrospinning. Also, in
comparison to other approaches, choosing the appropriate polymers and setting-up the
optimum process parameters takes longer time [178]. Moreover, emulsion-based electro-
spun nanofibers matrices have offered improved stability, bioavailability, and adaptable
release profiles of bioactive agents during processing and delivery as compared to other
electrospinning-based encapsulation techniques as depicted in Figure 13a [3]. Studies
suggest release of bioactive compounds from surface of electrospun fibers/polymer matrix
is mainly governed by factors such as, matrix property (composition, structure, swelling,
and biodegradability), characteristics of release medium (diffusion coefficient, medium-
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driven flow, pH, and temperature), and drug properties (hydrophilic/hydrophobic, load-
ing method, drug interactions with polymer matrix, and degradation kinetics of drug
carrier) [179,180]. Among these factors, diffusion coefficient, swelling of polymer matrix,
and degradation kinetics of drug carrier are the major ones [97]. The diffusion coefficient of
drug depends on fibers’ morphology, fiber-diameter distribution, crystallinity, and other
physicochemical properties (like core-sheath ratio) partition coefficient of drug, and the
initial concentration of bioactive compounds [3,181].
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Experimental and computational studies (finite element and composite smeared finite
elements method) suggested that three-layered scaffolds of PLGA and PCL produced by se-
quential emulsion electrospinning had delayed release kinetics and made it highly suitable
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for post-operative therapy [180]. The cumulative drug release amount was inversely related
to thickness of PCL layer which controlled the initial burst release of hydrophilic drugs. The
prominent overlapping of experimental results with values predicted by numerical models
suggested the accuracy of numerical models in predicting the drug release profile to sur-
rounding medium. Controlled and sustained release behavior of antibiotic drug, Eugenol
(extract of cloves, known for therapeutic properties) loaded on the emulsion electrospun
PCL-PVA-CS composite fibrous matrices was evaluated for 5 days [182]. The emulsion
electrospun PCL composite matrices showed initial burst release followed by sustained
release of eugenol continuing over two weeks. Further, cell viability analysis of eugenol
loaded PCL matrices did not cause any cell death, and thus, can be effectively used for
wound dressing and tissue regeneration applications. In another study, antibiotic agent, ce-
fazolin incorporated nanofibrous PCL mats were fabricated by blend, emulsion and co-axial
electrospinning methods and compared for their drug release profile and antimicrobial
activity [144]. The drug release amounts from electrospun PCL matrices were higher (~68%
for blend and ~43% for co-axial) and significantly low (~5% for emulsion electrospun)
system as depicted in Figure 13b. The slower drug release profile for emulsion electrospun
PCL matrices was mainly due to the efficient encapsulation of bioactive molecules within
hydrophobic shell as compared to others. The drug release profile data fitted best with the
first order kinetic model and suggested Pseudo-Fickian diffusion behavior. Based on the
drug release profile, the suggested potential applications include antibacterial gauzes and
coatings for short and long terms urinary catheters.

Emulsion electrospun PVA-PCL nanofibers with core-sheath morphology having dif-
ferent core (PVA) swelling ratio in PBS, controlled the in-vitro release profile of model
drugs, Rhodamine B and BSA [183]. The hydrolysis degree of PVA varied the swelling
ratio of core, hence, varying diffusion pathways of PBS/drug and controlled release of
encapsulated BSA. A novel needleless emulsion electrospinning technique with massive
production rate was used to fabricate core-sheath nanofibers of PCL and Pluronic F-68
(F68, triblock-co-polymer of PEO and PPO) to encapsulate diverse range of bioactive
compounds [184]. Biocompatible polymer F68 forming the core of nanofibers (above its
critical micelle concentration) effectively stabilized and controlled the release of protei-
neous bioactive compounds through non-covalent interactions, and protein unfolding.
Further, excellent viability and proliferation of mesenchymal stem cells and controlled drug
delivery rate governed by diffusion and degradation mechanisms confirmed the potential
of developed PCL-F68 core-sheath nanofibers as drug delivery carrier.

Several studies have been demonstrated, for PCL based scaffolds, eradication of inher-
ent hydrophobicity of PCL through blending with hydrophilic polymers which promoted
the rate of cell adhesion and proliferation [106,113]. Hence, PCL and PEO based com-
posite nanofibrous matrices loaded with bioactive platelet-derived growth factor were
prepared through emulsion electrospinning [113]. The emulsion formulation considerably
regulated the adsorption and release profile of bioactive compounds. The electrostatic
interactions between incorporated ceramic phase and bioactive compounds slowed down
the release rate of such compounds. Whereas a cationic surfactant enhanced the release
rate of bioactive compounds by reducing the electrostatic interactions. The incorporation
of platelet-derived growth factor into nanofibrous matrices increased the osteogenic differ-
entiation of human mesenchymal stem cells. The increased alkaline phosphatase activity
contributed to improved cell attachment and reorganized cytoskeletal filaments. Unlike
Pickering stabilizers, emulsion preparation conditions, specially, extent of sonication and
surfactant concentration (above their critical micelle concentration) modify the bioactiv-
ity of proteins loaded on electrospun scaffolds and their release profile as well [111,113].
Polyhedral oligomeric silsesquioxane and methyl methacrylate (POSS-MMA) based copoly-
mer was used to stabilize the liquid-liquid interface of emulsions [114]. Such emulsions
were electrospun to obtain bi-continuous core-shell electrospun nanofibers with enhanced
encapsulation capability having PCL and POSS-MAA in core and sheath, respectively.
This study suggested that POSS based copolymers can effectively be used for stabilization
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and preservation of functional materials through encapsulation and to develop coating
formulations for advanced medical devices.

4.2. Tissue Engineering

Tissue engineering, also called regenerative medicine, combines the approaches of
medicine, biology, and engineering to develop biological substitutes that restore, maintain,
or improve the damaged tissue functions [170,185]. It focuses on reconstructing and
regenerate damaged tissues by implanting a scaffold seeded with cells at desired sites [186].
Where the scaffold’s morphology analogues to natural ECM and having multi-functionality,
provides support to seeded cells during cell differentiation, proliferation, migration, growth,
and ECM deposition. It also assists in controlled delivery of biochemical factors and
nutrients and offers pathways for excretion of metabolic wastes. Therefore, significant
efforts have been put into developing polymeric nanofibrous scaffolds with large specific
surface area through electrospinning with morphology mimicking the natural ECM at
sub-micron and nanometer scale [106,187–190]. Use of 3D scaffold is necessary for most of
the tissue regeneration because their 3D biomimetic environment helps cell differentiation,
genetic material, expression, ECM secretion, and cellular metabolisms. Therefore, 3D
electrospun nanofibrous scaffolds with a certain thickness and cell infiltration capability
are critical for tissue engineering. For this electrospinning have been combined with other
fabrication techniques like 3D printing, emulsion templating etc. [50]. The designing
strategies to convert 2D electrospun matrices into 3D architectures are summarized in the
reference [191].

Recently, emulsion electrospinning of biocompatible polymers has gained increasing
attention as emulsion electrospun core-sheath nanofibers offer sustained delivery of cell
laden bioactive molecules, growth factors, and drugs [192]. Moreover, among different
biocompatible polymers, PCL based emulsion electrospun matrices have a major contri-
bution as tissue engineering scaffolds [61,68,124,125]. Attempts have also been made to
prepare PCL based nanocomposite electrospun matrices from Pickering emulsions sta-
bilized using nanomaterials (Pickering stabilizers) such as clay, silica, hydroxyapatite,
silver etc. [61,121,123]. The nanocomposite fibrous PCL scaffolds prepared from emul-
sions stabilized with hydrophobically modified nano clay presented enhanced crystallinity,
tensile strength, and tensile modulus in comparison to solution electrospun neat PCL ma-
trices. [61] Further, presence of nano clay did not hamper the cell proliferation efficiency of
nanocomposite matrices assessed against human breast cancer cells (MCF7) and Osteoblast
cells (MG63). Hence, suggesting the potential of emulsion electrospun matrices as tissue
engineering scaffold. Interestingly, emulsion electrospun PCL nanocomposite matrices on
post-electrospinning modification achieved rough surface which facilitated the enhanced
cell growth and proliferation [124,125]. Therefore, the following sections discuss the appli-
cations of emulsion electrospun PCL nanofibrous matrices in various tissue engineering
applications.

4.2.1. Bone Tissue Engineering

Bones primarily made-up of hydroxyapatite and collagen, have multi-functionality in
the body. Bones provide structural framework and strength, regulate blood pH, and level
of calcium and phosphate for metabolic activities [193,194]. Recently, orthopedics treat-
ments involving bone grafts have gained high clinical demand due to increased number of
bone defects caused by bone infections, bone tumors, and bone loss through trauma [37].
However, use of both autologous and allogeneic bones is limited clinically since the pre-
vious one may need 100% gene modification, likely require combination therapies and
later one is associated with problem in finding donors and greater chance of morbidity.
Therefore, periodontal regenerative procedure based on tissue engineering approach is
applied for bone regeneration to overcome such limitations [195]. The main principle is
to restrict the migration of rapidly proliferating epithelial cells into the defect location by
establishing a barrier membrane between the epithelial tissue and bone or bone transplant
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as depicted in Figure 14a [196,197]. Thus, a bone tissue engineering scaffold should have
biocompatibility, tunable biodegradability, and interconnected porous architecture for su-
perior migration of growth factors. Further, bioactive sterile environment for cell growth,
and sufficient mechanical properties to withstand the physiological pressure excreted by
the body movements of patient are also desired. Electrospun nanofibrous scaffolds from
various natural and synthetic polymers such as alginate, chitosan, collagen, PCL, polygly-
colic acid (PGA), PLA, and PLGA have been highly appreciated for bone regeneration as
they satisfy the above-mentioned criteria [198–202]. Therefore, use of electrospun nanofi-
brous organic-inorganic composite scaffolds loaded with bioactive components such as
bone morphogenetic proteins, growth factors, and periosteum etc. is vital for efficient
bone-regeneration [37,147].

Biopolymer, collagen-based membranes are commonly used for bone regeneration,
however, their potential for antigenicity, poor mechanical properties, and rapid degradation
are serious concerns [203,204]. Alternatively, synthetic polymers such as PGA, PLA and
PCL based membranes have been commonly investigated for bone tissue engineering. The
PCL-based membranes which possess prolong degradation kinetics, hence, not produc-
ing an overly acidic environment during their degradation are highly attractive [205,206].
Recently, plasma functionalized resilient PCL bilayer membranes were developed by se-
quential electrospinning and emulsion templating and examined for their efficacy as bone
tissue engineering scaffolds [147]. The top electrospun layer of bilayer membrane showed
good barrier properties for prevention of soft tissue invasion. Whereas, the emulsion tem-
plated PCL base promoted the cellular infiltration, deposition of collagen and minerals, and
blood vessel ingrowth as illustrated in Figure 14 (d, e, and f). In another study, periosteum
loaded emulsion electrospun composite fibrous scaffolds of PCL/carboxymethyl chitosan
(CMCS) /sodium alginate (SA) were developed and investigated for the periosteum re-
pair to facilitate bone defect regeneration [96]. PCL component strengthened the fibrous
scaffolds while carboxymethyl chitosan and sodium alginate components stimulated the
ECM of natural periosteum. The emulsion electrospun composite fibrous scaffolds pre-
sented good mechanical properties, excellent biocompatibility, and osteoblasts (MC3T3-E1)
viability as demonstrated through live-dead assay in Figure 14b. In addition to cell ad-
hesion and growth, it also promoted the differentiation of osteogenic cells. qPCR assay
(Figure 14c) suggested no significant difference was observed in the expression of early
osteoblastic genes Runx2 and ALP for 72h when only PCL and sodium alginate were
used. Interestingly, the addition of CMCS significantly promoted osteogenesis as depicted
in Figure 14c. In-vitro and in-vivo studies on w/o emulsion electrospun PVA-strontium
ranelate PCL core-sheath nanofibrous scaffolds suggested that encapsulated strontium
ranelate was capable of simulating osteogenic differentiation of human mesenchymal stem
cells [207]. Further, the boosted Osteocalcin (OCN), runt-related transcription factor 2
(Runx2), alkaline phosphatase (ALP), and collagen I (Col-I) gene expression, and calcium
deposition enhanced the bone formation and reduced the bone resorption.
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Figure 14. (a) Schematic showing guided bone regeneration, Reprinted with permission from ref [208];
Copyright 2017, Wiley, (b) Live/dead assay showing osteoblasts (MC3T3-E1) viability (c) Osteogenic
gene expression on the fibrous PCL-CMCS-SA scaffolds, (One-way analysis of variance was used to
analyze the significance of differences between groups where, * p < 0.05; ** p < 0.01; *** p < 0.001),
Reprinted with permission from ref [96]; Copyright 2020, Elsevier (d) PCL based bilayer membrane
as a bone graft (e) macro and SEM images of bone graft (f) Metabolic activity of bilayer bone graft,
(analysis of variance was used to analyze the significance of differences between groups where
**** and ΦΦΦΦ for p ≤ 0.001, ** p ≤ 0.01, while comparing means of 3 samples) Reprinted with
permission from ref [147]; Copyright 2019, MDPI.

4.2.2. Skin Tissue Engineering and Wound Dressing

Skin, the largest organ of the body protects us from pathogen invasion by providing
an external barrier. Burns, diabetes, trauma, surgery, bedsores, ageing, and congenital giant
nevi are the main causes of skin damage, and depending on healing-duration, these injuries
are acute or chronic. High socio-economic expenses are associated with the skin abnor-
malities, which are one of the leading causes of morbidity and mortality worldwide [209].
The two primary methods for skin regeneration are autograft and allograft, both of which
possess limitations including unsatisfactory donor sites, health problems associated with
transplants, delayed rate of healing, and scar formation [210–213]. Alternatively, biopoly-
mer based flexible porous fibrous scaffolds with good moisture vapor permeability, gas
transmissibility, biodegradability, high exudates absorbing capability, biocompatibility,
and mechanical properties analogues to native skin tissues are potential choice for guided
skin regeneration [214]. These scaffolds essentially keep the wound and surrounding
area moist, absorb secretions, and inhibit bacterial-growth and support ECM regeneration
through cell attachment, proliferation, and migration. In this regard, the well-established
features of electrospun fibrous matrices are appealing as a potential scaffold for skin tissue
regeneration [37].

Synergistic effects on structural, mechanical, and biochemical properties have been
observed for solution electrospun matrices produced from a blend of natural and synthetic
polymers. However, large specific surface area and inherent small pores demonstrated
by solution electrospun PCL matrices are undesirable and causes curled fibroblast mor-
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phology, high adsorption of non-specific proteins, and poor cell infiltration as shown in
Figure 15a,e [215]. On other hand, emulsion electrospun PCL-silk fibroin (SF) matrices
loaded with hyaluronan (HA) eradicated the above-mentioned concerns. The PCL-silk
fibroin-hyaluronan matrices with increased hydrophilicity suppressed the adsorption of
non-specific proteins, exhibited a more spread-out cell morphology, reduced the fibrosis-
tissue thickness, and enhanced the macrophages adhesion as depicted in Figure 15b,f [215].
Further, hyaluronan incorporated PCL-silk fibroin nanofibrous matrices showed well devel-
oped cytoskeleton, enhanced proliferation of human primary skin fibroblasts with filopodia
protrusions (Figure 15c,d). Which in turn promoted the cell-cell interaction, increased
the penetration of cellular strands into the scaffolds along the oriented long pores (Fig-
ure 15g,h), but decreased the collagen I production. Furthermore, hyaluronan interacted
well with cell surface receptors (CD44) to activate TGF-β1/MMPs signaling pathways that
were conducive to cell migration, hence, suggested the importance of bioactive factors
like hyaluronan in skin tissue engineering. In another study, biodegradable core-sheath
nanofibrous scaffolds of PCL encapsulating the hyaluronan and epidermal growth factor
were developed by emulsion electrospinning [216]. The BSA release rate from PCL based
fibrous scaffolds was enhanced in presence of hyaluronan due to increased hydrophilicity
of the fibers. Synergistic effect of hyaluronan and epidermal growth factor on accelerated
cell-infiltration (in-vitro, human skin keratinocytes and fibroblasts) and epidermis regenera-
tion (in-vivo) was observed. Up-regulated collagen and TGF-β1 gene expression, increased
collagen III to collagen I ratios, a thicker epidermis and organized dermis layers proved the
potential of developed matrices as effective wound dressing material.
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Figure 15. (A–D) Effect of various electrospinning methods on FEK4 cell morphology (E–H) In vivo
assessment of cellular infiltration via staining of CD68+ macrophages, Reprinted with permission
from ref [215]; Copyright 2012, Elsevier.

Ketoprofen loaded binary matrices of PCL and gelatin, developed by o/w emulsion
electrospinning and crosslinked with glutaraldehyde on post-electrospinning demonstrated
potential suitability as wound healing materials [217]. The crosslinked binary matrices
possessing moderate hydrophilicity (water contact angle, ~76◦) are beneficial for biomedical
application as enhanced dimensional stability and cell adhesion and proliferation have
been demonstrated than too hydrophilic matrices [218,219]. In-vitro release experiments,
for binary PCL-gelatin matrices, showed sustained release of ketoprofen up to 4 days. The
ketoprofen-release followed a non-Fickian diffusion mechanism where the crosslinked
gelatin barrier encapsulating PCL and ketoprofen suppressed the burst release. In addition,
drug loaded PCL-gelatin binary matrices having high porosity and moderate hydrophilicity
presented enhanced in-vitro attachment and proliferation of L929 mouse fibroblasts up to
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7 days than solution electrospun PCL matrices. Similar observations for cell-attachment and
proliferation have also been observed for emulsion electrospun PCL matrices loaded with
antibiotic drug gentamicin [97] and emulsion electrospun core-sheath PCL-PVA-gelatin
nanofibrous matrices [146], hence, confirming their suitability as wound dressing materials.

PCL-PVA-chitosan nanofibrous matrices loaded with eugenol were prepared by elec-
trospinning of w/o or o/w emulsions and examined for their antimicrobial activity [182].
Eugenol loading within electrospun matrices reduced the porosity and hydrophilicity
of matrices, as expected and in-vitro release experiments demonstrated burst release of
eugenol during initial 8 h followed by sustained release up to 120 h. Higher retention of
eugenol for matrices electrospun from o/w emulsions ascribed to its higher affinity for
PCL and protective PVA-chitosan barrier surrounding the PCL phase. The antimicrobial
activity of matrices electrospun from w/o emulsions was higher for both the bacteria, S.
aureus and P. aeruginosa than those produced from o/w emulsions due to higher release
percentage of eugenol. Moreover, the eugenol loading in emulsion electrospun matrices
did not induce any cytotoxicity on normal human dermal fibroblast cells during in-vitro
incubation of 7 days, hence, appealing their potential as wound dressing materials.

Variation in stirring period during emulsion preparation produced the emulsion elec-
trospun PCL-chitosan fluffy 3D scaffolds and assessed for skin tissue engineering [67].
The developed nano/micro-fibrous 3D scaffolds encapsulating chitosan in the core had
excellent stability in water (swelling of 80%), low hydrolytic degradation rate, thus pro-
moting the elimination of crosslinking with toxic reagents. The 3D fibrous morphology
promoted in-vitro cell adhesion and proliferation. Further, deposition of ECM proteins,
reduced scarring property during culture period, healing of full thickness wound (in-vivo,
rat model) within three weeks proved the effectiveness of developed fibrous scaffolds for
skin tissue engineering.

4.3. Other Applications

Besides potential biomedical applications of emulsion electrospun neat/blend PCL
nanofibrous matrices, these have also been applied as catalytic support [112], encapsulation
for phase change materials (PCM), and in micro-RNA therapeutics [220,221].

The prevailing biocatalytic enzyme immobilization strategies like covalent multipoint
linking, sol–gel encapsulation, and layer-by-layer (LbL) assembly are efficient enough.
However, their major drawbacks include exorbitant, labor intensive and sluggish and,
hence, they are still inadequate for large-scale and continuous process application. Emul-
sion electrospun sub-micron fibrous PCL membranes encapsulated with trypsin (in-situ)
were assessed for their catalytic property. The hydrolytic degradation ability of PCL-
trypsin matrices on synthetic low molecular weight substrate, Nα-benzoyl-DL-arginine-
p-nitroanilide and milk protein casein was investigated [112]. It was observed that the
non-homogeneous distribution of the active compounds within emulsion electrospun
matrices was governed by the electrostatic forces between charged and uncharged com-
ponents and their localization near the fibers’ surface allowed the high remembrance of
enzyme activity. Further, improved heat and storage stability, and satisfactory retention
of catalytic activity (~60%, for 4th repeat experiment) confirmed the efficient encapsula-
tion of hydrophilic trypsin within a hydrophobic polymer, PCL, which otherwise was a
challenge. Thus, emulsion electrospinning is highly suitable for creating efficient catalytic
fibrous matrices for conversion of low-cost materials into high value products at large scale.
Further, for the applications like simultaneous bio-catalysis and filtration, since it allows
the production of interconnected fibrous matrices with high specific surface area, good
mechanical property that can sustain high enzyme load, and possess adaptability, adequate
substrate accessibility, and significantly control on the mass transfer rate.

In the last decade, PCM has gained significant research attention in both academia
and industry and found application in diversified fields. On the other hand, proper
encapsulation of hydrophobic phase change material remains a challenge since ideally
it requires hydrophilic encapsulating material that favors phase separation and prevents
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migration via permeation through the pore wall. Further, such hybrid structures often
absorb moisture and swells at high relative humidity and that makes it unsuitable for end
application [222]. So, introduction of proper buffering capability is essential. Temperature
buffering hybrid structures by encapsulation of a PCM into a hydrophilic polymer, PVA
using emulsion electrospinning was demonstrated [222]. Addition of low amount of non-
ionic surfactant, tween 20 (0.32 wt.% of total emulsion) resulted in increased heat storage
capacity of the developed structures. However, hydrophilicity of the developed matrices
in moderate to high relative humidity made the handling extremely difficult. Co-axial
electrospinning was therefore applied to improve the stability of hydrophilic segment
by developing hybrid core-shell matrices, where a hydrophobic PCL encapsulated the
PVA/PCM emulsion. The increased loading of PCM within hybrid core-shell fibrous
structure enhanced the heat storage capacity per gram of the fiber. While the PCL core
supported the retention of fiber morphology even in high relative humidity conditions,
thus suggesting their prospective food packaging applications. A similar study reported
the fabrication of core-shell nanofibrous matrices for thermal energy storage using co-
axial electrospinning of o/w emulsions of PVA and PCM (organic paraffin, phase change
temperature of 18 ◦C) and PCL solution [223]. The encapsulation efficiency of PCM within
the fibrous matrices was as high as 67%.

Recently, manipulation of gene expression by using micro and short interfering-RNA
(miRNA and siRNA) based therapeutics has received significant research attention for
treating various inherited and acquired human diseases like cancer, viral infections, car-
diovascular disease etc. Nevertheless, the efficient delivery of these functional materials
into the targeted cell/tissue is still a challenge since any discrepancy may lead to the
instability and degradation of mi/siRNAs. A bilayer vascular scaffold was prepared using
emulsion and dual-power electrospinning of poly (ethylene glycol)-b-poly(L-lactide-co-ε-
caprolactone) (PELCL) and dual-power electrospinning of PCL and gelatin, respectively,
for controlled delivery of micro-RNAs [221]. The inner layer of bilayer scaffold loaded with
polyplex/micro-RNA-126 (miRNA-126) complexes was prepared by emulsion electrospin-
ning which regulated the response of endothelial cells, whereas PCL and gelatin based
outer layers enhanced the mechanical stability of scaffolds. The encapsulation efficiency
of miRNA-126 complexes in bilayer fibrous scaffolds was ~68% and its sustained release
was observed for 56 days. Further, bilayer scaffolds loaded with miRNA-126 improved the
endothelialisation in-vivo. Another study also reported the enhanced vascular endothelial
cell adhesion and proliferation for emulsion electrospun dual-functional fibrous mem-
branes of PELCL and functionalized PCL encapsulating miRNA-126 in comparison to neat
PELCL membranes [220]. These studies suggested that well encapsulated miRNA-based
therapeutics made via emulsion electrospinning route can be successfully utilized for the
remedy of complex inherited and acquired human diseases (like cancer, cardiovascular
disease remedy etc.) in near future.

5. Conclusions and Future Perspective

The techniques to fabricate polymeric nanofibers using green and sustainable ap-
proaches have always been sought by material scientists. Several advances in processing
methods have been carried out over the past decades out of which electrospinning of poly-
mer solutions has emerged as one of the most versatile techniques. But this technique has
some grails like productivity and toxicity. Electrospinning of polymer solutions results in
formation of micro- to nanofibers at substantial ease where the stability of Taylor cone and
fiber spinning is significantly impacted by the polymer’s molecular weight, concentration,
chain entanglements, and solution viscosity. Increasing these parameters also leads to
the generation of submicron size fibers, which are easily produced by standard textile
fiber processing procedures, therefore negating out the benefits of the electrospinning
process. Thus, the production of ultrafine nanofibers using electrospinning is particularly
difficult since this can only be accomplished at compromised polymer concentration or
molecular weight in solution. Here comes the beauty of emulsion electrospinning. This
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review demonstrated emulsions can be used to impart appropriate rheological properties
to a polymer system so that elongation of the polymer phase can take place more smoothly
while increasing aqueous fractions and also aid in modulation of fiber diameter even at
higher polymer concentration. Further, conventional electrospinning consumes large num-
ber of organic solvents which cannot be reused or recycled, and worldwide restrictions and
legislations have led to limit or avoid use of toxic organic solvents. Here also emulsion
electrospinning justifies it’s need as an approach which would alleviate concerns regard-
ing safety, toxicology, and environmental problems since it deals with a high fraction of
green solvent like water. Further, this technique combines the co-axial and single-nozzle
electrospinning approaches to produce fibers with diversified morphologies ranging from
core-sheath to multichannel, and so on. Use of water based polymeric emulsions (w/o, o/w,
or double emulsions) for electrospinning act as sensitive hydrophilic drug reservoirs within
hydrophobic/amphiphilic polymers which was almost impossible to obtain with conven-
tional electrospinning and thus overcome the challenge of incorporation and sustained
release of the hydrophilic bioactive molecules, such as drugs, proteins and DNA.

An exhaustive list of PCLs based emulsion electrospun systems, emulsion electro-
spinning parameters (emulsion type, applied voltage, tip to collector distance, and flow
rate) and end-use of obtained nano-fibrous matrices is presented and discussed in this re-
view. The mechanism of fiber formation within emulsion electrospinning and the effects of
emulsion type, template polymer, rheological properties, electrospinning parameters, and
ambient conditions on fiber-morphology are deliberated in detail. Precise control over the
emulsion properties and electrospinning parameters is required to achieve desired outcome
from the nanofibrous scaffolds. It should be noted that the present studies which have been
performed on emulsion electrospinning primarily generate 2D nano-fibrous matrices. On
the other hand, in tissue engineering 3D resilient scaffolds mimicking the native ECM are
highly appreciated. Hence, efforts should be directed to develop robust and flexible 3D
scaffolds within emulsion electrospinning. The majority of emulsion electrospun matrices
employed as tissue engineering scaffolds are based on PCL which are uncrosslinked, hence
reflect poor mechanical strength. Therefore, efforts can be dedicated to fabricating emulsion
electrospun crosslinked matrices of PCL and other polymers which will be mechanically,
chemically, and thermally resilient. The developed crosslinked emulsion electrospun poly-
meric matrices will definitely be suitable for widespread applications. Different statistical
models can also be developed to understand and correlate the mechanism of emulsion
electrospinning, fiber-morphology, and fiber-strength, and hence, their suitability for a
particular application can be scrutinized. Moreover, advances should also be focused on
increasing the production rate of emulsion electrospinning without compromising the
fiber-strength.
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